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Abstract

Specification of cell identity requires spatio-temporal gene expression changes, 
which are broadly controlled by epigenetic and post-transcriptional mechanisms. 
De-regulation of these processes leads to a plethora of loss of cell identity-
associated phenotypes, including cancer and developmental disorders. Stag 
proteins are established regulators of the cohesin complex, which dynamically 
structures 3D genome topology during development to influence gene expression. 
Despite their homology, Stag1, Stag2 and Stag3 paralogs display non-redundancy 
in maintenance of cell identity through mechanisms that remain poorly understood. 
Here, I utilise an in vitro murine Embryonic Stem (ES) cell commitment model to 
characterise Stags roles in cell fate decisions during transitions of pluripotency. 
First, I find exit of naïve ES cell identity is concomitant with Stag1 down-regulation 
and Stag2 up-regulation. Stag1 protein variants containing different intrinsically 
disordered regions (IDRs) were identified in ES cells and their selective 
knockdown resulted in heterogeneous cell fate decisions, indicating fine-tuning 
of genome topology. Through generation of a CRISPR/Cas9-tagged Stag1 ES 
cell line, I further uncover Stag1 co-localisation at heterochromatin domains. 
Degradation of Stag1 increases compaction of these condensates and disrupts 
nucleolar structure. Further, assessment of chromatin topology using SPRITE 
methodologies reveals Stag1 degradation promotes increased chromatin 
contacts at both Topologically Associated Domain (TAD) and compartment levels 
of genome organisation. In this project, I also identify expression of the germ cell-
specific Stag3 paralog in pluripotent states. Stag3 knockdown decreased mRNA 
expression of the cell fate markers, including Dppa3, and resulted in a reduced 
commitment potential that was maintained through differentiation into Embryoid 
Bodies (EBs). Unexpectedly Stag3 knockdown also correlated with up-regulated 
Dppa3 protein levels. Contrasting to nuclear-localised Stag1 and Stag2, Stag3 
exists as discrete cytoplasmic foci at established sites of post-transcriptional 
regulation, notably at the centrosome, around the nuclear envelope and along the 
cytoskeleton. Co-Immunofluorescence (co-IF) assays under Stag3 knockdown 
conditions suggests a role for Stag3 in structuring these sites. Thus, Stag3 is 
proposed to mediate ES cell fate decisions by post-transcriptional regulation of 
Dppa3. Overall, this project provides evidence for mechanisms in which Stags 
co-ordinate cell fate decisions and, for the first time, has reported on an extra-
nuclear post-transcriptional function for Stag3.
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Impact Statement
Cell identity is established through a specific and regulated gene expression 
profile. This ultimately relies on a collaboration of mechanisms that fine-tune gene 
expression through both epigenetic and post-transcriptional regulation. Disruption 
to these processes can promote disease, such as cancer and developmental 
disorders. It is therefore crucial that we characterise the proteins involved in 
maintaining cell identity, as well as understand how these proteins function to 
regulating cell fate decisions during development.

Stag proteins have been identified to differentially influence gene expression 
and their prevalence in pan-cancers and disease emphasises their importance 
in contributing to cell identity. It remains unclear, however, how these very similar 
proteins can promote distinct changes to cell identity. The work I present here 
seeks to answer this and is of academic, medical, and potentially commercial 
benefit. 

First, I show Stag proteins are able to perform functions outside of their currently 
known remit. Specifically, I identify both Stag1 and Stag3 to have roles in distinct 
higher order regulatory bodies, called condensates. These structures can have 
wide-reaching impact on cell identity and thus it is of academic interest to fully 
characterise the purpose of Stag proteins in these structures. Importantly, I show 
that Stag3, previously thought to be limited to germ cell development, has an 
active role in early cell fate decisions. I also demonstrate Stag3 performs these 
functions through a completely novel mechanism to what is known about Stag 
proteins. This therefore shifts the current academic thinking that Stag-related cell 
fate decisions are purely through Stag1 and Stag2, and provides new avenues of 
research into how Stag proteins can differentially affect cell identity. 

In addition, given Stag mutations are common in cancer and developmental 
disease, this work helps to determine the underlying causes for how dysfunction 
to Stag proteins drive loss of cell identity. This can be of medical significance as 
it may allow for identification of novel therapeutic targets.

Finally, stem cell biology and regenerative medicine holds great promise for medical 
and societal impacts. Therefore, elucidating the mechanisms that maximise our 
ability to modulate stem cell behaviour is of great commercial interest. My findings 
show that Stag1 and Stag3 have contrasting roles in regulating stem cell states 
and thus contribute to our understanding of how to fine-tune stem cell biology for 
commercial outcomes.
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Publications

A pre-print of some of the work described here is available at: 
doi: 10.1101/2021.02.14.429938
Submission for peer review is in progress. 

A review summarising some of the topics of this thesis is available at: 
doi: 10.1016/j.gde.2017.01.004
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1. Introduction

Pluripotent embryonic stem (ES) cells balance a naïve ‘blank slate’ state with 
responsiveness to commitment signals. Governing these decisions is a co-
ordinated and temporal regulation of gene expression that defines cell identity 
(Liu et al., 2019). Broadly, gene expression is controlled by a collaboration of 
epigenetic, transcriptional and post-transcriptional mechanisms (summarised 
in table 1). De-regulation of these processes leads to loss of cell identity and 
can give rise to developmental disease and cancer phenotypes (Flavahan et al., 
2017). As such, understanding how stem cells orchestrate cell fate decisions 
is of fundamental biological and medical interest. The cohesin complex and 
its regulatory Stag proteins (Stag1, Stag2, Stag3) have an important role in 
epigenetic regulation of 3-Dimensional (3D) genome organisation and influencing 
gene expression. Despite their homology, evidence suggests Stag proteins are 
functionally non-redundant in cell fate decisions, but how they do this remains 
unclear. The focus of this thesis is to investigate how Stag1 and Stag3 differentially 
influence transitions in pluripotent and commitment potential within ES cells. Here, 
I begin by discussing the background literature covering pluripotent stem cell 
biology and some of the mechanisms that determine cell identity. I then review 
in detail several known functions of the cohesin complex, with a focus on Stag 
heterogeneity and the phenotypes associated with their malfunction. 

1.1 Stem Cell Identity and mechanisms that regulate fate decisions 

1.1.1 Characteristics of Pluripotent States

ES cells self-renew indefinitely and have the potential to commit to any somatic or 
germline fates of the particular organism. This potential is termed ‘pluripotency’. 
Acquiring a specific terminal identity (i.e a mature cell type) is a step-wise process 
of lineage differentiation that correlates with reducing pluripotent potential and a 
more restrictive gene expression profile (figure 1) (Creighton and Waddington, 
1957; Enver et al., 2009; Boroviak et al., 2015; Kalkan et al., 2017). In and of 
themselves, however, ES cells are their own cell identity with a specific epigenome, 
transcriptome, and proteome that enables them to remain within the pluripotent 
state (Nichols and Smith, 2009; Marks et al., 2012). 

In vitro, ES cells can exist in two states of pluripotency with distinct gene 
expression and epigenetic profiles. These states are ‘naïve’ and ‘primed’, and 
recapitulate in vivo epiblast cells at respective stages of pre- and post-implantation 
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Mechanism Function

Epigenetic

DNA methylation

Methylation of cytosine, primarily at CpG sites.
Constitutive repression of retroviral elements
and X chromosome inactivation. Repression of
genes for cell specific gene expression profile by
blocking transcriptional machinery access to
CREs (Hotchkiss et al., 1948; Yisraeli
et al., 1986; Cheedipudi et al., 2014).

Histone modification

Affects nucleosome accessibility to
transcriptional machinery through altering
electrostatic interactions between histones and
DNA, making DNA more or less accessible
depending on the modification(s) (Gillette and
Hill, 2015).

3D genome
organisation

Structures DNA into dynamic loops that form
Topologically Associated Domains (TADs).
These arrangements are thought to alter contact
frequency between CREs and target promoters,
thereby impacting gene expression (Lieberman-
Aiden et al., 2009; Dixon et al., 2012; Phillips-
Cremins et al., 2013; Bonev et al., 2017).

Compartment
structuring

Delineation of chromatin into transcriptionally
accessible/active regions (euchromatin) and
transcriptionally inaccessible/repressed regions
(heterochromatin). Some DNA regions (eg.
repeat elements, inactivated X chromosome) are
constitutively heterochromatinised, while other
genes are silenced as facultative
heterochromatin during development (Trojer and
Reinberg, 2007; Lieberman-Aiden et al., 2009;
Janssen et al., 2018).

Post-transcriptional

EiF4F complex

Translation initiation complex that associates
with mRNA to resolve the 5’ end, stabilising
mRNA interaction with the ribosome. This
complex is regulated by upstream mTOR
signaling (Merrick, 2015; Sampath et al., 2008).

Transport granules

Enables transport of mRNP cargo to specific
cytoplasmic sites for localised translation.
Typically seen in cells with large cytoplasmic
volumes eg. Neurons (Knowles et al., 1996;
Wang et al., 2017).

P-bodies

Sequesters mRNA from ribosome machinery,
repressing translation. Site of mRNA decay
(Brangwynne
et al., 2009; Wiedner and Giudice, 2021).

Stress granules

Protects mRNA and translation proteins from 
protein degradation pathways upon stress 
stimulus (Kedersha et al., 1999; Groušl et al., 
2009). Prioritises the continued translation of 
stress response genes (Guenther et al., 2018).

Table1 Summary of regulatory layers of cell identity. While other mechanisms of regulating cell 
identity exist, only those relevant to this thesis are described here. 
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of the blastocyst into the endometrial lining of the uterus (figure 1) (Hackett and 
Surani, 2014; Smith, 2017). The implantation phenotype primarily demarcates 
the epiblast states from one another by their ‘readiness’ to differentiate into 
early cell fates. This is otherwise known as pluripotent or commitment potential 
(Nichols and Smith, 2009; Hackett and Surani, 2014). Briefly, naïve (also known 
as ground) murine pre-implantation epiblasts arise at E.4 and localise within the 
inner cell mass (ICM) of the late stage blastocyst (Larson et al., 1991). These 
cells display a homogeneous population of high pluripotency (figure 1), which 
is typified by their ability to readily contribute to a chimeras somatic germ layers 
and germline (Bradley et al., 1984). Upon implantation at E.5, the naïve epiblast 
cells undergo considerable epigenetic, transcriptional and post-transcriptional 
alterations (figure 1), which drive a unidirectional transition to ‘primed’ pluripotent 
state. These cells are now poised to exit pluripotency at E.6 and initiate linage 
commitment into mesoderm, endoderm and ectoderm germ layers, as well as 
the primordial germ cell (PGC) lineage, which gives rise to sperm and oocytes 
(Boroviak et al., 2015). The transition to primed pluripotency is concomitant with a 
reduction in pluripotent potential. This is exemplified by an ability to form chimeras 
only when injected into post-implantation (E7.5) embryos (Huang et al., 2012). 
Primed epiblasts also display greater single cell transcriptional heterogeneity that 
is thought to break the symmetry of the homogeneous pluripotent population and 
allow for commitment towards different lineages (Rossant et al., 2003; Eldar and 
Elowitz, 2010; Torres-Padilla and Chambers, 2014; Mohammed et al., 2017).

As described in detail in section 1.1.2, the in vivo pre- and post-implantation states 
can be recapitulated for in vitro study (figure 1). It remains arguable whether naïve 
and primed stem cells represent individual cell identities or merely transitions 
from one state of pluripotency to another (Smith, 2017). However, extensive in 
vivo and in vitro examination of these states demonstrates clear differences in 
their gene expression profile, as discussed below (summarised in figure 1). 

A key characteristic that highlights the difference between naïve and primed stem 
cells is the expression levels of core pluripotent markers (Nanog, Oct4, Sox2). 
Naïve cells are demarcated by a high unimodal expression of these proteins, 
which act as ‘master regulator’ transcription factors and are crucial for maintaining 
the naïve state (Niwa et al., 2000; Chambers et al., 2003; Masui et al., 2007; 
Chambers et al., 2007; Silvia and Smith, 2008; Singer et al., 2014). In brief, 
Nanog, Oct4 (also known as Pou3f1) and Sox2 specifically activate a range of 
cis-regulatory elements (CREs), such as enhancers and silencers, which control 
the transcription rate of a multitude of naïve pluripotent-associated genes (Boyer 
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et al., 2005; Loh et al., 2006; Chen et al., 2008). While individually dispensable 
for the naïve state, these downstream target genes (including Klf4, Rex1, Tbx3, 
Dppa3, Zfp57, Essrb, Sall4, Prdm14) act as auxiliary pluripotent factors and 
constitute a network of partially redundant feedback loops to buffer against 
changes to the gene expression profile (Loh et al., 2006; Pan and Thompson, 
2007; Li and Belmonte, 2018). In maintaining a naïve state, Nanog, Oct4 and Sox2 
also carefully regulate their own transcription (Chew et al., 2005; Loh et al., 2006). 
This is highlighted by a relatively minor (~2-fold) up-regulation or down-regulation 
of Sox2 and Oct4 resulting in repression of the Nanog promoter and transitions 
from naïve to primed pluripotency (Niwa et al., 2000; Pan et al., 2006; Kopp et al., 
2008). The necessity of the core pluripotent network in maintaining pluripotency 
during in vivo development has been extensively resolved through knockout (KO) 
and knockdown (KD) studies (Ng and Surani, 2011; Li and Belmonte, 2018). 

High

Low

Pluripotency/self-renewal

Genome  methylation

High

Low

Pre-implantation
epiblast

Post-implantation
Epiblast

Naive ES cells
(2i/LIF)

Primed EpiLC
(Activin A/bFGF)

Embryoid Body
(BMP4/LIF)

ES cells
(serum/LIF)

Figure1 Schematic of in vivo and in vitro transitions in pluripotency and early commitment. Above: 
in vivo development of the blastocyst from E4 pre-implantation to E6 and E7.5 post-implantation 
stages. Upon implantation, the pluripotent epiblast (blue cells) within the ICM translocates through 
the primitive streak and develops into the mesoderm, endoderm and ectoderm germ layers. 
The primordial germ cell line (PGC) (green cells) begin to develop from a subset of epiblasts 
at E7.5. Below: in vitro recapitulation of the above epiblast transitions. ES cells grown in 2i/LIF 
inhibitors mirror the pre-implantation stage and demonstrate universally high pluripotency and 
open genome structure (hypo-methylated). Removal of inhibitors and addition of Activin A/bFGF 
growth factors enables transition to primed pluripotent state that is poised to exit pluripotency 
and begin early commitment. Differentiation into early commitment stages can be achieved by 
suspension-culturing EpiLCs in high serum media to form Embryoid Bodies (EBs). Supplementing 
the media with BMP4/LIF encourages development of primordial germ cell like cells (PGCLC). 
PGCLC commitment is concomitant with genome-wide de-methylation from the EpiLC state.
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For instance, Oct4-/- mouse embryos are unable to populate the Inner Cell Mass 
(ICM) epiblast and their deletion results in peri-implantation lethality (Nichols et al., 
1998). A similar phenotype is observed with Nanog knockout (Mitsui et al., 2003). 
Thus, naïve pluripotency is characterised by a delicately balanced equilibrium 
of Nanog, Oct4 and Sox2 (Chambers et al., 2007; Young, 2011; Singer et al., 
2014). Several of the mechanisms that drive this phenotype are discussed in later 
sections.  

1.1.2 In vitro models for studying pluripotency and early cell fates

Benefits of in vitro stem cell study 

The transitions of naïve to primed pluripotency described above rely on a finely 
tuned balance of temporal signalling and responsive changes to gene expression. 
The epigenetic, transcriptional and post-transcriptional mechanisms that regulate 
gene expression changes are common throughout cell fate commitment. 
Understanding how these molecular mechanisms function to contribute to fate 
decisions has significant societal ramifications. This is owing to the range of 
phenotypes associated with loss of cell identity, as briefly described below. 

First, embryonic stem cells are a useful model for studying a range of diseases 
linked to aberrations in cell fate commitment. For example, disruption of co-
ordinated embryonic development can result in embryonic lethality or a plethora 
of developmental disease, such as: infertility, microcephaly, ectopia cordis, and 
sacrococcygeal teratoma (Jirtle and Skinner, 2007; Ozanne and Constância, 
2007). Thus, understanding how early commitment steps are regulated within 
a pluripotent environment could help identify the underlying pathophysiology of 
these phenotypes (Dean et al., 1998; Mohun et al., 2013). 

Second, the phenotypes of pluripotent stem cells are also akin to that of cancer 
stem cells (CSC) as both display immortalised self-renewal behaviour and a 
propensity to acquire new cell fates (Shackleton, 2010). CSCs often achieve 
this phenotype through the aberrant expression of core pluripotent factors, such 
as Nanog (Gawlik-Rzemieniewska and Bednarek, 2015). Indeed, the principle 
differences between pluripotent stem cells and CSCs include their ability to 
respond to external environment and to regulate their own gene expression 
for controlled fate decisions (Shackleton, 2010; Flavahan et al., 2017). CSCs 
present significant therapeutic challenges for pan-cancer therapies owing to their 
ability to evade treatment and re-propagate the tumour bulk (Koren and Fuchs, 
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2016). Therefore, understanding stem cell niches and mechanisms that govern 
fate determination is essential for unravelling how CSCs develop and identifying 
novel therapeutic targets. 

In a similar vein, multiple cancers are the product of malfunctions in early stem 
cell progenitor development. For example Acute Myeloid Leukaemia (AML) 
results from oncogenesis of haematopoietic stem cells (HSCs). Here, multi-potent 
progenitor myeloid cells acquire mutations that prevent commitment to mature 
cell fates and result in an accumulation of immature cells (Thomas and Majeti, 
2017). Thus, stem cell culture provides a useful tool in understanding the factors 
that control haematopoietic cell fate decisions (Doma et al., 2020; Kennedy and 
Barabé, 2008). 

Finally, the advent of CRISPR-Cas9 has marked a significant leap forward in 
the feasibility of targeted gene therapy (Jinek et al., 2012). When combined with 
using patient-derived stem cells to correct somatic mutations, this technology 
presents a powerful tool in burgeoning personalised cell replacement therapies 
(Yamanaka, 2020; Paolini Sguazzi et al., 2021). Acquiring feasible stem cells 
often rely on taking differentiated cells from the patient and ex vivo reprogramming 
them into induced pluripotent stem cells (iPSC) (Paolini Sguazzi et al., 2021). 
The genetic aberration can then be corrected by gene editing and the cells are 
re-introduced to the patient to propagate healthy progenitors (Freiermuth et al., 
2017). In addition to therapeutic benefits, iPSCs also present a useful model 
for studying the pathophysiology of human disease in a controlled environment. 
iPSCs are particularly advantageous in providing an indefinite source of patient-
based tissue that would otherwise be inaccessible and challenging to culture ex 
vivo, such as the central nervous system (Paolini Sguazzi et al., 2021). Generation 
of iPSCs was initially achieved through re-introducing pluripotent (Yamanaka) 
factors (Oct4, Sox2, c-Myc, Klf4) to committed mouse embryonic fibroblast (MEF) 
cells (Takahashi et al., 2007). Despite advances in iPSC culture, however, this 
technology remains limited by both reprogramming efficiency and our ability 
to encourage re-differentiation to specific cell identities (Omole and Fakoya, 
2018). As a result, non-iPSC pluripotent stem cells act as a complementary tool 
to elucidate a complete regulatory network of factors that collaborate together 
to determine cell fates. Through researching ES cells, groups have identified 
additional factors that result in improved iPSC reprogramming efficiency (Chan 
et al., 2020).  

To this end, in vitro study of stem cells is an important tool as it enables us to 
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address all of the above areas of study in carefully controlled conditions. However, 
to be of maximal use, culture conditions must recapitulate the in vivo environment 
as closely as possible. It should be noted that in vitro culture of naïve murine and 
human embryonic stem cells present surprisingly different states of pluripotency, 
with human ES cells more closely resembling the primed (post-implantation) 
mouse epiblast. This heterogeneity is suggested to arise from poorly defined 
conditions for primate naïve stem cell culture (Davidson et al., 2015; De Los 
Angeles et al., 2015). Despite this, the core pluripotent networks of cell fate 
genes are preserved between the two species, making mouse embryonic stem 
cells a useful model for study of human disease (Davidson et al., 2015). Below, 
I describe the development of murine in vitro pluripotent stem cell and early cell 
fate culture. A summary of how each cell model compares to in vivo pluripotent 
states is shown in figure 1. 

Forms of pluripotent stem cell and early cell fate culture

Initial in vitro studies of murine naïve ES cells were performed using extracted 
pre-implantation epiblasts (Evans et al., 1981; Martin, 1981). These cells were 
cultured in a serum-based media supplemented with Leukaemia Inhibitory Factor 
(LIF) (referred to as serum/LIF) on a layer of mitotically inactivated feeder cells, 
typically MEFs (Evans et al., 1981; Williams et al., 1988). Here, the feeder cells act 
as an extracellular matrix for ES cell adhesion and provide growth factors, some of 
which (Wnt3, BMP4) support stemness (Ueki et al., 2019). More recently, feeder 
cells have been replaced with coating substrates such as gelatin or fibronectin to 
remove the risk of cross-cellular contamination. This also enables a more controlled 
environment as MEFs additionally secrete pro-commitment factors, such as Activin 
A (Eiselleova et al., 2008). Under serum/LIF culture conditions, pluripotency is 
maintained through several pathways. First, LIF binds to the LIF receptor (Lifr), 
resulting in the activation of the intracellular JAK/STAT3 pathway (Niwa et al., 
1998; Raz et al., 1999). STAT3 promotes the down stream transcription of several 
auxiliary pluripotent factors, thereby maintaining a positive pluripotent feedback 
loop (Bourillot et al., 2009). The culture medium can also be supplemented with 
BMP4. This induces the activation of Inhibitor of Differentiation (Id) genes via 
the Smad pathway (Ying et al., 2003) to further maintain pluripotency. Notably, 
however, both LIF and BMP4 fail to inhibit the MAP/ERK cascade, which stimulate 
autoinductive cues for commitment (Kunath et al., 2007; Ying et al., 2008). As 
a result of this, serum/LIF conditions create a relatively ‘permissive’ pluripotent 
environment, resulting in heterogeneous temporal fluctuations in single cell gene 
expression, including of core and auxiliary pluripotent factors (Marks et al., 2012; 
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Guo et al., 2016). Heterogeneity can be observed in the bimodal transcriptional 
bursting kinetics of master regulator Nanog and its downstream target gene Rex1 
(Hayashi et al., 2008; Singer et al., 2014; Cahan and Daley, 2013). This ‘mosaic’ 
pluripotency is also detected through staining for the self-renewal marker, 
Alkaline Phosphatase (AP Assay) (O’Connor et al., 2008). Consequently, these 
conditions confer a dynamic continuum of pluripotent potential (Chambers et al., 
2007). By observing alterations to this equilibrium, the ES (serum/LIF) model is 
advantageous in evaluating the impact specific genes and signalling pathways 
have on pluripotency. 

Despite its uses, heterogeneous pluripotent ES (serum/LIF) cells do not 
accurately reflect the homogeneous naïve state of the pre-implantation epiblast 
(Marks et al., 2012; Guo et al., 2016). More recently, an improved homogeneity 
in ES population has been obtained through culturing cells in a synthetic serum 
replacement (knockout-serum). This supports proliferation and removes both the 
risk of contamination and undefined pro-commitment growth factors associated 
with conventional animal serum (Amit et al., 2000; Guo et al., 2016). Furthermore, to 
maintain  a true naïve state, knockout serum-grown cells are cultured in the presence 
of the small molecule inhibitors PD0325901 and CHIR99021 (collectively referred 
to as ‘2i’) (Ying et al., 2008). PD0325901 prevents differentiation by blocking the 
MEK/ERK signalling pathway. This recapitulates the low translation rate required 
to maintain naïve state through suppression of mTOR activation, which results 
in the downstream inhibition of the translation initiation eiF4F complex (section 
1.1.5) (Sampath et al., 2008; Xu et al., 2021). Meanwhile, CHIR99021 inhibits 
the serine/threonine kinases GSK3α and GSK3β to in turn prevent the inhibition 
of WNT signalling, and thus act as a WNT activator (Ying et al., 2008). Together, 
2i results in genome hypo-methylation through TET1 activation and Prdm14/
G9a-mediated Dnmt3 degradation, while preventing auto-inductive differentiation 
cues from MAPK/ERK stimulation (Sim et al., 2017). When supplemented with 
LIF (referred throughout as 2i/LIF), the resultant conditions restrict ES cells to 
a homogeneous naïve pluripotent state. This is evidenced by population-wide 
unimodal transcription bursting kinetics (Singer et al., 2014), constitutively high 
expression of core pluripotent factors (Silva et al., 2009; Marks et al., 2012), 
and a greater success rate for generating chimeras that contribute to both the 
somatic and germline layers compared to serum/LIF ES cells (figure 1) (Wray et 
al., 2010; Ng and Surani, 2011; Hackett and Surani, 2014). Consequently, these 
phenotypes indicate in vitro culture conditions faithfully recapitulate the naïve 
pre-implantation epiblast state (~E3.5-4.75) (Smith, 2017). 
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Of note, however, more recent studies have contested the view that ES (2i/LIF) cells 
represent complete pluripotent homogeneity. Several groups have since reported 
minor fluctuations in Nanog expression as a result of ground state excitability 
(Kumar et al., 2014; Abranches et al., 2014; Godwin et al., 2017). Furthermore, 
ES (2i/LIF) cells have been found to demonstrate dynamic cycling in and out 
of a totipotent state through expression of extraembryonic endoderm markers 
(Morgani et al., 2013). Here, a small sub-population (~3%) reveal re-activation 
of retrotransposable elements that de-repress master regulators of totipotency 
to define a 2-cell-like (2C-L) transcriptome (Macfarlan et al., 2012; Kolodziejczyk 
et al., 2015; Percharde et al., 2018). Consequently, these findings imply 2i/LIF 
conditions may block ES cells at a stage prior to delineation of the pluripotent pre-
implantation epiblast and the extraembryonic layers. This hypothesis is supported 
by both the known role of LIF in contributing to extraembyonic development and 
trophoblast proliferation (Poehlmann et al., 2005), and the rare occurrence of 
ES (2i/LIF) cells being able to form both the germ layers and extraembryonic 
tissues (Beddington and Robertson, 1999; Macfarlan et al., 2012). Despite this, 
researchers agree that, on the whole, ES (2i/LIF) cultured cells are a suitable 
model for mimicking the naïve state pluripotent epiblast (Nichols and Smith, 2009; 
Hackett and Surani, 2014; Godwin et al., 2017).

To investigate the earliest fate decisions concomitant with the epiblast 
transition from pre-implantation to post-implantation, researchers also require a 
comparative primed pluripotent culture condition. Initially, this entailed in vitro 
establishment of a stable cell line of Epiblast Stem Cells (EpiSC) derived from 
the post-implantation epiblast (Brons et al., 2007). Stimulation of MAPK/ERK by 
supplementing media with Activin A and basal fibroblast growth factor (bFGF) 
enabled maintenance of a primed stem cell-like state, as emphasised by their 
inability to readily contribute to chimaeras (Tesar et al., 2007; Vallier et al., 2009). 
Importantly, however, EpiSCs retain the ability to form the three germ layers upon 
engraftment into post-implantation epiblast in whole embryo culture (Huang et al., 
2012). Transcriptionally, expression of core pluripotent factors Nanog and Sox2 
revealed reduced expression compared to ES (2i/LIF) cells while Oct4 remained 
constitutively expressed, mimicking post-implantation transcription levels 
(Hayashi et al., 2008). Likewise, EpiSCs display the global hyper-methylation, 
mono-allelic expression of imprinted genes, and X-chromosome inactivation that 
is observed in vivo during peri-implantation development, thus emphasising an 
epigenetic contrast between ES (2i/LIF) and EpiSC (Hayashi et al., 2008; Sun et 
al., 2012; Bleckwehl et al., 2021). 
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Despite these similarities to the post-implantation epiblast, several characteristics 
of EpiSC are not representative of true primed pluripotent cells. First, as discussed 
in section 1.1.1, post-implantation epiblasts possess the ability to form all somatic 
layers and the germline, however, studies have shown EpiSC are incompatible 
with PGC commitment (Hayashi et al., 2011). In addition, transcriptome analysis 
reveals individual EpiSC lines more closely resemble late gastrulation stage 
ectoderm, regardless of the time point of epiblast collection from the mouse post-
implantation blastocyst. This suggests EpiSC culture conditions drive a biased 
cell fate towards a specific commitment potential (Kojima et al., 2014; Boroviak et 
al., 2014). Collectively, these phenotypes indicate EpiSCs represent E7.5 epiblast 
cells that have already migrated to the primitive streak and begin to display some 
lineage commitment (figure 1) (Kojima et al., 2014; Hackett and Surani, 2014). 

A further drawback to EpiSC model is that the cells are not directly derived 
from ES (2i/LIF) cells in vitro and thus tracing the transitions of naïve to primed 
pluripotency between these cell states is limited. More recently, it has been found 
that naïve ES cells are able to acquire a primed Epiblast Like Cell (EpiLC) state 
through the withdrawal of 2i/LIF and subsequent addition of Activin A and bFGF 
(figure 1) (Hayashi et al., 2011). This transition is marked by morphological change 
from uniform domed ES colonies to a flat monolayer growth and recapitulates 
both the transcriptome and epigenome of the pre-gastrulation E5.5-6 post-
implantation epiblasts (Hayashi et al., 2011; Habibi et al., 2013; Hackett and 
Surani, 2014; Smith, 2017; Bleckwehl et al., 2021). Furthermore, unlike EpiSCs, 
EpiLCs retain the capability to differentiate into blastocyst-like Embryoid Bodies 
(EB) and establish the germline in vitro (Hayashi et al., 2011; Chen et al., 2014; 
Hackett et al., 2019; Murakami et al., 2016; Bleckwehl et al., 2021). In a notable 
difference from ES (2i/LIF) and EpiSCs, EpiLCs exist as a transient state and 
are considered ‘metastable’ (Hayashi et al., 2011; Smith, 2017). This phenotype 
implies that EpiLCs portray a transitioning of cell fate from naïve to primed 
pluripotency. Indeed, unidirectional acquisition of this new state is highlighted by 
the inability of EpiLCs to revert to ES (2i/LIF) cells after ~24h Activin A and bFGF 
treatment (EpiLC 24h). At this time-point the gene expression profile has become 
constrained to primed pluripotent state (Kalkan et al., 2017). Similarly, Hayashi 
et al. (2011) demonstrate that efficiency for EpiLCs to commit to Primordial Germ 
Cell Like Cell (PGCLC) fate is temporal as EpiLC 24h and 72h show poor PGCLC 
commitment potential compared to EpiLC 48h.  Therefore, EpiLCs represent a 
transitioning phenotype from naïve to primed pluripotency. 

As a collective, these in vitro models display a range of pre-implantation and post-
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implantation epiblast stages, and emphasise the continuum of naïve and primed 
pluripotent transitions (figure 1). In particular, the ES (2i/LIF) and EpiLC states 
are useful in understanding mechanisms that drive the step-wise acquisition of 
commitment potential and enable investigation of the germ cell fate. 

Having outlined some of the key in vitro models for investigating embryonic 
stem cell identity, I will now provide an overview for some of the epigenetic and 
post-transcriptional mechanisms involved in regulating fate decisions. I will also 
discuss how these processes contribute to transitions in pluripotency. 

1.1.3 Mechanisms governing identity: Higher Order regulatory Bodies

In 1835, Rudolph Wagner looked down a bright field microscope and identified 
dense puncta within the nucleus (Wagner, 1835). This structure was later 
coined the 'nucleolus' and, over the last century, studies have established its 
essential roles in epigenetic regulation and ribosome biogenesis (section 1.1.4; 
Lafontaine et al., 2020). As technologies and our understanding have developed, 
many other discrete puncta with regulatory roles have been classified within the 
nucleus and cytoplasm (those relevant to this thesis are summarised in table 2). 
These include: nuclear speckles, P-bodies, Stress Granules, Transport Granules 
and centrosomes (Banani et al., 2017; Lyon et al., 2020). Such higher order 
bodies are biomolecular condensates (terms that will be used interchangeably 
in this thesis)  and represent a coagulation of different protein and nucleic acid 
complexes into micron-sized structures that resemble membraneless organelles. 
The function of condensates is to co-localise and concentrate specific proteins 
and/or RNA molecules to enhance reaction kinetics and enable maximal 
efficiency of a certain output. Such outputs include: chromatin organisation, DNA 
replication, transcription hubs, ribosome biogenesis, RNA processing, translation 
regulation, and microtubule nucleation (table 2) (Posey et al., 2018; Lyon et al., 
2020). Consequently, higher order bodies have emerged as a common theme 
in the regulation of the epigenome, transcriptome and proteome, which in turn 
determines cell identity. The regulatory functions of some of these condensates 
will be discussed in sections 1.1.4 and 1.1.5.

The  current hypothesis for formation of condensates is based on the 
thermodynamic principles of Liquid-Liquid Phase Separation (LLPS) (Flory, 
1942). Briefly, LLPS occurs when the concentration of all proteins and nucleic 
acids within a solvent (eg. nucleoplasm or cytoplasm) result in weak, non-specific 
electrostatic charges that is greater than the force between a specific protein/
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nucleic acid and the solvent. At this point, the specific protein/nucleic acid reaches 
its solubility limit and separates from the solvent into a higher order condensate 
(Brangwynne et al., 2009; Banani et al., 2017; Wiedner and Giudice, 2021). 
Given that each protein/nucleic acid has different electrostatic charges, specific 
protein/nucleic acids phase separate at different solubility limits (Posey et al., 
2018; Lyon et al., 2020). Importantly, these higher order bodies are thought to be 
highly dynamic and individual proteins/nucleic acids can rapidly switch between 
solvent and condensate states (Brangwynne et al., 2009; Banani et al., 2017). 
External stimulus such as stress and protein post-translational modification 
(PTMs) can modulate the rate of this switching (Banani et al., 2017). Thus, higher 
order bodies are able to perform dynamic regulatory processes in response to 
cell environment, giving them an important role in cell fate decisions. 

Several factors have been hypothesised to affect the rate of protein LLPS 
(Banani et al., 2017). One important factor is protein intrinsic disordered regions 
(IDRs) (Uversky et al., 2014; Nott et al., 2015; Uversky, 2017). IDRs are generally 
unstructured peptides rich in hydrophilic repeat residues and with low sequence 
complexity that provide weak, non-specific interacting motifs to drive phase 
separation (Kato et al., 2012; Shapiro et al., 2021). A classification of proteins 
enriched for IDRs (and over-represented in condensates) are RNA Binding 
Proteins (RBPs) (Castello et al., 2012; Hubstenberger et al., 2017; Wiedner and 
Giudice, 2021). Mammalian cells contain roughly 1,500 RBPs, which display a 
range of RNA binding domains capable of interacting with specific complementary 
sequence motifs to form ribonucleoproteins (RNPs) (Gerstberger et al., 2014; 
Wiedner and Giudice, 2021). In this manner, RBPs act as ‘scaffold’ proteins that 
drive LLPS while their bound RNAs are ‘client’ proteins that are co-condensed 
with the RBP into higher order regulatory bodies. 

Although RNA is often recruited to condensates by RBPs, nucleic acids (RNA and 
DNA) can also drive condensate formation (Zhang et al., 2015). Here, the nucleic 
acid acts as the scaffold to enable specific  recruitment of RNA/DNA binding 
proteins as well as non-specific electrostatic interactions with other proteins/
nucleic acids (Pak et al., 2016; Roden and Gladfelter, 2020). For example, 
DNA regions can recruit client DNA binding proteins (Shakya and King, 2018). 
Factors such as repetitive elements, and DNA and Histone methylation status are 
suggested to act as beacons for conglomeration of proteins to structure higher 
order regulatory chromatin bodies (section 1.1.4) (Tang, 2018; King and Shakya, 
2021). 
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In summary, higher order regulatory bodies are dynamic compartments that allow 
cells to facilitate a plethora of regulatory roles. How these condensates contribute 
to cell fate decisions continues to be explored. As shall be discussed below, 
condensates feature in the regulation of gene expression on both epigenetic and 
post-transcriptional levels.

Condensate Size 
(diameter)

Number per
cell Function Role in Pluripotency

Nuclear

Nucleolus 1-3um (Kay et
al., 2021)

 1-3 (Savić  et 
al., 2014)

rRNA transcription, ribosome
assembly, repression of
repeat elements and
structuring of
heterochromatin (Lafontaine
et al., 2020)

Maintains high ribosome 
biogenesis during naïve 
pluripotency while 
translation rate remains 
low. This produces an 
abundance of free 
ribosomes poised for rapid 
protein production upon 
commitment stimulus 
(Sampath et al., 2008; 
Savić et al., 2014).

Chromocenter
100-300nm
(Meshorer et
al., 2006)

~10-18 (Aoto
et al., 2006)

Constitutive heterochromatic
foci that maintain repression
of telomeric and
pericentromeric satellites
containing repeat elements
(Bannister et al., 2001;
Janssen et al., 2018).

Naïve cells are rich in
euchromatin to maintain a
plastic genome architecture
and high pluripotent
potential (Meshorer et al.,
2006; Bhattacharya, et al.,
2009 ; Gaspar-Maia et al.,
2011).

Cytoplasmic

Centrosome

~200nm-2um
(increased
size during
cell cycle
progression)
(Woodruff et
al., 2017)

1 (G1)
2 proximal to
each other (S-
phase/G2)
2 polar foci
(G2/mitosis)
(Doxsey et al.,
2005)

Microtubule organising
center, nucleates
microtubules and structures
the cytoskeleton (Woodruff
et al., 2017), produces
mitotic spindles and
regulates cell cycle (Doxsey
et al., 2005), site of localised
translation (Sepulveda et al.,
2018).

No known function specific
for pluripotency.

P-bodies

150-240nm
(Cougot et al.,
2012)

4-7
(Hubstenberg
er et al.,
2017)

Sequesters mRNA from
ribosome machinery,
repressing translation. Site
of mRNA decay
(Brangwynne
et al., 2009; Wiedner and
Giudice, 2021).

Regulates transitions of
pluripotency through
sequestering mRNAs
associated with the naïve
state in primed embryonic
stem cells. Dissolution of p-
bodies in primed cells
results in translational
upregulation of pluripotent
markers, re-wiring of
chromatin architecture, and
a naïve state phenotype (Di
Stefano et al., 2019).

Stress Granules

0.1-2um
(Anderson
and
Kedersha,
2009)

30-50,
depending on
stress
stimulus
(Moujaber et
al., 2017)

Protects mRNA and 
translation proteins from 
protein degradation 
pathways upon stress 
stimulus (Kedersha et al., 
1999; Groušl et al., 2009). 
Prioritises the continued 
translation of stress 
response genes (Guenther 
et al., 2018).

No known function specific
for pluripotency.

Transport
granules

~100-250nm
(Kay et al.,
2021)

>50 in
dendrites
(Hirokawa,
2006)

Enables transport of mRNP
cargo to specific cytoplasmic
sites for localised translation.
Typically seen in cells with
large cytoplasmic volumes
eg. Neurons (Knowles et al.,
1996; Wang et al., 2017)

No known function specific
for pluripotency.

Table2 Summary of condensate structures and function. While other condensates exist, only 
those relevant to this thesis are listed here.
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1.1.4 Mechanisms governing identity: Epigenetic gene expression regulation

At its most basic, initiating transcription of a gene requires the recognition of 
promoter sequences by general transcription factors that subsequently recruit 
RNA polymerase II. Upon conformational change, the RNA polymerase detaches 
from the transcription initiation complex and begins to transcribe as it translocates 
along the gene (Nikolov and Burley, 1997). These features are the bare minimum 
requirements for transcription to be assimilated in vitro (Sayre et al., 1992). 
In reality, however, the rate of transcription for each gene must be carefully 
modulated to achieve the gene expression profile of a specific cell identity. This 
process must also be responsive to changes in the cellular environment, such as 
differentiation, cell cycle or stress stimuli. 

Epigenetics describes the range of non-genetic genome modifications that take 
place to regulate individual gene expression. These modifications are dynamic 
during cell fate commitment and can be clearly observed between transitions of 
pluripotency to fine-tune transcription output (Cheedipudi et al., 2014). Epigenetic 
regulation scales from the methylation of individual cytosine bases to mega-
base sized chromatin organisation (summarised in table 3). In general, these 
mechanisms contribute to gene expression control by influencing the accessibility 
and stability transcription machinery has to both target genes and cis-regulatory 
elements. In this section, I shall review several principle epigenetic mechanisms 
that influence gene expression, and apply these to their roles in regulating 
pluripotent stem cell states. 

DNA methylation

A key epigenetic mechanism is individual base modification though DNA 
methylation (Holliday and Pugh, 1975; Moore et al., 2012) (table 1). While DNA 
methylation is not investigated in this thesis, it is important to note the process 
is responsible for a variety of repressive roles during development, including X 
chromosome inactivation, silencing of retrovirus elements (Turelli et al., 2014) 
and genomic imprinting. Importantly, DNA methylation regulates cell-specific gene 
expression programs (Cheedipudi et al., 2014). This can occur by preventing 
transcription factors from recognising CREs and blocking the recruitment of the 
transcription initiation complex at the promoter. Additionally, DNA methylation can 
act as a beacon to recruit chromatin-remodelling enzymes that further modify the 
nucleosome to create a repressive environment (section 1.1.4). In this manner, 
DNA methylation has an important role in influencing larger scales of epigenetic 
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regulation. 

Methylation is mediated by methytransferase (Dnmt) enzymes, which covalently 
add a methyl group to the C5 position of cytosine to form 5-methylcytosine (5mC) 
(Hotchkiss et al., 1948; Moore et al., 2012). Functionally distinct Dnmt3a and 
Dnmt3b methylate de novo DNA (Okano et al., 1999), while Dnmt1 copies parental 
methylation patterns to maintain the methylome on newly synthesised strands 
of DNA during replication (Vertino et al., 2002). De novo methylation primarily 
occurs at cytosine bases that precede a guanine base (CpG sites) throughout the 
genome. Contrastingly, stretches of CpG-rich DNA (~1kb) constitute CpG islands 
(CpGI) and are generally protected from methylation by transcription factors 
(Gebhard et al., 2010). Predominantly, these islands are at gene promoters. In 
particular, CpGI are universal at constitutively expressed housekeeping genes, 
thereby protecting them from repression (Larsen et al., 1992; Deaton and Bird, 
2011).

Naïve pluripotent cells are distinguished in their methylome due to their remarkable 
hypo-methylation (Smith et al., 2012; Leitch et al., 2013a; Sim et al., 2017) (figure 
1). This is reflected in low expression of Dnmt3a/b. Strikingly, the transition 
towards primed pluripotency coincides with rapid up-regulation of Dnmt3a/b and 
genome hyper-methylation at non-CpGIs (Marks et al., 2012; Habibi et al., 2013). 
This process robustly silences naïve genes, thereby ensuring a unidirectional 
transition of pluripotency (Feldman et al., 2006; Epsztejn-Litman et al., 2008). 
As with core pluripotent genes, Dnmt3a/b are essential for development and 
their knockout results in embryonic lethality (Okano et al., 1999). Progression 
of fate decisions towards a terminal differentiation is concomitant with increased 
methylation, which contributes to the step-wise restriction of fate potency and 
generates a stable cell-type specific methylome (Yisraeli et al., 1986; Kirillov et al., 
1996; Cedar and Bergman, 2012). Strikingly, an exception to this process is the 
commitment of the primed epiblast/EpiLCs towards the PGC/PGCLC fate. Here, 
the newly established methylome is rapidly dismantled (figure 1), first by globally 
reducing 5mC through silencing of Dnmt3a/b (E8.0), and then by specifically de-
methylating imprinting control regions by Tet enzymes (E10.5) (Seisenberger et 
al., 2012; Kobayashi et al., 2013; Vincent et al., 2013; Hargan-Calvopina et al., 
2016). Together, this results in re-establishment of a hypo-methylated genome and 
subsequent de-repression of pluripotent genes. These processes are essential 
for PGCs to act as unipotent progenitors of germ cells, which in turn give rise to 
totipotent potential (Leitch et al., 2013b; Leitch and Smith, 2013; Ramakrishna et 
al., 2021).
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Histone modification

In addition to direct modification of DNA, epigenetic regulation of gene expression 
is also dependent on post-translation modifications (PTMs) to the histone 
proteins that are wrapped in DNA and form the nucleosome (table 1). Certain 
PTMs are associated with genomic regions, such as enhancers, promoters, DNA 
double-strand breaks, and repetitive elements (Millán-Zambrano et al., 2022).  
‘Writer’ enzymes catalyse different histone modifications (including methylation, 
acetylation and phosphorylation) on specific residues of histone tails (Gillette 
and Hill, 2015). The resulting modifications alter local DNA affinity to the histone 
octamer, thereby influencing gene accessibility for transcription machinery. Like 
DNA methylation, histone modifications can also drive larger scale epigenetic 
regulation. This is facilitated by ‘reader’ proteins, which recognise and bind 
specific nucleosome modifications. These proteins can then recruit additional 
epigenetic regulators to modify surrounding nucleosomes and act as a scaffold 
for higher order epigenetic condensates to form (Gillette and Hill, 2015) (section 
1.1.4). Importantly, histone modifications are reversed by the action of ‘eraser’ 
enzymes (Gillette and Hill, 2015). As a result, gene expression can be rapidly 
enhanced or repressed by the concerted action of histone  ‘writer’, ‘reader’ and 
‘eraser’ proteins to help regulate cell fate commitment.

The range of possible histone modifications coupled with the collaborative effects 
different PTM combinations can have on the nucleosome presents a method 
for finely tuning DNA accessibility. In addition to this, different histone proteins 
can be swapped in and out of the octamer by chaperones to provide an even 
greater level of regulation (Hammond et al., 2017). For brevity, only those histone 
modifications related to this thesis are discussed below.

Predominantly, Lysine residues are the targets for histone PTM, although Arginine, 
Serine and Threonine are also modified. In its physiological state, Lysine is 
positively charged and attracted to the negative DNA backbone. Addition of an 
acetyl group (acetylation) is associated with up-regulation of gene expression, 
such as H3K27Ac, as the PTM neutralises the lysine charge and reduces 
nucleosome affinity, thereby freeing up DNA for transcriptional machinery (Roth 
et al., 2001). 

Another common lysine modification is methylation. In contrast to acetylation, the 
impact this PTM has on transcription rate is context dependent. For example, while 
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H3K4Me is associated with active transcription, H3K27Me3 and H3K9Me3 mark 
facultative and constitutive heterochromatin, respectively (section 1.1.4). Both 
of these heterochromatic PTMs have their own writer and reader proteins. The 
Polycomb Repressive Complex, PRC2, mediates the H3K27Me3 modification 
at gene enhancers and promoters to silence expression (Schuettengruber and 
Cavalli, 2009). In turn, CBX reader proteins recognise this modification and 
recruit PRC1 complexes (Connelly et al., 2019). Stretches of H3K27Me3 can 
thus establish repressive polycomb domains and facultative heterochromatin 
(Schuettengruber and Cavalli, 2009). H3K9 di- and tri-methylation, on the other 
hand, is mediated by the SET domain histone methyltransferase writer enzyme, 
Suv39h, which recognises previously modified H3K9Me residues (Rea et al., 
2000). The resulting H3K9Me3 is itself recognised by the conserved reader 
protein HP1α, which binds via its N-terminal chromodomain and recruits further 
proteins to establish repressive heterochromatin (discussed more later in 1.1.4) 
(Bannister et al., 2001; Lachner et al., 2001). 

Depending on the combinations of PTMs, multivalent modifications can have 
additive or opposing impacts to gene regulation. For example, H3K4Me3 and 
H4K16Ac modifications on the same octamer results in an enhanced active 
transcription mark. In contrast, H3K4Me3 and H3K27Me3 represent active and 
repressive transcription marks, respectively (Millán-Zambrano et al., 2022). Their 
co-localisation is associated with bivalent domains, which are poised for both 
activation and silencing of the gene promoter. The combinatorial effect of histone 
PTMs also take into account DNA modification. For example, co-localisation of 
repressive histone PTMs and DNA 5mC instils robust gene silencing (Cedar and 
Bergman, 2009).

In concordance with its unrestrictive hypo-methylated genome, the naïve 
pluripotent state is also associated with lower levels of repressive histone marks 
than the primed state (Sun et al., 2021). Supporting this phenotype is a high 
abundance of histone de-methylating metabolite α-ketoglutarate within ES (2i/
LIF) cells compared to EpiLCs (Carey et al. 2015). Moreover, specific repressive 
PTMs are established upon post-implantation, thereby committing the primed 
epiblast to lineage specification (Wang et al., 2018). In addition, the H3K27Ac PTM 
is dynamic between ES (2i/LIF) cells and EpiLCs. Here, the active transcription 
mark re-distributes from naïve-specific CREs to primed CREs and correlates with 
the re-localisation of Oct4 binding (Buecker et al., 2014). Interestingly, a recent 
study has uncovered a subset of gene enhancers that are protected from changes 
to histone PTMs upon naïve to primed transition. Here, germline-associated 
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enhancers maintain H3K4Me marks and are responsive to transcription factors, 
thereby enabling EpiLCs to activate these genes and commit to a PGCLC fate. 
Notably, these regions acquire progressive histone repression upon EpiSC fate 
and are hence unable to differentiate to the germ cell lineage (Bleckwehl et al., 
2021).

In comparing 2i/LIF and serum/LIF culture conditions, Chromatin 
immunoprecipitation followed by massively paralleled DNA sequencing (ChiP-
seq) reveals similar levels of H3K4Me3, H3K9Me3 and H3K27Me3, with a near 
identical enrichment of H3K4Me3 at gene promoters. Notably, however, H3K27Me3 
is disparately spread throughout the genome in naïve culture conditions while co-
localising with H3K4Me3-marked promoters in heterogeneously pluripotent cells. 
This phenotype indicates that the less grounded serum/LIF conditions enables 
promoter bivalency, making genes more poised for lineage commitment (Marks et 
al., 2012). A similar, enhanced bivalency is also observed upon post-implantation 
in the primed epiblast (Bernstein et al., 2006). 

DNA Looping and Topologically Associated Domains

As mentioned in section 1.1.1, transcription factors specifically bind to 
complementary CREs and regulate the transcription output of either a certain gene 
or a subset of similar genes (Plank and Dean, 2014; Vernimmen and Bickmore, 
2015; Schoenfelder and Fraser, 2019). This is facilitated by the CRE interacting 
with the target promoter though either direct or indirect contact (Kagey et al., 
2010; Chen et al., 2018). While DNA and histone modifications may alter local 
promoter accessibility, CREs can be distal from the gene they need to regulate, 
making them unlikely to directly interact. This suggests larger scale genome 
organisation is required to modulate long-range promoter and CRE contacts 
(Pombo and Dillon, 2015; Schoenfelder and Fraser, 2019) (table 1). 

Recent technologies designed to ‘capture chromatin conformation’ (3C) have 
delivered new insights into how organising the genome in 3D contributes to the 
communication between CREs and promoters (Schoenfelder and Fraser, 2019). 
Specifically, 3C methods and their whole genome derivatives (Hi-C) have revealed 
hierarchical chromatin architecture within the nucleus (Lieberman-Aiden et al., 
2009; Dixon et al., 2012; Nora et al., 2012; Sexton et al., 2012; Sofueva et al., 
2013; Bickmore et al., 2013; Rao et al., 2014; Mifsud et al., 2015; Norton et al., 
2018). Briefly, mega-base scale regions of the genome are arranged into local 
neighbourhoods of high interaction frequency, termed Topologically Associating 
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Domains (TADs) (figure 2). Many distal CREs are located within the same TAD 
as their target gene, leading to the proposal that communication is facilitated by 
spatial proximity within the same TAD (high intra-TAD interaction) (Dixon et al., 
2012; Nora et al., 2012; Rao et al., 2014). For example, enhancers and target 
promoters located within the same TAD are more likely to contact each other, 
resulting in gene activation (Dixon et al., 2012; Phillips-Cremins et al., 2013; 
Dixon et al., 2015; Furlong et al., 2018). Conversely, genes may be silenced if the 
enhancer becomes insulated into another TAD (low inter-TAD interaction). 

TADs themselves are principally organised by clusters of sub-megabase DNA 
loops (figure 2) (Deng et al., 2012; Phillips-Cremins et al., 2013). Individual loops 
(termed ‘sub-TADs’) can display enhanced localised contact within the larger 
interacting TAD neighbourhood, thereby establishing a topological hierarchy of 
interaction frequencies (Phillips-Cremins et al., 2013; Rao et al., 2014; Norton 
et al., 2018). The core regulators of DNA looping and TADs are the ring-shaped 
cohesin complex and the CCCTC DNA binding insulator protein, CTCF (Kagey et 
al., 2010). These regulators are discussed in detail in section 1.2. Briefly, cohesin 
topologically embraces chromatin fibres in cis to form the loop structure while 
CTCF demarcates TAD boundaries and interacts with cohesin, thereby anchoring 
the complex to the CTCF binding sites (figure 1) (Hadjur et al., 2009; Rao et al., 
2014; Rao et al., 2017; Nora et al., 2017; Pombo and Dillon, 2015). 

During cell fate commitment, while some TADs remain invariant, insulator regions 
between a proportion of TADs are gained or lost, resulting in new neighbourhoods 
of high interaction frequency (Lee et al., 2012; Wang et al., 2012; Nora et al., 2012; 
Montavon and Duboule, 2013; Lupianez et al., 2015; Stadhouders et al., 2018; 
Stadhouders, Filion and Graf, 2019). Notably, ChIP-seq of CTCF and parallel 
bisulfite sequencing in a range of human cell types reveals DNA methylation of 
CTCF binding sites to be a key regulator of differential TAD insulator strength 
(Wang et al., 2012). This highlights a close collaboration between epigenetic 
mechanisms, such as DNA methylation and chromatin topology, for coordinating 
gene expression control in transitions of cell state (Furlong and Levine, 2018). 
More noticeably, interaction frequencies within TADs display greater change 
due to plastic DNA loop conformations (Phillips-Cremins et al., 2013; Nora et al., 
2012). As a consequence, the likelihood of enhancers and promoters contacting 
each other is altered, resulting in regulation of the target gene (Freire-Pritchet et 
al., 2017; Schoenfelder and Fraser, 2019). Indeed, although this is not observed 
with every chromatin re-structuring, comparing changing TAD and sub-TAD 
interaction frequencies (Hi-C) with gene expression profiles (RNA-seq) during 
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commitment indicates dynamic chromatin conformation is often associated with 
gene expression change (Bonev et al., 2017; Chen et al., 2018; Chovanec et al., 
2021). Taken together, genome topology has an important role in establishing 
different cell identities through dynamically regulating long-range interactions. 

Several groups have employed 3C technologies to resolve TAD architecture 
during early development. Hi-C of mouse embryo stages reveal weak TADs 
begin to emerge post-fertilisation and become progressively established as the 
blastocyst ICM epiblast develops. This suggests genome topology is particularly 
unrestrictive prior to implantation and undergoes conformational re-structuring 
(Du et al., 2017). Supporting this, Hi-C comparison of promoter contacts with 
super-enhancers (domains of highly active enhancers) in naïve (ES 2i/LIF) and 
primed (EpiSC) cells highlights that, while some interactions are invariant between 
states, topological re-wiring of other interactions is state-specific. Notably, this 
was found to confer to transcriptional changes of certain genes important for cell 
identity (Novo et al., 2018). For example, loss of topological contact between 
super-enhancers and the promoters of auxiliary pluripotent genes Klf4 and Dppa3 
was observed between ES and EpiSC states. At the same time, super-enhancer 
contacts were established with the promoter of primed pluripotent marker Nodal 
(Novo et al., 2018). Similar re-structuring of enhancer-promoter contacts at 
developmentally important genes in ES cell and EpiLCs has also been reported 
elsewhere (Greenberg et al., 2019). Further complimenting these observations, 
evaluation of human naïve and primed pluripotent states have uncovered mostly 
conserved TAD structures (70%), but with considerable re-organisation of sub-
TAD promoter-enhancer contacts (Chovanec et al., 2021; Dixon et al., 2015). 
In several cases, this re-organisation correlated with expression change of key 
genes implicated in cell identity. In addition, boundaries between TADs were found 
to strengthen between naïve to primed transition and upon exit of pluripotency 
with fewer detectable inter-TAD contacts (Barrington et al., 2019; Chovanec et 
al., 2021). This further suggests commitment is associated with a more restrictive 
topology. Collectively, these studies show early stages of development are 
associated with dynamic alterations in chromatin organisation, particularly on the 
sub-TAD scale. This has been found to correlate with transcriptional changes of 
several key genes important in maintaining pluripotent states. 
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Higher order genome organisation 

While sub-TAD and TAD conformations structure local neighbourhoods of 
interaction, chromatin is also topologically organised at a higher megabase-scale 
order into active and inactive compartments (table 1). This additional level to the 
hierarchy of genome topology further contributes to overall epigenetic regulation 
of gene expression. In this section, I will discuss the role of compartments in 
demarcating active and inactive chromatin, and describe how epigenetic histone 
and DNA modifications inform on these structures. 

At a broad scale of epigenetic regulation, the genome is segregated into 
transcriptionally active  euchromatin  and   transcriptionally repressed 
heterochromatin regions, also termed ‘A’ and ‘B’ compartments (Lieberman-Aiden 
et al., 2009). Typically, euchromatin is associated with gene-rich portions of the 
genome and displays an ‘open’ conformational structure that enables transcription 
factors and transcriptional machinery to gain access to CREs and promoters. 
Conversely, heterochromatin represents genomic regions that are densely 
packaged into a transcriptionally inaccessible configuration. Heterochromatin 
can be further categorised into facultative and constitutive regions, which are 
demarcated by different histone modifications (discussed below). Facultative 
heterochromatin contains genes that must be temporally expressed, such as 
cell cycle and development genes. Consequently, the composition of facultative 

Figure2 Topologically Associated Domain Structure. Chromatin is organised on the sub-megabase 
scale into regions of high contact frequency (TADs; demarcated by lighter gradient areas) through 
DNA looping. Smaller loops within TADs (sub-TADs; demarcated by darker gradient) represent 
local enhancer-promoter contacts that are more varied between cell fates than TADs. Individual 
TADs are insulated from one another, resulting in low contact frequency between TADs (inter-
TAD). CTCF demarcates TAD boundaries with the DNA-looping cohesin ring, while sub-TADs are 
generally CTCF-independant cohesin sites that co-localise with cell type-specific transcription 
factors (TFs) and the mediator complex to form dynamic loops.

Gene promoter

CRE

Cohesin ring

Convergent CTCF
Cell type-specific TF/
Mediator complex
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heterochromatin varies widely between cell identities (Trojer and Reinberg, 
2007). In contrast, constitutive heterochromatin is gene poor and is arranged 
at pericentromeric and telomeric satellites containing an enrichment of repeat 
elements, such as retro-transposons and AT bases (Janssen et al., 2018). 
Maintaining these regions  in a constitutively repressed state is essential for genome 
stability (Padeken et al., 2013). Principally, pericentromeric heterochromatin 
recruits proteins necessary to structure kinetochores for successful mitotic 
spindle attachment and euploid cell division (Ainsztein et al., 1998). In addition, 
the repetitive nature of constitutive elements makes them vulnerable to DNA 
damage. Thus, densely packaging these regions protects repetitive sequences 
and prevents aberrant recombination events due to improper DNA repair (Walter 
et al., 2016; Janssen et al., 2018).   

The interphase distribution of heterochromatin throughout the cell is non-
random and can be observed with dyes that bind to AT-rich DNA. This reveals 
compact heterochromatin around the nuclear periphery, at dense foci within the 
cell (chromocentres), and around the perimeter of the nucleolus (perinucleolar) 
(Mayer et al., 2005; Towbin et al., 2012). Notably, the lumen of the nucleolus is 
completely devoid of heterochromatin. This is reflective of the euchromatin rDNA-
rich region that enables high rates of rRNA transcription for ribosome biogenesis 
(Pontvianne et al., 2013) (table 2). A similar clear demarcation of euchromatin 
from its heterochromatin surroundings is seen at the nuclear periphery (Hutchison 
and Weintraub, 1985). Here, the transcriptionally repressed heterochromatin is 
interspersed with pockets of open euchromatin marked by active histone PTMs. 
These sites co-localise at the transmembrane Nuclear Pore Complex (NPC) and 
are associated with high rates of transcription, the mRNA output of which can be 
rapidly exported through the NPC for translation (Blobel, 1985; Fišerová et al., 
2017; D’Angelo, 2018).

As previously mentioned, higher order genome structures are associated with 
certain histone and DNA modifications (Jenuwein and Allis, 2001). For example, 
lower levels of DNA methylation and transcriptionally active histone PTMs, 
such as H3K27Ac, mark gene enhancers and promoters within euchromatin. 
Similarly, H3K9Me3 and increased CpG methylation demarcates constitutive 
heterochromatin, while facultative heterochromatin displays enrichment of 
H3K27Me3 (section ; Becker et al., 2016). Importantly, histone modifications work to 
inform on higher chromatin morphology through recruitment of additional proteins 
and structuring of phase condensates (table 1). For example, dense patches of 
H3K9Me3 are recognised by the reader protein HP1α (section 1.1.4b). HP1α 
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is able to form multimeric complexes with itself and acts as a phase separating 
scaffold for further protein binding (Smothers and Henikoff, 2000; Canzio et al., 
2011). Specifically, HP1α’s C-terminal chromoshadow domain recruits an array 
of repressive genome modifiers (Lachner et al., 2001), including the H3K9Me3 
writer Suv39h (Aagaard, 1999; Smothers and Henikoff, 2000) as well as DNA 
methylators Dnmt3 (Lehnertz et al., 2003; Fuks, 2003), and the 5mC-binding 
protein Mecp2 (Agarwal et al., 2007). These proteins work to further repress 
neighbouring histones and promote a spread of constitutive heterochromatin 
to peri-centromeric regions (Bannister et al., 2001). In this manner, H3K9Me3 
establishes constitutive heterochromatin condensates through accumulation of 
it reader HP1α protein (Azzaz et al., 2014; Kilic et al., 2015; Larson et al., 2017; 
Sanulli et al., 2019). These condensates exclude general transcription factors, 
thereby epigenetically repressing gene expression (Larson et al., 2017; Strom et 
al., 2017; Wang et al., 2019). Similarly, at the nuclear periphery, HP1α physically 
connects to the lamin matrix by interacting with Lamin B receptor (Lbr) (Ye et 
al., 1997), thereby tethering heterochromatin to the inner nuclear membrane in 
condensed conformations termed ‘Lamin Associated Domains’ (LADs) (Makatsori 
et al., 2004; Guelen et al., 2008; Shevelyov and Ulianov, 2019). LLPS is also 
observed at the nucleolus, which, in itself, is a condensate (Feric et al., 2016) (table 
2). Here, centromeric and peri-centromeric satellites are specifically clustered 
by a combined effort of HP1a, Nucleophosmin-1, Nucleolin and CTCF to form 
Nucleolar Associated Domains (NADs), which constitute the heterochromatin 
periphery of the nucleolus (Németh et al., 2010; van Koningsbruggen et al., 2010; 
Padeken et al., 2013). 

Recently, it has been demonstrated that heterochromatin regions act as anchor 
points for global genome structuring and are able to exchange repressive elements 
between the nuclear periphery and nucleolus (Kind et al., 2013). Resultantly 
a surprisingly dynamic picture has emerged whereby NAD heterochromatin 
translocates over time to the nucleolar LAD heterochromatin (Kind et al., 2013).  
These observations underline an integral feature for heterochromatin condensates 
in structuring global topology and have significant impacts on cell fate decisions 
(Gupta and Santoro, 2020). 

Supported by the lower abundance and disparate localisation of repressive histone 
PTMs, naïve pluripotency is characterised as being rich in euchromatin with an 
open genome structure. This state presents a plastic environment that enables 
pluripotent potential (Gaspar-Maia et al., 2011; de Wit et al., 2013). Indeed, upon 
commitment, genome-wide higher order chromatin re-organisation is observed 
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with enhanced heterochromatin domains accumulating at the nuclear periphery 
and the nucleolus (Bhattacharya, et al., 2009; Wen et al., 2009; Gupta and 
Santoro, 2020). These re-arrangements are concomitant with gene expression 
change as core pluripotent factors become heterochromatinised (Aoto et al., 
2006). Increased abundance of chromatin-bound HP1α upon exit of pluripotency 
further highlights enhanced heterochromatin assembly (Meshorer et al., 2006). 
In addition, 3C and Hi-C technologies reveal exit of pluripotency correlates with 
reduced interactions within euchromatic A compartments and increased contact 
strength within heterochromatin B compartments (Bonev et al., 2017). This 
phenotype indicates a greater demarcation between open and closed chromatin 
and is consistent with studies showing reduced genome plasticity upon cell fate 
commitment (Meshorer et al., 2006). 

The structure of the nucleolus is particularly distinctive in pluripotent cells 
compared committed cells (table 1 and table 2). Naïve ES (2i/LIF) cells are 
associated with hyper-transcription of rRNA and high ribosome biogenesis. This 
is in contrast to a low overall rate of translation, indicating an abundance of freely 
available ribosomes poised for rapid protein turnover upon lineage commitment 
(Sampath et al., 2008). To accommodate the high rate of transcription, naïve cells 
contain larger and fewer nucleoli relative to differentiated cells (Meshorer and 
Misteli, 2006; Savić et al., 2014). Exit of pluripotency is therefore associated with 
significant re-structuring of NADs. Here, several rRNA genes are decommissioned 
by CpG methylation and H3K9Me2/3 PTM, thereby reducing rRNA output (Savić 
et al., 2014). At the same time, newly heterochromatinised regions, such as the 
inactivated X chromosome, localise to the nucleolar periphery and assimilate 
denser NADs (Zhang et al., 2007). These topological re-arrangements have 
been found to be essential in transitions of pluripotency as artificial establishment 
of heterochromatin at rRNA genes in ES (2i/LIF) cells induces heterochromatin 
formation outside of the nucleolus and drives a lineage commitment phenotype 
(Savić et al., 2014). Likewise, inhibition of NAD re-structuring impedes pluripotent 
transitions (Savić et al., 2014; Leone et al., 2017).

In a similar manner to NADs, LADs were also found to undergo conformational 
change upon commitment of pluripotent ES cells towards a terminal astrocyte 
fate. Here, dynamic re-shuffling of peripheral heterochromatin enables the 
translocation of repressed cell identity-associated genes out of LADs and into 
active euchromatin regions (Peric-Hupkes et al., 2010). Thus, LADs have an 
important role in epigenetically regulating the accessibility of lineage commitment 
genes for transcription. 



40

1.1.5 Mechanisms governing identity: Post-transcriptional gene expression 
regulation 

Although a full picture of its regulatory mechanisms remains incomplete, the study 
of epigenetic gene expression control has been well established for many years. 
The total RNA output of these processes (i.e the transcriptome) has been defined 
for individual cell types through RNA-seq, and mRNA expression of specific 
fate markers is frequently used as readout for cell identity. However, in recent 
years, disparity between the transcriptome and corresponding protein output (i.e 
the proteome) has become more apparent (Chang and Stanford, 2008; Lu et 
al., 2009; Schwanhäusser et al., 2011; Liu et al., 2016; Fortelny et al., 2017). 
The disconnect between mRNA and protein expression has been particularly 
noticeable in states of cell transitions, such as embryonic development, lineage 
differentiation, and response to stress stimulus (Lu et al., 2009; Liu et al., 2016; 
Blanco et al., 2016). For example, one study found ~50% of the proteins that 
change expression through disruption to pluripotent fate (in this case, via Nanog 
knockdown) displayed discordant RNA levels (Lu et al., 2009). The expression of 
several important markers of pluripotent identity (YY2, Map3k3, Sos1) has also 
been identified to be heavily controlled through post-translational mechanisms, 
suggesting a regulatory role in cell fate decisions (Tahmasebi et al., 2016; 
Sugiyama et al., 2016) (summarised in table 1). 

Broadly speaking, the functional impact most gene expression has on cell identity 
is at the level of its protein expression. Thus, the proteome is arguably a more 
accurate depiction of cell identity (Chang and Stanford, 2008). It is therefore 
imperative to understand the post-transcriptional regulatory mechanisms that 
determine the proteome and ultimately establish cell fate decisions. To this end, 
studies have characterised several stages of post-transcriptional control during 
the mRNA life cycle. These include regulation of the following: transcriptional 
splicing, export to the cytosol, cytoplasmic localisation, stabilising/degrading 
mRNA modifications, and interaction with ribosome machinery (Piccirillo et al., 
2014; Lyon et al., 2021). Mechanisms that contribute to some of these processes 
are described below. Importantly, post-transcriptional mRNA regulation can be 
general (affecting global translation rates), selective (such as affecting 5’ cap-
dependent or independent translation rates), or specific (affecting the translation 
rate of a single mRNA) (Piccirillo et al., 2014). In this manner, post-transcriptional 
regulation demonstrates versatility in its ability to rapidly fine-tune the proteome.
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As discussed in section 1.1.3, the central components involved in fine-tuning 
mRNA translation are RBPs (Mateu-Regué et al., 2020). In addition to regulated 
gene expression, RBP activity is modulated by upstream signalling pathways 
and PTMs (Lovci et al., 2016). RBPs associate with specific mRNA consensus 
sequences to form small mRNPs (Siebrasse et al., 2012; Mateu-Regué et al., 
2019), which can aggregate and phase separate together into higher order 
regulatory bodies (condensates) (Mateu-Regué et al., 2020). Various nuclear and 
cytoplasmic mRNPs and condensates are identified to perform specific functions 
in post-transcriptional regulation (table 2) (Mateu-Regué et al., 2020; Roden 
and Gladfelter, 2021; Wiedner and Giudice, 2021). The discovery of translation 
condensates is relatively recent and, as such, our understanding of how they 
influence cell identity remains limited (Di Stefano et al., 2019; Mateu-Regué et 
al., 2020). In this section, I shall review several key mRNPs and condensate 
bodies within the cytoplasm that contribute to mRNA translation, and discuss 
burgeoning evidence of their role in maintaining pluripotent state.

mRNA Transport

The function of mRNA transport is itself a method of post-translational regulation 
as it allows localised translation of proteins that are required for a specific activity 
(Buxbaum et al., 2014; Lyon et al., 2021). Broadly, pre-translational mRNPs 
that have been newly exported from the NPC can be translocated to specific 
regions of the cytoplasm via either active or passive transport (Buxbaum et al., 
2014; Lyon et al., 2021). Active transport involves ATP-dependant translocation 
along microtubule fibres by unidirectional motorised proteins (Fusco et al., 
2003; Baumann et al., 2012). Specifically, kinesins (Kif proteins) transport 
cargo towards the plus end of the microtubule (anterograde) while dyneins (Dyn 
proteins) move towards the minus end (retrograde) (Bullock, 2007; Baumann et 
al., 2012). Microtubule plus ends emanate away from Microtubule Organising 
Centres (MTOCs), such as the centrosome, and is the site of sequential α/β-
Tubulin heterodimer polymerisation. In contrast, the minus end is anchored at the 
MTOC, thereby maintaining microtubule polarity (Brouhard and Rice, 2018). In 
addition to active transport, passive transport has also been found to be reliant on 
the cytoskeleton as it involves mRNPs ‘hitching a ride’ on larger macromolecules 
(such as endosomes) that are being transported by motor proteins (Baumann 
et al., 2012; Lyon et al., 2021). mRNPs may also be passively transported by 
cytoplasmic streaming-dependent diffusion, which is a process driven by the 
sliding of microtubules to generate a current within the cytoplasm (Mateu-Regué 
et al., 2019). Collectively, these processes show the cytoskeleton and its motor 
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proteins are integral for directional transport of mRNA (Fusco et al., 2003). This 
is epitomised by drug-induced microtubule depolymerisation in Xenopus oocytes 
that results in random mRNP localisation (Yisraeli et al., 1990). 

While the active and passive modes of mRNP transport have been established, 
a complete mechanism for how mRNPs are selectively directed to functionally 
relevant regions of the cytoplasm remains unclear (Xing and Bassell, 2012). As 
discussed below, regulation of specific mRNP transport within the cytoplasm may 
be dependent on several factors, including RNA-specific motifs, nascent peptide 
signals, and cell-type specific condensates. 

Firstly, as initially described in β-Actin transcripts (Kislauskis et al., 1994), many 
studies have reported that certain mRNAs contain ‘zipcode’ motifs to enable 
specialised localisation (Xing and Bassell, 2012). These cis-regulatory elements 
are usually found within the 3’UTR and are recognised by specific RBPs (section 
1.1.3) (Ross et al., 1997). Recent examples of cis-directed localisation include 
mRNA transport to TIS condensates. TIS condensates are filamentous structures 
comprised of predominantly RNA-RNA interactions embedded into the rough 
endoplasmic reticulum (ER) and enriched in active ribosomes (Ma and Mayr, 
2018; Ma et al., 2021). The RBP TIS11B is a central component of the TIS 
condensate and specifically binds to mRNA transcripts containing 3’UTR AU-rich 
elements (AREs), transporting them to the ER (Ma and Mayr, 2018). Resultantly, 
TIS condensates selectively translate ARE-containing mRNAs. 

A separate method for mRNA localisation to the centrosome has also been 
recently described. The centrosome is a peri-nuclear condensate comprising the 
mother and daughter centrioles surrounded by a proteinaceous peri-centriolar 
material (PCM) (Woodruff et al., 2017) (tables 1 and 2). In addition to its canonical 
roles in microtubule nucleation and cell cycle control (Doxsey et al., 2005), the 
centrosome acts as a site for localised translation (Sepulveda et al., 2018). 
Specifically, RNA single molecule fluorescent in situ hybridisation (smFISH) 
experiments in Zebrafish embryos, Drosophila, and HeLa cells reveal mRNAs 
encoding constituents of the PCM are actively transported to the centrosome for 
localised translation and immediate integration into the condensate (Sepulveda 
et al., 2018; Ryder et al., 2021; Safieddine et al., 2021). Interestingly, the 
mechanism for localisation of certain centrosome mRNAs is not dependent on cis 
elements but instead requires nascent translation of its encoded protein. Here, 
the mRNA contained within the pre-translational mRNP is processed away from 
the centrosome with ribosomes into active translational mRNP, or ‘polysome’. 



43

Subsequent early translation of the mRNA 5' end produces a signal peptide that is 
recognised by SR proteins, which in turn direct the translating complex via active 
transport to the centrosome. Thus, in this manner, the centrosome becomes a 
concentrated hub for specific polysome-bound mRNAs (Sepulveda et al., 2018; 
Safieddine et al., 2021). 

Finally, several cell types have been identified to contain specialised condensates 
that enable active transport of mRNP aggregates to hubs within the cytoplasm 
for subsequent mRNA translation (table 2). These RNA transport granules 
are associated with cells that contain a large cytoplasmic volume and require 
localised translation at polar regions of the cytoplasm, such as neurons (Knowles 
et al., 1996), oocytes (Neil et al., 2021), and muscle fibres (Denes et al., 2022). 
Importantly, RNA transporter granules translationally repress the mRNA cargo 
prior to reaching their destination, thereby ensuring specific localised translation 
(Wang et al., 2017). This feature is directly required for post-transcriptionally 
regulating cell fate in Xenopus, Zebrafish and Drosophila oocytes as it enables 
polar accumulation of PGC-associated mRNA and proteins in a ‘germ plasm’, 
which establishes the germline upon fertilisation (Voronina et al., 2011). 

Polysome mRNPs

rRNA transcription and ribosome biogenesis is hyperactive in naïve cells, yet 
the rate of translation is low (Sampath et al., 2008; Corsini et al., 2018; Saba et 
al., 2021). Polysome profiling highlights this. Polysomes are active translational 
mRNPs, and the number of ribosomes associated with a single mRNA (i.e the 
polysome profile) correlates with translation rate (Piccirillo et al., 2014). In ES cells, 
profiling reveals relatively few polysome mRNPs due to inefficient mRNA loading 
onto ribosomes (Sampath et al., 2008). The resulting high proportion of inactive 
ribosomes within the cytoplasm is hypothesised to enable rapid generation of 
an early commitment proteome upon differentiation stimulus (Kristensen et al., 
2011; Gabut et al., 2020). Indeed, the transition from ES (serum/LIF) cells to 
embryoid body correlates with a ~60% increase in polysome density (Sampath 
et al., 2008). Similar observations have recently been made between ES (2i/
LIF) and EpiSCs (Atlasi et al., 2020). Hence, this supports the idea that inactive 
ribosomes are poised for exit of pluripotency. In order to regulate this sudden 
switch in ribosome productivity, signalling pathways carefully balance the activity 
of key translation initiation RBPs, which in turn controls polysome translation rate. 
Although signalling pathways are not the focus of this thesis, it is important to 
acknowledge their integral role in post-transcriptional regulation of pluripotent 
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states. This is described below and summarised in table 1. 

In ES cells, mTOR signalling is crucial for regulating protein translation rate to 
balance pluripotent and commitment fates (Saba et al., 2021). Chiefly, low mTOR 
activity in naïve cells promotes hypo-phosphorylated 4E-BP, enabling it to inhibit 
eiF4E, which is a key component of the eiF4F translation initiation complex 
(Sampath et al., 2008; Xu et al., 2021). In cultured ES (2i/LIF) cells, low mTOR 
activity is maintained by inhibition of upstream MEK/ERK signalling pathways 
(section) (Bulut-Karslioglu et al., 2016). Removal of LIF from ES cells results in 
up-regulation of mTOR, causing a subsequent increase in protein synthesis and 
driving a differentiation phenotype (Sampath et al., 2008). Importantly, mTOR 
activation results in increased translation of additional RBPs, which regulate 
the translation of lineage commitment mRNA. For example, Dazl and Grsf1 are 
translated downstream of mTOR activation. These RBPs form specific mRNPs 
to promote translation of PGC and mesoderm-associated mRNA, respectively. 
Exit of pluripotency also results in mTOR-mediated activation of S6 kinases 
(S6K). S6K in turn inhibits eiF2a kinases and increases the pool of available 
eiF2a-GTP, which is required for stabilising 5’-capped mRNA on ribosomes and 
increasing polysome density (Sampath et al., 2008). Interestingly, one group has 
found the high eiF2a GDP-to-GTP ratio in naïve cells is favourable for Nanog 
and c-Myc translation through promoting 5’cap-independent translation (Friend 
et al., 2015). In a separate study, 2i-mediated GSK inhibition was observed to 
specifically increase stable assimilation of pluripotent factor mRNAs (Nanog, 
Tbx3) into polysomes to result in their enhanced protein synthesis (Sanchez-
Ripoll et al., 2013). GSK inhibition does not affect mTOR signalling; therefore 
global translation rate remains low (Sanchez-Ripoll et al., 2013). Together, these 
reports suggest ES cells are able to post-transcriptionally control gene expression 
to specifically up-regulate translation of core pluripotent and self-renewal factors 
while maintaining globally low translation. 

Higher order mRNA Storage and Degradation regulatory bodies

In addition to polysome mRNPs, several higher order bodies exist within the 
cytoplasm to control the rate of translation (Mateu-Regué et al., 2020). These 
include P-bodies and Stress Granules, which perform distinct roles in mRNA 
regulation (Mateu-Regué et al., 2020; Wiedner and Giudice, 2021) (tables 1 and 
2). 

First, P-bodies sequester mRNA transcripts from translation machinery, thereby 
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preventing polysome formation and repressing translation (Teixeira et al., 2005; 
Patel et al., 2016). Due to the dynamic nature of switching between solvent and 
condensate, P-bodies enable rapid storage and release of individual mRNAs 
to fine-tune translation (Hubstenberger et al., 2017). However, these regulatory 
bodies also act as hubs for post-transcriptional regulation by actively degrading 
mRNA. P-bodies are primarily involved in mRNA destabilisation and contain a 
range of de-capping proteins and the de-adenylation complex, which remove 
the protective 5’ cap and 3’ poly-A tail, respectively (Teixeira et al., 2005). 5’-
3’ exonucleases and components of the mircoRNA-induced silencing complex 
(miRISC) also condense into P-bodies, thereby actively promoting mRNA 
degradation (Hubstenberger et al., 2017; Patel et al., 2016). 

Another cytoplasmic higher order condensate reported to post-transcriptionally 
regulate gene expression is the Stress Granule (SG) (Kedersha et al., 1999). 
In comparison to P-bodies, these condensates are considerably larger and 
denser structures (Campos-Melo et al., 2021) (table 2). SGs are only formed 
in response to a stress stimulus, such as heat, pH change, UV exposure, and 
osmotic pressure (Kramer et al., 2008; Moutaoufik et al., 2014; Riback et al., 
2017). Thermodynamically, each of these stresses alters the electrostatic charge 
of proteins and nucleic acids, thereby driving their phase separation (Banani 
et al., 2017). In further contrast to P-bodies, SGs sequester both mRNPs and 
translation machinery (Kedersha et al., 1999). Here, the condensate inhibits 
protein synthesis by protecting mRNA and translation machinery from stress. In 
this manner, the cell is able to rapidly resume translation once the stress stimulus 
is lifted (Groušl et al., 2009; Cherkasov et al., 2013). Although SG formation is 
arguably a passive process, it has nonetheless been found to influence gene 
expression (Riback et al., 2017; Iserman et al., 2020). Recent investigations in 
yeast have found SGs preferentially sequester the RNA helicase Ded1p (DDX3 in 
human/mouse). This enzyme is essential for resolving 5’UTR mRNA secondary 
structures to enable ribosome scanning (Guenther et al., 2018). Upon its rapid 
phase separation, housekeeping mRNAs with complicated 5’UTRs are prevented 
from translation while more simply structured stress response mRNA are able to 
be rapidly translated. This process is reversed upon stress cessation, enabling 
housekeeping mRNA translation to resume (Iserman et al., 2020).  Consequently, 
the Stress Granule acts as a post-transcriptional switch to influence cell stress 
response. 

Currently, investigations into the roles of cytoplasmic condensates in post-
transcriptionally regulating gene expression in pluripotent cells are limited. 
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Nonetheless, a recent study by Di Stefano et al. (2019) gives important insights 
into how phase-separation can impact pluripotent transitions. Here, authors 
show the RNA helicase DDX6 is integral in structuring P-bodies within naïve and 
primed ES cells. Knockdown of DDX6 results in dissolution of the condensate 
and promotes a release of translationally repressed mRNA. This in turn results 
in an up-regulation in naïve marker protein synthesis, promoting a naïve-like 
state in primed human and mouse pluripotent cells. Importantly, enhanced 
translation of transcription factors and chromatin re-modellers drove global 
changes in higher order genome architecture and produced a feedback loop to 
increase transcription of pluripotent genes. Consequently, this study highlights a 
role for cytoplasmic condensates in post-transcriptionally regulating pluripotent 
homoeostasis. Disrupting this balance has knock-on impacts on epigenetic gene 
regulation and cell identity.
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1.2 The Cohesin Complex

Among its many roles, cohesin is a known epigenetic regulator of genome 
organisation and cell identity (table 1). In this section, I describe the core 
components and regulatory proteins that comprise the cohesin complex. I 
then discuss how cohesin is able to facilitate a range of organisation roles and 
summarise the impacts genome architecture has on gene expression.
 
1.2.1 The cohesin ring: structure and function

Cohesin is a highly conserved tripartite protein complex that performs a range 
of functions in structuring chromatin throughout the cell cycle (figure 5). The 
complex consists of two Structural Maintenance of Chromosome (SMC) subunits 
(Smc1a and Smc3) and an α-kleisin HEAT (Huntingtin EF3 PP2A Tor1) repeat-
containing subunit (Rad21) (Michaelis, Ciosk and Nasmyth, 1997). Each Smc is 
similarly structured with globular ‘hinge’ and ATPase domains that are connected 
by a ~45nm long flexible coiled coil arm (Melby et al., 1998; Haering et al., 2002). 
The antiparallel structure of the coiled coil brings together the N-terminal ATP-
binding site (Walker A motif) and C-terminal DA box (Walker B motif) to establish 
the globular ATPase region (Löwe et al., 2001). Smc1a and Smc3 form a ‘V’-
shaped heterodimer through heterotypic interactions of their hinge domains. 
Bridging the two ATPase domains, Rad21 interacts with Smc1a and Smc3 via its 
C-terminal winged helix and N-terminal helical domains, respectively, to result in 
a ring-shaped complex (figure 3) (Sumara et al., 2000; Haering et al., 2002; Shi 
et al., 2020). In mammalian germ cells, paralogs of Smc1a (Smc1b) and Rad21 
(Rec8 and Rad21L) are also expressed and complex in the same manner to form 
meiotic cohesin (figure 3) (Revenkova et al., 2001; Klein et al., 1999; Lee and 
Hirano, 2011).  

In addition to cohesin, a related conserved ATPase tripartite family of condensin 
complexes (condensin I and condensin II) also exists. Each condensin is 
composed of two Smc proteins (Smc2 and Smc4) and an α-kleisin subunit (CAP-H 
or CAP-H2) that are arranged in a similar structure to cohesin (Saka et al., 1994; 
Strunnikov et al., 1995; Anderson et al., 2002; Wells et al., 2017). While cohesin 
and condensin contribute to some of the same biological processes, they are 
nonetheless functionally distinct (Hirano and Mitchinson, 1994; Ono et al., 2003; 
Skibbens, 2019). For the purposes of this thesis, only cohesin shall be discussed. 

Cohesin’s ring structure enables the complex to topologically embrace chromatin 
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fibres in cis (the same chromosome DNA) or trans (DNA from separate 
chromosomes) (figure 3) (Michaelis, Ciosk and Nasmyth, 1997; Hadjur et al., 
2009). The exact nature of cohesin’s association with chromatin remains disputed 
and two models have been proposed. First, the ‘embrace’ model hypothesizes 
a single cohesin ring entraps two cis or trans DNA fibres (Haering et al., 2008). 
Second, the ‘hand-cuff’ model suggests two cohesin rings associate with a single 
DNA fibre and connect together in a ‘hand-cuff’-like configuration (Zhang et al., 
2008). For the purposes of this thesis, the ‘embrace’ model is adopted and shall 
be described throughout.  

Regardless of the model, the versatility cohesin has in structuring one or two 
strands of DNA, coupled with its ubiquitous expression within all cell types and 
throughout the cell cycle, allows cohesin to perform a plethora of roles essential 
for chromosome biology. Over the last 25 years, cohesin-related functions have 
been found to include Sister Chromatid Cohesion (SCC), 3D genome organisation, 
gene expression regulation, DNA repair and replication, and R-loop regulation. 
(Michaelis, Ciosk and Nasmyth, 1997; Losada, Hirano and Hirano, 1998; Hadjur 
et al., 2009; Guillou et al., 2010; Sjögren and Nasmyth, 2001; Pan et al., 2020; 
Porter et al., 2021). Some of these processes are discussed in detail below.

Smc3 Smc1a
Smc1b*

Rad21
Rad21L*
Rec8*

Stag1
Stag2
Stag3*

Trans Cis

Figure3 The cohesin complex and its associations with chromatin. Above: The tripartite ring-
shaped complex comprising coiled-coiled Smc3-Smc1 heterodimer interacting with an α-kleisin 
subunit (green). The Stag protein interacts with the ring in a mutually exclusive manner by hooking 
onto the α-kleisin subunit. *=Meiotic paralog. Below: Cohesin topologically embraces chromatin 
fibers, either in trans (two separate chromosomes, right), or in cis (a single looping fiber, left).
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1.2.2 Cohesin regulators

Loaders, unloaders and stabilisers

Cohesin dynamically embraces DNA fibres and contributes to dynamic chromatin 
conformations (Nasmyth and Haering, 2009). To achieve this, cohesin’s association 
and dissociation with chromatin, as well its stabilisation and positioning on 
chromatin, must be carefully controlled (Peters et al., 2008). While in vitro purified 
cohesin components from Schizosaccharomyces pombe have been observed 
to spontaneously embrace DNA fibres, this loading is inefficient for cohesin’s 
biological purposes (Murayama and Uhlmann, 2014). Thus, cohesin requires a 
range of accessory proteins to regulate its activity (Peters, Tedeschi and Schmitz, 
2008). Several conserved HEAT repeat containing proteins (Stag, Nipbl, Pds5, 
Wapl) have been shown to perform these roles and interact with cohesin via its 
Rad21 subunit (Neuwald et al., 2000; Hara et al., 2014; Wells et al., 2017; Shi et 
al., 2020).  

First, the Stromal Antigen protein, Stag (also referred to as SA) (Tóth et al., 1999; 
Losada et al., 2000; Carramolino et al., 1997), binds to Rad21 through exposed 
surfaces along its concave side (figure 3) (Hara et al., 2014; van der Lelij et al., 
2020). The Rad21-Stag interaction forms an important binding pocket that may 
act as a docking site for further cohesin regulators (Hara et al., 2014; Li et al., 
2020; Higashi et al., 2020). As such, Stag’s association with cohesin is essential 
for cohesin function (Losada et al., 2000; Remeseiro et al., 2012a). Relative to 
other regulatory proteins, Stag’s interaction with cohesin is considered more 
stable. Quantitative mass spectroscopy has suggested this by showing Stag 
associates on chromatin with cohesin subunits Smc1a, Smc3 and Rad21 in a 
1:1:1:1 ratio (Ding et al., 2011; Holzmann et al., 2011). In contrast, quantification 
of other cohesin regulators reveal a stoichiometry with cohesin lower than 1, 
thereby indicating their interaction is more transient (Holzmann et al., 2011). 

Both cohesin loading on and unloading off of chromatin are energy dependent 
processes that require Smc ATPase activity to drive conformational change and 
open the cohesin ring (Elbatsh et al., 2016; Murayama and Uhlmann, 2014; 
Sakata et al., 2021). Cohesin loading onto chromatin is mediated by the Nipbl-
Mau2 heterodimer (Ciosk et al., 2000), which associates with the complex via 
the Rad21-Stag interface (Hu et al., 2011). In vivo yeast experiments suggest 
cohesin may entrap DNA fibres through opening the ring at the Smc1a-Smc3 
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hinge domain (Gruber et al., 2006). Working antagonistically to Nipbl-Mau2, 
the Pds5-Wapl heterodimer destabilises cohesin and unloads it from chromatin 
(Hartman et al., 2000; Ouyang and Yu, 2017). While Nibpl-Mau2 loads cohesin 
via opening of the hinge domain, Pds5-Wapl breaks the cohesin ring at the Smc3-
Rad21 interface (Chan et al., 2012). Pds5 is bifunctional as it can also promote 
stabilisation of cohesin on chromatin when dimerised with the acetyltransferase, 
Esco (Ivanov et al., 2002), which acetylates conserved lysine residues within the 
Smc3 ATPase head, thereby blocking the unloading action of Pds5-Wapl (Zhang 
et al., 2008; Beckouët et al., 2016). Additional stabilising regulators include the 
sororin and the Sgo1-PP2A complex, which are specifically active during Sister 
Chromatid Cohesion (section 1.2.3) (Rankin et al., 2005; Peters et al., 2008).

Finally, the CCCTC-binding factor, CTCF, plays an important role in positioning 
cohesin on chromatin in G1. CTCF is an 11 zinc finger DNA-binding insulator 
protein that demarcates the boundaries of high chromatin contact (section 1.2.4) 
(Bell et al.,1999). CTCF and cohesin binding was initially shown to occur by direct 
interaction of Stag with the C-terminus of CTCF (Xiao et al., 2011). Since then, 
the crystal structure of truncated human CTCF peptides interacting with the Stag-
Rad21 sub-complex has revealed essential CTCF residues (Y226 and F228) that 
interact with a binding pocket formed between Rad21 and Stag’s ‘Conserved 
Essential Domain’ (CES) (Li et al., 2020). Interestingly, CTCF’s binding residues 
comprise an Y/FxF motif that is conserved with other known cohesin interactors, 
including the unloading protein, Wapl. Li et al (2020) identifies CTCF and Wapl 
compete for the CES binding pocket to stabilise and destabilise cohesin on 
chromatin, respectively. 

Collectively, these regulators co-ordinate cohesin dynamics to enable the complex 
to perform both canonical and non-canonical functions during the cell cycle.

Paralogs of cohesin regulators

Biochemical analysis in higher eukaryotes has revealed several cohesin regulators 
exist as paralogs that are not present in yeast (Saccharomyces cerevisiae and 
Schizosaccharomyces pombe) (Losada et al., 2000; Sumara et al., 2000; Pezzi 
et al., 2000; Hou and Zou, 2005; Shintomi and Hirano, 2009; Sutani et al., 2009; 
Maffini et al., 2008). Paralogs arise within a species from an ancestral gene 
duplication event and have since diverged in sequence (Henikoff et al., 1997). 
As a result, paralogs are often homologous to each other, but slight differences 
in sequence may lead them to perform non-overlapping functions. This is the 
case for cohesin regulators Pds5 and Esco, which, in vertebrate organisms, are 
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expressed as Pds5a and Pds5b (Shintomi and Hirano, 2009; Sutani et al., 2009) 
and Esco1 and Esco2 (Hou and Zou, 2005). Selective knockdown of individual 
Pds5 and Esco proteins reveal that, while there is partial functional redundancy 
between paralogs, each protein also performs unique roles that cannot be 
compensated for by the remaining protein (Carretero et al., 2013; Zhang et al., 
2009; Zhang et al., 2007; Al-Jomah et al., 2020; Faramaraz et al., 2020; Whelan 
et al., 2012; Minamino et al., 2015). In this manner, paralog versions of conserved 
cohesin regulators appear to enable fine-tuning of cohesin activity in more 
complex organisms (Pezic et al., 2017). 

Paralogs of the Stag protein have also been identified in vertebrates. Using 
Xenopus egg extracts Losada et al. (2000) first characterised Stag1 (SA1) and 
Stag2 (SA2) as separate paralogs. A homology search for these paralogs in 
mammals (mouse and human) revealed ortholog matches for Stag1/2 genes as 
well as a third homologous Stag gene, Stag3 (Pezzi et al., 2000; Losada et al., 
2000; Carramolino et al., 1997). While Stag1 and Stag2 proteins are co-expressed 
in somatic and germ cells, albeit at varying levels (Losada et al., 2000; Sumara 
et al., 2000), Stag3 expression is reportedly limited to meiotic germ cells (Pezzi 
et al., 2000; Prieto et al., 2001; Hopkins, 2014). Importantly, immunoprecipitation 
(IP) using Stag1/2-specific antibodies showed that each paralog interacts with 
cohesin but does not interact with each other (Losada et al., 2000). This was 
later supported by quantitative mass spectroscopy (MS) in HeLa cells revealing 
endogenous cohesin complex comprised a 1:1:1:1 stoichiometric ratio of Smc3, 
Smc1a, Rad21, and Stag1/2 subunits (Ding et al., 2011; Holzmann et al., 2011). 
Thus, Stag proteins interact with cohesin in a mutually exclusive manner and give 
rise to populations of cohesin-Stag1, cohesin-Stag2, and cohesin-Stag3. Similar 
to Pds5 and Esco, Stag paralogs regulation of cohesin function is partially non-
redundant (Pezic et al., 2017; Cuadrado and Losada, 2020). Indeed, importance 
of individual Stag proteins in influencing cell fate is becoming increasingly more 
apparent. The non-overlapping impact Stag paralogs have on cohesin biology 
and cell fate decision is central to this thesis and will be the focus of section 1.3. 

1.2.3 Cohesin’s canonical role: Sister Chromatid Cohesion

Over the last 25 years, cohesin’s ability to structure DNA has been found to 
be required for many essential cell processes (Nasmyth and Haering, 2009). 
Michaelis, Ciosk and Nasmyth (1997) identified the first role for cohesin in mitotic 
Sister Chromatid Cohesion (SCC) in S.pombe; the same mechanism was also 
found conserved in vertebrates (Losada et al., 1998) and similarly occurs during 
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meiosis (Klein et al., 1999; Prieto et al., 2002; Watanabe, 2004). 

SCC describes the topological association of sister chromatids and is mediated 
by cohesin embracing sister DNA fibres in trans (summarised in figure 5a). 
(Michaelis, Ciosk and Nasmyth, 1997; Haering et al., 2008). Immunofluorescence 
(IF) of S.pombe Rad21 ortholog, Scc1, and ChIP-PCR of Scc1 in S.cerevisiae 
shows cohesin rings are laddered along the chromatid arms and concentrate 
at the heterochromatic telomere and centromere regions (Michaelis, Ciosk 
and Nasmyth, 1997; Tanaka et al., 1999; Canudas and Smith, 2009). The 
SCC configuration helps to position chromosomes along the metaphase plate 
and bi-orientates the kinetochore region of each chromatid towards opposing 
poles (Tanaka et al., 2000). This enables mitotic spindles emanating from polar 
centrosomes to attach to the kinetochore (Díaz-Martínez and Clarke, 2009). 
Between prophase and anaphase, cohesin unloading progressively breaks 
cohesion, permitting chromatids to be separated to opposite poles through spindle 
contraction (Nasmyth, 2001; Morales and Losada, 2018). 

Temporal regulation of cohesin loading and unloading in SCC

To achieve SCC, cohesin’s association with sister chromatids must be 
temporally regulated (Nasmyth, 2001; Morales and Losada, 2018) (figure 5a). 
Cohesion between sister DNA fibres is first established during S-phase upon 
DNA replication (Skibbens et al., 1999; Lengronne et al., 2006; Srinivasan et 
al., 2020). Here, cohesin rings are loaded via the Nipbl-Mau2 loading complex 
and entrap the newly synthesised sister DNA strands (Ciosk et al., 2000). While 
cohesin loading also occurs during G1 (discussed in section 1.2.4), S-phase 
association with chromatin is much less transient and enables cohesion to last 
throughout G2 phase and into mitosis (Morales and Losada, 2018). Highlighting 
this, Fluorescence Recovery After Photobleaching (FRAP) of Stag1-EGFP in rat 
kidney cells reveal all cohesin dissociates from G1 DNA after 150 minutes with 
an average residence time of 25 minutes. In contrast, a large fraction of cohesin 
remains associated in G2 with an average residence time of more than 6 hours 
(Gerlich et al., 2006). This persistent cohesion is facilitated by stabilisation of 
cohesin on chromatin through the combined action of Esco and sororin. Esco 
stabilises cohesin via Smc3 acetylation while sororin competitively binds Pds5 
on cohesin to antagonise the formation of the Pds5-Wapl unloading complex 
(Skibbens et al., 1999; Toth et al., 1999; Rankin et al., 2005; Zhang et al., 2008; 
Nishiyama et al., 2010; Zhang and Pati, 2012; Ladurner et al., 2016). 

Likewise to establishing cohesion, termination of SCC must also be temporally 
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controlled to enable polar separation of chromatids and progression into 
anaphase (Nasmyth, 2001; Morales and Losada, 2018). In vertebrate cells, this 
is achieved after two distinct rounds of cohesin disassociation (Waizenegger et 
al., 2000) (figure 5a). First, the bulk of cohesin is removed during prophase via 
the prophase dissociation pathway (Challa et al., 2019). Here, the protein kinases 
CDK1 and Aurora B phosphorylate sororin to cause its dissociation from cohesin, 
thereby freeing up Pds5 for Wapl binding and cohesin unloading (Nishiyama et al., 
2013; Tedeschi et al., 2013). A third kinase, Plk1, complements this mechanism 
by phosphorylating Stag to destabilise cohesin on chromatin and promote 
dissociation (Sumara et al., 2002). Notably, a fraction of cohesin enriched at 
centromeric regions is protected from the prophase pathway by the Sgo1-PP2A 
complex binding to sororin. Here, the phosphatase action of PP2A prevents CDK1 
and Aurora B kinase activity, thereby keeping sororin in a dephosphorylated state 
(Shintomi and Hirano, 2009; Nishiyama et al., 2010; Marston, 2015). This results in 
maintained centromeric cohesion, which is important for aligning the chromosomes 
along the metaphase plate and bi-orientating kinetochores (Tanaka et al., 2000). 
Upon the metaphase-to-anaphase transition, mitotic spindle attachment to the 
kinetochores is achieved and termination of centromeric cohesion is required 
(Waizenegger et al., 2000). This second round of cohesin removal is mediated by 
the temporal release of separase from its inhibitory chaperone, securin. Separase 
is then able to cleave the Rad21 subunit, thereby breaking the cohesin ring and 
ending cohesion (Waizenegger et al., 2000; Hauf et al., 2001).

Significance of controlled SCC

The process of SCC is important for facilitating faithful segregation of replicated 
chromatids into daughter cells by ensuring mitotic spindle connection with all 
kinetochores is achieved prior to chromatid separation (Tanaka et al., 2000; Díaz-
Martínez and Clarke, 2009). Indeed, reports suggest depletion of core cohesin 
components may drive precocious sister chromatid separation and, in some 
cases, may lead to aneuploidy (Michaelis, Ciosk and Nasmyth 1997; Remeserio et 
al., 2012a; Canudas and Smith, 2009; Barbero, 2011). This phenotype promotes 
genome instability and is hypothesised to be the pathophysiology behind some 
human cohesin mutation-related cancers, such as bladder and colorectal 
(Solomon et al., 2011; Barber et al., 2008; Guo et al., 2013; Hanahan, 2022). 
However, whether cohesin defects drive pan-cancers through impaired SCC or 
through other non-canonical cohesin-related functions is disputed and is further 
discussed in section 1.2.5 (Remeseiro et al., 2012a; Losada, 2014). 
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1.2.4 Cohesin’s role in Genome Organisation

In addition to its canonical function, cohesin has since been found to play an 
integral role in organisation of the de-condensed genome in G1. Here, the cohesin 
ring contributes to topological sub-TAD and TAD structures that are implicated in 
epigenetic control of gene expression (section 1.1.4, figures 2 and 5b). As will be 
discussed in this section, dynamic and regulated cohesin-chromatin interactions 
generate both invariant and fluid loop structures. Disruption to this can lead 
to considerable alterations in genome organisation and adverse phenotypes 
impacting cell identity.

Cohesin loading, unloading and positioning for genome organisation

As with SCC, cohesin is loaded onto chromatin at particular sites by the Nipbl-
Mau2 complex (Ciosk et al., 2000), which begins during late telophase and 
continues throughout G1 (Losada et al., 1998; Waizenegger et al., 2000). During 
this time, cohesin is also continuously unloaded by Wapl-Pds5. Despite the 
stabilising action of Esco on Smc3 (Alomer et al., 2017), cohesin’s association 
with chromatin in G1 is relatively short-lived (Gerlich et al., 2006).  This is due to 
sororin being selectively degraded in G1, leaving Pds5-bound cohesin vulnerable 
to Wapl binding and subsequent unloading (Rankin et al., 2005). Resultantly, 
cohesin’s association and dissociation is more dynamic in G1 than SCC, which, 
in turn, enables dynamic genome organisation. 

In further contrast to SCC, cohesin embraces DNA fibres in cis to form loop-like 
structures that bring distal chromatin regions into proximal 3D space (figures 2, 
3 and 5b) (Hadjur et al., 2009; Kagey et al., 2010; Hou et al., 2010; Schmidt 
et al., 2010; Sofueva et al., 2013). While the exact mechanism of how this is 
accomplished remains disputed (Nishiyama, 2019), the prevailing theory suggests 
cohesin extrudes chromatin through its ring to generate loops (Barrington et al., 
2017; Davidson and Peters, 2021). Evidence supporting the loop extrusion model 
has been put forward by multiple groups (Nasmyth, 2001; Alipour and Marko, 
2012; Sanborn et al., 2015; Fudenberg et al., 2016). Chiefly, Fudenberg et al. 
(2016) used polymer simulations of chromatin fibres to demonstrate progressive 
extrusions recapitulate the TAD structures observed by Hi-C. Though this has not 
been visualised in vivo, in vitro single-molecule imaging reveal cohesin’s ability 
to translocate along DNA (Stigler et al., 2016). Furthermore, ChIP-seq of Nipbl 
and Smc3 in MEFs display non-overlapping chromatin occupancy, suggesting 
cohesin translocates away from its loading site (Busslinger et al., 2017). Several 
modes of cohesin translocation have been suggested, including passive diffusion 
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(Stigler et al., 2016), motorised transport via cohesin’s ATPase domain (Vian et 
al., 2018; Kim et al., 2019), and cohesin shunting by actively transcribing RNA 
polymerases (Davidson et al., 2016; Busslinger et al., 2017). Collectively, these 
data support a model for cohesin’s ability to progressively extrude chromatin in 
cis through its ring (figure 3).

Importantly, given that the core ring has no recognition for DNA motifs, cohesin 
relies on DNA-binding proteins, such as CTCF, to act as boundary elements and 
prevent further extrusion (figure 2) (Wendt et al., 2008; Hadjur et al., 2009; Kagey 
et al., 2010; Nora et al., 2017; Hansen, 2020). CTCF demarcates the boundaries 
of TADs and directly binds to cohesin via its Stag protein (section 1.2.2) (Bell et 
al.,1999; Dixon et al., 2012; Rubio et al., 2008; Xiao et al., 2011; Li et al., 2021). 
Depletion of CTCF in human embryonic kidney cells (293T) does not impede 
cohesin’s association with chromatin, but results in loss of cohesin concentration 
at insulator sites, thus highlighting a role for CTCF in cohesin positioning (Parelho 
et al., 2008). Supporting this, multiple ChIP-seq experiments have demonstrated 
cohesin co-localises at CTCF binding sites in a range of organisms and cell types 
(Parelho et al., 2008; Wendt et al., 2008; Hadjur et al., 2009; Sofueva et al., 
2013; Busslinger et al., 2017). Moreover, Hi-C analysis overlaid with CTCF and 
cohesin ChIP-seq revealed regions of high contact frequency specifically form 
between convergent CTCF DNA binding motifs (Rao et al., 2014; Vietri Rudan et 
al., 2015). Further supporting this finding, CRISPR-inversion of CTCF sequences 
revealed TAD re-distribution to between newly convergent CTCF sites (Guo et al., 
2015). This suggests correct positioning of cohesin requires a particular CTCF 
configuration that is determined by CTCF CREs. Thus, the combined action of 
cohesin extruding chromatin loops and CTCF anchoring the stems of these loops 
is purported to structure TADs (figures 2 and 5b).

Of note, cohesin has also been identified to accumulate independently of CTCF 
within TADs (Schmidt et al., 2010; Kagey et al., 2010; Phillips-Cremins et al., 2013; 
Kojic et al., 2018). These smaller loop extrusions represent more localised sub-
TAD enhancer-promoter contacts (section 1.1.4), and are the result of cohesin 
positioning by non-CTCF boundary elements (Nora et al., 2012). For example, 
ChIP-seq of naïve ES cells reveals co-localisation of cohesin with the mediator 
complex and pluripotent transcription factors (Nanog, Oct4, Sox2). These loops 
are at the site of active genes and, as demonstrated by Hi-C, demarcate regions 
of high contact frequency within larger TADs (Kagey et al., 2010; Nitzsche et al., 
2010; Apostolou et al., 2013). Similar co-localisation of cohesin and transcription 
factors has been observed in other cell types (Schmidt et al., 2010; Faure et al., 
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2012; Yan et al., 2013). Owing to the cell-type specific nature of transcription 
factor expression, these loop boundaries are more varied between cell fates. 
Consequently, this suggests CTCF-independent loops represent dynamic sub-
TAD enhancer-promoter contacts for cell type-specific gene expression (Schmidt 
et al., 2010; Kagey et al., 2010; Apostolou et al., 2013; Kojic et al., 2018). 
Collectively, these studies show cohesin concentrates at CTCF-dependant and 
independent sites to structure megabase-sized TADs and smaller scale enhancer-
promoter sub-TADs (figures 2 and 5b).

Significance of cohesin and CTCF in genome organisation and cell fate

Although the extent of impact remains under debate, studies agree loss of 
cohesin or CTCF causes aberrations in contact frequencies and gene expression, 
but is not thought to affect higher order compartments (i.e euchromatin and 
heterochromatin organisation) (Nora et al., 2012; Sofueva et al., 2013; Seitan et 
al., 2013; Zuin et al., 2013; Rao et al., 2017; Nora et al., 2017; Li et al., 2020). 
Initial reports of cohesin depletion were found to result in generalised relaxation 
of topological domains and enhanced inter-TAD contacts (Sofueva et al., 
2013). This in turn led to widespread but modest changes in gene expression 
(Sofueva et al., 2013; Seitan et al., 2013). Similar phenotypes were reported 
through mutation of the CTCF CES-binding (Y/FxF) motif in a human haploid 
cell line (HAP1). Here, cohesin could no longer be positioned at CTCF sites, 
which resulted in weakened TAD boundaries and modest deregulation of more 
than 2000 genes (Li et al., 2020). In a separate study, individual knockdown of 
cohesin and CTCF was found to result in non-overlapping changes to contact 
frequencies and gene expression (Zuin et al., 2013). While neither affected overall 
TAD structure, cohesin degradation specifically reduced intra-TAD interactions, 
and loss of CTCF reduced both intra- and inter-TAD interactions (Zuin et al., 
2013; Nora et al., 2012). Contrastingly, recent acute knockdown of Rad21 in a 
human colorectal cancer cell line (HCT-116) caused complete dissolution of all 
loop domains with expression change only observed in a subset of genes (Rao et 
al., 2017). This phenotype was similarly recapitulated by CTCF degradation in ES 
cells, showing loss of insulation between TADs. Here, gene expression change 
primarily occurred at genes proximal to the CTCF site and were not TAD-wide 
(Nora et al., 2017). 

In line with Rad21 degradation impacting all loop domains (Rao et al., 2017), 
Kagey et al. (2010) showed loss of cohesin affects non-CTCF sub-TAD looping 
events in ES cells. Here, cohesin knockdown caused significant gene expression 
change in 26% of active genes associated with local enhancer-promoter loops. 
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Importantly, this included significant down-regulated expression of core pluripotent 
genes (Oct4, Nanog, Sox2). ChIP-seq further revealed cohesin, mediator and 
pluripotent transcription factor co-localisation at sites proximal to Oct4 and 
Nanog promoters. This provides compelling evidence for cohesin mediating local 
chromatin contacts that regulate the expression of pluripotent fate markers (Kagey 
et al., 2010). Supporting this observation, loss of mediator and cohesin was found 
to result in re-arrangement of the ES cell chromatin network and the resultant 
gene expression change was concomitant with exit of pluripotency (Nitzsche et 
al., 2010; Apostolou et al., 2013; Kagey et al., 2010). Collectively, this suggests 
cohesin-mediated enhancer-promoter contacts are important for maintaining the 
naïve state. 

1.2.5 Cohesin in Cancer and Cohesinopathies

Cohesin defects are prevalent in disease and further supply evidence for a role in 
epigenetic regulation of gene expression and cell fate decisions. 

A range of core ring and regulatory protein cohesin deficiencies is associated 
with a collection of developmental diseases, termed ‘cohesinopathies’ (Piché et 
al., 2019). These often manifest as aberrant gene expression profiles and a loss 
of cell identity. One such example is Cornelia de Lange Syndrome (CdLS), which 
is typically associated with heterozygous loss-of-function mutations in Nipbl, 
Rad21, or Smc proteins and primarily displays symptoms of intellectual disability, 
craniofacial abnormalities, organ defects, and short stature (Krantz et al., 2004; 
Tonkin et al., 2004; Deardorff et al., 2007; Minor et al., 2014). Heterozygote 
mutations to the cohesin loader Nipbl (Nipbl+/-) in multiple cell lines and a mouse 
model have revealed reduced and/or re-located cohesin association on chromatin 
and altered chromatin topologies (Liu et al., 2009; Newkirk et al., 2017; Chien et 
al., 2011; Remeseiro et al., 2013). By RNA-seq, these changes are concomitant 
with widespread but modest gene expression de-regulation, and phenocopy the 
observations made in CdLS-derived iPSCs (Mills et al., 2018). Recently, a CdLS 
gene expression profile has been recapitulated in post-mitotic cortical mouse 
neurons through inducible proteolytic cleavage of cohesin (Weiss et al., 2021). 
Here, the authors identify de-regulated genes are enriched for proximal cohesin 
binding sites that mediate contacts with distal enhancers, as confirmed by Hi-C 
analysis. Overall, these reports highlight a role for cohesin in maintaining cell 
identity through regulated genome organisation.

In addition to cohesinopathies, cohesin mutations are frequent in pan-cancers. 
Despite initial reports of cohesin driving oncogenesis though genome instability 
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(section 1.2.3), recent studies have demonstrated normal chromosome karyotypes 
in many cancers harbouring cohesin mutations, including bladder, Ewing sarcoma, 
and myeloid leukaemias (Kon et al., 2012; Balbás-Martínez et al., 2013; Crompton 
et al., 2014; Brohl et al., 2014; Tirode et al., 2014; Kim et al., 2016; Waldman, 
2020). Functional SCC within these cancers may be explained by the fact that 
nearly all mutations of cohesin subunits are heterozygous and mutually exclusive 
(Tothova et al., 2017; Waldman, 2020). Consequently, the remaining wild-type 
allele could be sufficient to facilitate faithful chromatid cohesion. In support of 
this, systematic depletion of Scc1 in yeast did not affect SCC until cohesin levels 
were below 13% (Heidinger-Pauli et al., 2010). Thus, the mechanism driving 
oncogenesis may arise from a more cohesin-sensitive non-canonical role, such 
as genome organisation. Supporting the above hypothesis, screening of cancer 
genomes has revealed frequent mutations of CTCF binding sites, indicating that 
aberrations to TAD insulator regions promote oncogenesis (Katainen et al., 2015). 
Indeed, it is becoming increasingly clear that defective regulators of genome 
organisation impact gene expression profiles and cause changes to cell identity, 
which in turn promote the hallmarks of cancer (Rickman et al., 2012; Hanahan 
and Weinberg, 2011; Waldman, 2020). AML is a prime example of this. A range 
of Stag2 loss-of-function and dominant negative mutations have been identified 
in AML, contributing to a block in haematopoietic progenitor stem cell (HPSC) 
commitment and an accumulation of self-renewing myeloid progenitor stem cells 
(Thomas and Majeti, 2017). In vivo and in vitro modelling of AML-associated 
Stag2 mutations in mouse hematopoietic stem cells (HSCs) recapitulate this 
phenotype. Both deletion and truncations of Stag2 promotes an increased 
self-renewal capacity concomitant with decreased B-cell lineage commitment 
potential and a bias towards early myeloid progenitor development (Mullenders 
et al., 2015; Mazumdar et al., 2015; Galeev et al., 2016). This increased ‘stem-
like’ self-renewal capacity observed with loss of Stag2 has led to the proposal 
that Stag2 acts as a tumour suppressor (Galeev et al., 2016). Mechanistically, 
Stag2 mutations have been reported to alter cohesin’s association with chromatin 
to cause globally reduced contact frequencies at promoters and decreased 
expression of lineage commitment genes (Kon et al., 2013; Mazumdar et al., 
2015; Galeev et al., 2016). At the same time, changes to chromatin conformation 
increase the accessibility to DNA motifs for HSC-associated transcription factor 
binding, thereby promoting an HSC cell identity (Mazumdar et al., 2015; Galeev 
et al., 2016; Viny et al., 2019). This therefore provides strong evidence for a 
role for cohesin-mediated genome organisation driving cell fate decisions during 
hematopoietic stem cell commitment. 
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1.3 Functional Heterogeneity of Stag proteins 

Cohesin influences gene expression and cell identity through dynamic genome 
organisation (sections 1.1.4 and 1.2.4), however how this ubiquitously expressed 
complex is able to provide specificity to regulate different cell fate decisions 
remains unclear. In recent years, studies have begun to discover paralogs of 
cohesin regulators perform non-overlapping roles to fine-tune cohesin function 
(section 1.2.2). It has therefore been proposed that different cell identities are 
influenced by the balanced expression of these proteins (Pezic et al., 2017). In 
particular, the mammalian Stag paralogs (Stag1, Stag2, Stag3) are identified 
to non-redundantly contribute to cohesin roles (summarised in table 3). This is 
epitomised by the adverse phenotypes associated with disruption to any one 
of these proteins, showing that the remaining Stag paralogs are unable to fully 
compensate for the loss. How these structurally similar proteins mechanistically 
achieve non-redundancy remains unresolved. To date, evaluation of Stag paralogs 
have centred on the distinct functions of the ubiquitous Stag1 and Stag2 proteins, 
and have largely excluded the supposed ‘meiosis-specific’ Stag3 paralog. Here, I 
review all three paralogs (Stag1/2/3) to compare and contrast their structural and 
functional heterogeneity, and discuss their role in disease. 

1.3.1 Stag paralog structure 

The peptide sequences of all three Stag paralogs are largely homologous. Stag1/2 
have 72% sequence identity in both mouse and human (as determined by NCBI 
protein alignment prediction https://blast.ncbi.nlm.nih.gov). Meanwhile, Stag3 
shares 53% identity with mouse and human Stag1. As shown in figure 4a, the 
main body (aa.100-1100) of each protein is highly conserved across all mouse 
paralogs with a 80% sequence homology between Stag1/2 and 60% homology 
between Stag1/3. This region includes the CES domain as well as key residues 
required for interaction with the α-kleisin subunit. Consequently, this suggests 
Stag1/2/3 are all able to interact with Y/FxF-containing proteins, such as CTCF 
and Wapl (section 1.2.2). Indeed, a homology search performed by Li et al. 
(2020) in the murine and human proteome revealed the meiosis-specific Sycp3 
protein also contains this motif. Sycp3 is a known interactor of Stag3 (section 
1.3.3), thus supporting CES-Y/FxF binding as a common Stag mechanism for 
protein-protein interactions. The high protein homology also contributes to similar 
biochemical properties, such a isoelectric point, charge, and molecular weight; this 
is particularly apparent between the more homologous Stag1/2 paralogs (table 
4). Resultantly, tertiary protein prediction using an online predictive tool (Phyre2 
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Paralog Domains
Known to 
Function 

in

Roles in 
Genome 

Organisation

Roles in Cell 
division

in vivo KO 
Phenotype

in vitro KO/KD 
Phenotype

Stag1

AT-Hook 
(aa.3-
58), 
STAG 
domain 
(aa.161-
268), 
SCD 
(aa.296-
381)

Somatic 
and Germ 
cells

Regulation of 
cohesin to form 
DNA loops. 
Predominantly at 
CTCF-dependant
TAD boundaries 
(Kojic et al., 
2018; Cuadrado
et al., 2019; Wutz
et al., 2020).

Maintaining SCC. 
Particularly 
important for 
telomeric
cohesion 
(Canudas and 
Smith, 2009; Bisht
et al., 2013; 
Wendt et al., 
2008; Remeserio
et al., 2012a).

Mouse embryonic 
lethality at E12.5 
(Stag1-/-), 
reduced lifespan 
and increased 
risk of 
tumourgenesis
(Stag1+/-) 
(Remeserio et al., 
2012a). 

Weakened TAD 
boarders, increasing
inter-TAD contacts 
(Kojic et al., 2018; 
Cuadrado et al., 
2019; Casa et al., 
2020; Rittenhouse
et al., 2021).
Viable for cell 
division, but 
synthetically lethal 
to loss of Stag2 (van 
der Leij et al., 2017)

Stag2

STAG 
domain 
(aa.158-
265), 
SCD 
(aa.293-
378)

Somatic 
and Germ 
cells

Regulation of 
cohesin to form 
DNA loops. 
Predominantly at 
CTCF-
independent 
short-range sub-
TADs (Kojic et al., 
2018; Cuadrado
et al., 2019; Wutz
et al., 2020; 
Kagey et al., 
2010; Phillips-
Cremins et al., 
2013).

Maintaining SCC. 
Particularly 
important for 
centromeric
cohesion (Hauf et 
al., 2005; 
Cannudas and 
Smith, 2009; 
Remeserio et al., 
2012a).

Mouse embryonic 
lethality at E10.5 
with global
development 
delays, reduced 
mouse fitness in 
Stag2 KO of adult 
tissues (De 
Koninck et al., 
2020); .

Mostly loss of
localised loop 
structures, reducing 
intra-TAD contacts 
(Kojic et al., 2018; 
Cuadrado et al., 
2019; Casa et al., 
2020). Increased 
TAD boarder 
strength (Cuadrado
et al., 2019).
Increased self-
renewal and 
impaired 
differentiation in 
HSPCs (Viny et al., 
2019).
Viable for cell 
division, but 
synthetically lethal 
to loss of Stag1 (van 
der Leij et al., 2017)

Stag3

STAG 
domain
(aa. 189-
298), 
SCD 
(aa.324-
409), 
Leucine
Zipper 
(aa. 881-
902) 

Germ cells 
only Unknown

Chromosomal re-
arrangements 
during Meiosis I, 
including meiotic 
bouquet formation 
(Shibuya et al., 
2014a; Ishiguro et 
al., 2014; Zhang 
et al., 2017), axial 
element formation 
(Lee and Hirano, 
2011; Ishiguro et 
al., 2014; Llano et 
al., 2014; Ward et 
al., 2016; Winters 
et al., 2014), and 
synaptonemal
complex 
development 
(Hopkins et al., 
2014; Ishirugo, 
2019).

Male and female
mouse infertility 
(Stag3-/-) through 
inability to 
develop axial 
elements, 
resulting in 
meiotic arrest 
(Bannister et al., 
2004). 
Reduced ability to 
form 
synaptonemal
complexes and 
fewer successful 
genetic cross-
overs (Stag3+/-) 
(Hopkins et al., 
2014)

Largely untested in 
somatic cell lines. 
Stag3 KD reduces 
migration capacity in 
Stag3-high 
colorectal cancer 
cell lines (Sasaki et 
al., 2021)

Table3 Comparison of Stag paralog structural and functional heterogeneity 
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http://www.sbg.bio.ic.ac.uk/phyre2) indicates Stag proteins comprise the same 
hook-like structure (figure 4b). An identical conformation has also been resolved 
for Stag2 by X-ray crystallography (Hara et al., 2014), thereby supporting the 
validity of the predictive software.

Despite this homology, heterogeneity in peptide sequence arises at N- (aa.1-100) 
and C-terminal (aa.1100-1250) ends, which may promote functional differences. 
Here, Stag1/2 homology reduces to 64% and 43.5% at N- and C-terminals, 
respectively, while no significant homology cannot be detected between Stag1/3 
at these regions. Interestingly, Stag terminal ends contain paralog-specific motifs 
that could be important for driving their non-redundant roles in fate decisions 
(table 3, figure 4a). For example, Stag1 N-terminal contains a verified AT-hook 
(KRKRGRP, aa.34-40) that is absent in Stag2/3 (Aravind, 1998; Bisht et al., 
2013), while Stag3’s C-terminal is predicted to uniquely contain a basic leucine-
leucine zipper (bZIP) motif (L-[6x]-L-[6x]-L-[6x]-L, aa.881-902) (as determined 
by Motif Finder software https://www.genome.jp/tools/motif/). Importantly, both 
the AT-hook and bZIP motifs represent DNA-binding domains. The AT-hook 
associates non-specifically in the minor groove of DNA at AT-rich regions, 
such as heterochromatin (Reeves, 2001). Meanwhile, the bZIP motif is able to 
heterodimerise with other bZIP-containing proteins to act as a transcription factor, 
such as the Fos-Jun heterodimer (O’Shea et al., 1992). These Stag1 and Stag3-
specific DNA binding domains may give the proteins functional specificity. 

Using the online Predictor of Natural Disordered Regions (PONDR) tool (http://
www.pondr.com), our lab also found Stag N- and C-terminal regions score highly 
for intrinsic disorder (figure 4b, table 4). Notably, Stag3 displays a higher scoring 
N-terminal intrinsic disorder of 0.677 compared to Stag1 0.604 and Stag2 0.545. 
This largely due to a Stag3-specific stretch of serine-rich residues at the beginning 
of its protein sequence. Similarly, Stag3 C-terminal displays the greatest disorder 
of the three paralogs (0.868 compared to Stag1 0.724 and Stag2 0.848). As a 
consequence of this, Stag3’s overall intrinsic disorder score (0.412) is greater 
than that of Stag1/2 (0.393 and 0.3668). The high disorder of these terminal 
regions make them unstructured, as depicted by their lack of tertiary structure in 
X-ray crystallography (figure 4b). Although it is unknown whether Stag proteins 
are associated with higher order condensates, IDRs are a common feature in 
promoting LLPS due to their multivalency (section 1.1.3) (Uversky et al., 2014; 
Nott et al., 2015). Thus, the variation in IDR score between Stag1/2/3 may confer 
to functional differences.
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Figure4 Stag paralog properties a) Schematic of Stag1/2/3 protein, displaying conserved SA 
('Stromal Antigen') and CES ('Conserved Essential Sequence') domains, and non-conserved 
Stag1-specific AT-hook and Stag3-specific basic leucine zipper (bZIP) domains. b) Left Intrinsic 
Disorder prediction for Stag1/2/3, calculated using the online PONDR tool (http://www.pondr.
com/) and predictor algorithm, VL3-BA. Disorder score is thresholded at 0.5. Right Predicted 
tertiary structure of Stag1/2/3 that displays high confidence prediction along the main body of the 
proteins, and low confidence (no predicted structure) at terminal ends. Prediction was made using 
online Phyre2 software.  c) Table 4. Table of predicted Stag biochemical properties. Isoelectric 
point was determined using EMBOSS Pepstats predictor (www.ebi.ac.uk). Intrinsic disorder for 
the whole protein and the N- and C-terminal regions was calculated using PONDR tool.

b)
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1.3.2 Functional Heterogeneity between Stag1 and Stag2 paralogs

Although largely homologous and ubiquitously expressed in somatic and germ 
cells, early reports found comparative expression of Stag1/2 paralogs varied 
between cell types. For example, Stag1 protein is 10 times higher than Stag2 in 
Xenopus egg extracts, while Stag2 is ~3-10 times more abundant than Stag1 in 
HeLa cells (Losada et al., 2000; Holzmann et al., 2010). Since then, Stag1/2 have 
been determined to regulate canonical and non-canonical cohesin processes in 
a partially non-redundant manner (summarised in table 3). As a consequence of 
this, Stag1/2 have differential impacts on cell fate decisions (reviewed in Pezic 
et al., 2017). How these very similar proteins heterogeneously influence cohesin 
function remains largely unclear. In this section, I will discuss the division of 
labour between Stag1/2 in contributing to chromosome architecture. I will also 
highlight structural features between the paralogs that may contribute to this non-
redundancy.

Sister Chromatid Cohesion

Stag functional heterogeneity was initially identified for cohesin’s canonical role 
in SCC (section 1.2.3) (summarised in table 3 and figure 5a). Canudas and 
Smith (2009) first demonstrated non-overlapping cohesion defects upon siRNA-
mediated knockdown of individual Stag paralogs in HeLa cells. Here, telomeric 
and centromeric-binding FISH probes revealed increased distance, and therefore 
reduced cohesion, between sister chromatid telomeres and centromeres 
upon loss of Stag1 and Stag2, respectively. This finding supported earlier IF 
observations showing an accumulation of phosphorylated Stag2 at centromere 
regions (Hauf et al., 2005). Further complementing these results, ChIP-seq 
analysis of Stag1 during S-phase revealed more enrichment at telomeres relative 
to the chromosome arms (Bisht et al., 2013; Wendt et al., 2008). Moreover, over-
expression of Stag1, but not Stag2, was found to enhance persistent telomeric 
cohesion during mitosis, suggesting a Stag1-specific role (Bisht et al., 2013). 
Additionally, independent studies showing Stag2 knockout and loss-of-function 
mutations in HCT116 cells further confirmed a specific role for Stag2 in centromeric 
cohesion (van der Lelij et al., 2017; Kim et al., 2016). Similar observations were 
also made in mouse models (Remeserio et al., 2012a; De Koninck et al., 2020). 
Here, Stag1-null (Stag1Δ/Δ) MEFs displayed aberrantly structured telomeric 
ends with significant increase in distance between telomeric FISH probes 
(Remeserio et al., 2012a). The authors also identify cohesion defects promote 
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stalled telomere replication forks, which result in lagging chromosome bridges 
upon sister chromatid separation to opposite poles. This phenotype correlated 
with reduced proliferation and increased levels of aneuploidy. Likewise, siRNA 
knockdown of Stag1 or Stag2 in wild-type MEFs specifically disrupted telomeric 
and centromeric cohesion, respectively (Remeserio et al., 2012a). In contrast 
to the HeLa experiments (Canudas and Smith, 2009), no significant difference 
in cohesion at chromatid arms was observed with loss of Stag1, and this was 
only affected when both paralogs were knocked down together. Supporting 
these findings, a separate study showed conditional knockout of Stag2 in MEFs 
promoted centromere cohesion defects and a similar increase in chromosome 
bridges upon separation (De Koninck et al., 2020). Thus, these investigations 
conclude Stag1 and Stag2 have non-redundant roles in telomere and centromere 
cohesion, respectively (figure 5a) (Canudas and Smith, 2009; Remeserio et al., 
2012a; De Koninck et al., 2020), while performing redundant roles in chromosome 
arm cohesion (Remeserio et al., 2012a; De Koninck et al., 2020). 

Notably, the extent of cohesion defects is variable between these studies. 
Principally, phenotypic differences arise between in vivo and in vitro models. 
Knockout of Stag1 or Stag2 is embryonic lethal in mouse (Remeserio et al., 
2012a; De Koninck et al., 2020) while in vitro culture of mouse and human 
cells suggest a single Stag paralog is sufficient for cell proliferation, albeit with 
increased risk of aneuploidy (Canudas and Smith, 2009; Remeserio et al., 
2012a; van der Lelij et al., 2017; De Koninck et al., 2020). Differences between 
in vivo and in vitro phenotypes likely stem from non-cohesion related defects in 
embryonic development (section 1.3.4). Indeed, although lifespan is reduced, 
conditional systemic knockout of Stag2 in adult mouse is not acutely lethal, in 
that cells are still able to proliferate, and presents similar mild cohesion defects 
observed with in vitro culture (De Koninck et al., 2020). Some differences in the 
extent of cohesion-related aneuploidy also occur between in vitro models. This 
may, in part, be due to variation in the acuteness of Stag1/2 depletions, as well 
as possible differences in Stag paralog dependency between different cell types. 
For example, the ratio of Stag1-to-Stag2 expression is not equal between all cell 
types (Losada et al., 2000; Holzmann et al., 2011; Kojic et al., 2018). This could 
therefore equate to differences in the likelihood of aneuploidy upon loss of either 
Stag paralog in different cell types (Losada et al., 2000; Holzmann et al., 2011). 
This phenotype may also account for conflicting reports of genome instability in 
different cohesin-related cancers. For instance, early studies showed aneuploidy 
in Stag2-mutated colorectal cancer and glioblastoma (Barber et al., 2008; 
Solomon et al., 2011), while multiple investigations reveal normal karyotypes in 
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cohesin-mutated Ewing sarcoma, bladder cancers, and myeloid neoplasms (Kon 
et al., 2012; Balbás-Martínez et al., 2013; Crompton et al., 2014; Brohl et al., 
2014; Tirode et al., 2014; Kim et al., 2016; van der Lelij et al., 2017; Viny et al., 
2019; Waldman, 2020; Rittenhouse et al., 2021). 

Importantly, all in vivo and in vitro studies agree loss of both Stag paralogs is a lethal 
phenotype and concomitant with deficient SCC, leading to mitotic catastrophe 
(Canudas and Smith, 2009; Remeserio et al., 2012a; van der Lelij et al., 2017; 
Viny et al., 2019; De Koninck et al., 2020). Highlighting this, siRNA-mediated 
Stag1 knockdown in Stag2 knockout HCT116 and Stag2 mutated cancer cell lines 
causes an inability for chromosomes to align on the metaphase plate (van der Lelij 
et al. 2017). Notably, loss of Stag1 in wild-type Stag2 cancer cell lines does not 
affect cell viability. Thus, Stag2-mutant cancers display oncogenic dependency 
for Stag1, as its depletion causes synthetic lethality (van der Lelij et al., 2017; 
Benedetti et al., 2017; Mondal et al., 2019; van der Lelij et al., 2020). This finding 
implicates Stag1 as a possible therapeutic target for Stag2-related pan-cancers. 
Given the homology between Stag1 and Stag2, developing a systemic treatment 
for specific Stag1 depletion remains a challenge.  

While a mechanism for cohesin-Stag2 accumulation at centromeric regions 
remains unclear, Stag1 has been proposed to accumulate at telomeric regions 
through specific interactions. First, IP experiments using HeLa cell extract revealed 
Stag1 but not Stag2 physically interacts with the telomere-capping shelterin 
components, TIN2 and TRF1. This suggested Stag1 may be specifically recruited 
to telomeric ends (Canudas et al., 2007). Supporting this idea, knockdown of 
TIN2 and TRF1 results in telomeric cohesion defects akin to a Stag1 knockdown 
phenotype. Consequently, this indicates Stag1 co-operates with shelterin to 
facilitate cohesion (Canudas et al., 2007; Canudas and Smith, 2009). Given that 
Stag1/2 diverge in structural homology at N- and C-terminals, interaction with 
shelterin was also tested using an N-terminal deleted Stag1 construct. Here, the 
loss of Stag1 N-terminal abolished interaction with TIN2, thus indicating its role 
in Stag1 telomeric localisation (Canudas et al., 2007). Indeed, over-expression of 
a chimeric Stag2 protein containing Stag1’s N-terminal region enabled telomeric 
cohesion in the absence of Stag1. This strongly supports a role for Stag1’s 
N-terminal in telomere association. Further evaluation of the terminal region 
identified an AT-hook DNA binding motif (section 1.3.1), making it a likely candidate 
for Stag1 accumulation at telomeric ends. To test whether the AT-hook can bind 
AT-rich telomeric DNA, Bisht et al. (2013) performed an in vitro gel shift assay 
using Stag1 N-terminal peptide with and without AT-hook point mutations. These 
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purified proteins were incubated with 32P-labelled telomeric repeat (TTAGGG)12 
oligos and a poly(dG-dC) oligo to act as a non-specific competitor. Strikingly, 
the results showed wild-type Stag1 AT-hook specifically interacts with the AT-
rich telomeric repeat sequence. Finally, the authors also note siRNA knockdown 
of the core cohesin ring has minimal impact on telomeric cohesion, relative to 
loss of Stag1. Surprisingly, ChIP-seq of Stag1/2 and core cohesin components 
revealed only Stag1 was enriched at telomeric ends (Bisht et al., 2013). Together, 
these studies indicate a non-redundant role for Stag1 in physically binding to AT-
rich telomeric DNA and interacting with shelterin proteins to mediate telomeric 
cohesion. Notably, this function appears to be independent of the cohesin ring. 
It is interesting to note, centromeric regions are also rich in heterochromatin AT-
rich sequence (Pidoux and Allshire, 2005), and yet it is Stag2, not Stag1, found 
over-represented at these sites. This therefore highlights the limits to our current 
knowledge of how Stag proteins perform distinct roles.

In summary, Stag1 and Stag2 represent a division of labour between telomeric 
and centromeric SCC, with the Stag1-specific AT-Hook being essential for 
telomeric cohesion.  Despite this, it can be argued that Stag1 and Stag2 are 
largely redundant in cohesion owing to continued cell viability with a single Stag 
paralog. This is supported by systematic depletion of cohesin in yeast revealing 
SCC is intact after acute (87%) reduction of Scc1 (Heidinger-Pauli et al., 2010). 
This suggests that, at least in yeast, cells are still able to proliferate with only 
residual levels of cohesin. Importantly, although Stag1 or Stag2 depletion results 
in partial loss of cohesion and increased risk of genome instability, which is a 
known cancer hallmark (Hanahan and Weinberg, 2011), this does not equate to 
overt changes in gene expression and cell identity (Kim et al., 2016). Thus, it is 
likely Stag paralogs non-redundantly influence cell fate decisions through a non-
canonical cohesin function. 

Genome Organisation

As discussed in the previous section, cohesin-structured DNA loops influence 
enhancer-promoter contacts and gene expression (section 1.2.4). Over the last 
decade, evidence has accumulated suggesting cohesin-Stag1 and cohesin-
Stag2 non-redundantly contribute to genome organisation (summarised in table 
3, figure 5b). Despite this, a mechanistic explanation how Stag1/2 differentially 
influence cohesin’s genome organisation function remains largely unclear.   

First, to evaluate whether non-overlapping localisation of Stag1/2 could 
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differentially contribute to TAD structures, numerous studies have performed 
ChIP-seq in human and mouse cell lines using Stag1 and Stag2-specific 
antibodies (Remeserio et al., 2012a; Kojic et al., 2018; Viny et al., 2019; Casa et 
al., 2020; Wutz et al., 2020; Arruda et al., 2020). In broad agreement between 
these studies, all Stag1/2 binding sites co-localise with cohesin, and the majority 
of these are at CTCF motifs (Kagey et al., 2010; Phillips-Cremins et al., 2013). The 
subset of non-CTCF cohesin binding sites is consistently enriched at promoter 
and enhancer regions, and co-localise with mediator and cell-type specific 
transcription factors (Kagey et al., 2010; Phillips-Cremins et al., 2013). Overlaid 
Hi-C analysis confirms CTCF sites reflect TAD boundary domains, while non-
CTCF sites likely represent sub-TAD loops that are more often cell-type specific 
(Kojic et al., 2018; Casa et al., 2020; Wutz et al., 2020).  Importantly, while one 
study in ES cells reports no difference in Stag1/2 chromatin localisation (Arruda 
et al., 2020), several investigations identify Stag1-only, Stag2-only, and common 
DNA binding sites. This could suggest cohesin-Stag1/2 non-redundancy in the 
formation of some DNA loops (Remeserio et al., 2012a; Kojic et al., 2018; Viny 
et al., 2019; Wutz et al., 2020; Rittenhouse et al., 2021) (figure 5b). Differential 
Stag1/2 localisation was first observed in MEFs and showed that, while CTCF 
sites predominantly represented common and Stag1-only binding sites, Stag2-
only localisation was primarily at intergenic regions (Remeserio et al., 2012a). 
The study also highlights a significant enrichment of Stag1-only binding sites 
within 1kb of active gene promoters that represent local CRE-promoter DNA 
loops. In agreement with this initial report, ChIP-seq of mouse ES and human 
epithelial, endothelial and cancer cell lines identify Stag1/2 common binding sites 
at CTCF regions, with the majority of Stag1 binding at these sites (Kojic et al., 
2018; Cuadrado et al., 2019; Wutz et al., 2020). In contrast to observations in 
MEFs, however, these later reports all identify Stag2-only, not Stag1-only, sites 
significantly enriched at gene promoters and enhancers (Kojic et al., 2018; 
Cuadrado et al., 2019; Wutz et al., 2020). Indeed, IP of Stag1 and Stag2 revealed 
Stag2-only interaction with cell type specific transcription factors, Zmym2 and 
Yap1, supporting a role for Stag2 in associating at local non-CTCF sites (Kojic et 
al., 2018; Kagey et al., 2010; Phillips-Cremins et al., 2013). Interestingly, Stag2-
only sites in ES cells were found to co-localise at both active super-enhancers 
and polycomb repressive domains, suggesting a possible non-redundant role 
in demarcating these two regions (Cuadrado et al., 2019). In summary, ChIP-
seq from varied cell lines suggests a broad consensus that cohesin-Stag1 and 
cohesin-Stag2 occupy CTCF sites while cohesin-Stag2-only sites are enriched at 
active enhancer and promoter regions (figure 5b). 
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The above consensus indicates a division of labour between Stag1 structuring 
TAD boundaries and Stag2 forming cell-type specific intra-TAD (sub-TAD) contacts 
(figure 5b). Consequently, it could be expected that loss of Stag1 or Stag2 would 
result in non-overlapping changes to genome organisation and gene expression. 
Supporting this hypothesis, Hi-C analysis of Stag1 and Stag2 knockdown reveal 
differential re-arrangement of chromatin contacts. Specifically, loss of Stag1 
in human epithelial cells, ES cells and HCT116 displays increased long-range 
interaction (>1Mb) frequencies caused by weakened insulator TAD boundaries 
(Kojic et al., 2018; Cuadrado et al., 2019; Casa et al., 2020). Despite Stag2 also 
associating at CTCF common binding sites, studies agree loss of Stag1 has the 
greater impact on boarder strength (Kojic et al., 2018; Rittenhouse et al., 2021). 
Indeed, one investigation found TAD boarder strength actually increased upon 
loss of Stag2 (Cuadrado et al., 2019). This could suggest Stag2 antagonises 
the formation of the more insulating Stag1 loops at common CTCF binding 
sites. Recent re-ChIP and single molecule imaging (dSTORM) supports this by 
showing only one cohesin complex can occupy binding sites at any one time 
(Casa et al., 2020). Thus, loss of Stag2 loops at these common sites could enable 
re-placement with more stable Stag1 loops (Wutz et al., 2019). Notably, while 
higher chromatin organisation (section) (Megabase-scale A/B compartments) is 
generally considered to be unaffected by cohesin and CTCF loss (Nora et al., 
2012; Sofueva et al., 2013; Seitan et al., 2013; Zuin et al., 2013; Rao et al., 2017; 
Nora et al., 2017; Li et al., 2020), Kojic et al., (2018) observed some changes to 
very long-range chromatin interactions on the scale of A/B compartments upon 
Stag1 depletion. This could suggest Stag1 has a role in maintaining higher order 
euchromatin and heterochromatin boarders. Owing to their very distal regions from 
one another, these contacts are infrequent and present a challenge for detection 
by Hi-C methods (Oluwadare et al., 2019). More recent technologies with greater 
sensitivity for long-range interactions that can simultaneously measure multiple 
contacts may be able to capture these rare contacts to elucidate whether Stag1 
has a specific role in higher order organisation (discussed in section) (Quinodoz 
et al. 2018). In contrast to Stag1 depletion, Hi-C of Stag2 knockdown was found 
to primarily cause re-wiring of shorter (0.1Mb-1.3Mb) intra-TAD contacts, as local 
enhancer-promoter loops are lost (Kojic et al., 2018; Cuadrado et al., 2019; Casa 
et al., 2020). Importantly, ChIP-seq reveals many Stag2-only sites cannot be 
compensated for by Stag1, thus emphasising non-redundancy in loop formation 
(Viny et al., 2019; Casa et al., 2020; Remeserio et al., 2012a). 

Concomitant with non-overlapping alterations to genome organisation, RNA-
seq from these studies reveal largely non-overlapping Differently Expressed 
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Genes (DEGs) between Stag1 and Stag2 loss (Kojic et al., 2018; Cuadrado et 
al., 2019; Arruda et al., 2020; Rittenhouse et al., 2021; Remeserio et al., 2012a). 
Moreover, CTCF knockdown in HCT116 showed little overlap in DEGs compared 
to Stag2 knockdown, thus supporting a non-CTCF role for Stag2 gene regulation 
at local enhancer-promoter sites (Kojic et al., 2018). Generally, the number of 
DEGs caused by Stag1 or Stag2 knockdown differed considerably between 
reports, likely due to cell-type specific differences in dependency on Stag1 and 
Stag2-mediated loops. For example, knockdown of Stag1/2 in ES cells resulted 
in 3990 and 915 DEGs, respectively (Cuadrado et al., 2019), while 157 and 
716 DEGs were detected in HCT116 cells (Kojic et al., 2018). Predominantly, 
Stag1 knockdown up-regulated the expression of genes proximal to TAD CTCF 
sites, which the authors argue may reflect permissive promoter contacts with 
enhancers from other TADs due to weakened insulator boundaries (Cuadrado et 
al., 2019). In contrast, Stag2 knockdown is reported to affect the expression of 
genes throughout the TADs, likely due to re-arranged local chromatin topology. 
In particular, Stag2 knockdown was concomitant with DEGs in super-enhancer 
domains (Cuadrado et al., 2019; Arruda et al., 2020) and polycomb-repressed 
regions (Cuadrado et al., 2019), suggesting a possible role in regulating highly 
active and silenced genes. Collectively, multiple studies agree non-overlapping 
changes to TAD/sub-TAD contacts and gene expression occur upon loss of 
Stag1/2. 

The above findings implicate that Stag1 and Stag2 contribute to roles in TAD 
insulation and cell type-specific gene expression, respectively. Given that Stag2-
only sites are frequently associated with cell type-specific transcription factors 
at active enhancer-promoter loops and super-enhancer domains (Kojic et al., 
2018; Cuadrado et al., 2019; Viny et al., 2019; Wutz et al., 2020), it could be 
expected that the resulting DEGs from loss of Stag1/2 have non-overlapping 
impacts on cell identity. Viny et al. (2019) provide compelling support for this 
hypothesis through investigations into Stag1 or Stag2 deletion (Stag1/2-/-) in 
HPSCs. Here, the authors show Stag2-/- resulted in loss of cohesin at Stag2-
only binding sites that corresponded to CREs complimentary to cell type-specific 
transcription factors, such as PU.1. Several of these regions were proximal to 
developmentally relevant genes, such as the B-cell lineage commitment factor 
Ebf1. RNA-seq confirmed significant down-regulation of these genes in Stag2-/- 
but not Stag1-/- HPSCs, suggesting local Stag2-specific loops facilitate enhancer-
promoter contacts. Importantly, further ChIP-seq revealed Stag2-/- corresponded 
to loss of PU.1 association at CREs that regulate Ebf1 and other development 
genes. While Hi-C showed Stag1 maintained TAD boundaries in Stag2-/-, analysis 
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of chromatin accessibility by ATAC-seq demonstrated CRE motifs had become 
inaccessible for PU.1 factor binding. Thus, Stag2-specific enhancer-promoter 
loops appear to be important for recruiting transcription factors and regulating 
the expression of hematopoietic commitment genes. Phenotypically, in vitro 
assessment of Stag1-/- and Stag2-/- re-plating capacity by methylcellulose assay 
reveals enhanced re-plating, and thus greater self-renewal specifically in Stag2 
knockout cells. This indicates enhanced ‘stemness’ upon loss of Stag2 but not 
Stag1. Similarly, generation of in vivo conditional Stag1 or Stag2 knockout in 
mouse resulted in Stag2-/--specific accumulation of immature progenitor cells 
within the bone marrow, as well as phenotypes concomitant with a block in HPSC 
commitment, such as leukopenia and thrombocytopenia. Importantly, loss of 
Stag2 is a frequent characteristic of myeloid neoplasms, such as Myelodysplastic 
Syndrome (MDS) (5-20%; Kon et al., 2013, Thota et al., 2014), and AML (2-12%; 
%; Ley et al., 2013, Kon et al., 2013, Thota et al., 2014). This study recapitulates 
these phenotypes and provides mechanistic insight into how Stag2 deficiency 
blocks hematopoietic cell fate commitment. Overall, Viny et al. (2019) show 
Stag1/2 non-redundancy in cell fate decisions through Stag2-specific enhancer-
promoter loops that regulate the expression of developmental genes.

Despite the broad agreement that Stag1 and Stag2 non-redundantly contribute 
to genome organisation and cell fate decisions, factors that determine differential 
cohesin-Stag1 and cohesin-Stag2 functions remain largely unresolved. A recent 
report (Wutz et al. 2020) has provided compelling evidence for differences in the 
stability of cohesin-Stag1 and cohesin-Stag2 on chromatin, which may inform 
on the division of labour between more stable TAD structures and dynamic 
enhancer-promoter loops. Here, Wutz et al. (2020) show the stabilising factor 
Esco1 preferentially acetylates Smc3 in G1 cohesin-Stag1 complexes to result 
in pro-longed association on chromatin in human and mouse cell lines. Indeed, 
FRAP experiments in HeLa cells reveal that, while cohesin-Stag2 is a singularly 
dynamic population with an average chromatin association of 5 minutes, cohesin-
Stag1 exists as dynamic (63%) and stable (36%) populations with average 
chromatin associations of 15 minutes and 5 hours, respectively. Knockdown of 
Esco1 resulted in a loss of stabilised cohesin-Stag1 population. Notably, ChIP-
seq using an antibody specific to acetylated Smc3 (Smc3Ac) revealed Smc3Ac 
is concentrated at CTCF sites. Strikingly, knockdown of CTCF also resulted in 
reduced acetylated cohesin-Stag1 on chromatin, suggesting the concerted action 
of Esco1 and CTCF protects a population of cohesin-Stag1 from Wapl-mediated 
unloading (Hara et al., 2014; Li et al., 2020). In support of this, Wapl has a stronger 
enrichment in Stag2 IP than Stag1 IP in mouse and human extracts, indicating 
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the unloading complex is more readily associated with cohesin-Stag2 (Kojic et 
al., 2018). The observation that more stable cohesin associates with CTCF sites 
fits with the loop extrusion model (section 1.2.4; Fundenberg et al., 2016). This 
model hypothesises cohesin is continuously unloaded from chromatin by the 
action of Wapl-Pds5 as it extrudes chromatin loops. At the same time, boundary 
elements, such as CTCF, block further extrusion and display enrichment of stable 
cohesin, possibly through antagonising Wapl’s association with the Stag CES 
binding site (Hara et al., 2014; Li et al., 2020). Thus, Wutz et al. (2020) present 
evidence for Stag1/2 non-redundancy in G1 chromatin localisation and genome 
organisation through preferential acetylation of cohesin-Stag1. Accumulation of 
stabilised cohesin-Stag1 at CTCF sites is likely due to the less stable cohesin-
Stag2 being more readily unloaded from chromatin either at CTCF sites or while 
it is still extruding. Overall, this study contributes to a mechanistic explanation for 
how Stag1 primarily structures larger scale TAD organisation while Stag2 forms 
smaller CRE-promoter loops. The underlying cause for preferential acetylation of 
cohesin bound to Stag1 over Stag2 remains to be elucidated. 

In conclusion, several groups have reported a non-redundancy between Stag1 
and Stag2 in genome organisation and cell fate decisions. Chiefly, this non-
redundancy appears to stem from differential chromatin occupancy, with Stag1 
primarily associating at CTCF-demarcated TAD boundaries and Stag2-only sites 
enriched at local enhancers and promoters within TADs (table 3, figure 5b). This, in 
turn, may explain the division of labour between Stag1 maintaining TAD insulation 
and Stag2 regulating cell-type specific gene expression. While recent evidence 
implicates differences in chromatin occupancy through preferential stabilisation 
of cohesin-Stag1 on chromatin, many questions into how Stag1/2 differentially 
regulate cohesin function remain unanswered. For example, the structural basis 
for how Stag2 interacts with a range of cell-type specific transcription factors 
while sharing high sequence homology with Stag1 is unclear. Equally, if the loop 
extrusion model is correct, it is not understood whether cohesin-Stag1 is able to 
by-pass local transcription factor boundary elements to reach more distal CTCF 
insulator regions, for example by inducing conformational changes to the cohesin 
ring. 
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1.3.3 Stag3-specific roles in meiosis

The development of four haploid spermatocyte/oocyte cells from one diploid 
precursor germ cell requires considerable chromosomal re-arrangements over 
two rounds of meiotic cell division (meiosis I and meiosis II) (Ishiguro, 2019). 
In particular, the extended prophase (broken down into leptotene, zygotene, 
patchytene, diplotene and diakinesis) during reductional meiosis I progresses 
through a range of chromosome organisations, including meiotic bouquets, 
axial elements (AE), synaptonemal complex (SC) formation and chiasmata 
(chromosome crossovers) (Zickler and Kleckner, 2015; Ishiguro, 2019). To 
orchestrate such dynamic and specialised conformations, meiotic cells require 
a raft of collaborative meiosis-specific and non-specific proteins (Grey and de 
Massy, 2021). This includes meiotic components of the core cohesin ring and the 

Figure5 Stag1/2-cohesin functions. a) Diagram of Sister Chromatid Cohesion (SCC). Cohesin 
associates with sister chromatids in trans during S-phase, tethering them together and enabling 
bi-polar orientation of kinetochores to mitotic spindles. cohesin-Stag1 and cohesin-Stag2 
concentrate at telomeric ends and centromeres, respectively. Non-centromeric SCC is resolved 
during prophase via the prophase disassociation pathway. Upon mitotic spindle attachment, 
centromeric cohesion is resolved at the metaphase-to-anaphase transition by separase-mediated 
cohesin cleavage, allowing separation of sister chromatids to opposite poles. b) Diagram of DNA 
looping. Cohesin associates with chromatin in cis during G1 phase, forming dynamic loops that 
influence contact frequency between discrete regions of DNA. The insulator protein CTCF anchors 
cohesin to structure kb-sized Topologically Associated Domains (TADs), while cell type-specific 
transcription factors anchor cohesin to form more localised sub-TAD loops. Although some overlap 
in loop anchoring sites is observed, there is general consensus that cohesin-Stag1 predominantly 
structures TAD loops while cohesin-Stag2 predominantly structures sub-TAD loops.
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Stag3 paralog (summarised in table 3, figure 3). Indeed, despite the continued 
presence of cohesin-Stag1 and cohesin-Stag2 (termed ‘mitotic cohesins’ for 
simplicity) on chromatin, these complexes are relatively low in abundance and 
perform only minor roles during meiotic progression (Eijpe et al., 2000; Prieto et 
al., 2002; Xu et al., 2004; Revenkova and Jessberger, 2006; Gutiérrez- Caballero 
et al. 2011; Ishiguro et al. 2011; Lee and Hirano 2011). In contrast, meiotic cohesin 
and Stag3 are non-redundant components that are integral for the plethora of 
chromosomal rearrangements associated with meiotic cell division. (Adelfalk et 
al. 2009; Biswas et al. 2013; Fukuda et al. 2014; Herrán et al. 2011; Hopkins et al. 
2014; Ishiguro et al. 2014; Llano et al. 2012; Llano et al. 2014; Revenkova et al. 
2004; Winters et al. 2014) Here, I shall describe cohesin-Stag3’s role in facilitating 
meiotic chromosome conformations. I will also assess the evidence for Stag3 
non-redundancy relative to Stag1/2 in performing these functions. For brevity, 
only meiosis I-associated meiotic bouquets, axial elements, and synaptonemal 
complex formation are discussed below.

Stag3 cohesin complexes

Like the reportedly meiosis-specific Stag3 paralog, mitotic cohesin components 
are also expressed as paralogs in developing germ cells to form ‘meiotic cohesin’ 
rings (figure 3). Here, while Smc3 remains invariant between all mitotic and meiotic 
cohesins, Smc1a is replaced with its homologous paralog Smc1b and Rad21 
is exchanged for either Rec8 or Rad21L α-kleisin subunits (Revenkova et al., 
2001; Eijpe et al., 2003; Parisi et al., 1999; Polakova et al., 2011; Hirano and Lee 
2011; Gutierrez-Caballero et al., 2011). Interestingly, while Rad21L shares a 57% 
homology with Rad21, Rec8 is structurally divergent and doesn’t share significant 
sequence homology. As demonstrated by IP and quantitative mass spectroscopy, 
Stag3 is able to associate with either of these α-kleisin subunits in a 1:1 ratio to 
form Rec8-Stag3 and Rad21L-Stag3 meiotic cohesin complexes (Ward et al., 
2016; Grey and de Massy, 2021).  As shall be discussed below, Rec8-Stag3 and 
Rad21L-Stag3 cohesins are partially non-redundant from one another in their 
associations with meiotic chromosomes. This is highlighted by non-overlapping 
phenotypes associated with Rec8 and Rad21L knockouts (Ishiguro et al., 2011; 
Lee & Hirano, 2011). Given that the remaining cohesin subunits (including Stag3) 
are invariant between these two meiotic cohesin complexes, it is considered that 
functional differences arise due to the different α-kleisins (Ishiguro et al., 2019). 
Notably, deficiency in any one meiotic subunit in mouse spermatocytes and 
oocytes results in defective meiosis and sterility (Grey and de Massy, 2021). The 
meiotic cohesins are thus functionally non-redundant from one another during 
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germ cell development (Ishiguro et al., 2011; Lee & Hirano, 2011; Ishiguro, 2019).

Remarkably, transgenic expression of GFP-tagged mitotic and meiotic cohesin 
components in Hek293 cells revealed that Stag3 is also able to interact with 
Rad21. In contrast, neither Stag1 nor Stag2 were found to interact with Rec8 or 
Rad21L proteins (Wolf et al., 2018; Choi et al., 2022; Strunnikov, 2013, Ishiguro, 
2019). The structural basis for Stag3’s unique interaction with Rec8 and Rad21L 
has not been determined. However, given the lack of homology between Rad21 
and Rec8, it is feasible Stag3 interacts with meiotic α-kleisins in a distinct manner. 
In addition, fractionated immunoblotting and IF from two separate studies reveal 
Rec8 requires Stag3 interaction to translocate from the cytoplasm to the nucleus 
(Wolf et al., 2018; Fukuda et al., 2014). Importantly, knockdown of Stag3 was 
also found to reduce protein levels of meiotic cohesin subunits in spermatocytes, 
indicating a role for Stag3 in stabilising meiotic cohesins (Hopkins et al., 2014). 
Resultantly, these studies highlight Stag3’s unique ability to interact with all 
cohesin α-kleisin subunits and stabilise meiotic cohesins on chromosomes. The 
above observations also raise the possibility that meiotic cells contain a milieu 
of cohesin-Stag combinations, including meiotic cohesin-Rec8-Stag3, meiotic 
cohesin-Rad21L-Stag3, mitotic cohesin-Stag3, mitotic cohesin-Stag1, and 
mitotic cohesin-Stag2 (Strunnikov, 2013). Indeed, although not yet tested, the 
true number of distinct cohesin complexes in meiotic cells may be even higher if 
it transpires Smc1b, Rec8 and Rad21L are likewise interchangeable with Smc1a 
and Rad21 in mitotic Smc3-Smc1a-Rad21 cohesins. Thus, while the existence of 
all of these diverse cohesin-Stag populations have not been verified in vivo, it is 
tempting to speculate these populations could work to non-redundantly fine-tune 
the various chromosomal re-arrangements associated with spermatogenesis and 
oogenesis (Pezic et al., 2017).  

Meiotic Bouquets

Similar to the mitotic cell cycle, cohesin-Stag3 is first loaded onto newly replicated 
sister chromatids in trans during S-phase (figure 3) (Eijpe et al., 2000). Leptotene 
is the initial stage of meiosis I’s extended prophase, and is demarcated by 
condensing of the replicated diploid chromosome and subsequent formation of 
meiotic bouquets at the leptotene-zygotene transition stage (figure 6) (Scherthan, 
2001). This latter process involves the remarkable feat of telomeric ends connecting 
to cytoskeletal microtubules via a conserved transmembrane SUN/KASH (LINC) 
complex (Ding et al., 2007; Schmitt et al., 2007; Hiraoka and Dernburg, 2009; 
Morimoto et al., 2012; Horn et al., 2013). Mechano-tensile forces generated by 
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the cytoskeleton are then transmitted through the transmembrane complex to 
create ‘rapid prophase movements’ that permit telomere-directed translocation 
of chromosomes across the inner nuclear membrane (Sato et al., 2009; Brown 
et al., 2011; Shibuya et al., 2014). This process results in a localised bouquet-
like bunching of chromosomes at the nuclear pole proximal to the centrosome 
(Scherthan, 2001; Koszul et al., 2008; Sato et al., 2009; Shibuya et al., 2014), 
and enables faithful homologous chromosome pairing for later stage synapsis 
and homologous recombination (Lawrence et al., 2016). 

Several groups have performed IF, genetic knockdown, and yeast two-hybrid 
interaction techniques to investigate the telomeric proteins responsible for the 
connection between chromosome ends and the transmembrane LINC complex 
(Ishirugo, 2019; Grey and de Massy, 2021). These studies identified two distinct 
telomeric complexes that were essential for meiotic bouquet formation. First, the 
shelterin protein TRF1 interacts with meiosis-specific telomere binding TERB1/2 
and MAJIN proteins to form a complex that directly interacts with the N-terminal 
domain of the inner-nuclear SUN1/2 protein (Ding et al., 2007; Hiraoka and 
Dernburg, 2009; Long et al., 2017; Zhang et al., 2017; Wang et al., 2018). In the 
second complex, TRF1-TERB1 interacts with meiotic cohesin-Stag3 (Shibuya et 
al., 2014a; Zhang et al., 2017; Wang et al., 2018; Liebe et al., 2004). Here, the 
resultant accumulation of meiotic cohesin embracing sister telomeres in trans 
provides structural rigidity that enables telomeres to tolerate mechano-tensile 
stresses transmitted from the microtubules (Adelfalk et al. 2009; Shibuya et al., 
2014a; Ishiguro et al., 2014; Biswas et al. 2018). Importantly, a yeast two-hybrid 
TERB1 protein interaction search using a mouse testis cDNA library revealed 
direct interaction between TERB1 and Stag3 (figure 6) (Shibuya et al., 2014a). 
co-IP analysis with TERB1 protein fragments showed this interaction occurs 
specifically through TERB1’s C-terminal Myb domain. Thus, meiotic cohesins are 
recruited to telomeric ends via TERB1-Stag3 interaction. Although the TERB1 
co-IP also revealed Rad21L and Rec8 pulled down, spermatocytes harbouring 
Rad21L or Rec8 knockout mutations (Rad21L-/- or Rec8-/-) revealed meiotic 
bouquet arrest only occurred with loss of Rad21L-cohesins. This indicates 
specific roles for Rad21L and Rec8-containing meiotic cohesins, with Rad21L 
being more important for telomere integrity (Ishiguro et al., 2014). Interestingly, 
cohesin-Stag3’s association at telomeric ends and, in particular, its interaction 
with shelterin proteins is reminiscent of Stag1’s cohesin-independent association 
during mitotic sister chromatid telomere cohesion (section 1.3.2a; Canudas et 
al., 2007; Canudas and Smith, 2009; Bisht et al., 2013). Currently, no studies 
have assessed whether cohesin-Stag1 is also able to contribute to telomeric 
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stability during meiotic bouquet formation. Equally, it has not been tested whether 
Stag3 is able to localise to telomeres independently of the cohesin ring. Of note, 
however, IF analysis in double knockout Rad21L-/-/Rec8-/- spermatocytes resulted 
in a loss of the shared mitotic and meiotic cohesin subunit, Smc3, from telomeres. 
This phenotype also corresponded with inability for telomeric tethering to the 
inner nuclear membrane (Shibuya et al., 2014a). Furthermore, a separate study 
identified Smc1b-only cohesins at telomeric ends (Adelfalk et al., 2009). Although 
conflicting reports suggest Stag1/2 may or may not be able to weakly associate 
with Smc1b (Winters et al., 2014; Ishiguro et al, 2011; Lee & Hirano, 2011), on 
balance these results show mitotic cohesin-Stag1/2 are unable to accumulate at 
telomeres during meiosis. Together, these observations support a hypothesis that 
Stag3 performs a non-redundant role in cohesin localisation to telomeric ends for 
meiotic bouquet formation.

Axial Element and Synaptonemal Complex formation

As mentioned above, the purpose of the meiotic bouquet is to pair up homologous 
chromosomes for subsequent homologous recombination (HR) that ultimately 
results in generation of genetically distinct chromatids (Ishirugo, 2019). This 
process must be carefully controlled to ensure all HR-induced double stranded 
breaks are resolved and genomic stability is maintained prior to chromosome 
separation during meiosis I anaphase. To enable this, both the replicated sister 
chromatids and the homologous chromosome pairs must be cohered in close 
conformation by proteinaceous cores, termed the ‘Axial Element’ (AE) and 
‘Synaptonemal Complex’ (SC), respectively (figure 7) (Zickler and Kleckner, 
2015). As discussed below, meiotic cohesin-Stag3 complexes perform essential 

Cytoskeleton

cohesin-Stag3

TRF1-TERB1

LINC Complex

Kif5b

Figure6 Stag3-specific role in meiotic bouquet formation. Diagram of telomeric ends tethering 
to cytoplasmic microtubules to enable meiotic bouquet formation.  Meiotic cohesins localise at 
telomeric ends of sister chromatids in trans through physical interaction between Stag3 and 
TERB1. This provides structural rigidity to chromosomes, enabling them to tolerate mechano-
tensile forces from the cytoskeleton during rapid prophase movements.
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and non-redundant roles in structuring both of these cores (Llano et al., 2012).

First, prior to meiotic bouquet formation, the AE develops during leptotene and 
involves the organisation of sister chromatids into an array of loops along a single 
proteinaceous axis (the AE) (figure 7). In a process that is conserved between 
yeast and mammals, meiotic cohesins anchor these loops to the AE (Llano et 
al., 2012; Link and Jantsch, 2019; Grey and de Massy, 2021). This conformation 
is reminiscent of a hybrid between mitotic SCC and G1 genome organisation as 
meiotic cohesin’s associate both in cis to form the chromatin loops and in trans to 
hold sister chromatid loops together on the AE (Ishirugo 2019; Grey and de Massy, 
2021). The mechanism that regulates this combination of cohesin associations 
remains unclear (Grey and de Massy, 2021). Nonetheless, IF reveals localisation 
of Rad21L and Rec8-containing meiotic cohesin is mutually exclusive, and 
their loading temporally regulated (Ishiguro, 2019). First, Rec8-Stag3 cohesin 
associates with chromatids during the pre-leptotene stage and can be visualised 
along the length of chromatids (Eijpe et al., 2003). In contrast, Rad21L-Stag3 
cohesin associates with chromatids during leptotene, and concentrates as foci 
at heterochromatic telomere and pericentromere regions (Lee and Hirano, 
2011; Ishiguro et al., 2014). Importantly, both versions of meiotic cohesin work 
to recruit several proteins (Sycp2, Sycp3, Hormad) that form the AE (Yang et 
al., 2006; Yuan et al., 2000; Syrjänen et al., 2014). The role of meiotic cohesin 
structuring the AE is evidenced by IF of Sycp3 and Hormad in Rad21L-/- or Rec8-

/- spermatocytes, which reveal a fragmented AE phenotype (Biswas et al., 2013). 
Notably, Rad21L-/- resulted in cohesion defects at telomeric and centromeric 
regions, while Rec8-/- disrupted cohesion along the chromatid arms (Biswas et 
al., 2013). This phenotype likely reflects the mutually exclusive localisation of 
Rad21L and Rec8-containing cohesins, and is akin to cohesion defects observed 
in mitotic SCC upon Stag1 or Stag2 knockdown (section 1.3.2a; Canudas 
and Smith, 2009). Thus, both meiotic cohesin complexes are required for an 
unbroken AE. Individual Rad21L-/- and Rec8-/- knockouts additionally revealed 
larger chromatin loops, indicating both complexes are required for structuring 
chromatin in cis (Grey and de Massy, 2021). Compared to individual α-kleisin 
knockout, Stag3-/- reflects a loss of both Rad21L and Rec8-containing cohesins 
from sister chromatids. Resultantly, Stag3-/- demonstrates more severe leptotene 
defects. Here, no AE formation is observed, resulting in a complete loss of SCC 
(Bannister et al., 2004). A similar phenotype is also reported with double Rec8-/-/
Rad21L-/- knockout (Ishiguro et al., 2014; Llano et al., 2012). Importantly, mitotic 
cohesin-Stag1/2 complexes are detected on leptotene chromatids, but appear 
unable to compensate for knockout of meiotic cohesin components (Fukuda et 
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al., 2014; Hopkins et al., 2014; Llano et al., 2014; Ward et al., 2016; Winters et 
al., 2014). Although it cannot be ruled out that the abundance of mitotic cohesin-
Stag1/2 is too low for any effective AE formation, this phenotype suggests a 
specific Stag3 role in facilitating meiotic SCC. 

Notably, Li et al. (2020) identified Sycp3 to contain the consensus Y/FxF motif 
that is known to interact with the Stag CES binding pocket (section 1.2.2). This 
could suggest Stag3 has a direct role in recruiting AE proteins and anchoring 
them to the chromatid loops. However, given that the CES is conserved between 
Stag paralogs, the CES domain alone is unlikely to account for the specific role 
of Stag3 in AE formation.

In addition to maintaining sister chromatid cohesion during chromosome 
translocation, the AE is also essential for the eventual formation of the SC 
between homologous chromosomes (Zickler and Kleckner, 2015). Here, once 
meiotic bouquets are resolved and homologous chromosomes have been 
aligned, the AE from each chromosome zips together at a central region to form 
the proteinaceous SC (figure 7) (Westergaard and von Wettstein, 1972; Page 
et al., 2004). This fusion begins during the zygotene stage and is facilitated by 
the recruitment of the traversing filament, Sycp1, to each of the AEs. Sycp1 then 
acts as the ‘teeth’ of the zip and homodimerises to form the central element of 
the SC scaffold between the two homologous chromosomes (Meuwissen et al., 
1992; Liu et al., 1996; Dunce et al., 2018). This configuration enables subsequent 
synapsis of homologous chromosomes and HR (Ishirugo, 2019). 

Cohesin remains integral for maintaining chromosome association with the AE 
during this time. Indeed, knockdown of Stag3 at this time point results in inter-sister 
SC formation, suggesting that it performs a specific role in aligning homologous 
chromosomes (Ishiguro, 2019). Although it is not clear how cohesin-Stag3 
facilitates this role, co-IP of Rad21L and Rec8, but not Rad21, reveals interaction 
with Sycp1 (Ishiguro et al., 2014). Thus, meiotic cohesins may have a specific 
role in recruiting or stabilising the traversing filament protein for SC formation. 
In a separate study, Hopkins et al. (2014) demonstrated Stag3+/- spermatocytes 
are largely unsuccessful in SC formation, which in turn resulted in an inability to 
form genetic crossovers. Consequently, this suggests Stag3 performs an integral 
role in maintained cohesion between homologous chromosomes that cannot be 
compensated for by Stag1/2 cohesins. 
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In conclusion, multiple studies have revealed meiotic cohesins facilitate a 
plethora of chromosomal rearrangements required for meiotic division (figure 
7). Principally, genetic deletions of individual meiotic cohesin subunits (Rad21L, 
Rec8, Smc1b, Stag3) highlight essential roles in SCC and pairing of homologous 
chromosomes. Stag3 has the greatest single subunit knockout defects, with 
Stag3-/- causing meiotic arrest at the zygotene stage and Stag3+/- resulting in 
defects to SC formation. Furthermore, the non-overlapping phenotypes observed 
with individual depletion of Rec-Stag3 and Rad21L-Stag3 cohesins suggest 
different meiotic cohesin complexes perform specific roles. However, as Stag3 
exists in both of these complexes, functional differences between the meiotic 
cohesins likely arise from differences in α-kleisin subunit (Rec8 and Rad21L). 
Nevertheless, the fact that Stag3 is the only Stag paralog able to interact and 
stabilise with either of the meiotic cohesins highlights its non-redundancy in 
meiosis relative to Stag1/2. This is further emphasised by reports showing that, 
despite their presence on chromatin in meiosis I, mitotic cohesins are unable to 
perform the specialised genome organisations required for faithful reductional 
division. 

1.3.4  Stag defects and disease

The observation that Stag1/2/3 perform partially specific functions in maintaining 
cell identity is emphasised by their prevalence in disease. As alluded to in earlier 
sections, cohesin mutations are identified in pan-cancers. This is also true for 
cohesin regulatory proteins, with Stag2 mutations being particularly common 

Cohesin-Stag3 in trans
Cohesin-Stag3 in cis

Axial Element
(Sycp2/Sycp3/Hormad)

Sycp1

Figure7 Stag3-specific roles in AE and SC formation. Diagram of axial element (AE) (left) and 
synaptonemal complex (SC) (right) formation. Meiotic cohesin associates with chromatin in 
cis (blue rings), forming DNA loops. Meiotic cohesin also associates with sister chromatids in 
trans (purple rings) and tethers them to a proteinaceous AE comprised of Sycp2, Scyp3 and 
Hormad, possibly via interaction of Stag3 with Sycp3. Upon resolution of meiotic bouquets, AEs 
of homologous chromosomes zip together via recruitment of Sycp1 to form the SC.
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in diverse cancers. (Barber et al., 2008; Solomon et al., 2011; Hill et al., 2016; 
Rittenhouse et al., 2021; Flavahan et al., 2016; Waldman, 2020). Importantly, 
cohesinopathy and cancer-related cohesin mutations of the core ring (Smc1a, 
Smc3, Rad21) typically occur as heterozygous (usually missense or nonsense) 
mutations (Rittenhouse et al., 2021), and are mutually exclusive of one another 
(Solomon et al., 2011; Hill et al., 2016). This is due to the fact that complete 
ablation of functional cohesin results in lethal mitotic catastrophe (Xu et al., 
2010; van der Lelij et al., 2017; Antony et al., 2021). Cohesin’s range of essential 
functions throughout the cell cycle has made identifying the pathophysiology in 
cohesin-related disease challenging (Waldman, 2020). Here, I briefly describe 
some of the diseases associated with Stag1/2/3. I also discuss how the inability 
of remaining paralogs to compensate for the defective Stag demonstrates their 
non-redundancy in cell fate decisions. 

First, expression of Stag1 has been shown to be critical for embryonic development. 
Highlighting this, Remeserio et al. (2012a) show mice harbouring a double knockout 
of Stag1 (Stag1Δ/Δ) are embryonic lethal and mostly do not survive passed E12.5. 
Here, foetuses of Stag1Δ/Δ mice display both transcriptional and developmental 
defects (reduced size, organ hypoplasia, delayed bone ossification) that are akin 
to CdLS phenotypes (Remeserio et al., 2012a; Remeserio et al., 2012b). Analysis 
of MEF and liver cells taken from E12.5 Stag1Δ/Δ display no up-regulation in Stag2 
expression, thus indicating Stag2 is unable to compensate for loss of Stag1. This 
conclusion fits with the observation that Stag1Δ/Δ presents some aneuploidy due 
to defects in telomeric cohesion. Given the evidence that Stag1 is specifically 
required for telomeric cohesion (section 1.3.2a; Canudas and Smith, 2009; Bisht 
et al., 2013), this supports a conclusion that Stag1Δ/Δ embryonic lethality cannot 
be rescued by Stag2 due to non-overlapping functions. Indeed, despite being 
viable and fertile, even Stag1 WT/Δ mice present gene expression de-regulation, 
increased risk of aneuploidy, and tumourgenesis (Remeserio et al., 2012a; 
Remeserio et al., 2012b). 

Aberrant gene expression is also seen in Stag1-associated cancers (Rittenhouse 
et al., 2021). Here, somatic nonsense or frame-shift indels along the gene body 
and at N-terminal hotspots largely result in loss of Stag1 protein phenotypes 
across pan-cancers (Tate et al., 2019). When engineered into a mouse ES cell 
line, these mutations promoted reduced TAD insulation strength and aberrant 
gene expression profiles (Rittenhouse et al., 2021). These observations correlate 
with previously described knockdown and knockout studies (section 1.3.2b; 
Remeserio et al., 2012a; Kojic et al., 2018; Viny et al., 2019; Casa et al., 2020; 
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Wutz et al., 2020;), and agree with the hypothesis that loss of Stag1 impacts 
cell identity through altered genome organisation in a manner that cannot be 
compensated for by Stag2. 

While Stag1 mutations are present in a small population of several cancers 
(8% bladder cancers; 2% AML, <1% Ewing sarcoma Indeed, <1% MDS), Stag2 
mutant cancers are far more frequent (16% bladder cancers; 2-12% AML, 18% 
Down syndrome-related AML, 17% Ewing sarcoma, 5-20% MDS) (Solomon et 
al., 2011; Yoshida et al., 2013; Balbas-Martinez et al., 2013; Ley et al., 2013, Kon 
et al., 2013; Thota et al., 2014; Tirode et al., 2014; Hill et al., 2016; Rittenhouse 
et al., 2021). Indeed, comparative analysis of the Cancer Genome Atlas revealed 
Stag2 as one of only twelve genes significantly mutated in four or more types of 
twelve common cancers (Lawrence et al., 2014; Kandoth et al., 2013). This may 
be partly due to the Stag2 gene residing on the X chromosome and thus requiring 
only a single allelic mutation to affect the entire Stag2 transcription output. 
Equally, the fact that Stag2 is the dominant paralog in somatic cells (Holzmann 
et al., 2011) could suggest Stag2 mutations have a greater impact on cohesin 
function, and thus promotes oncogenesis more than Stag1. Stag2 mutations in 
AML have previously been described (sections 1.2.5 and 1.3.2) and provide an 
insightful case study into Stag2-specific cell fate decisions. In particular, Viny et 
al., (2019) demonstrate that, even with forced over-expression, Stag1 is unable 
to compensate for loss of Stag2 at Stag2-only binding sites during G1. This leads 
to alterations in enhancer-promoter contacts and de-regulation of commitment 
genes. Overall, the study provides clear evidence for Stag1 being unable to 
compensate for Stag2 in a cancer setting, thus emphasising non-redundant 
Stag2 roles in cell fate decisions (Flavahan et al., 2016; Hill et al., 2016; Waldman 
et al., 2020). 

Interestingly, a separate study also finds enhanced dosage of Stag2 through 
germline micro-duplications of the Stag2 gene contributes to a CdLS-like 
cohesinopathy (Kumar et al., 2015). Consequently, this implies Stag levels must 
be carefully balanced during development to achieve correct cell identity. 

Finally, as expected from the phenotypes described in section 1.3.3, Stag3 
mutations in mouse are predominantly associated with male and female infertility 
caused by zygotene arrest during meiosis I. Ultimately, this equates to an inability 
for precursor diploid germ cells to commit to a mature haploid sperm or oocyte 
fate (Hopkins et al., 2014; Llano et al., 2014; Fukuda et al., 2014; Winters et al., 
2014). Several Stag3 truncation mutations and aberrant alternative splice sites 
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have also been identified in humans that led to similar phenotypes (Caburet et 
al., 2014; He et al., 2018; van der Bijl et al., 2019; Heddar et al., 2019). Current 
evidence suggests mitotic cohesin-Stag1/2 are unable to compensate for Stag3 
meiotic functions. 

Notably, Stag3 has also been identified as a Cancer Testis Antigen (CTA) 
(Feichtinger et al., 2012; Gantchev et al., 2019) owing to its frequent expression 
in several cancers, including colorectal (16%), muscle-invasive bladder cancer 
(2%), Ewing sarcoma (1%), and Sézary Syndrome (T-cell lymphoma) (Barber et 
al., 2008; Brohl et al., 2014; Crompton et al., 2014; Gantchev et al., 2019; Sasaki 
et al., 2021). Currently, there has been little investigation into whether Stag3 
expression is a passenger event in de-regulated cancer genomes, or whether 
Stag3 has an active role in regulating cancer-associated cell fate decisions. 
Of note, however, a recent study has revealed significant correlation between 
high Stag3 expression and metastatic rate in colorectal cancer that predicts 
poor prognosis (Sasaki et al., 2021). siRNA-mediated knockdown of Stag3 in 
several ‘Stag3 high’ colorectal cancer cell lines equated to reduced cell migration. 
Although the causal mechanism is unresolved, this observation suggests an 
active role for Stag3 in colorectal cancer metastasis. Metastasis is a hallmark 
of cancer (Hanahan and Weinberg, 2011) and the ability of invading new niches 
is associated with adaptive change to cell identity (Winslow and Sage, 2021). 
Consequently, this could suggest Stag3 expression in non-meiotic cells may 
have an impact on cell fate decisions. Given that Stag3 is known to be able to 
associate with mitotic cohesin components, it is also particularly interesting to 
consider how Stag3 could differentially impact mitotic cohesin function in somatic 
cells. 
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1.4 Summary and Research Aims

In this section I have highlighted several epigenetic and post-transcriptional 
mechanisms that contribute to cell fate decisions, and given examples of how 
these processes mediate transitions in pluripotency (section 1.1). As detailed in  
sections 1.2 and 1.3, the cohesin complex and its associated Stag proteins have 
emerged as important regulators of gene expression, and thus cell fate. However, 
it remains unclear how highly similar Stag paralogs are capable of differentially 
influencing these decisions. Given their propensity in disease (pan-cancers, 
cohesinopathies, infertility, embryonic lethality), it is important to understand the 
distinct contribution each Stag protein has to cell fate decisions. In this project, I 
utilise a naïve and primed pluripotent stem cell model to investigate this topic in 
transitions of pluripotency and early cell fate decisions. Here, I focus on Stag1 
(the more abundant Stag paralog in naïve cells) and Stag3 (the so-called ‘germ 
cell-specific’ Stag paralog). My principle aims are to: 

1) Characterise the impact individual Stag paralogs have on transitions in  
pluripotency. 

2) Investigate how homologous Stag proteins differentially influence gene                      
expression to contribute to cell fate decisions (i.e through what mechanisms).  
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2 Materials and Methods 

Where a method has been performed for a specific experiment, the corresponding 
results section is noted. Many methods (cell culture, immunofluorescence, 
immunoblotting etc.) were used consistently throughout the project.

2.1 Cell Culture Media 

ES 2i media: 235ml Neurobasal medium (1x; LifeTechnology), 235ml DMEM:F12 
(1x; LifeTechnology), 2.5ml N2 Supplement (100x; LifeTechnology), 5ml B27 
Supplement (50x; LifeTechnology), 5ml L-Glutamine (200mM; Invitrogen), 
5ml Knock-out serum replacement (LifeTechnology), 5ml PenStrep (1x; 
LifeTechnology), 5ml HEPES (1M; LifeTechnology), 1ml Beta-ME (50mM; 
LifeTechnology), and 2i inhibitors: 50μl MEK/ERK inhibitor PD0325901 (1μM 
final concentration; Stem Cell technologies), 150μl GSK3α/GSK3β inhibitor 
CHIR99021 (3μM final concentration; Stem Cell technologies). Media was freshly 
supplemented with mouse recombinant LIF (1000U/ml; Stem Cell technologies). 

ES serum media: 215ml GMEM (1x; LifeTechnology), 25ml Fetal Calf Serum 
(FCS) (10% total volume; Sigma-Aldrich), 2.5ml PenStrep (1x; LifeTechnology), 
2.5ml L-Glutamine (200mM; Invitrogen), 2.5ml Sodium Pyruvate (100mM; 
LifeTechnology), 2.5ml NEAA (100x; LifeTechnology), 250μl Beta-ME (50mM; 
LifeTechnology). 

EpiLC media: 235ml Neurobasal medium (1x; LifeTechnology), 235ml 
DMEM:F12 (1x; LifeTechnology), 2.5ml N2 Supplement (100x; LifeTechnology), 
5ml B27 Supplement (50x; LifeTechnology), 5ml L-Glutamine (200mM; 
Invitrogen), 5ml Knock-out serum replacement (LifeTechnology), 5ml PenStrep 
(1x; LifeTechnology), 5ml HEPES (1M; LifeTechnology), 1ml Beta-ME (50mM; 
LifeTechnology), and growth factors: human recombinant Activin A (20ng/ml; 
Peprotech) and human recombinant bFGF (12ng/ml; Peprotech). 

PGCLC media: 80.82ml GMEM (1x; LifeTechnology), 15ml Knock-out serum re-
placement (LifeTechnology), 1ml Sodium Pyruvate (100mM; LifeTechnology), 
1ml NEAA (100x; LifeTechnology), 1ml L-Glutamine (200 mM; Invitrogen), 1ml 
PenStrep (1x; LifeTechnology), 180μl Beta-ME (50mM; LifeTechnology), and 
supplemented with: human recombinant BMP4 (500ng/ml; Proteintech) and 
mouse recombinant LIF (1000U/ml; Stem Cell Technologies). 
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MEF media: 90ml high glucose DMEM (1x; LifeTechnology), Fetal Calf Serum 
(10% total volume; Sigma-Aldrich). 

Wash buffer: 450ml high glucose DMEM (1x; LifeTechnology), Fetal Calf Serum 
(10% total volume; Sigma-Aldrich). 

2.2 Cell Culture 

ES (2i/LIF) and EpiLCs were cultured in fibronectin-coated (17.6μl/PBS ml) (1mg/ 
ml; Millipore) flasks, while ES (serum/LIF) cells were grown on 0.1% gelatin-coated 
flasks. All cells were seeded at a density of 1.3x104 cells/cm2 and incubated at 
37°C in a humidified incubator maintaining a ratio of 7% CO2, 93% air. Naïve state 
ES (2i/LIF) and heterogeneous pluripotent ES (serum/LIF) were grown in ES 2i 
and ES serum media, respectively; both media were freshly supplemented with 
LIF cytokine (1000U/ml; Stem Cell technologies). Media was changed daily, and 
cells were passaged every two days using accutase (Sigma-Aldrich) (incubated 
for 4min at 37°C) to prevent confluence. Accutase activity was quenched with 
wash buffer. Cells were pelleted in wash buffer by centrifugation at 220g for 3min 
before being re-suspended in media. EpiLC induction was achieved by seeding 
ES (2i/LIF-grown) cells in EpiLC media, freshly supplemented with Activin A 
(20ng/ml; Peprotech) and bFGF (12ng/ml; Peprotech) growth factors. Cells were 
harvested at 24h and 48h post-EpiLC induction. 

For EB suspension culture, U-bottomed 96-well plates (ASMBio) were treated 
with 0.1% Lipidure (ASMBio) in 100% ethanol (30μl/well) and left in a sterile hood 
over night to air-dry. At 48h post-EpiLC induction, cells were seeded at a density 
of 4x103 cells/well in 50μl PGCLC media, freshly supplemented with human 
recombinant BMP4 (500ng/ml; Proteintech) and mouse recombinant LIF (1000U/
ml; Stem Cell technologies). EBs were collected at d2, d4, and d6 time-points. To 
cellularise, EBs were incubated in 1ml accutase for 12min in a 15ml falcon tube 
with gentle shaking before being quenched with wash buffer.  

2.3 RNA Isolation and cDNA Synthesis 

Workstations were sterilised of RNase enzymes using RNase Zap (Ambion). 
Total RNA was isolated by phenol phase separation using the Trizol Extraction 
procedure (Life Technologies). Any residual DNA was removed through treatment 
of total RNA with DNase TURBO (Ambion). 3U of Turbo DNAse was used to 
treat 1μg RNA in a 50μl reaction at 37°C for 30min before being quenched 
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with 5μl DNAse inactivation beads (Ambion). RNA was then purified using 
DNA clean and concentrate columns (Zymo), and eluted in 30-50μl nuclease-
free water. RNA concentration and purity was measured using a NanoDrop 
2000 spectrophotometer (ThermoFisher). 1μg of total RNA was then reverse 
transcribed into cDNA using Lunascript kit (NEB). In order to affirm a consistent 
success rate in reverse transcription, cDNA concentration was measured using 
NanoDrop, and stored at -20°C. 

2.4 Primer design and validation

Primer pairs used for PCR and RT-qPCR in this thesis are outlined in table 5 and 
are referenced throughout the results. 

Primer pairs were designed using the Primer3 algorithm (https://primer3.ut.ee/) 
with parameters of 59°C-62°C annealing temperature, 18-25bp length, and 
40%-60% GC content. All primers were purchased from IDT in lypolysed format. 
Primers were re-suspended in RNAse-free water at a stock concentration of 
100μM and working stocks of 10μM were prepared. Primer stocks were stored at 
-20°C. Running a melt curve cycle upon PCR completion and observing a single 
melt product validated primer pair amplicon specificity.

2.5 Polymerase Chain Reaction (PCR)

PCR amplification was performed in 25μl reactions using 12.5μl KAPA Hot-
Start High Fidelity Master Mix (2X; Roche) with 0.3μM of forward and reverse 
primers and 50ng of purified gDNA. PCR was performed over 30 cycles using 
an Eppendorf cycler (Eppendorf) (initial denaturation 95°C 3min, denaturation 
98°C 20min, extension 72°C 30sec/kb, final extension 72°C 1min/kb). Annealing 
temperature was optimised between 60°C-75°C for each primer pair. To validate 
PCR specificity, product was run on a 1% agarose gel in TAE buffer with ethidium 
bromide. Bands were imaged using a UV spectometer and subsequently 
extracted. Purified product was recovered using a Gel Extraction Kit (Qiagen). 
Amplicons were genotyped with Sanger Sequencing (GeneWiz). 

2.6 Reverse Transcription Quantitative PCR (RT-qPCR)
 
RT-qPCR amplification of mRNA was performed in technical triplicate and carried 
out in an Eppendorf Realplex cycler (Eppendorf). SensiFAST SYBR Green 
MasterMix procedure was followed (2X; Bioline) with 0.8μM forward and reverse 
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primer pairs and 70ng purified cDNA in a 20μl reaction volume. Ct values were 
measured and normalised against the Ct of housekeeping gene, β-Actin. All 
samples were run in duplicate wells with a no reverse transcriptase negative 
control. Cell fate markers, Nanog, Dnmt3 and Prdm1, were also used as positive 
controls to confirm the change of cell state. Fold change in gene expression was 
calculated between cell states conditions using the formula: 2[ES XΔCt – EpiLC 
XΔCt] where X is the gene of interest. 

2.7 RNA-sequencing (RNA-seq) library preparation and sequencing 

Dr Dubravka Pezic prepared RNA-seq libraries (section 3.1.4). ES cells were 
treated for 24hrs with siRNA pools to Stag1 and two sets of control siRNAs, 
scrambled (Scr) and Luciferase (Luc). There are three replicate sets for Stag1 
SP KD. Total RNA was isolated using NEB Monarch RNA prep kit. 1μg of total 
RNA was rRNA-depleted using NEBNext rRNA depletion kit (Human/Mouse/Rat). 
Libraries were prepared from 10-50ng rRNA-depleted total RNA, depending on 
availability of material, using NEBNext Ultra II directional RNAseq kit according 
to manufacturer’s instructions using 8 cycles of PCR. All ES cell (serum/LIF) 
libraries were rRNA depleted and only the ES (2i/LIF) libraries were PolyA-
enriched before library prep. Two rounds of PolyA+ enrichment were performed. 
RNA-seq libraries were sequenced on the Illumina HiSeq3000 platform, 75bp 
paired-end or single-end reads. Reads were quality controlled using FASTQC. 
RNA-seq data was processed using the RNA-seq Nextflow pipeline (v19.01.0), 
with the following parameters –aligner hisat2 –genome mm10, with –reverse_
stranded specified for paired-end samples. FeatureCounts output was parsed 
through edgeR (v3.16.5) and DESeq2 (v1.14.1) to generate normalised 
expression counts. The normalised counts for RNAseq were calculated in edgeR. 
Low expressed genes were removed (rowSum cpm <2 across Scr and Stag1 
SP replicates), normalisation factors were calculated using calcNormFactors 
and dispersions estimated using estimateDisp. The edgeR volcano plot statistics 
were calculated using the exactTest and topTags functions. To generate the 
normalised counts for RNAseq experiments required to calculate the log2FC 
GSEA ranked lists, the FeatureCounts output for all experiments was combined 
into a single table and read into DESeq2. A DESeq2 object was built using the 
function DESeqDataSetFromMatrix and estimation of size factors and dispersions 
were calculated using the DEseq function. Normalised counts were calculated 
using the ‘counts’ function. Low expressed genes (rowSum normalised count <10 
across all samples) were removed. 
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2.8 RNA-seq Analysis (published dataset) 

Replicate ES (2i/LIF) and EpiLC (multiple time-points) RNA-seq data was obtained 
from the NCBI GEO database (Yang et al. 2018, GEO Series: GSE117896), and 
the raw data was processed through the Myriad cluster. RNA-seq quality and 
replicate sample similarity was assessed using MultiQC. Data was normalised 
between libraries and for gene length. Fold Change (Log2) was calculated using 
EdgeR software (Source: https://bioconductor.org/packages/release/bioc/html/ 
edgeR.html.). 

2.9 Gene Signature Enrichment Analysis, (GSEA) of Stag1 KD RNA-seq 

GSEA is described in results section 3.1.4.

Dr Wazeer Varsally performed GSEA. Broad Institute GSEAPreranked (v4.0.3) 
was used to determine the enrichment of curated genesets within our RNA-
seq data. For each sample a ranked list was generated with genes ranked in 
descending order by their log2FC value using normalised expression scores from 
DEseq2. Log2FC per gene was calculated between the KD and its respective 
SCR using the following calculation: Log2(normalised_counts KD +1) −log2(nor- 
malised_counts Scr +1). In the case of experiments with multiple KD replicates, 
the average log2 normalised count was used. Two gene sets were assayed in 
this study, ‘naïve pluripotency’ and ‘primed pluripotency’. The naïve and primed 
pluripotency gene sets were curated in-house from Fidalgo M et al. (CSC, 2016) 
where genes were selected if they had >2 fold change. The naïve and primed 
gene sets contained 661 and 580 genes respectively. Gene sets were classed as 
having significant enrichment if the p-value was <0.05 and the normalised enrich- 
ment score (NES) exceeded +/- 1. 

2.10 SPRITE Sample preparation

SPRITE is described in results section 4.4.

Stag1mNG-V5-FKBP ES (2i/LIF) cells were treated with 2μl DMSO and 500nM 
dTAG in 2μl DMSO, as described in section 2.25. Doxycycline (dox)-inducible 
Dux ES (2i/LIF) cells were treated with dox (2μg/ml) for 24h prior to collection. 
Harvested cells were re-suspended in room temperature cross-linking agent 
disuccinimidyl glutarate (DSG) solution (f.c 0.5M in DMSO, 4ml/10x107 cells; 
ThermoFisher) and incubated by rocking for 45min. After 1000g centrifugation 
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for 4min at room temperature, pelleted cells were washed in PBS before being 
single cell re-suspended in freshly prepared 1% formaldehyde solution in PBS 
(4ml/10x107 cells) and rocked for 10min. Formaldehyde solution was then 
quenched with 7.2ml 2.5M glycine solution for 5min. Cells were pelleted by 1000g 
centrifugation for 4min, washed twice in ice-cold PBS-0.5% BSA (1ml/10x107 

cells), and flash frozen in liquid nitrogen. 

The subsequent stages in cluster library preparation and SPRITE analysis was 
performed by Dr Andrew Perez as set out in Quinodoz et al., 2018. Briefly, cells 
were incubated on ice for 10min in 700μl Lysis Buffer A (50mM Hepes pH 7.4, 
1mM EDTA pH 8.0, 1mM EGTA pH 8.0, 140mM NaCl, 0.25% Triton-X, 0.5% 
NP-40, 10% Glycerol, 1X PIC), then 4°C centrifuged at 850g for 8min. Cell pellet 
was re-suspended on ice for 10min in 700μl Lysis Buffer B (50mM Hepes pH 
7.4, 1.5mM EDTA, 1.5mM EGTA, 200mM NaCl, 1X PIC), then 4°C centrifuged at 
850g for 8min. Final re-suspension in 550μl Lysis buffer C (50mM Hepes pH 7.4, 
1.5mM EDTA, 1.5mM EGTA, 100mM NaCl, 0.1% sodium deoxycholate, 0.5% 
NLS, 1X PIC) and incubated on ice for 10min. 

Next, chromatin digestion was performed in Lysis buffer C using a Branson needle-
tip sonicator at 4°C (3mm diameter (1/8” Doublestep) for a total of 1min at 3 watts 
(pulses of 0.7 seconds on, followed by 3.3 seconds off). To obtain DNA fragments 
of 150-1000bp optimal for DNA sequencing, further digestion was performed by 
incubating lysates in Turbo DNAse (4U/10μl sonicated lysate; Ambion) at 37°C. 
After 20min, DNAse was quenched with 10mM EDTA and 5mM EGTA. 

Following lysis and fragmentation, DNA crosslinking was reversed by treating 
with 82μl of 1X Proteinase K Buffer (20mM Tris pH 7.5, 100mM NaCl, 10mM 
EDTA, 10mM EGTA, 0.5% Triton-X, 0.2% SDS, 8μl Proteinase K (NEB)) 
per 10μl of sonicated material and incubating at 65°C for 2h. DNA was then 
purified using DNA clean and concentrate columns (Zymo) and eluted in 20μl 
water. To calculate molarity, DNA concentration was measured using the Qubit 
Fluorometer (High Sensitivity dsDNA kit; Invitrogen), and the average DNA sizes 
were estimated using the Agilent Bioanalyzer (High Sensitivity DNA kit; Aligent). 
From this calculation, DNA fragments were coupled to NHS-activated magnetic 
beads (Pierce) at a 1:2 DNA molecule:bead ratio (eg. 1x1010 DNA molecules to 
1.75ml of beads). Bead-lysate solution was incubated by rotation overnight at 
4°C in 1ml of 0.1% SDS in PBS.
 
Next day, bead coupling was quenched by removing 500μl of the supernatant and 
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adding 500μl 1M Tris pH 7.5; this was incubated on a rotator for 1h at 4°C. The 
beads were washed: twice for 5min with 1ml modified RLT buffer (1X Buffer RLT 
supplied by Qiagen with added 10mM Tris pH 7.5, 1mM EDTA, 1mM EGTA, 0.2% 
NLS, 0.1% Triton-X, 0.1% NP-40) and then twice for 5min at 50°C in 1ml SPRITE 
wash buffer (1X PBS, 5mM EDTA, 5mM EGTA, 5mM DTT, 0.2% Triton-X, 0.2% 
NP-40, 0.2% sodium deoxycholate).

To enable ligation of tags, DNA fragment ends were repaired. First, the beads 
were incubated with T4 polynucleotide kinase (NEB) for 1h at 37°C with shaking 
at 1200rpm to result in 5’ end phosphorylation.  This reaction was quenched with 
1ml modified RLT buffer, and the beads were subsequently washed twice with 1ml 
SPRITE detergent buffer (20mM Tris pH 7.5, 50mM NaCl, 0.2% Triton-X, 0.2% 
NP-40, 0.2% sodium deoxycholate). Second, the fragments were blunt-ended 
using NEBNext End Repair Enzyme cocktail (containing T4 DNA Polymerase and 
T4 PNK) and 1x NEBNext End Repair Reaction Buffer; the beads were incubated 
in this at 20°C for 1 hour. Again, reaction was quenched using modified RLT and 
the beads washed twice with SPRITE detergent buffer. Finally, the fragments 
were dA-tailed using Klenow fragement (5′-3′ exo-, NEBNext dA-tailing Module) 
at 37°C for 1h before inactivation with modified RLT and washing with SPRITE 
detergent buffer. 

2.11 SPRITE barcode tag design

SRPITE tags were designed by Quinodoz et al., 2018 and purchased through 
IDT. 

To prevent incorrect allocation during due to sequencing errors, each sequence 
tag was synthesised to contain at least four mismatches from all other tags. Tags 
that ligated to DNA fragment ends were 9 nucleotides in length and designed 
with a modified phosphorylated base (DNA Modified Phosphate, or “DMP”) on 
the 5’ end of the forward strand. The 5’ end of the reverse strand contains part 
of the Illumina read 2 sequence, enabling the Read2 Illumina adaptor to anneal 
to it. “Odd” tags were designed to ligate to DMP ends and “Even” tag 3’ sticky 
ends, whilst “Even” and “Terminal” tags ligate to “Odd” tag 3’ sticky ends. “Odd”, 
“Even”, and “Terminal” tags were 17 nucleotides in length. The “Terminal” tag 
acts as a ligating tag to attach an Illumina sequence for final library amplification. 
ssDNA forward and reverse oligos were annealed into dsDNA tags using 1X 
Annealing Buffer (100mM Tris-HCl pH 7.5, 2M LiCl, 1.5mM EDTA, 0.5mM EGTA) 
and heating at 90°C for 2 minutes. The reaction was then slowly cooled to room 
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temperature by reducing 1°C every 10 seconds in a thermocycler.

2.12 SPRITE split-and-pool ligation

Dr. Andrew Perez performed split-and-pool ligation, as set out in the methods 
section of in Quinodoz et al., 2018. Below is a brief overview.

Successive rounds of split-and-pool ligation achieved tagging of DNA fragments. 
Over five rounds of ligation, DNA fragments were successively incubated with the 
different tags: first with DMP, then “Odd” tag, then “Even” tag, then “Odd” tag, and 
finally “Terminal” tag, thus generating a unique barcode. 

Each round was performed in a 96-well plate containing 2.4μl of 96 tags (45μM). 
Fragment-bound beads were split across the plate in 4.4μl SPRITE Detergent 
Buffer, to prevent bead aggregation. 10μl of 2X Instant Sticky End Ligation Master 
Mix (NEB) and 3.2 μl of Ultra Pure H2O (Invitrogen) was added to each well 
of the 96-well plate, for a final concentration of 1X Instant Sticky End Ligation 
Master Mix per well. All ligations were performed at 20°C for 1h with shaking at 
1600rpm for 30 seconds every 5min. After 1h, each ligation was quenched with 
60μl modified RLT buffer, and the beads were pooled in a 1.5ml lo retention tube. 
Supernatant was removed and the beads washed three times in 1ml SPRITE 
detergent buffer at 45°C for 3min each. The beads were then split and pooled for 
subsequent rounds of ligation as described above. 

2.13 SPRITE Illumina sequencing 

Dr. Andrew Perez performed SPRITE Illunina sequencing, as set out in the 
methods section of in Quinodoz et al., 2018. Below is a brief overview.

For Illumina library preparation, aliquots of 50-150million uniquely barcoded 
molecules were digested with Proteinase K (NEB) in Proteinase K buffer (20mM 
Tris pH 7.5, 100mM NaCl, 10mM EDTA, 10mM EGTA, 0.5% Triton-X, 0.2% SDS) 
for 1h at 50°C. Bead crosslinking was then reversed by incubation overnight at 
65°C and DNA was purified using DNA clean and concentrate columns (Zymo) 
and eluted in 20μl water. Libraries were amplified using Q5 Hot-Start Mastermix 
(NEB) with common primers that add the full Illumina adaptor sequences. Read 
1 primer (AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGA
CGCTCTTCCGATCT) amplifies the forward DMP strand while Read 2 primer 
(CAAGCAGAAGACGGCATACGAGATGC-CTAGCCGTGACTGGAGTTCAGA
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CGTGTGCTCTTCCGATCT) amplifies the terminal tag. After amplification, the 
libraries were purified using 0.7X SPRI (AMPure XP) twice to remove excess 
primers and adaptors.

2.14 SPRITE Data Analysis 

Dr. Andrew Perez performed SPRITE data analysis as set out in the methods 
section of in Quinodoz et al., 2018. Below is a brief overview.

SPRITE data was generated using Illumina paired-end sequencing on the HiSeq 
2500 or NextSeq 500. SPRITE barcodes were determined by parsing DNA tags 
from the start of Read 1 (containing DNA positional information and the DMP 
sequence) and Read 2 (containing “Odd”, “Even”, and “Terminal” tag sequence). 

The DNA fragment sequence contained within Read 1 was aligned to the mm9 
mouse reference genome using Bowtie2 (v2.3.1). The DMP sequence was 
trimmed from Read1 using the –trim5 parameter. 

SPRITE clusters were defined by grouping all DNA sequences that contained the 
same unique tag barcode sequence (contained in the information in Read 2). To 
determine local and compartment-level contact frequencies, pairwise contacts 
were detected at different genomic bin size thresholds. SPRITE contact maps 
were normalized by read coverage using Hi-Corrector (Li et al., 2015). 

SPRITE processing details are available at: https://github.com/GuttmanLab/
sprite-pipeline/wiki (Quinodoz et al., 2018).

2.15 Protein Isolation- Whole Cell Extract (WCE) 

Harvested cells were washed once in 1% BSA-PBS and lysed in RIPA lysis buffer 
(150mM NaCl, 1% NP-40 detergent, 0.5% Sodium Deoxycholate, 0.1% SDS, 
25mM Tris-HCl pH 7.4) (100μl/1x106 cells) with 1X Protease Inhibitors (Roche), 
and sonicated at 4°C for x5 30 second cycles using Diagenode Bioruptor. Protein 
concentration for each cell type was quantified using a BCA Assay (Thermo 
Scientific) in a 96-well plate. Absorbance was measured using a BioTeck Synergy 
plate reader and unknown protein concentrations were calculated using the 
standard curve equation obtained from known concentration absorbance. Protein 
lysates were aliquoted and stored at -80°C. 
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2.16 Protein Isolation- Whole Tissue Extract (WTE) 

WTE was collected from mouse testis for immunoblotting, seen in results section 
5.2.

Mouse testes were collected from sexually mature (>6 weeks) culled male WT 
mice. A small incision in the scrotum of the mouse was made and the cauda 
epididymis expelled. Then, the vas deferens and the corpus epididymis were 
cut and the cauda epididymis collected. On ice, the epithelial tissue was cut and 
the seminiferous tubules expelled from the sac membrane. The tubules were 
manually macerated before being homogenized by douncing in 1ml RIPA buffer 
with 1X Protease Inhibitors. Protein concentration was measured using BCA 
Assay and lysate was aliquoted and stored at -80°C. 

2.17 Protein Isolation- Cellular Fractionation 

This cellular fractionation protocol was performed throughout results chapters 3 
and 6.

5x106 Harvested ES (2i/LIF)/ EpiLC24h/EpiLC48h were washed once in 1% BSA-
PBS, re-suspended in 100μl Buffer A (10mM HEPES pH 7.9, 10mM KCl, 1.5mM 
MgCl2, 0.34M sucrose, 10% Glycerol, 1mM DTT, 1x Protease Inhibitors) with 
0.1% Triton X detergent, and left on ice for 5min. Supernatant was extracted as a 
cytoplasmic fraction via centrifugation at 3700rpm for 5min at 4°C. The remaining 
nuclear pellet was washed once in Buffer A without 0.1% Triton X-100, and then re-
suspended in 100μl Buffer B (3mM EDTA, 0.2mM EGTA, 1mM DTT, 1x Protease 
Inhibitors). Lysate was incubated on ice 1h before separation of nucleoplasmic 
supernatant and chromatin pellet by centrifugation at 9000rpm for 10min at 4°C. 
The chromatin pellet was washed once in Buffer B then re-suspended in 200μl 
2X Laemmli Buffer (Biorad) with b-ME. Cytoplasmic and Nucleoplasmic fractions 
were diluted in 1:1 volume of 2X Laemmli Buffer and all lysates were stored at 
-80°C. Equal volumes of each fraction were loaded for Immunoblotting. Loading 
control and purity of fractions was determined by probing for Histone H3 and 
α-Tubulin.

2.18 Protein Isolation- Chromatin Isolation (for co-Immunoprecipitation) 

Detailed optimisation of the protocol is described in results section 3.31.
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Confluent ES (2i/LIF) and EpiLCs (48h) were collected in batches of 10x106, 
washed once in 1% BSA-PBS, then briefly re-suspended in 0.1% NP-40-PBS 
(1ml/1x106 cells) before being pelleted at 1200rpm for 2min at 4°C. The white 
pellet was re-suspended in Nuclear Lysis Buffer (3mM EDTA, 0.2mM EGTA, 
1x Protease Inhibitors) (1ml/10x106 cells) and vortexed 10sec on, 10sec off for 
1min, before being incubated on a rotator for 30min at 4°C. The lysate was then 
centrifuged at 6500g for 5min at 4°C to isolate the glassy chromatin pellet, which 
was re-suspended in High Salt Chromatin Solubilisation Buffer (50mM Tris-HCl 
pH 7.5, 1.5mM MgCl2, 300mM KCl, 20% Glycerol, 0.1% NP-40, 1mM Pefabloc, 
1x Protease Inhibitors) with Benzonase (Sigma-Aldrich) added fresh (6U/1x107) 
and incubated on a rotator for 30min at 4°C. Supernatant was collected by 
centrifugation at 1300rpm for 30min at 13000rpm, then diluted to 200mM KCl 
concentration with IP Dilution Buffer (same as Chromatin Solubilisation Buffer, 
but without KCl). Protein concentration was measured and lysate was separated 
into 200μg aliquots prior to being stored at -80°C. 

2.19 Protein Isolation- Whole Cell Extract (for Co-Immunoprecipitation) 

Various methods were tested for WCE co-IP, with no clear final optimised protocol 
(see results section 6.4). 

2.20 Immunoblotting 

All antibodies and their relevant dilutions are shown table 6.

Protein samples (15μg) were diluted in a 1:1 volume with 2x Laemmli Buffer 
(BioRad) and boiled at 95°C for 5 minutes, then loaded on an 4-20% SDS-PAGE 
Separating Gel (Biorad). For greater band separation when resolving isoform Stag 
proteins, a 3-8% Tris Acetate gel was used (Invitrogen). Gels were electrophoresed 
at 150V in SDS-PAGE 1x Tris-Glycine Running Buffer (1g SDS, 1.44g Glycine, 
3g Tris in 1L) or 1x Tris Acetate SDS Running Buffer (20x; Life Technologies). 
Protein was wet transferred onto an immunoblot PDVF membrane (Millipore) 
that had been pre-soaked in 100% methanol. Transfer was run at 110V for 1h 
in an SDS-PAGE 1x Tris- Glycine transfer buffer (14.4g Glycine, 3g Tris, 20% 
methanol in 1L), or 1x NuPAGE transfer buffer (20x; Life Technologies). To check 
for successful transfer, bands were visualised on membrane using Ponceau Red 
(Sigma-Aldrich). Membrane was blocked in 10% milk-PBS solution for 30min, then 
incubated with primary antibodies in 1% milk-PBS solution overnight at 4°C. After 
incubation, the membrane was washed 3 times for 10min each in 0.1% Tween-
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PBS, and incubated with HRP-conjugated secondary antibodies in 1% milk-PBS 
for 1h at room temperature. Membrane was washed again 3 times for 10min in 
0.1% Tween-PBS, and then incubated with chemiluminescent SuperSignal West 
Femto Maximum Sensitivity Substrate (0.1ml per cm2; Thermo) for 5 minutes 
before being precision imaged by using a Chemi-doc MP imager (BioRad). 

Quantification of protein band intensity was calculated by densitometry using 
ImageJ software. To normalise for slight differences in loading, the intensity of 
each protein band was divided by the intensity of its corresponding loading control 
band (typically α-Tubulin, β-Actin, or Histone H3).

2.21 Cell Sorting & Flow Cytometry 

For cell cycle sorting, ES (2i/LIF) and EpiLC48h were re-suspended in ES 2i media 
and EpiLC media (1ml/1x106), respectively, and incubated with Hoechst Stain 
(7.5μg/ml media) (1mg/ml; BD Biosciences) for 45min in a 37°C incubator. The 
cell suspension was pelleted, washed once in 1% BSA-PBS, then re-suspended 
in sorting buffer (1ml/10x106 cells) and strained through a 40μm pore-sized cell 
strainer (Corning) into 5ml FACs tubes, which were kept on ice. Cells were sorted 
into G0/G1 and G2/Metaphase populations according to their Hoechst intensity 
peaks; gating was kept the same for both ES and EpiLCs. 

For fluorophore-based cell sorting and flow cytometry analysis, harvested cells 
were re-suspended in ice-cold FACS buffer (1mM EDTA, 2% BSA in PBS) (1x106/
ml) and filtered through 40μm pore-sized cell strainer (Corning) into 4ml FACS 
tubes. To cellularise EBs, the bodies were incubated in 1ml accutase for 12min 
and gently shaken during that time before being strained through a 70μm pore-
sized cell strainer. Cell viability was measured using DAPI (0.5μg/μl). Cell sorting 
and flow cytometry were performed on BD FACS Aria Fusion and BD Fortessa 
X20A (BD Biosciences), respectively. FlowJo software was used for cytometry 
analysis. 

2.22 Immunofluorescence 

All antibodies and their relevant dilutions are shown table 6.

Cells were seeded in a 6-well plate (1.25x105/well), each well containing a 
1x1cm2 coverslide, coated in fibronectin (ES 2i/LIF) or gelatin (ES serum/LIF), 
and cultured for 48h. After removing ES medium, the cells were washed once 
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in PBS. For whole cell staining (results sections 3 and 4), cells were fixed in 4% 
formaldehyde-PBS for 5min at room temperature, washed twice for 5min in PBS, 
and permeabilised in 0.1% Triton X-100 detergent for 10min at room temperature. 
For cytoskeletal staining (results chapter 6), cells were incubated in CSK buffer 
(10mM PIPES, 300mM sucrose, 100mM NaCl, 2mM MgCl2, 0.1% Triton X-100, 
0.5mM PMSF, 1X Protease Inhibitor cocktail) for 4min at room temperature, then 
immediately fixed in 4% formaldehyde-PBS for 10min at room temperature. 

After fixing and permeabilisation, the cells were washed twice in PBS for 5min 
and blocked in 10% FCS-PBS for 20min. Primary Antibodies were diluted in 
0.1% Saponin 10% FCS-PBS, and incubated overnight at 4°C. The cells were 
subsequently washed three times in 10% FCS in PBS. AlexaFluor-conjugated 
secondary antibodies were diluted in 0.1% Saponin 10% FCS-PBS and incubated 
for 1h at room temperature, in the dark. Cytoskeletal markers (Phalloidin-647/
CellMask Actin tracker) were diluted 1:1000 and also added at this point. For 
background fluorescence negative control, one well was incubated in only 
secondary antibody and no primary antibody. After washing three times in 10% 
FCS-PBS and once in PBS, the coverslides were mounted in Prolong Diamond 
Antifade mountant with DAPI (Invitrogen) on a slide. 

2.23 Microscopy and Analysis

Immunofluorescent images were taken using Zeiss LSM900 Confocal Microscope 
with 63X oil objective. To quantify fluorescence intensity and protein overlap in 
specific cellular compartments, ImageJ software was applied to mask Z-stacked 
images using markers of these compartments. For example, DAPI was used 
for nuclear masking, H3K9Me3 for heterochromatin foci, and γ-Tubulin for 
centrosomes. Masking was performed by applying a specific and constant 
intensity threshold to the fluorescent channel representing the compartment 
marker. To determine specific distribution of the protein of interest, fluorescence 
intensity was measured within the volume of these masks and compared against 
its fluorescence intensity from a mask of the whole cell.

Live cell images were taken using the Stag1mNG-V5-FKBP cells with a 3i Spinning 
Disc Confocal and a 63X oil objective in a 37°C 5% CO2 incubator (section 4.2). 
Cells were cultured in an 8-well chamber slide (LabTek). To visualise the DNA 
features, live cells were incubated in Hoechst Stain (7.5μg/ml media) (1mg/ml; 
BD Pharmigen) for 45 min in a 37°C incubator prior to imaging. Quantification 
of Stag1 signal within the whole nuclear volume and within Hoechst-dense 
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heterochromatin foci was determined using Imaris 9.6 (Oxford instruments). 
The Cell algorithm tool was used to create a mask around the Hoechst channel 
using absolute thresholding, a method used to determine specific signal from 
background. The background value was determined using an unstained controlled 
sample. A subsequent mask was created within the nucleus to determine DNA 
dense regions. The surface mask tool was used to capture high fluorescence 
intensity of these regions using absolute thresholding.

2.24 siRNA Knock-Down (KD) 

All siRNAs are listed in table 7. A protocol for Stag1 KD was deigned by Dr. 
Dubravka Pezic. Detailed optimisation Stag3 KD is described in section 5.8.

siRNA-Lipofectamine complex was prepared prior to seeding cells. Per well, 
50pMol siRNA or esiRNA and 7.5μl of RNAi Max Lipofectamine (Invitrogen) 
were incubated in 300μl of OPTI-MEM (Glibco) at room temperature for 10min, 
with occasional shaking. Cells were seeded in a 6-well plate (2x105/well) in 
1.7ml of media and siRNA-Lipofectamine-OPTI-MEM was immediately added. 
Untransfected (‘UT’) cells had no siRNA or transfection reagents added to them. 
After 24h, media was replaced and siRNA transfection repeated, this time using 
75pMol siRNA and 9μl lipofectamine to account for the increased cell number. 
Cells were harvested at 48h and washed once in 1% BSA-PBS. 

2.25 dTAG degradation 

Detailed optimisation of the protocol is described in results section 3.2.4.

Unless stated otherwise, Stag1FKBP-V5-mNG ES cells were cultured for 30h, 
then treated with 500nM dTAG in DMSO (Tocris) for 18h prior to harvesting. As a 
negative control, an equal volume of DMSO (1μl/ml) was used. 

2.26 Co-Immunoprecipitation (co-IP) 

Antibodies used for IP are listed in table 6. Detailed optimisation of the protocol 
is described in section 3.31.

30μl magnetic beads (50% protein A, 50% protein G) (30mg/ml; Invitrogen) were 
used per co-IP. Beads were washed once with 200mM KCl Immunoprecipitation 
Buffer (50mM Tris-HCl pH 7.5, 1.5mM MgCl2, 200mM KCl, 20% Glycerol, 0.1% 
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NP-40, 1mM Pefabloc, 1x Protease Inhibitors), then re-suspended in 700μl 
Immunoprecipitation Buffer with IP antibody (typically 30μg) or IgG-containing 
serum matching the species the IP antibody was bled from (Mock Control) and 
left to conjugate on a rotator, first for 10min at room temperature, then for 5h at 
4°C. Supernatant was removed and beads washed x3 in Immunoprecipitation 
Buffer before being incubated in 200μg chromatin lysate (volume made up to 
700μl with IP buffer) on rotator 4°C overnight. Flow-through was then removed 
and beads washed eight times in 700μl IP buffer. After the final wash, beads 
were re-suspended in 60μl 2X Laemmli Buffer with β-ME and boiled for 10min at 
95°C. 20μl of the final conjugated protein was used for immunoblotting. Non-IP 
chromatin extract (between 0.5-7.5% of the 20μl worth of chromatin material) as 
used as an input. Remaining sample was stored at -80°C. 

2.27 CRISPR-Cas9 gRNA and insert design and preparation 

All gRNAs and insert sequences are listed in tables 8 and 9, respectively.

The guide RNAs (gRNAs) targeting Stag1 and 3’ terminal coding regions, and 
the single stranded oligodeoxynucleotides (ssODN) encoding the V5 sequence 
between 70 nucleotide left and right homology arms were designed using Tagin 
Software (http://tagin.stembio.org) and purchased from IDT. Lipolyzed gRNAs 
and ssODN were rehydrated in RNA duplex buffer to 100μM and 30μM stocks, 
respectively. 

For larger FKBP-V5-mNeonGreen and FKBP-3xHA-mScarlet KI, High Copy 
plasmids with penicillin resistance were designed (TwistBioscience). A restriction 
enzyme cut site was incorporated to the end of the insert sequence, enabling 
plasmid linearisation. Plasmids were re-suspended in TE buffer and 1ng was 
transfected into competent E.Coli (Invitrogen). The competent cells were 
left overnight at 37°C with shaking to reach confluence, then harvested and 
the plasmid extracted using the Midi-Prep procedure (Qiagen). Plasmid was 
linearised with an appropriate high-fidelity restriction enzyme (NEB) and purified 
on 1% agarose gel in TAE buffer with ethidium bromide. Linearised plasmid was 
then gel extracted (Qiagen) and re-suspened in water at a concentration of 150ng 
insert/μl.  

2.28 CRISPR-Cas9 Cell Line Generation 

An overview of the CRISPR/Cas9 protocol for V5 tagging and mNG-V5-FKBP 
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can be seen in figures 16a and 24, respectively. Detailed optimisation of the 
protocol is described in sections 3.2.2 and 3.2.3.

Per transfection, 1.1μl (V5 KI) or 2.2μl (mNG/mScarlet-FKBP KI) gRNA (20nmol 
of 100μM stock) and 1.1μl (V5 KI) or 2.2μl (mNG/mScarlet-FKBP KI) tracrRNA 
ATTO 550nm (20nmol of 100μM stock; IDT) were annealed together using a 
controlled PCR step down cycle from 95°C-25°C (5°C every 20sec). The RNA 
duplex was then incubated with purified S.p Cas9 Nuclease V3 (10μg for V5 KI 
or 20μg for mNG/mScarlet-FKBP KI) (IDT) for 10min at room temperature to form 
the Ribonuclear Protein (RNP) Complex, and stored on ice prior to transfection. 
8x104 confluent ES (2i/LIF) were used per transfection and re-suspended in 20μl 
of room temperature P3 transfection buffer (Lonza) before being transferred to 
an electroporation microcuvette well (Lonza). The RNP Complex and 1.1μl of 
corresponding V5 ssODN (30μM) or 600ng of mNG/mScarlet-FKBP fragment 
were added to a well of a 16-well microcuvette (Lonza) and gently mixed, before 
transfecting using a 4D electroporator (Amaxa) using electroporation setting CG-
104. The cells were then seeded in a fibronectin-coated well of a 6-well plate 
with 2ml ES 2i Media and fresh LIF. Media was changed daily and cells were 
left to reach over-confluence for four days before being expanded into a T75 
flask. V5 KI efficiency was assayed by immunofluorescent imaging of cells using 
an anti-V5 primary antibody (table 6). Percentage of V5-positive cells within the 
sample population was calculated to determine how many colonies were needed 
to be isolated. 

2.29 Selection of V5-Positive Cells 

V5-positive clonal selection is described in detail in section 3.2.2.

The heterogeneous V5-positive/negative population of ES were sparsely seeded 
(5x104/10cm plate) and cultured for 5 days. In a sterile hood, the confluent cells 
were positioned under a Zeiss light microscope and morphologically healthy clonal 
colonies with no central necrosis were identified. Using a 20μl pipette, each colony 
was gently scraped and aspirated before being deposited in a U-bottomed 96-
well plate, containing 50μl of accutase (Glibco). Once the colony had dispersed 
into single cells, the well contents was transferred to a fibronectin-coated well 
of a 96-well plate with 200μl conditioned ES 2i/LIF media (50% fresh media, 
50% filtered media from healthy growing ES cells). To dilute out the accutase, 
Media was replaced as soon as cells adhered to the well. Cells were left to reach 
confluence and then passaged into two replicate 96-well plates. One plate was 
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fixed in formaldehyde (as described in section 2.22) and immunofluorescent 
imaging using an anti-V5 primary antibody identified V5-positive clones. V5-
positive clonal wells were then expanded from the corresponding wells of the 
replica 96-well plate. The genotype of Stag1 or Stag2-V5 KI of each clone was 
validated by PCR followed by Sanger Sequencing. 

2.30 Selection of Stag1-FKBP-V5-mNG Cells 

Stag1-FKBP-V5-mNG clonal selection is described in detail in section 3.2.3.

5 days after nucleofection, the cells were sorted for mNG+ by multiple (x3) rounds 
of FACS. Each population was seeded as polyclonal mNG+ to aid recovery. 
The final post-FACS population was then sparsely seeded, clonally picked, and 
genotyped by Sanger Sequencing. 

2.31 Nascent Translation Assay 

Nascent Translation assays were performed for Stag1 and Stag3 KD experiments 
in results sections 4.7 and 6.8, respectively.

Nascent translation was measured using the Click-iT HPG Alexa Fluor 594 Protein 
Synthesis Assay Kit (Invitrogen) using 2i-gown ES cells in 6-well plates. WT ES 
(2i/LF) cells were treated with RLUC/Stag3 esiRNA as described in section 2.24, 
while Stag1mNG-V5-FKBP cells were treated with DMSO/dTAG, as described 
in section 2.25. As a positive control, one well was treated with Cyclohexamide 
(25μM) for 30min prior to incubation with Methonine-free media. At 48h, media 
was replaced with Methonine-free 2i media. After 30min incubation at 37°C, media 
was supplemented with L-homopropargylglycine (HPG) at 50μM for 45min. In low 
retention tubes, cells were then harvested and fixed for 10min in 4% PFA PBS, 
permeabilised for 20min in 0.5% Triton-X PBS, and stained using Click-It reaction 
cocktail for 30min at room temperature and protected from light. Between each of 
these stages, the cells were washed twice with 3% BSA PBS. HPG incorporation 
was measured by flow cytometry and analysed using FlowJo software.

2.32 Cyclohexamide (CHX) Chase Assay 

CHX chase assay was performed for Stag3 KD experiments, described in results 
section 6.8.
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Recovery of Dppa3 mRNA in Stag3 KD and control conditions was measured 
through inhibition of eEF2-mediated translation initiation with CHX. RLUC/Stag3 
KD in Dppa3-T2A-GFP cells was set up as described in section 2.24. At 48h, 
cell media was changed and supplemented with 100μg/ml CHX. Cells were 
incubated for 4h and 8h in cyclohexamide prior to harvesting. A no CHX-treated 
knockdown control was included in each experiment. Reduction of GFP signal 
and cell viability in CHX-treated samples was measured by flow cytometry and 
analysed using FlowJo software. Total RNA was extracted from each condition 
and Dppa3 mRNA expression was assayed by RT-qPCR. 

2.33 Mass Spectroscopy (MS) 

Mass spectroscopy was performed for Stag1 and Stag3 co-IP experiments and is 
described in results sections 3.31 and 6.4, respectively.

Chromatin/Whole cell lysate extraction and co-IP were conducted as described 
in sections 2.18, 2.19 and 2.26. 3.4mg of lysate was used per co-IP. Upon elution 
from dynabeads in 2X Laemmli Buffer with β-ME, the entire elute was run on a 
4-20% SDS-PAGE Separating Gel (Biorad) at 150V. 

After electrophoresis, the gel was removed from its cassette and place into a sterile 
(washed with 70% EtOH) glass tray. Residual SDS was removed by washing the 
gel three times with Mass Spec-grade dH2O (50ml). The gel was then incubated 
with freshly prepared staining solution (15ml of concentrated Coomassie Blue 
(Sigma-Aldrich) with 35ml water) on a rotary platform at room temperature until 
distinct bands appear. Staining solution was decanted into a waste container, and 
the gel was submerged in de-staining solution 1 (50ml of a 7% Acetic acid/25% 
Methanol in dH2O) on a rotary platform shaker for 10min at room temperature. 
This was then replaced with de-staining solution 2 (2% Acetic acid/40% Methanol 
in dH2O), which was incubated for 1h, or until background Coomassie had been 
removed. Upon successful de-staining, the gel was submerged in water. The 
discrete stained bands were excised from the gel with a scalpel (sterilised with 
70% EtOH), dissected into ~1mm3 cubes, before being placed in 1.5ml PCR-
clean tubes and washed three times (x3 200ul 50mM TEAB). 

Gel pieces were dehydrated with re-suspension in acetonitrile and agitated 
for 1-2min. The dehydration solution was carefully discarded using a pipette 
and repeated until the cubes were fully dehydrated. Proteins were reduced 
by submerging gel pieces in 5mM TCEP (100mM TCEP, 50mM TEAB); this 
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was incubated at 37°C for 20min, after which time the reducing solution was 
removed and the gel was again dehydrated with re-suspension in acetonitrile and 
agitated for 1-2min. Dehydration solution was replaced with alkylation solution 
(freshly prepared 5mg/ml Chloroacetamide in 50mM TEAB) and incubated at 
room temperature for 20min in the dark. The solution was then discarded and 
the gel pieces washed in 50mM TEAB/50% acetonitrile before being again 
dehydrated with acetonitrile and occasionally agitating the suspension for 1-2min. 
Dehydration solution was removed and gel pieces rehydrated with 50mM TEAB, 
then occasionally agitated for 1-2 min before discarding the solution. Gel pieces 
were again dehydrated until the gel pieces shrank to small white clumps. 

Peptide digestion was carried out using Trypsin (20μl Trypsin stock aliquot with 
180μl of ice-cold 50mM TEAB). Sufficient working Trypsin solution was added 
to minimally cover the gel pieces; these were left to swell on ice for 5-10min 
before being placed on a heat-block at 37°C for 4h. The digest extract from the 
suspension was then transferred to a clean vial. To ensure full peptide extraction, 
the gel pieces were again dehydrated in acetonitrile and agitated for 1-2min. This 
solution was then combined with the digest extract and dehydration was repeated 
until the gel pieces are shrunk to small white clumps. The final combined extract 
was dried in vacuo and stored at -80°C. 

2.34 Mass Spectroscopy Analysis

LC-MS and raw data analysis was performed by Amandeep Bhamra. 

Raw peptide data was analysed with MaxQuant (Cox and Mann, 2008) version 
1.5.5.1 where they were aligned against the mouse UniProtKB database using 
default settings (http://www.uni- prot.org/). For high confidence identifications, 
PSMs, peptides, and proteins were filtered at a less than 1% false discovery rate 
(FDR). Statistical protein quantification analysis was done in MSstats (version 
3.14.0) run through RStudio. Contaminants and reverse sequences were removed 
and data was log2 transformed. 

2.35 Alkaline Phosphatase (AP) assay and quantification 

AP assays were performed in ES (serum/LIF) cells under Stag1 and Stag3 KD 
conditions in results sections 3.2.5 and 5.8, respectively. 

Serum-grown ES cells were seeded in 6-well plates and transfected with siRNAs 
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at the time of plating and after 24h as described in section 2.24. After 48h, cells 
from each condition were counted and 2,000 cells per well seeded into a new 
6-well plate; remaining cells were collected for RNA isolation and KD efficiency 
analyzed by RT-qPCR. Sparsely seeded cells were re-transfected after 24h and 
96h with 5pMol of siRNAs. Cells were cultured for 5 days after seeding cells at 
clonal density. 

Alkaline Phosphatase (AP) was stained for using StemTAG Alkaline Phosphatase 
staining kit (Cell Biolabs CBA-300). Cell media was removed and wells washed 
once with PBS before being incubated in 1ml 4% PFA-PBS for 4mins. After 
washing twice with PBS, cells were incubated in 1ml AP staining solution for 
30mins, protected from light. Staining solution was then aspirated and cells were 
washed twice more in PBS. 

AP stained cells were imaged in 6-well plates using a M7000 Imaging System 
(Zeiss) with a 4X objective and a Trans-illumination brightfield light source. For 
quantification, the area of AP-high regions of colonies was measured using a set 
colour intensity threshold in ImageJ. This value was divided by the total area of 
the colony to determine an AP-high to whole colony area ratio for each control 
and knockdown condition.  

2.36 Tables of Reagents

Forward Primer Reverse Primer Predicted Amplicon size Purpose

Name Sequence Name Sequence 104bp RT-qPCR

mOct4 For CCCAAGGTGATCCTCTTCTGCTT mOct4 Rev GAGAAGGTGGAACCAACTCCCG 104bp RT-qPCR

mBrachyury For GCTCTCTCTCCCCTCCACACA mBrachyury Rev GCACTCCGAGGCTAGACCAGTT 176bp RT-qPCR

mGata4 For GAGGCTCAGCCGCAGTTGCAG mGata4 Rev CGGCTAAAGAAGCCTAGTCCTTGCTT 199bp RT-qPCR

mGata6 For GACTCCTACTTCCTCTTCTTCTAA
TTCAGA

mGata6 Rev ACCTGAATACTTGAGGTCACTGTTCTC 151bp RT-qPCR

mPax6 For TTACCCAAGAGCAGATTGAGG mPax6 Rev CAGGTAGATCTATTTTGGCTGCTA 102bp RT-qPCR

mRad21 For ACGAAGAAGCTTTTGCGTTG mRad21 Rev CGCTAAGCTGGGCTCTAATG 129bp RT-qPCR

mSox1 For TGAACGCCTTCATGGTGTGGTC mSox1 Rev GCGCGGCCGGTACTTGTAAT 206bp RT-qPCR

mSox2 For TGGACTGCGAACTGGAGAAGG mSox2 Rev CGCCCGGAGTCTAGCTCTAAATATT 411bp RT-qPCR

DP001_SW_Actb_fwd GGTGTTGAAGGTCTCAAACATG DP002_SW_Actb_rev GAACATGGCATTGTTACCAACTG 174bp RT-qPCR

DP007_SW_Stag1_A_fwd GCAGCGAACTTGAAGAAACAG DP008_SW_Stag1_A_rev GACTGCCTTGCTTTATGCAAG 274bp RT-qPCR

DP009_SW_Stag1_B_fwd GTACGGTCAGAATAGAGATGTTT
CG

DP010_SW_Stag1_B_rev GACACTGTCGAATCAGGACTCC 174bp RT-qPCR

DP011_SW_Stag2_A_fwd CACAGATTTTGAAGACATTGAA
GG

DP012_SW_Stag2_A_rev GACCATCATAAATATTACCTGCATAGC 235bp RT-qPCR

DP013_SW_Stag2_B_fwd CCGAAATTCTTTGCTAGCTGG DP014_SW_Stag2_B_rev CCACATACTGTCACTGCTACTGC 178bp RT-qPCR

DP015_SW_Stag2_C_fwd CCTCCACTATTATGAGAGAACCG DP016_SW_Stag2_C_rev CATAGCTCATTGCTGCTCTCTC 183bp RT-qPCR

DP017_SW_Smc1A_A_fw
d

CATGAGATGGAAGAGATTCGC DP018_SW_Smc1A_A_rev CCTTTGACAGTGGCAGTTTG 258bp RT-qPCR

DP021_SW_Smc3_fwd CAAGGATTTGGAGGATACCGAG DP022_SW_Smc3_rev CAACTCGAGCTTTGACTTCATTG 95bp RT-qPCR



105

Forward Primer Reverse Primer Predicted Amplicon size Purpose
Name Sequence Name Sequence 104bp RT-qPCR

DP025_SW_CTCF_B_fwd GCAGACAGACTCGAAGCTAGAG DP026_SW_CTCF_B_rev GTTTCAGACTCCTCCACAATGG 131bp RT-qPCR

DP029_SW_Pds5A_fwd GTGAGGGAAATTACCTTTTCAG
G

DP030_SW_Pds5A_rev GTCTCCCGATGAATCCAAGAC 162bp RT-qPCR

DP031_SW_Pds5B_A_fwd GACAAGGACCAACGATGGG DP032_SW_Pds5B_A_rev TCCTCTTCAGAGTCCTGGTCC 141bp RT-qPCR

DP033_SW_Pds5B_B_fwd GCTCTCCTGGAAGGATCAAG DP034_SW_Pds5B_B_rev GGCCAACCAAGCATCTCAC 150bp RT-qPCR

DP039_SW_Nipbl1_A_fwd GACTTCCGAGGTCTGGACAC DP040_SW_Nipbl1_A_rev CCATACCAGACTCAGGAAGAGC 194bp RT-qPCR

DP041_SW_Nipbl1_B_fwd CATCCTGAAGTTCTGGAATGG DP042_SW_Nipbl1_B_rev CTATATTCCCACCAGAAGGCAC 200bp RT-qPCR

DP051_SW_Mau2_A_fwd GGTCTGAATGCACTGCTGC DP052_SW_Mau2_A_rev GGGCAGATTGTAGAGAACTGG 153bp RT-qPCR

DP053_SW_Mau2_B_fwd CACACGAGAGATGGAGAAGG DP054_SW_Mau2_B_rev CTGAAGCCCAATTTACCACAG 163bp RT-qPCR

DP065_SW_Nanog_fwd CGGACTGTGTTCTCTCAGGC DP066_SW_Nanog_rev CACCGCTTGCACTTCATC 164bp RT-qPCR

DP067_SW_Prdm1_fwd CAATGAAGTGGTGGAACTCCTC DP068_SW_Prdm1_rev CATACCGAAGGGAACACGC 128bp RT-qPCR

DP069_SW_Dppa3_fwd GAGGACGCTTTGGATGATACAG DP070_SW_Dppa3_rev CCCTTCTCTTGGGAAAGGC 196bp RT-qPCR

DP071_SW_Esco1_A_fwd GTCTCCACCTCAGATGCTGAAC DP072_SW_Esco1_A_rev CCTCTCCTGACTCATCATTGG 97bp RT-qPCR

DP073_SW_Esco1_B_fwd CTCCAAATGAGAATCATGCTTC DP074_SW_Esco1_B_rev CATCCAGTAGCTGTAGACTTCAGAAG 174bp RT-qPCR

DP077_SW_Stag1_C_fwd CCCTAATCTGGCTTTTCTAGAAG
TAC

DP078_SW_Stag1_C_rev CAGACATCCTGTCATCTTCACC 194bp RT-qPCR

DP081_SW_Dnmt3A_A_f
wd

GCTTCTCCGACTGTGGCC DP082_SW_Dnmt3A_A_re
v

CACCAAGACACAATTCGGC 182bp RT-qPCR

DP151_WAPL_e2e3_qPCR
_f

GACAGATGCTTACTTGTGGAGG
ATAC

DP152_WAPL_e2e3_qPCR
_r

CATTGGGTTTCTTAGTACTATCTTCAGC 196bp RT-qPCR

SW_019_mSTAG1_e.33_F
WD

ATCAAGAAATCGCCGAGAGA SW_016_mCTCF_PollardV
5_REV

ACCGAGGAGAGGGTTAGGGAT 215bp RT-qPCR

SW_027_V5_FWD CCTAACCCTCTCCTCGGTCT SW_076_Stag1_3'UTR_RE
V

CGGCGATTAGAACGAGCTGC 854bp PCR 
genotyping

SW_027_V5_FWD CCTAACCCTCTCCTCGGTCT SW_078_mStag1_3'UTR_R
EV

AACAAAACCCAGCGAGCTCC 886bp PCR 
genotyping

SW_040_mSTAG1_e.33_F
WD_2

ACTTCTTTGACTCTGCAGCTATC
AT

SW_042_mSTAG1_3' 
UTR_REV_2

AAACACACACACATCTGTACTGAGA 1523bp (with KI)/416bp 
(WT)

PCR 
genotyping

SW_075_mStag1_i.32_FW
D

CCCCACACCCTCCTCAAGTT SW_016_mCTCF_Pollard_V
5_REV

ACCGAGGAGAGGGTTAGGGAT 1358bp PCR 
genotyping

SW_077_mStag1_i.32_FW
D

GCAGCAAATTTCAGGCCAGC SW_016_mCTCF_Pollard_V
5_REV

ACCGAGGAGAGGGTTAGGGAT 1228bp PCR 
genotyping

SW_085 
mStag3_e.2_FWD

CGTGCACAGATGGCCTTGTC SW_086 mStag3_e.3_REV GGTGGTTGCTTTGCTGCTCT 164bp RT-qPCR

SW_087_Smc1b_e.9_FWD ACGTCAGCAGAAAAGAGCAGA SW_088_Smc1b_e.10_REV GAGGCTACAACAATGGCAACC 162bp RT-qPCR

SW_089_Rec8_e.9_FWD GAGGAACGTCAGAGAGGCAG SW_090_Rec8_e.11_REV TGGCCTGGTAGTGCTTCTTG 164bp RT-qPCR

SW_099_mScarlet_FWD AAGGAGAGGGTGAAGGACGT SW_100_mScarlet_REV CTCGGAGCGTTCGTACTGTT 495bp PCR 
genotyping

SW_101_mScarlet_FWD TACCTGGCGGACTTCAAGAC SW_102_d.s Stag3 
3'UTR_REV

CCAGGAAGCCAAAGAACCCA 993bp PCR 
genotyping

SW_105_Stag3_i32_FWD AGGCCAAGAGAGGAGTCAGT SW_106_mScarlet_REV CCCTTGGTCACCTTCAGCTT 640bp PCR 
genotyping

SW_113_Tfap2c_FWD_Su
rani

ATCAAGATCGGACACCCAAC SW_114_Tfap2c_REV_Sura
ni

ATGGCGATTAGAGCCTCCTT 169bp RT-qPCR

SW_117_Nanos3_FWD_S
urani

CACTACGGCCTAGGAGCTTGG SW_118_Nanos3_REV_Sur
ani

TGATCGCTGACAAGACTGTGG 127bp RT-qPCR

SW_119_Klf4_3'UTR_FWD
_Surani

TGATCGCTGACAAGACTGTGG SW_120_Klf4_3'UTR_REV_
Surani

CCCCCAAGCTCACTGATTTA 191bp RT-qPCR

SW_123_Dnmt3b_FWD_S
urani

CTCGCAAGGTGTGGGCTTTTGT
AAC

SW_124_Dnmt3b_REV_Su
rani

CTGGGCATCTGTCATCTTTGCACC 113bp RT-qPCR

SW_199_Dnd1_e.3_FWD GATTGCGCTGCTCAAGTTCA SW_200_Dnd1_e.4_REV GACATCTGGCCTGAGGAACC 181bp RT-qPCR

SW_203_Foxd3_FWD TCTGCGAGTTCATCAGCAAC SW_204_Foxd3_REV TTGACGAAGCAGTCGTTGAG 103bp RT-qPCR

SW_207_Tbx3_e.5_FWD CACACTGCAGTCCATGAGAGT SW_208_Tbx3_e.6_REV GTGCTCCTCCTTGCTCTCAG 199bp RT-qPCR

SW_211_Zfp57_e.5_FWD TATGAGGACGTGGCAGTGTC SW_212_Zfp57_REV ACCTTTGAATACCCCTGTGCA 210bp RT-qPCR

Table5 List of primers
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Antibody Company Catalog 
Number Dilution Epitope

Immunoblot IF IP

Goat Anti-
Stag1 Abcam ab4455 1:5000 1:3000 15ug N-terminal

Goat Anti-
Stag1 Abcam ab4457 1:5000 1:1500 - C-terminal

Rabbit Anti-
Stag1

Losada
Group - 1:2000 1:2000 - C-terminal

Rabbit Anti-
Stag2

Bethyl
Laboratories A302-580A 1:2000 1:1500 15ug N-terminal

Goat Anti-
Stag2

Bethyl
Laboratories A300-158A 1:2000 1:1500 - C-terminal

Rabbit Anti-
Stag2

Bethyl
Laboratories A302-581A 1:2000 - - C-terminal

Rabbit Anti-
Stag3

Novus 
Biologicals NBP1-58087 1:500 1:100 5ug-30ug N-terminal

Mouse Anti-
V5 ebioscience 15287947 1:2000 1:100 15ug

Rabbit Anti-
Smc3 Abcam ab9263 1:2000 - 15ug

Mouse Anti-
Rad21 Santa-Cruz sc-271601 1:200 1:25 -

Rabbit Anti-
Rad21 Abcam ab992 1:1000 - -

Rabbit Anti-
CTCF Merk 07-729 1:1000 - 15ug

Rabbit Anti-
β Actin

R&D 
Systems MAB8929 1:10,000 - -

Rabbit Anti-
Histone H3 Abcam ab1791 1:5000 - -

Mouse Anti-
α-Tubulin

Sigma-
Aldrich T9026 1:1000 1:1000 -

Mouse Anti-
γ Tubulin Abcam ab27074 - 1:1000 -

Goat Anti-
Kif5B Gene-Tex GTX15705 1:100 1:100 -

Mouse Anti-
NUP358 Santa-Cruz Sc-74518 - 1:2000 -

Goat Anti-
LaminB Santa-Cruz Sc-6216 - 1:100 -

Rabbit Anti-
Nanog Abcam ab70482 1:1000 1:1000 -

Rabbit Anti-
Nucleolin Abcam ab50279 - 1:1000 -

Table6 List of antibodies. Relevant dilutions for different tested applications are detailed, and 
the epitope region for each Stag antibody is indicated. 
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Table7 List of siRNAs.

gRNA name Sequence Cutting distance from insert site

SA1_1 CTGAAGAAAATTTACAAATC 23bp (downstream)

SA1_2 TTCTTCAGACTTCAGAACAT 4bp (upstream)

Stag3 gRNA_0bp TCTTGTTGCAGGATTTCTGAGTTTTAGACTATGCT 0bp

Stag3 gRNA_-42bp GCTCACTCAAGGACTTGCAGGTTTTAGAGTATGCT 42bp (downstream)

Stag3 gRNA_-9bp AGGATTTCTGATGGGACTTT 9bp (downstream)

Table8 List of gRNAs.

siRNA Company Catalog
Number

Sequence

Scrambled 
siRNA control

Dharmacon D-001810-10-
50

esiRNA Human 
RLUC control

Sigma-Aldrich EHURLUC GATAACTGGTCCGCAGTGGTGGGCCAGATGTAAACAAATGAATGTTCTTGATTCATTTA
TTAATTATTATGATTCAGAAAAACATGCAGAAAATGCTGTTATTTTTTTACATGGTAACGC
GGCCTCTTCTTATTTATGGCGACATGTTGTGCCACATATTGAGCCAGTAGCGCGGTGTAT
TATACCAGACCTTATTGGTATGGGCAAATCAGGCAAATCTGGTAATGGTTCTTATAGGTT
ACTTGATCATTACAAATATCTTACTGCATGGTTTGAACTTCTTAATTTACCAAAGAAGATC
ATTTTTGTCGGCCATGATTGGGGTGCTTGTTTGGCATTTCATTATAGCTATGAGCATCAA
GATAAGATCAAAGCAATAGTTCACGCTGAAAGTGTAGTAGATGTGATTGAATCATGGGA
TGAATGG

SMARTpool
Stag3

Dharmacon L-043704-01-
0050

GAAACAUUAACUCGAGCAA, AGUAUGAGGCUGAACGAAA, 
ACACCUAACGGAAGAGUUU, CGAAUAGUAUCUAGUGGGA

esiRNA Stag3 Dharmacon EMU058751 TCACAGGGAACTGCAGAGTGGGATAGTCCCTCAACTAACGAAGACAGCGACTTTGAA
GACAGCTTAAGACGAAATGTGAAGAAGAGAGCAGCAAAGCAACCACCCAAAGCTGTT
CCAGCAGCAAAACATCGGAAGAAGCAGTCCCGAATAGTATCTAGTGGGAATGGCAAG
AATGAATCAGTGCCATCAACCAATTACCTTTTTGATGCTGTGAAAGCTGCTAGAAGTTG
CATGCAGTCTTTGGTGGATGAGTGGCTAGATAACTACAAGCAAGATGAAAATGCAGGA
TTCTTGGAGCTCATTAATTTTTTCATCCGAGCCTGTGGATGTAAAAGCACTGTGACTCCT
GAGATGTTCAAGACAATGTCCAATTCAGAGATCATCCAACACCTAACGGAAGAGTTTAA
TGAGGACTCGGGGGACTATCCCCTGACAGCTCCAGGTCCCTCCTGGAAGAAGTTCCA
GGGAAGCTTCTGTGAGTTTGTGAAGACATTGGTCTATCAGTGCCAGTACAGTCTCCTCT
ATGATGGCTTTCCTATGGATGACCTTATCTCCCTGCTCATTGGC

SMARTpool
Stag1

Dharmacon D-041989-01, 
D-041989-02, 
D-041989-03, 
D-041989-04

CCACUCAUCUCGUAUAGAA, GGUAAUUGCUACAGACUAU, 
CCACUCAUCUCGUAUAGAA, GAAAAUUACUGACGGAUCU

Custom 5’ 
Stag1

Dharmacon AGGAGCAGGUCGUGGAAGAUU

3’ Stag1 Dharmacon J-041989-01
J-041989-02

CCACUCAUCUCGUAUAGAA, GGUAAUUGCUACAGACUAU

Custom SATS Sigma-Aldrich mm10 chr9: 100,597,794-100,598,109

Nanog Sigma-Aldrich EMU183581 TTGCCTAGTTCTGAGGAAGCATCGAATTCTGGGAACGCCTCATCAATGCCTGCAGTTTT
TCATCCCGAGAACTATTCTTGCTTACAAGGGTCTGCTACTGAGATGCTCTGCACAGAGG
CTGCCTCTCCTCGCCCTTCCTCTGAAGACCTGCCTCTTCAAGGCAGCCCTGATTCTTCTA
CCAGTCCCAAACAAAAGCTCTCAAGTCCTGAGGCTGACAAGGGCCCTGAGGAGGAG
GAGAACAAGGTCCTTGCCAGGAAGCAGAAGATGCGGACTGTGTTCTCTCAGGCCCAG
CTGTGTGCACTCAAGGACAGGTTTCAGAAGCAGAAGTACCTCAGCCTCCAGCAGATGC
AAGAACTCTCCTCCATTCTGAACCTGAGCTATAAGCAGGTTAAGACCTGGTTTCAAAAC
CAAAGGATGAAGTGCAAGCGGTGGCAGAAAAACCAGTGGTTGAAGACTAGCAATGG
TCTGATTCAGAAGGGCTCAGCACCAGTGGAGTATCCCAGCATCCATTGC
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Construct name Sequence

mStag1_CanEnd_-
23gRNA_V5

TATTTATAGTTTCTTGGCCCTGGAATATATACAATAATTGTACTTCTCGTTTTTTCTAGGGATTTGGAATGCCTA
TGTTCGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGTGAAGTCTGAAGAAAATTTACAAATC
TGCAACTCTATTATTTAGAGCTAGAGGCCTATATACTGTGATAGCTTGTATG

mStag1_CanEnd_+4gRN
A_V5

CCCATACAAGCTATCACAGTATATAGGCCTCTAGCTCTAAATAATAGAGTTCCAGATTTGTAAATTTTCTTCAG
ACTTCACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCGAACATAGACATTCCAAATCCCT
AGAAAAAACGAGAAGTACAATTATTGTATATATTCCAGGGCCAAGAAACTATAAA

mStag1_mNG_V5_FKBP ATACTGCTGCATTTTTAAAATCTATACTTTATATACAAGCCAGATTCTCGTTCTCCTTTTAAATTTAACTAAATGT
TTCTACATGTTTATGTACTGTCAAAAATGCTAGCTATTAGTACAGTTTTTCTCACAGGAACAATAATTAAATGA
TTCTCTTTTCAGCCCCCATCAAGAAATCGCCGAGAGAGAGCTGAGCTAAGGCCAGACTTCTTTGACTCTGC
AGCTATCATAGAAGATGATTCAGTAAATATCAAATCATTACTGCTTTTTATTTATAGTTTCTTGGCCCTGGAATA
TATACAATAATTGTACTTCTCGTTTTTTCTAGGGATTTGGAATGTCTATGTTCGACCCAGCTTTCTTGTACAAA
GTGGTTCGATCTAGAATGGTGAGCAAGGGCGAGGAGGATAACATGGCCTCTCTCCCAGCGACACATGAGT
TACACATCTTTGGCTCCATCAACGGTGTGGACTTTGACATGGTGGGTCAGGGCACCGGCAATCCAAATGAT
GGTTATGAGGAGTTAAACCTGAAGTCCACCAAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCA
TATCGGGTATGGCTTCCATCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTCCAGGCCGCCATGGTAGA
TGGCTCCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTTACTGTTAACTACCGCTA
CACCTACGAGGGAAGCCACATCAAAGGAGAGGCCCAGGTGAAGGGGACTGGTTTCCCTGCTGACGGTCC
TGTGATGACCAACTCGCTGACCGCTGCGGACTGGTGCAGGTCGAAGAAGACTTACCCCAACGACAAAACC
ATCATCAGTACCTTTAAGTGGAGTTACACCACTGGAAATGGCAAGCGCTACCGGAGCACTGCGCGGACCAC
CTACACCTTTGCCAAGCCAATGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAAGACGG
AGCTCAAGCACTCCAAGACCGAGCTCAACTTCAAGGAGTGGCAAAAGGCCTTTACCGATGTGATGGGCAT
GGACGAGCTGTACAAGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGGAGTGCAGGTGG
AAACCATCAGCCCCGGCGACGGCAGGACCTTCCCCAAGAGGGGCCAGACCTGCGTGGTGCACTACACCG
GGATGCTTGAAGATGGAAAGAAAGTTGATTCCTCCCGGGACAGAAACAAGCCCTTTAAGTTTATGCTAGG
CAAGCAGGAGGTGATCCGAGGCTGGGAAGAAGGGGTTGCCCAGATGAGTGTGGGTCAGAGAGCCAAAC
TGACTATATCTCCAGATTATGCCTATGGTGCCACTGGGCACCCAGGCATCATCCCACCACATGCCACTCTCGT
CTTCGATGTGGAGCTTCTAAAACTGGAATGAAGTCTGAAGAAAATTTACAAATCTGGAACTCTATTATTTAG
AGCTAGAGGCCTATATACTGTGATAGCTTGTATGGGGGAAGAAACGCTTTTGATGTGATCGGGTTTGTTTTG
TAATCAAATGATTAAAGGTTGGTCCCTTTTGCAGTGACAGAGCAGCATGTCAGTCACCCATGGAAATGTTG
GTGAATGTCACCTCGGAAAGACTGACCAAAAAAATCATTTGTACTCTAATGTTGGACTTATCTCAGTACAGA
TGTGTGTGTGTTTTTCTGAAAGGAGGAAGATATTTTAAATTTTTAAAACAGCTGTC

mStag3_-9bp 
gRNA_mScarlet_3xHA_F
KBP

ATCTTTATAACTTTTGACTCTTGTTTGCTCTAGATGCTTCATAGCCCTTCTTCTCCCAGTGAGCATGGGTTGGA
CCTATTAGATACAACAGAGCTGAACATGGAGGTGAGTGTTTCAGGGCTAGTATGTGTATGTCCTTGGAAGT
GAGGGTGACCAGCTGTCTATCATTCTAATAGATAGAAAGACCAGAACCTACAGGCAGCTGTCTCTGGTGGT
CTTCAGGAGCCCGTGTGGGAGAACTACCATGTGGCTACCCTAGAACACTCAGCCTTCTGTTTACTATTTGTT
TATTTTTCTCTATAACTCCATGTCTTCTATTTTCCTTCTTGTTGCAGGATTTCGACCCAGCTTTCTTGTACAAAG
TGGTTCGATCTAGAATGGTGAGCAAGGGCGAGGCAGTGATCAAGGAGTTCATGCGGTTCAAGGTGCACAT
GGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAAGGAGAGGGTGAAGGACGTCCATACGAAGGTAC
CCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAG
TTCATGTACGGCTCCAGGGCCTTCACCAAGCACCCCGCCGACATCCCCGACTACTATAAGCAGTCCTTCCCC
GAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGACCCAGGACAC
CTCCCTGGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCC
GTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGTTGTACCCCGAGGACGGCGTGCTG
AAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCAAGACCACC
TACAAGGCCAAGAAGCCCGTGCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACATCACCTCCC
ACAACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCCACCGGCGGCATGG
ACGAGCTGTACAAGTACCCATACGATGTTCCAGATTACGCTGGCTATCCCTATGACGTCCCGGACTATGCAG
GATCCTATCCATATGACGTTCCAGATTACGCTGGAGTGCAGGTGGAAACCATCAGCCCCGGCGACGGCAGG
ACCTTCCCCAAGAGGGGCCAGACCTGCGTGGTGCACTACACCGGGATGCTTGAAGATGGAAAGAAAGTT
GATTCCTCCCGGGACAGAAACAAGCCCTTTAAGTTTATGCTAGGCAAGCAGGAGGTGATCCGAGGCTGGG
AAGAAGGGGTTGCCCAGATGAGTGTGGGTCAGAGAGCCAAACTGACTATATCTCCAGATTATGCCTATGGT
GCCACTGGGCACCCAGGCATCATCCCACCACATGCCACTCTCGTCTTCGATGTGGAGCTTCTAAAACTGGA
ATGATGGGACTTTAGCCCTCTCCCCTTCTCCACTTACCACTGCAAGTCCTTGAGTGAGCAGAAGGAAGGAG
TAAAATGAAGCATTCTTTGGGTCCTAGCCAAGTACTTTAAAGGAAAAGAGAAATGGCCTTATTTTTCAAATC
TCTATTTCTTTCTGAAGTGGGTGCTATATATAGATGCTATGAGCCTTGTCATCCTTAATGCGCCATCGCTTTATG
CTTTTGCCTGTTTGCAGTGATAGGAGTTGGGTAGGGAGGGCTTTACGTCAGCACTGAAGTTTAGTAAAACT
TCTATTTGATATTTTGTCCCCAAACACTGCCAAACTTTCAATAAACATGTTCAGCTATCTCATAGGTATGAACC
GGT

Table9 List of CRISPR/Cas9 ssODN and plasmid constructs.
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3. Stag1 supports the maintenance of naïve pluripotency

3.1 Introduction

As outlined in section 1.1, our understanding of the many mechanisms that naïve 
cells employ to determine cell fate remains incomplete. Both cohesinopathies 
and pan-cancers emphasise a role for the cohesin complex in co-ordinating cell 
fate decisions. Although recent evidence highlights cohesin’s contribution to 
cell identity is through its non-canonical role in genome organisation, the exact 
mechanism for how cohesin regulates this remains ambiguous.  Adding to the 
complexity, paralogs of cohesin components (sections 1.2.2 & 1.3) indicate 
non-redundant functions between the alternate complexes. The Stag paralogs 
in particular demonstrate this. Although homologous in structure, studies in 
numerous developmental and cancer systems emphasise Stags importance in 
both regulating cell fate and their inability to compensate for loss of their sister 
paralog. Despite the breadth of current literature, there is little concordance in 
how cohesin-Stag1/2/3 complexes may differentially affect cell fate. 

To begin this investigation, I examined expression levels of cohesin subunits in 
naïve and primed pluripotent cells using an established in vitro murine embryonic 
stem cell (ES) to Epiblast-Like Cell (EpiLC) commitment model (section 1.1.2, 
figure 1) (Hayashi and Surani, 2009). Here, I found differential expression in 
Stag1 and Stag2 between pluripotent states, with Stag1 being the dominant 
paralog in naïve ES cells. To assess its necessity in maintaining ES fate, I utilised 
Stag1-targeting siRNAs and generated an inducible Stag1 degradation cell line 
by CRISPR-Cas9 technology. Under these conditions, fate maker expression 
was measured by RT-qPCR and immunoblot, while self-renewal potential within 
a heterogeneous pluripotent ES population (serum/LIF-grown) was assessed by 
Alkaline Phosphatase (AP) assay. These knockdown tools also revealed putative 
Stag1 variant proteins with non-overlapping impacts on cell fate decisions, thus 
further adding to the complexity of cohesin-Stag combinations in differentially 
balancing cell fate decisions.

3.1.1 An in vitro model for the studying the stages of pluripotency (naïve vs 
primed) 

The ES and EpiLC commitment model chosen to investigate the roles of cohesin-
Stag in regulating pluripotent transitions has several advantages. First, as it is a 
well-characterised differentiation system, many publicly available datasets exist 
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to support and further develop my findings.  Second, obtaining high numbers of 
cells in both ES and EpiLC states is easily achievable. Third, the model can be 
expanded beyond the EpiLC state towards the Primordial Germ Cell-like lineage 
(PGCLC) (Hayashi et al. 2011), or into Epiblast Stem Cells (EpiSCs) (Tesar et 
al. 2007), giving a wider breath to study cohesin-Stag complexes in commitment 
stages. 

To maintain naïve-state pluripotency, male E14 murine ES cells, which I refer 
to a wild-type (WT), were cultured in the presence of small molecule inhibitors 
PD0325901 and  CHIR99021 (collectively referred to as ‘2i’), as first set out by 
Ying et al., 2008 (figures 1 & 8a; section 1.1.2). The cells were also supplemented 
with the Leukaemia Inhibitory Factor (LIF) cytokine (Williams et al., 1988). 
Collectively, these culture conditions (here referred to as 2i/LIF) maintain a 
homogeneously naïve ground state of pluripotency, characterised by universal 
biallelic Nanog expression, genome-wide hypomethylation, and a permissive 
chromatin structure (Silva et al., 2009; Marks et al., 2012; Miyanari and Torres-
Padilla, 2012). Upon reaching confluence, ES cells were induced into EpiLC 
by removing 2i/LIF and supplementing media with bFGF and Activin A growth 
factors. This transition of naïve to primed pluripotency is marked by morphological 
change from uniform domed ES colonies to a flat monolayer growth (figure 1 & 
8a). Successful commitment to EpiLC fate was confirmed by RT-qPCR of the 
core pluripotent factor Nanog and the epiblast marker Dnmt3b (figure 8b) which 
are rapidly down-regulated and up-regulated, respectively, upon EpiLC induction 
(Murakami et al., 2016). 

As an additional model for investigating cohesin in fate decisions, ES cells were 
also cultured in serum-based ES media supplemented with LIF (referred to as 
serum/LIF) (section 1.1.2). Compared to ES (2i/LIF), ES (serum/LIF) cells exist in 
a dynamic continuum that ranges between naïve to primed pluripotent states, thus 
causing greater heterogeneity for commitment potential within the population. This 
heterogeneity is emphasised by mosaic single cell expression of core pluripotent 
factors, as determined by single cell RNA-seq, immunofluorescence, and flow 
cytometry of reporter cell lines (Marks et al., 2012; Kalkan et al., 2017; Hackett 
and Surani, 2014). Thus, on a population level, mRNA and protein expression of 
naïve pluripotent markers is reduced compared to ES (2i/LIF) cells (Miyanari and 
Torres-Padilla, 2012). ES (serum/LIF) cells also display a marked difference in 
morphology compared to ES (2i/LIF) cell colonies (figure 1 & 8a). Consequently, 
ES (serum/LIF) cell culture has the advantage of measuring changes in the 
balance of pluripotent and commitment potential when cells are exposed to 
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different conditions. 
 

3.1.2 Stag1 and Stag2 expression are dynamic between pluripotent states

To initially assess if cohesin has a functional role in EpiLC commitment, total 
RNA and Whole Cell Extract (WCE) protein was isolated from ES (2i/LIF) cells 
and EpiLCs grown in Activin A and bFGF for 24 and 48 hours (EpiLC24h and 
EpiLC48h). This material was assayed by RT-qPCR and immunoblot using a 
range of primer pairs and epitope-targeting antibodies (figure 9a) (see methods 
section 2.6 and table 5) to evaluate change in expression of cohesin subunits 
and its regulatory proteins. Analysis in figure 9b demonstrates that while the 
core cohesin ring (Smc1a, Smc3 and Rad21) remained relatively constant in the 
mRNA level between ES and EpiLC states, several cohesin regulatory proteins 
were down-regulated (Pds5a and Wapl) and up-regulated (Nipbl, Mau2, Esco1). 
Notably, on the mRNA of Stag1 and Stag2 paralogs showed a consistent ~50% 
down-regulation and ~2-fold up-regulation, respectively, between naïve and 

Naïve/Grounded pluripotent
ES (2i/LIF)

Primed/Committed pluripotent
EpiLC 48hEpiLC 24h

0

0.05

0.1

0.15

0.2

0.25

Dnmt3b
0.00

0.10

0.20

0.30

0.40

Nanog
0

0.02

0.04

0.06

0.08

0.1

Dppa3
0.00

0.04

0.08

0.12

0.16

Dnmt3a

b)

Heterogeneous
ES (serum/LIF)

Figure8 An in vitro model of murine pluripotent states and early commitment. a) Above: 
differentiation schematic of ‘naïve’ or ‘grounded’ ES (2i/LIF) state transitioning to ‘primed’ or 
‘committed’ EpiLC state upon removal of 2i/LIF and supplementation with Activin A and bFGF. 
Below: representative brightfield images of the different pluripotent states. Double-headed arrow 
indicates interconversion between heterogeneous and naïve states through changing cell culture 
conditions, while single-headed arrow shows unidirectional differentiation. b) RT-qPCR expression 
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primed (EpiLC48h) state. This was observed over three biological replicates and 
with three different primer pairs. Immunoblots of Stag1 and Stag2 were performed 
with paralog-specific antibodies recognising different N- and C-terminal epitopes 
(figure 9a; see methods section 2.20 and table 6). The housekeeping gene 
α-Tubulin was also probed for in each immunoblot to act as a loading control. All 
antibodies tested revealed a similar trend in reduced Stag1 and increased Stag2 
protein levels during naïve to primed transition (figure 9c). Using ImageJ software, 
immunoblots were quantified by densitometry for difference in protein abundance 
between ES and EpiLC states (figure 9d). The signal intensity of each band 
was normalised against its corresponding α-Tubulin band (see methods 2.20). 
Quantification of the core cohesin ring revealed a relatively stable level between ES 
(2i/LIF) and EpiLC conditions, with reductions of 15% and 22% Smc3 and Rad21 
EpiLC48 signal compared to ES (2i/LIF). The cohesin regulatory protein CTCF 
showed 1.46-fold protein increase in EpiLC48h compared to ES (2i/LIF). This was 
surprising as RT-qPCR analysis suggested CTCF is relatively unchanged between 
ES (2i/LIF) and EpiLC48h. This disparity could suggest post-transcriptional 
regulation  of these proteins. To strengthen the result, biological replicates of 
CTCF immunoblots are needed. Similar to RT-qPCR trends, immunoblots reveal 
a 40% and 44% reduction in Stag1 signal between naïve and primed states when 
N- and C-terminal recognising antibodies (table 5) were quantified, respectively. 
Strikingly, differences in Stag2 abundance between the pluripotent states was 
more pronounced as EpiLC48h protein levels were between 5-7-fold greater than 
that of ES (2i/LIF). Immunoblot analysis of more heterogeneously pluripotent ES 
(serum/LIF) cells also demonstrated considerably reduced (48% lower) Stag1 
and increased (2.7-fold higher) Stag2 levels compared to ES (2i/LIF), suggesting 
that high Stag1 expression may be associated with naïve state pluripotency. 
This result has since been recapitulated by Cuadrado et al., (2019). Moreover, 
evidence has also been put forward for Stag1 being more expressed than Stag2 
in Xenopus egg extracts (Losada et al., 2000) and Stag2 being the more abundant 
paralog in multiple terminally differentiated human cell lines (Holzmann et al., 
2011; Kojic et al., 2018). This therefore suggests expression change in Stag1/2 
paralogs during early commitment is conserved between divergent species.

To further corroborate Stag dynamics in pluripotent transitions, I downloaded and 
analysed published Illumina RNA-seq data (taken as counts per million reads) 
from ES (2i/LIF) (time point 0h) and EpiLCs, where the latter were harvested 
at regular intervals up to 48h post-induction (Yang et al., 2018) (Figure 10). To 
enable comparison of mRNA expression between the time points and between 
genes, each library was normalised for its sequencing depth and each gene was 
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normalised for the length of its canonical mRNA transcript (see methods section 
2.8). Transcriptome analysis of the core cohesin subunits over these commitment 
time points revealed that, with the exception of Rad21, transcript abundance 
remains relatively unchanged between 0h, 24h, and 48h time-points. CTCF also 
showed a modest (1.3-fold) increase.

Interestingly, rapid amplification of Rad21 (1.6 fold) is observed after 6h 
treatment with Activin A and bFGF before returning to levels comparable to the 
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Figure9 Cohesin regulators are differentially expressed between pluripotent states. a) Schematic 
of Stag1/2 protein with AT-Hook and CES domains labelled. Annotated are the epitope regions 
for N- and C-terminal epitopes for Stag1/2 antibodes. b) RT-qPCR of cohesin subunit, cohesin 
regulators and CTCF mRNA expression between ES (2i/LIF) and EpiLC 48h timepoints. Bar 
chart represents fold change in Ct values of EpiLC 48h mRNA expression compared to ES (2i/
LIF). Multiple primer pairs for different genes were tested on 3 biological repeats. c) Immunoblots 
of Whole Cell Extract from pluripotent (ES/EpiLC) and terminally differentiated (MEF) cells 
measuring protein levels of cohesin and its regulators tested in (b). Stag1 and Stag2 were probed 
with multiple antibodies targeting different epitopes, shown in (a). β-Actin was probed to act 
as a loading control. c) Densitometry of protein expression changes observed in (b). Protein 
immunoblot intensity was normalised to β-Actin  and expression fold change was measured 
against ES (2i/LIF). Analysis was performed using ImageJ software.
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0h ES state by 24h, and dropping further by 48h. Rad21 expression change 
was mirrored in a second analysed RNA-seq data set (Du et al., 2018 data not 
shown), suggesting that the phenomenon is not technical. Despite the initial 
increase in Rad21 transcript, however, both datasets show expression of Smc3 
and Smc1a mRNA levels remain constant during this time, suggesting that the 
overall abundance of the cohesin complex (requiring a 1:1:1 stoichiometry of 
Smc3:Smc1a:Rad21) remains unchanged. As I did not assay cohesin changes 
after acute (6h) EpiLC induction, my results cannot corroborate this early RNA-
seq time point. Nonetheless, immunoblotting Rad21 at EpiLC24h and 48h does 
not reveal obvious changes (figure 9c), suggesting Rad21 protein levels remain 
stable. 

In contrast to the core ring, cohesin regulators undergo expression changes 
within the first 48h; this is most notable with the Stag1 and Stag2 paralogs, where 
Stag1’s transcript count decreases by 40% while Stag2’s count increases 2.45-
fold. These changes are similar to those observed in the RT-qPCR assay (figure 
9b), and again suggest Stag2 expression change is greater than that of Stag1. 
Indeed, by EpiLC12h, Stag2 replaces Stag1 as the most abundant Stag transcript 
species. 

Although the Stag1/2 observation appears robust between RT-qPCR and RNA-
seq experiments, some discrepancies for other cohesin subunits/regulators are 
observed. Notably, RNA-seq shows Rad21’s overall expression decreased 40% 
between ES and EpiLC48h time-points, while RT-qPCR suggest no change 
between these time points. Similarly, there is 1.6-fold increase in Pds5a RNA-seq 
transcript count, whereas RT-qPCR data suggests an opposite trend occurs. A 
possible explanation for these differences is the variability in mRNA expression 
between biological replicates. In support of this argument, while conducting RT-
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Figure10 Independent validation of Stag paralog expression change between pluripotent states 
by published RNA-Seq. RNA-Seq expression of cohesin subunits and CTCF (left) and cohesin 
regulatory proteins (right) taken at timepoints between 0h (2i/LIF ES conditions) and 48h (Activin 
A/bFGF conditions). Transcript counts per million normalised by sequencing depth of each 
timepoint, and by length of each genes canonical transcript. (data obtained from Yang et al. 2018; 
GEO Series: GSE117896). 
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qPCR I observed minimal variation in mRNA fold change between technical 
replicates, but found relatively broad variation between biological replicate cDNA 
samples. Such variation is evidenced by the wide error bars observed from RT-
qPCR of some of the gene primer pairs (figure 9b); this is particularly apparent 
for Rad21. Indeed, even Stag2, which demonstrated consistent fold change 
using three separate primer pairs, showed wide variability in expression between 
biological replicates, as seen by their large error bars. Given that all cells were WT 
and cultured in the same conditions, it is surprising there is such variation. These 
experiments were performed at the early stages of the project and so a possible 
cause for variation could be technical owing to my initial lack of experience. 

Altogether, despite some discrepancies between RT-qPCR and RNA-seq 
analysis, mRNA and protein results show that the abundance of the core cohesin 
ring remain relatively constant between pluripotent states, while the expression 
of the proteins that regulate cohesin’s ability to associate and dissociate on 
chromatin, and localise to specific chromatin regions change. The most consistent 
expression changes during naïve to primed transition was observed with the Stag 
paralogs. Here, Stag1 and Stag2 displayed up-regulation and down-regulation, 
respectively, on both mRNA and protein level. Given the robustness of this result, 
as well as similar observations being reported elsewhere (Losada et al., 2000; 
Cuadrado et al., 2019), this could suggest Stag paralogs have a role in balancing 
naïve and primed fate decisions. Supporting this, genetic disruption of Stag 
paralogs has been shown to affect cell identity in both stem cell and cancer cell 
lines (section 1.3) (Waldmann, 2019). Stag2 is reported to be the most abundant 
paralog in multiple terminally differentiated cell lines (Holzmann et al., 2011; Kojic 
et al., 2018; Cuadrado et al., 2019; Holzmann et al., 2019). Consequently, this 
may suggest high Stag1 levels are required for maintaining a naïve pluripotent 
fate. As a result, this project was henceforth centred on evaluating the functional 
importance of Stag proteins in early fate decisions.  

3.1.3 Stag1 and Stag2 expression dynamics occur in G1 phase and on 
chromatin

Cohesin carries out a myriad of functions throughout the cell cycle. Given our 
interest is in cohesins G1 genome organisation functions, I investigated whether 
changes in levels of Stag1 and Stag2 exist in G1 populations and on chromatin. 

First, Hoechst-labeled ES and EpiLC cells were sorted using Fluorescence 
Activated Cell Sorting (FACS) to collect cells enriched in the G1 and G2 stages 
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of the cell cycle from both ES (2i/LIF) and EpiLC48h (methods section 2.21) 
(figure 11a). Stag paralog protein levels were then assessed in each of the sorted 
populations. WCE immunoblotting showed a decrease in expression of Stag1 
between the G1 phases of ES cells and EpiLCs (figure 11b), reflecting the result 
seen in unsorted western blots (figure 9c). The Stag2 expression change was 
less clear. To resolve this, the signal intensities were quantified by densitometry 
analysis, which confirmed Stag1 expression in G1 and G2/M cells reduced by 76% 
and 53%, respectively, between ES and EpiLC samples (figure 11c). In contrast 
to the WCE blot, G1 Stag2 levels decreased by 22% between ES and EpiLC. 
Indeed, comparing Stag2 expression between the pluripotent states reveals no 
clear change in protein abundance. Given the weak signal of the loading control, 
I considered the quantification analysis could be inaccurate. In support of this, 
WCE and fractionated immunoblots consistently demonstrated an increase in 
Stag2 signal over differentiation. Thus, to further clarify the cell cycle result, 
additional biological repeats are needed. Nonetheless, Stag1 expression does 
at least follow the expected trend of reduction between pluripotent transition, and 
this occurs both in G1 and G2/M phases. This suggests that Stag expression 
change is not limited to a specific phase of the cell cycle. 

Next, I assessed whether the changes in Stag protein levels exist on chromatin, 
where Stags have functional impact on genome organisation. Protein extracts of 
ES (2i/LIF) cells and EpiLCs were separated into cytoplasmic, nucleoplasmic, 
and chromatin-bound fractions using a previously described pluripotent cell 
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fractionation protocol (Beringer et al., 2016) (see methods section 2.17). Antibodies 
recognising α-Tubulin and Histone H3 were used as loading controls and to confirm 
purity of the cytoplasmic and chromatin fractions. Here, the fractions were probed 
with Stag1/2 and Smc3 (cohesin) antibodies. As shown in figure 12a, Stag1/2 
were predominantly localised on chromatin, with a weaker signal band within the 
cytoplasm; Smc3 appeared to have a more equal ratio of cytoplasm-to-nuclear 
distribution. Stag1 and Stag2-targeting antibodies confirmed the WCE result 
showing the level of Stag1 reduces during ES transitions while Stag2 increases. 
Quantifying the signal intensity of these bands revealed the expression trends 
occur in both cytoplasmic and chromatin pools of Stag1/2 (figure 12b). Notably, 
these changes were more pronounced on chromatin than within the cytoplasm. 
This is particularly noticeable with Stag1 where cytoplasmic and chromatin 
abundance reduced by 15% and 42%, respectively, between ES (2i/LIF) and 
EpiLC48h. A similar trend occurred with Stag2, showing 1.67-fold and 1.9-fold 
increased abundance in cytoplasmic and chromatin fractions, respectively. 
Compared to these changes, Smc3 expression remained invariant between ES 
(2i/LIF) and EpiLC48h for both cytoplasmic and chromatin pools. I note Smc3 
levels reduce between ES (2i/LIF) and EpiLC24h, but, as this was not observed 
in the WCE immunoblot, I did not question this phenotype further. Overall, the 
fractionated immunoblot supports initial WCE findings and further demonstrates 
the Stag1/2 expression trend during pluripotent transitions occurs on chromatin, 
where Stag has functional impact on genome organisation. Importantly, Smc3 
levels on chromatin remain constant in ES (2i/LIF) and EpiLC48h samples. 
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Figure12 Stag1/2 are mostly chromatin-bound in naïve 
and primed pluripotency. a) Immunoblot of ES (2i/LiF) 
and EpiLC fractionated protein extracts. Loading controls 
α-Tubulin and Histone H3 were probed for cytoplasmic and 
chromatin fraction purity. b) Densitometry of fractionated 
Stag1/2 and Smc3 signal in cytoplasm and chromatin 
fractions from (a). The fractions were normalised against 
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This indicates that, although overall cohesin abundance on chromatin does not 
change between naïve and primed, the balance of chromatin-bound cohesin-Stag1 
and cohesin-Stag2 shifts. Given that Stag1/2 perform partially non-redundant 
roles in DNA loop formation, this result could imply changes to chromatin topology. 

Finally, I performed immunofluorescence (IF) using commercially available and 
gifted (from A.Losada) antibodies for Stag1 and Stag2 in ES (serum/LIF) cells 
(see methods sections 2.22 and 2.23). As the cells were treated with Triton-X, 
the signal reflects chromatin-associated proteins. DAPI was used to stain DNA. 
IF images from both paralogs show the expected nuclear staining (figure 13), 
therefore supporting immunoblot observations showing Stag1/2 is localised within 
the nucleus in all pluripotent states.

3.1.4 Stag1 is functionally important for maintaining the ES pluripotent state

Having shown that chromatin-associated Stags change in abundance between 
pluripotent states, we next aimed to investigate whether this phenotype is 
necessary for cell identity. To test this, ES (2i/LIF) cells were subjected to a Stag1 
knockdown using Stag1-targeting SMARTpool (Stag1 SP) siRNA (see methods 
section 2.24, table 7). Following 48h of siRNA treatment, immunoblotting and 
subsequent densitometry showed an 83% reduction in Stag1 protein compared 
to the non-specific scrambled (Scr) siRNA control (figure 14b and 14c). Compared 
to UT, the Scr siRNA also appeared to affect Stag1 levels, reducing expression 
by 29%. However, this change was relatively modest compared to the 88% 
reduction seen between UT and Stag1 SP. Thus, reduced Stag1 expression was 
predominantly due to on-target siRNA depletion of Stag1 mRNA and not caused 

DAPI Stag-AF488 Merge

Figure13 Nuclear localisation of Stag1 and Stag2 by IF. Single plane IF images of TritonX-
permeabilised ES (serum/LIF) cells. DNA indicated by DAPI stain; Stag1 and Stag2 primary 
antibodies were conjugated with secondary AF488 antibody. Images were taken using a 100X 
objective on a Zeiss LSM880 Confocal Microscope .
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by a cellular response to transfection. Importantly, flow cytometry revealed 
little change in the distribution of G1, S-phase and G2/M cell cycle populations 
between Scr and Stag1 KD, with no sign of cell cycle arrest (figure 14a). This 
supports previous observations in HeLa and HCT116 cells showing cell cycle 
progression is still viable with only a single Stag paralog (Canudas and Smith, 
2009; van der Lelij, 2017). Notably, this also suggests that phenotypes observed 
from Stag1 KD are likely the result of impacts to genome organisation and not 
defective SCC. Strengthening the argument, Viny et al., 2019 demonstrated SCC 
is robust to acute changes in Stag levels in HSCs while chromatin looping events 
are more sensitive to altered Stag1/2 levels. Furthermore, several groups report 
Stag mutations in pan-cancers do not result in increased aneuploidy (Welch et 
al., 2012; Balbás-Martínez et al., 2013). 

Strikingly, WCE immunoblotting and densitometry revealed a 65% reduction in 
Nanog protein in Stag1 SP compared to Scr siRNA control conditions  (figure 14b 
and 14c). Interestingly, a 1.36-fold increase in Stag2 protein level was observed 
upon Stag1 knockdown, which may be reflective of a compensatory mechanism, 
or a change in cell fate towards an EpiLC phenotype where Stag2 is the dominant 
paralog.

UT Scr Stag1 SP
Stag1

Stag2

Nanog

Tubulin

Figure14 Stag1 knockdown in pluripotent ES cells reduces the expression of core pluripotent 
factor Nanog. a) Cell cycle profile of UT, scrambled control siRNA treated and Stag1 SP siRNA 
treated ES (2i/LIF) cells. Gates represent G0/G1, S-phase and G2/M phase. b) WCE immunoblot 
of Untreated (UT), 48h Scrambled siRNA (Scr) control and 48h Stag1 SMARTpool (SP) siRNA-
treated ES (2i/LIF) cells. Blot was probed for Stag1/2 paralogs and Nanog protein expression. 
α-Tubulin was also tested as a loading control. c) Densitometry of (b), measuring relative 
expression of Stag1/2 and Nanog under control and Stag1 KD conditions relative to UT. Bands 
were normalised against α-Tubulin signal.
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To gain a global perspective of the effect of Stag1 KD on pluripotency, Dr. Dubravka 
Pezic, a post-doctoral researcher in the lab, performed a transcriptome analysis 
on siRNA-mediated knockdown of Stag1 in ES (serum/LIF) (see methods section 
2.7). Illumina RNA-seq of biological triplicate samples revealed that 756 genes 
were either up- or down-regulated by at least 2-fold (figure 15a). Expression of 
the core cohesin complex subunits (Rad21, Smc3, Smc1a) and CTCF remained 
unchanged upon Stag1 KD, thus suggesting gene expression change from Stag1 
KD was not due to depleted cohesin proteins. Reflecting the western blot result, 
Stag2 displayed a modest fold change increase (<2-fold), which was nonetheless 
significant between the biological repeats. This again supports a notion that 
either Stag2 increases to compensate for loss of Stag1, or Stag2 up-regulation is 
reflective of transitions to primed pluripotency. Notably, naïve pluripotent markers 
(Nanog, Klf2, Klf4, Tcfp2l1, Essrb, Prdm1, Tbx3, and Lefty2) were significantly 
down-regulated, while cell fate markers associated with both exiting pluripotency 
(Dnmt3b, Sall2, Fgf5) and promoting lineage differentiation (Pou3f1, Sox11) 
were significantly upregulated. This change in transcription profile suggested that 
Stag1 expression is important for maintaining a naïve pluripotent state.

Given Stag1 KD caused relatively modest transcriptional changes for individual 
genes, we aimed to assess whether similar trends in expression change were 
common in groups of functionally related genes. To do this, Dr Wazeer Vasally 
(another post-doctoral researcher in the lab) performed Gene Set Enrichment 
Analysis (GSEA)  by comparing our three biological replicate Stag1 KD RNA-
seq transcriptomes against curated naïve or primed pluripotent gene sets to 
(see methods section 2.9). Strikingly, GSEA revealed a enrichment of naïve-
associated and primed-associated genes that were down-regulated and up-
regulated, respectively, in Stag1 KD conditions (figure 15b). Thus, Stag1 KD is 
concomitant with a global gene expression signature of exit from pluripotency 
and enrichment for genes associated with primed pluripotency. 
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Figure15 Stag1 knockdown down-regulates pluripotent fate markers and promotes up-regulation 
of a primed gene expression profile. a) Volcano plot of fold change in RNA-seq measured mRNA 
expression upon Stag1 knockdown (average of 3 biological replicates). Blue vertical and green 
horizontal lines indicate 2-fold change and significance thresholds, respectively. Cohesin genes 
and markers of cell fate are highlighted. b) GSEA showing significantly altered genes in RNA-seq 
Stag1 knockdown overlaid with gene expression signatures of naive and primed pluripotent states. 
Vertical bars refer to individual genes in the gene set and their position reflects the contribution of 
each gene to the NES. NES = Normalised Enrichment Score represents the over (NES>1) and 
under (NES<1) represented gene signature, as determine by the enrichment score curve. Data 
obtained from D.Pezic and W.Varsally.

3.2 CRISPR Generation of an inducible Stag1 degradation cell line
3.2.1 Introduction

Having established Stag1’s expression supports a naïve pluripotent state, I next 
wanted to independently verify these phenotypes. By exploiting CRISPR-Cas9 
technology, I aimed to generate an inducible Stag1 degradation ES cell line. 

Biologically, Clustered Regulatory Inter-Spaced Palindromic Repeats (CRISPR) 
originates from class II CRISPR-Cas systems, and function in bacteria as an 
adaptive immune mechanism against viruses (Barrangou et al., 2007). Briefly, 
CRISPR spacer sequences are integrated into bacterial DNA from viral genomes. 
The RNA transcripts of these sequences (gRNAs) form a dual RNA complex with 
trans-activating gRNA (tracrRNA) and hybridise to bacterial Cas endonucleases. 
gRNA then guides the Cas enzyme to cut at complementary sites within the 
plasmid DNA of invading viruses (Brouns et al., 2008; Garneau et al., 2010). 
Finally, Protospacer-Adjacent Motifs (PAMs) that are universal to each CRISPR-
Cas system and located next to the DNA region targeted for cleavage were 
identified as essential for Cas nuclease activity (Deveau et al., 2008). 

These biological insights paved the way for the Doudna and Charpentier groups 
to harness the specificity of CRISPR-Cas9 endonuclease activity by designing 
gRNAs to target Cas9 cutting at desired regions of the genome (Jinek et al., 
2008). Cell transfection with both CRISPR-Cas9 and DNA sequences (knock-
in inserts) that can be integrated into the cut site by Homology Directed Repair 
(HDR) resulted in a powerful tool for genome editing. Importantly, mutating 
the PAM (NNG) contained within the insert sequence prevents Cas9 from 
cutting again at that site and thus ensures stability of the modified gene. The 
simplicity and flexibility of programming endonucleases in this manner stands 
as a significant advantage over previous iterations of genome editing, such as 
ZFNs and TALENs (Adli, 2018). Increasingly, CRISPR-Cas9 is becoming an 
accessible and highly lucrative tool for both research and wider societal benefit 
(Doudna and Charpentier, 2014). Since the seminal Jinek et al., 2012 publication, 
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there has been a race to optimise and streamline the technology, allowing for 
improved knock-in and knock-out success rates, reduced off-target effects, 
cheaper workable pipelines, and high-throughput cell line generation (Safari et 
al., 2017; Dewari et al., 2018). Despite these advances, however, CRISPR-Cas9 
still presents several challenges. Chiefly, the reliance of CRISPR-Cas9 on the 
host cells ability to perform HDR over Non-homologous End Joining (NHEJ) 
means that successful knock-in events are rare and prone to generating insert 
and deletion (indel) mutations (Yang et al., 2020). The efficiency of CRISPR-
Cas9 therefore depends on multiple factors, including: the HDR rate of the host 
cell line, the accessibility of the target gene for the Cas9-gRNA RNP complex 
to anneal to, the presence of a Protospacer Adjacent Motif (PAM) site and its 
distance relative to the desired insertion site, the size of the knock-in insert, and 
the stability and/or function of the targeted protein once it has been successfully 
modified. 

In this section, I will outline the pipeline I used to generate a fluorescently tagged 
and inducible Stag1 knockdown cell line using the FKBP12F36V-dTAG-13 system. 
First, I will detail how I optimised CRISPR-Cas9 parameters to endogenously 
knock-in a small V5-tag at Stag1’s C-terminal region. Next, I will discuss how I 
scaled up these conditions to knock-in a larger mNeonGreen-V5-FKBP construct. 

3.2.2 Optimising a Knock-in protocol 

As indicated above, I first tested the efficacy of CRISPR-Cas9 in targeting Stag1 
in ES (2i/LIF) cells. V5 is a small tag (14 amino acids), meaning it is easily 
incorporated into the genome and unlikely to affect protein function. In addition, 
although the ultimate goal was to generate an inducible knockdown system, the 
versatility in utilising the V5 as an antibody epitope in downstream techniques (IB, 
IF, IP, ChIP) made it an attractive tag to use. 

The V5 knock-in was performed using a previously described CRISPR-Cas9 
protocol (Dewari et al., 2018, see methods 2.28 and 2.29, summarised in Figure 
16a). Initially, two gRNAs (SA1_1 and SA1_2) (table 8) targeting the 3’ end of 
Stag1’s coding region were designed using the ‘Tag-In’ software tool (http://tagin.
stembio.org/ Dewari et al., 2018). This software was also used to design the 
knock-in insert (table 9), which would result in V5 integration directly upstream of 
Stag1’s STOP codon. To promote HDR, the V5 insert was flanked by 80bp-long 
sequences that were homologous to upstream and downstream of the Stag1 cut 
site (Homology Arm, HA, left and right, respectively). To test the optimal conditions 
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for knock-in efficiency, cells were electroporated with different concentrations of 
either SA1_1 or SA1_2, or with both SA1_1 and SA1_2 together (figure 16b). 
Electroporation was determined to  be successful for transfection of CRISPR 
reagents through the use of an ATTO-555 dye conjugated tracrRNA (figure 17a). 
At d5 post-transfection, ES cells in all conditions had reached confluence. 1x105 
cells were passaged onto coverslips to assess successful knock-in frequency 
by IF with a V5-specific antibody (figure17b). Quantification of V5-positive cells 
within the polyclonal population revealed that both gRNA SA1_2 and gRNA 
SA1_1+SA1_2 had greater knock-in efficiency than gRNA SA1_1 (figure 16b). 
Specificity for gRNA targeting the terminal region of Stag1 was then confirmed 
by extracting gDNA from the remaining cells and Polymerase Chain Reaction 
(PCR) amplifying Stag1’s 3’ region using a primer pair (SW_019/016) specific 
for a Stag1-V5 product (figure17c). Running the amplicons on an agarose gel 
revealed specific bands at the predicted product size (215bp) for all conditions 
tested. 

gRNA tracrRNA/gRNA 
(nMol)

Cas9 
(ug)

KI Frequency (%)

gRNA SA1_1 20nMol 10ug <1%

gRNA SA1_2 20nMol 10ug 7%

gRNA SA1 
1&2

20nMol 10ug 5%

gRNA SA1_1 40nMol 20ug <1%

gRNA SA1_2 40nMol 20ug 5%

Figure16 Initial CRISPR Knock-in of a V5 tag a) Schematic of CRISPR workflow for V5 knock-
in. The gRNA-tracrRNA heteroduplex were annealed to the purified Cas9 and transfected into 
ES (2i/LIF) cells via electroporation. Cells allowed to recover, then sparsely seeded in 15cm 
dish. Confluent colonies were manually picked after ~5days culture and clonally grown in a 96-
well format. Upon reaching confluence, the clones were passaged into two replicate plates. 
An IF using a V5-specific antibody was performed on one plate to identify V5-positive clones. 
The corresponding wells on the replica plate were then expanded and genotyped by Sanger 
sequencing. b) Table 10 Table detailing optimisation conditions tested for Stag1 3’ V5 knock-in 
(KI). KI efficiency was initially assessed prior to sparse seeding by counting V5-positive clones in 
a polyclonal V5 IF.  This served as an estimate for how many colonies had to be manually picked 
to isolate knock-in clones. (>500 counted per condition).

Cas9
+

IF

Expand & Genotype
b)

Polyclonal IF 
(see (b))

a)
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Multiple bands were present in SA1_1 and SA1_1+SA1_2 conditions, suggesting 
the possibility of indel events (figure 17c). Sanger sequencing of the 215bp 
product from SA1_2-electroporated cells displayed successful indel-free knock-
in of the V5 insert into the 3’ end of Stag1.

Having determined the parameters for Stag1 3’ knock-in, the CRISPR experiment 
was repeated using optimised conditions (20nmol gRNA SA1_1 and 20nmol 
gRNA SA1_1&SA1_2) with the aim of isolating a Stag1-V5 clone. Similar knock-
in frequencies were observed as seen in the first experiment (figure 18).  Upon 
reaching confluence, the gRNA SA1_1 ES cells were clonally plated in a 96-well 
plate, which was then split into two identical plates. V5 IF was performed on 
one plate to identify four V5-positive clones (D2, F3, B6, H9), which were then 
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Figure17 Optimisation of Stag1-V5 knock-in 
conditions a) 10X Epifluorescent image of ES 
cells 24h post-nucleofection with ATTO-555 dye-
conjugated tracrRNA. b) IF images of polyclonal 
cells of each condition stained with anti-V5 
followed by an Alexa Fluora 555 secondary 
antibody. Images were obtained using 10X and 
40X objectives on a Brightfield microscope. c) 
Above: Schematic of V5 knock-in at Stag1 3’ coding 
region. PAM NGG mutation is indicated. Below: 
PCR products obtained from SW_019/SW_016 
primer pair. Arrow heads indicate predicted 
Stag1-V5 amplicon size. * = non-specific band.
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expanded from the identical wells of the second plate. PCR amplification was 
this time carried out using a primer pair (SW_040/SW_042) that amplified from 
the end of Stag1 coding region to the 3’ UTR (figure 19b). Correct Stag1-V5 
knock-in would therefore result in a band shift on the agarose gel from 416bp 
(amplicon without the V5 knock-in) to 458bp (amplicon with the V5 knock-in). 
Figure 19a shows doublet amplicon bands for all 4 clones, suggesting all clones 
were either heterozygote for V5 knock-in, or that mixed clonal populations were 
present. Sanger sequencing (figure 19b) and TIDE analysis revealed variation in 
the sizes of PCR bands (marked by arrows) was found to be caused by Cas9-
mediated deletion of the 3’ UTR regions in clone B6’s wildtype allele, and in clone 
H9’s V5 knock-in allele. While B6 and H9 were homogeneous for V5 by IF, both 
D2 and F3 displayed mosaic V5 expression, suggesting mixed clonal populations 
(figure 20a). This was supported both by the fact that their amplicon doublets did 
not display a 1:1 intensity (figure 19a), which would have been indicative of a 
heterozygote genotype, and by V5 western blot, showing D2 and F3 had weaker 
V5 signal than B6 and H9 (figure 20b). Consequently, individual clones were re-
selected from the D2 mixed population and expanded. This time, IF displayed 
homogeneous V5 expression within the cell population and PCR displayed a 1:1 
amplicon intensity that together indicates a clonal population with a heterozygote 
WT and V5 knock-in Stag1 allele (figure 21). 

Figure18 Exp2 V5 Knock-
In frequency within 
polyclonal populations . a) 
Immunofluorescence images of 
polyclonal control (-gRNA) and 
knock-in  ES cells. Cells were 
stained with anti-V5 followed by 
an Alexa Fluora 555 secondary 
antibody. Images were taken 
using a 40X and 63X objective on 
a confocal microscope. b) Table 
11 Frequency of V5 knockin 
within polyclonal populations, as 
assessed from counting stained 
cells in (a). 

DAPI V5-AF555 Merge

C
on

tro
l

S
A

1_
1

S
A

1_
1&

2

CRISPR Sample KI Count KI Frequency (%)

gRNA SA1_2 96/1532 6.3%

gRNA SA1 1&2 138/1555 8.9%
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D2 F3 B6 H9 -gRNA WT 

250bp

300bp

350bp
400bp
450bp
500bp

600bp

700bp

SW_040/SW_042
STAG1 V5 KI CLONES Control CLONES

a)

b)

Figure19 Genotyping clonal cells for Stag1-V5 knock-in. a) PCR amplicons of Stag1 3’ 
coding region to 3’UTR (primer pair shown in (b)) run on a 1% agarose gel. White and green 
arrow heads represent the predicted size of V5 knock-in (458bp) and WT (410bp) products, 
respectively. All bands were excised and Sanger sequenced.  b) Summary of Sanger sequenced 
PCR bands excised in (a). Sequences are aligned against ‘Query’ representing the predicted 
SW_040/042 amplicon containing V5 knock-in. Dashed box indicates V5 sequence region.

D2 F3 B6 H9 A1

SA1_2-V5 Clones -gRNA Clone

V5

C-term 
Stag1

Tubulin

Nanog

Figure20 Protein expression of 
clonal Stag1-V5 knock-in cells. a) 
Immunofluorescence images of clonal cells, 
stained with anti-V5 and AF555 secondary 
antibodies. Images obtained using a 20X 
objective on a confocal microscope. d) WCE 
immunoblot of selected clones, probed with 
V5-specific antibody and Stag1 C-terminal 
epitope-recognising antibody.

b)DAPI V5-AF555 Merge

D2

F3

B6

H9

a)
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3.2.3 Generating a Stag1-mNeonGreen-V5-FKBP12 F36V cell line

Having practiced the workflow and determined optimal conditions for CRISPR-
tagging Stag1 in ES cells, I applied this protocol to generate a cell line with rapid 
inducible degradation of endogenous Stag1 (see methods section 2.28 and 2.30). 

When planning this, several different degradation systems were considered (for 
review, see Ma, 2021; Tallan and Stanton, 2021). Ultimately, I determined to 
use the FKBP12F36V-dTAG system, first developed by Nabet et al., 2018 (figure 
22). FKBP are a conserved family of cytosolic prolyl isomerases that catalyse 
interconversion between prolyl cis/trans conformations. Notably, FKBP12 binds 
to and activates immunosuppressive drugs FK506 (hence FKBP’s nomenclature- 
FK506 Binding Proteins) and rapamycin (Harrison and Stein, 1990). Point 
mutation of FKBP12WT to FKBP12F36V was found to alter the proteins interface 
and present a potent binding site for several chemical ligands, including dTAG-
13 (hereafter referred to as ‘dTAG’) (Clackson et al., 1998; Nabet et al., 2018). 
dTAG is a heterobifunctional degrader that acts as a linker between the target 
protein and Cereblon, which recruits the E3 ubiquitin ligase complex (Gu et 
al., 2018). Resultantly, this causes swift and selective degradation of the dTAG 
target proteins (FKBP12F36V-tagged proteins). Several groups have demonstrated 
efficacy of the FKBP12F36V system. Notably, Nabet et al. show a ~50% reduction 
in FKBP12F36V-tagged Nanoluciferase protein after 20mins and complete ablation 
after 1h dTAG treatment. Importantly, the ability for dTAG to degrade chromatin 
accessibility regulators has been demonstrated by generation of FKBP12F36V-
tagged SMARCA4 in HAP1 cells (Schick et al., 2021). Further, Lui et al., 2021 
provide evidence for the suitability of this system in murine ES cells by inducing 
knockdown of FKBP12F36V-tagged Nanog. Combined, this makes the FKBP12F36V-

MergeDAPI V5-AF555

A3

C1

Figure21 Validating homozygosity of Stag1-V5 in re-selected D2 sub-clones. 
Immunofluorescent images of re-selected clones taken from the mixed D2 clonal 
population. Images taken using a 40X objective on a confocal microscope.
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dTAG system a suitable model for Stag1 knockdown in ES cells. 

Compared to other methods of knockdown, FKBP12F36V-dTAG has additional 
advantages. Firstly, dTAG is considerably less toxic than siRNA-mediated 
knockdown. Secondly, direct protein degradation by dTAG is faster acting than 
siRNA knockdown of mRNA and subsequent depletion of protein, thus allowing 
us to measure phenotypes after acute degradation (hours) of Stag1. In addition, 
the cheapness of dTAG makes it much more cost-effective than siRNA-based 
methods, particularly when growing large quantities of cells, or generating in vivo 
models. dTAG’s mechanism of action is also an attractive system compared to 
other CRISPR-based methods, such as the Auxin-Inducible Degron (AID) model. 
Here, cells require both knock-in of a mAID tag to the target gene and integration 
of an Oryza sativa TIR1 (OsTiR) gene with a constitutively expressed promoter. In 
the presence of auxin, OsTIR1 forms an active SCFOsTIR1 E3 ligase complex and 
poly-ubiquitinates mAID, thereby targeting AID-tagged proteins for proteasomal-
mediated degradation. Although this system has been successfully used to study 
the degradation of cohesin proteins and CTCF (Natsume et al., 2016; Roa et al., 
2017a; Nora et al., 2017), generating the cell line is more demanding on the cells 
as two separate modifications are required (knock-in of mAID and the OsTIR1). It 
has also been reported that OsTIR1 is weakly active without the addition of auxin, 
thus causing ‘leaky’ depletion of the target protein in untreated cells (Natsume et 
al., 2016; Saito and Kanemaki, 2021). 

When designing the knock-in construct, a fluorescent tag upstream of the FKBP12 
sequence was included. This has the advantage of firstly isolating successful 
knock-in events by FACS and secondly increasing the range of downstream 
experiments the cells can be used for, such as live cell imaging. We chose to 
use the mNeonGreen (mNG) fluorescent tag owing to the brightness of the 

Target 
Protein FKBP dTAG

Crbn

dTAG

Ddb1

Cul4a

Rbx1
E2Ub

Figure22 Schematic of the FKBP-dTAG system. The target 
protein is CRISPR-tagged with a modified FKBP, which provides 
a binding pocket for the heterobifunctional degrader (dTAG). 
dTAG recruits Cereblon (Crbn) via a different binding interface. 
This results in the recruitment of the E3 ligase complex and 
subsequent ubiqutination and degradation of the target protein. 
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fluorophore (figure 23a). To prevent the bulky mNG from sterically hindering 
Stag1’s C-terminal region (and hence reduce the possibility of the knock-in 
construct impacting Stag1 function), a flexible linker peptide was incorporated 
between the two. A V5 sequence was also inserted between mNG and FKBP 
to 1) act as a flexible linker peptide between the two more steric proteins and 
2) be used as a useful epitope in immunofluorescence and immunoblotting. In 
summary, the sequence to be knocked in to the 3’ end of Stag1’s coding region 
is: mNeonGreen-V5-FKBP12F36V (here after referred to as mNG-V5-FKBP) (figure 
23b, table 9). This peptide has a molecular weight of 42kDa, thus increasing 
Stag1’s molecular weight to 186kDa. 

ATACTGCTGCATTTTTAAAATCTATACTTTATATACAAGCCAGATTCTCGTTCTCCTTTTAA
ATTTAACTAAATGTTTCTACATGTTTATGTACTGTCAAAAATGCTAGCTATTAGTACAGTTT
TTCTCACAGGAACAATAATTAAATGATTCTCTTTTCAGCCCCCATCAAGAAATCGCCGAG
AGAGAGCTGAGCTAAGGCCAGACTTCTTTGACTCTGCAGCTATCATAGAAGATGATTC
AGTAAATATCAAATCATTACTGCTTTTTATTTATAGTTTCTTGGCCCTGGAATATATACAAT
AATTGTACTTCTCGTTTTTTCTAGGGATTTGGAATGTCTATGTTCGACCCAGCTTTCTTGT
ACAAAGTGGTTCGATCTAGAATGGTGAGCAAGGGCGAGGAGGATAACATGGCCTCTCT
CCCAGCGACACATGAGTTACACATCTTTGGCTCCATCAACGGTGTGGACTTTGACATGG
TGGGTCAGGGCACCGGCAATCCAAATGATGGTTATGAGGAGTTAAACCTGAAGTCCACC
AAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCATATCGGGTATGGCTTCCA
TCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTCCAGGCCGCCATGGTAGATGGC
TCCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTTACTGTTAA
CTACCGCTACACCTACGAGGGAAGCCACATCAAAGGAGAGGCCCAGGTGAAGGGGACT
GGTTTCCCTGCTGACGGTCCTGTGATGACCAACTCGCTGACCGCTGCGGACTGGTGCA
GGTCGAAGAAGACTTACCCCAACGACAAAACCATCATCAGTACCTTTAAGTGGAGTTAC
ACCACTGGAAATGGCAAGCGCTACCGGAGCACTGCGCGGACCACCTACACCTTTGCCA
AGCCAATGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAAGACGGA
GCTCAAGCACTCCAAGACCGAGCTCAACTTCAAGGAGTGGCAAAAGGCCTTTACCGATG
TGATGGGCATGGACGAGCTGTACAAGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC
GATTCTACGGGAGTGCAGGTGGAAACCATCAGCCCCGGCGACGGCAGGACCTTCCCCA
AGAGGGGCCAGACCTGCGTGGTGCACTACACCGGGATGCTTGAAGATGGAAAGAAAGT
TGATTCCTCCCGGGACAGAAACAAGCCCTTTAAGTTTATGCTAGGCAAGCAGGAGGTGA
TCCGAGGCTGGGAAGAAGGGGTTGCCCAGATGAGTGTGGGTCAGAGAGCCAAACTGAC
TATATCTCCAGATTATGCCTATGGTGCCACTGGGCACCCAGGCATCATCCCACCACATG
CCACTCTCGTCTTCGATGTGGAGCTTCTAAAACTGGAATGAAGTCTGAAGAAAATTTACA
AATCTGGAACTCTATTATTTAGAGCTAGAGGCCTATATACTGTGATAGCTTGTATGGGGG
AAGAAACGCTTTTGATGTGATCGGGTTTGTTTTGTAATCAAATGATTAAAGGTTGGTCCC
TTTTGCAGTGACAGAGCAGCATGTCAGTCACCCATGGAAATGTTGGTGAATGTCACCTC
GGAAAGACTGACCAAAAAAATCATTTGTACTCTAATGTTGGACTTATCTCAGTACAGATG
TGTGTGTGTTTTTCTGAAAGGAGGAAGATATTTTAAATTTTTAAAACAGCTGTC

a) c)

b)

Figure23 Stag1-mNG-V5-FKBP insert design. a) Scatter chart of monomer fluorophores. Arrow 
indicates the mNeonGreen. Chart was obtained from fpbase.org b) Full 5’-3’ mNeonGreen-V5-
FKBP12F36V insert sequence, including Homology Arms (HA) Left (3’ Stag1 intron/exon region) 
and Right (Stag1 3’ UTR) and PAM mutation. c) High copy Amp-resistant plasmid containing the 
Stag1-mNG-V5-FKBP insert. A recognition cut-site for restriction enzyme BamHI was inserted at 
the end of the sequence. The construct was designed in SnapGene.
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It has been reported that knock-in of larger inserts require longer homology arms 
for reasonable rates of successful HDR (Baker et al., 2017; Dewari et al., 2018). 
Due to the size of the final knock-in sequence, we therefore increased the length 
of each homology arm to 350bp (figure 23b). The final construct was integrated 
into a high copy ampicillin-resistant plasmid (figure 23c), expanded in competent 
cells, purified, and linearised using a BamHI restriction cut site (see methods 
section 2.27). 

In general, studies have observed diminishing knock-in efficiency with larger 
constructs (Dewari et al., 2018), thus the number of Stag1mNG-V5-FKBP knock-in 
events was expected to be considerably lower than V5-tagging. To maximise the 
chance of obtaining a knock-in clone, the CRISPR reagents were scaled up from 
the V5-tagging protocol to use 2.2ul SA1_2 gRNA and 2.2ul tracrRNA (100uM), 
20ug Cas9, and 600ng of purified insert per transfection of 80,000 cells (see 
methods section 2.28). To test whether the mode of insert delivery into the cell 
impacted knock-in success, cells were transfected with both linearised plasmid 
and purified insert that had been PCR amplified off of the plasmid template (figure 
25). Having the fluorophore tag enabled selection of bulk knock-in cells through 
FACS (workflow summarised in figure 24, see methods section 2.30). 

Recover

Figure24 Schematic of CRISPR workflow for mNG-V5-FKBP 
knock-in. As with V5 knockin, the gRNA-tracrRNA-Cas9 RNP was 
electroporated into cells. This time, after 5 days, the cells were sorted 
for mNG+ by FACs. To improve purity and enhance chance of isolating 
homozygote KI clones, multiple rounds of FACs were performed prior 
to single colony picking and passaging into replicate plates. This time, 
positive clones were detected by PCR genotyping. Colonies free of 
large indels were then expanded from the corresponding wells of the 
replica plate. 

Cas9

+

Linearised plasmid / 
PCR amplicon insert

Genotype

Expand & Genotype

x3
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At d5 post-transfection, the cells had reached confluence and knock-in was 
assessed by FACS. Figure 26a shows a subpopulation of mNG+ cells with 
both linearised plasmid and PCR amplified insert displaying a similar knock-
in efficiency of 0.25% and 0.29% of total population, respectively. mNG+ cells 
were sorted from the bulk population from each condition and pooled together. 
Once recovered, WCE from the sorted cells was immunoblotted for Stag1 using 
an N-terminal recognising antibody (Ab4455). Figure 26b shows a band at the 
predicted size of Stag1-mNG-V5-FKBP (kDa) specific to the mNG+ sample, 
however its signal was significantly weaker than the WT Stag1 band. 

To further purify an mNG+ population, the cells were sorted a second time (figure 
27a). Enrichment of Stag1mNG-V5-FKBP within the bulk population was confirmed 
by improved signal intensity of the knock-in Stag1 band compared to WT band 
(figure 27b). The specificity of the knock-in Stag1 band was also confirmed by 
immunoblotting for V5, which produced a strong band of the same molecular 
weight.

1 12 2 M13 PCR
-BamHI +BamHI

3kb

4kb

6kb

1.5kb

2kb

Figure25 Preparation of mNG-V5-FKBP insert fragment. 0.8% agarose gels show: Left- circular 
(-BamHI) and linearised (+BamHI) contruct depicted in figure 23c, Right- mNG-V5-FKBP insert 
fragment PCR amplified off of the construct using universal M13 FWD/REV primers. Both 
linearised plasmid and PCR-amplified insert were tested for knock-in efficiency. 

-gRNA
 Control

mNG+
sorted

Stag1

Tubulin

-gRNA Control PCR InsertLinearised Insert

250kDa

150kDa

Figure26 Identifying mNeonGreen-positive 
ES cells (FACS#1) a) FACS profile of control 
nucleofected ES cells with linearised construct 
and PCR-amplified mNG-V5-FKBP. mNeonGreen-
positive (mNG+) cells were sorted from the 
bulk population and pooled together b) WCE 
immunoblot of –gRNA control and mNG+ sorted 
cells. Arrow head indicates the expected size of 
Stag1mNG-V5-FKBP. 

a)

b)

mNG+ 
0%

mNG+ 
0.25%

mNG+ 
0.29%
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The newly sorted cells were then sparsely seeded, clonally picked and passaged 
into two identical 96-well plates, as in section 3.2.2. gDNA was crudely extracted 
from one of the plates (see methods section 2.28) and clones containing 
homozygote and heterozygote Stag1mNG-V5-FKBP alleles were identified by PCR 
using a forward and reverse primer pair annealing to the left and right homology 
arms, respectively (figure 28a). Figure 28b revealed several clones produced no 
PCR product when run on an agarose gel, likely due to insufficient or contaminated 
gDNA caused by the ‘crude gDNA’ extraction protocol. Overall, 45 out of 96 
clones presented a homozygote Stag1mNG-V5-FKBP banding profile without any 
obvious indels. To ensure the insert was not randomly integrated into a non-
specific region of the genome, the gDNA from homozygote clones underwent 
further PCR using primer pairs that amplify from Stag1 upstream of homology 
arm left to the V5 sequence (SW_077/016) and from the V5 sequence to Stag1 
3’UTR downstream of homology arm right (SW_027/076) (figure 28a, 28c). Of 
the clones tested C2, J2, I2 and C6 displayed indels with the SW_077/016 primer 
pair. Immunoblotting for Stag1 using WCE from the remaining cells revealed 
clones C4 and J8 exclusively expressed Stag1mNG-V5-FKBP while K4, K5 and 
H3 were heterozygote for WT and knock-in Stag1 (figure 29). Both C4 and J8 
expressed low protein levels of Stag1 relative to the WT control. This may in part 
be due to the knock-in reducing Stag1 protein stability, however, given that the 
knock-in band from the heterozygote H3 clone displayed strong signal intensity, 
this seemed unlikely.

-gRNA 
Control

mNG+
Re-sorted

Stag1

V5

Histone H3

250kDa

150kDa

150kDa

Figure27 Purifying an mNeonGreen-positive population (FACS#2) a) FACS profile of post-
FACS#1 cells using the same gating as FACS#1. PCR-amplified and linearised vector inserts 
were combined after FACS#1 to aid recovery. b) WCE immunoblot of –gRNA control and post-
FACS#2 mNeonGreen-sorted cells. Arrow head indicates the expected size of Stag1mNG-V5-FKBP

a) b)
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B7
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A1 A2 A3 A4 A5 B4B2B1A8A7A6 B3 B5 G5G6 G7G8 H1 H3H4 H5H6 H7H8 I1 WT
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a)

b)

c)

Figure28 Genotyping post-FACS#2 clones a) Schematic detailing PCR amplification of Stag1mNG-
V5-FKBP region, both within homology arms and outside homology arms. b) PCR amplicons of 
each clone using SW_040/042 primer pairs (within homology arms). Amplicons were run on a 1% 
agarose gel to estimate frequency of homozygote and heterozygote knock-in. c) PCR amplicons 
of clones using primers annealing upstream/downstream of the knock-in and amplifying into the 
insert.
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Therefore, to obtain a homozygote knock-in clone with Stag1 expression that is 
more representative of the WT control cells, the polyclonal mNG+ cells underwent 
a third round of sorting by FACS; this time only the most mNG+ cells (~2%) 
were collected (figure 30). Of the 18 clones picked, 17 indicated indel-free and 
homozygote Stag1 knock-in PCR bands (figure 31a). RT-qPCR from the cDNA of 
each clone showed all had lower RNA expression of Stag1 and varied expression 
of Stag2 and Nanog compared to WT (figure 31b). Despite this, immunoblotting 
revealed all newly picked clones had greater Stag1 protein expression than clone 
C4, with several clones (A6, A8, B1, B2, B5 and C2) having a similar level of 
expression as the WT ES cells (figure 31c). Notwithstanding its higher mRNA and 
protein levels of Stag2 and Nanog, B1 was determined to be similar to WT ES cells 
in both level of Stag1 expression and cell morphology. Moreover, commitment 
of clone B1 from naïve ES (2i/LIF) to EpiLC revealed reduced mNG intensity 
over differentiation, thus reflecting the Stag1 expression dynamics observed in 
WT ES to EpiLC transition (figure 32a, 32b). Sanger sequencing of SW_040/42, 
SW_077/016 and SW_027/76 amplicons from clone B1 (figure 31a, indicated by 
arrows) and the previously picked clone H3 confirmed that both clones were free 
of indels and were Stag1mNG-V5-FKBP homozygote and heterozygote, respectively 
(figure 33). 

WT C4 K4 K5 J8 H3

Stag1

Tubulin

150kDa

250kDa

Figure29 Stag1mNG-V5-FKBP protein expression in selected clones. WCE of WT and knock-in 
clones from Post-FACS#2 (C4, K4, K5, J8) and Post-FACS#1 (H3). Green and black arrows indicate 
Stag1 knock-in and Stag1 WT protein bands, respectively. Tubulin was probed as a loading control.

-gRNA Control Stag1-mNG-V5-FKBP
Post-FACS#2

Figure30 Enrichment in homozygote ‘Stag1-high’ Stag1-mNeonGreen cells (FACS#3). FACS 
profile  -gRNA control (left) and polyclonal Stag1-mNG-FKBP post-FACS#2 (right). Cells in the 
top 2 percentile of mNeonGreen expression were sorted from the bulk population.

0% 2.26%

mNG mNG
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Figure31 Appraising re-selected Stag1mNG-V5-FKBP clones for Sanger sequencing.  a) PCR 
amplicons from WT, clone C4 (post-FACS#2), and re-selected clones (post-FACS#3) using 
previously validated primer pairs (figure 28a). Arrows indicate bands that were purified from the 
agarose gel and Sanger Sequenced. b) RT-qPCR analysis of indicated mRNAs. Ct values were 
normalised to β-Actin Ct. c) WCE immunoblots of indicated proteins. Tubulin was probed as a 
loading control.  
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3.2.4 Testing Stag1 degradation efficiency with dTAG

While selecting and characterising the chosen B1 clone, efficacy of Stag1 
degradation was tested on clone C4 using 50nM, 250nM and 500nM concentrations 
of dTAG, and varying treatment lengths between 1h and 24h. Figure 34a 
immunoblot shows Stag1mNG-V5-FKBP was acutely and robustly degraded down in 
all tested conditions with no visible Stag1 protein remaining as acutely as 1h after 
dTAG treatment. In culture, there was no sign of cell death in any of the tested 
conditions compared to control cells. A final chosen condition of 500nM 18h dTAG 
was tested on the newly selected B1 cell line to reveal complete degradation of 
Stag1 (figure 34b). From this point further, only the B1 clone Stag1mNG-V5-FKBP cell 
line was used and (unless stated otherwise) degradation was performed with 

B1
H3
WT

Clone Primer Pair Sanger Sequencing Result

B1

SW_077/SW_016 KI amplicon; no indels

SW_040/SW_042 KI amplicon; no indels

SW_027/SW_076 KI amplicon; no indels

H3 (1.5kb Band)

SW_077/SW_016 KI amplicon; no indels

SW_040/SW_042 KI amplicon; no indels

SW_027/SW_076 KI amplicon; no indels

H3 (0.3kb Band)

SW_077/SW_016 No priming

SW_040/SW_042 WT amplicon; no indels

SW_027/SW_076 No priming

WT

SW_077/SW_016 No PCR band

SW_077/SW_076 WT amplicon; no indels

SW_027/SW_076 No PCR band

Figure33 Sanger sequencing Stag1mNG-V5-FKBP 
homozygote clone B1 and heterozygote clone H3. 
a) Alignment of Sanger sequenced SW_040/042, 
SW_077/016 and SW_076/027 amplicons from B1, 
H3 and WT clone (indicated in figure31a) against 
3’ Stag1 and mNG-V5-FKBP sequence. Breaks in 
the filled red arrows show non-alignment. Alignment 
was performed using SnapGene software. b) Table 
12 Summary of sequencing analysis from primer 
amplicons shown in (a).    

a)

b)
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Figure32 Stag1mNG-V5-FKBP clone B1 recapitulates WT Stag1 expression changes upon EpiLC 
induction. a) Histogram of mNeonGreen intensity in ES (2i/LIF) cell and EpiLC populations, 
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500nM dTAG for 18h (see methods section 2.25).   

To ensure that dTAG-mediated degradation of Stag1 was not having unintended 
effects on cell cycle progression, Stag1mNG-V5-FKBP cells treated with DMSO 
control or dTAG for 24h and 48h were stained with Hoechst and analysed by flow 
cytometry. Mirroring immunoblots in figure 34, flow cytometry analysis of mNG 
demonstrates robust loss of signal in Stag1mNG-V5-FKBP dTAG conditions (figure 
35a), while displaying no obvious change in the proportion of cells in G1, S, and 
G2/M-phases (figure 35b).  

I next tested the recovery of Stag1 expression upon dTAG wash-off. Nabet et 
al., (2018) demonstrated a swift recovery of FKBP-tagged Nanoluciferase upon 
removal of the dTAG. After a 6h treatment of 50nM and 500nM, cell media 

a)

Figure34 Testing dTAG efficacy in Stag1 inducible degradation. a) Stag1 immunoblot from WCE 
of WT and Post-FACS#2 clone C4 under different dTAG concentrations and treatment lengths. b) 
Immunoblot of Stag1 in Stag1mNG-V5-FKBP clone B1 after 18h dTAG treatment.
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was aspirated and the cells were washed thoroughly twice with PBS before 
being incubated in fresh media without dTAG. As outlined in the immunoblot in 
figure 36, Stag1mNG-V5-FKBP cells were left to recover for between 2h and 24h. 
Strikingly, none of these conditions resulted in a recovery of Stag1. It is possible 
that the Stag1 gene had become epigenetically silenced, possibly through cell 
fate changes. This however does not seem likely as primed pluripotent cells 
still clearly express Stag1, just to a lesser degree than naïve cells. RT-qPCR 
analysis of Stag1 would resolve this as mRNA expression will still be detectable 
if Stag1 gene is still active. mRNA expression of Stag1 would probably suggest 
that residual dTAG still potently degrades Stag1. If this latter scenario is true, a 
yet lower concentration of dTAG could be required for robust degradation and 
recovery.  In conversation with other groups using the FKBP-dTAG system, they 
had found recovery of their dTAG-targeted protein was only achieved once the 
cells had been thoroughly washed and passaged. However, as our immediate 
uses for the inducible knockdown cell line did not require recovery of Stag1, this 
was not further tested. 

3.2.5 Degradation of Stag1 by dTAG recapitulates the loss of pluripotency 
phenotype

Having assessed the efficacy of dTAG, the Stag1mNG-V5-FKBP cell line was utilised 
to independently verify the loss of naïve pluripotency phenotype observed with 
siRNA-mediated knockdown. 

First, total RNA and whole cell lysate was extracted from Stag1mNG-V5-FKBP cells that 
were treated with DMSO or dTAG for 24h and 48h. As seen in figure 37a, both 
knockdown conditions resulted in reduced mRNA expression of core pluripotent 
markers (Nanog, Dppa3, Tbx3, Oct4). This phenotype was supported on the 
protein level by reduced Nanog expression (figure 37b). Compared to DMSO 
conditions, Nanog protein revealed a 25% and 20% reduction after 24h and 48h 
Stag1 degradation, respectively. Resultantly, this shows Stag1 degradation is 
concomitant with a persistent reduction in protein expression of a core pluripotent 

0h
DMSO dTAG DMSO dTAG DMSO dTAG DMSO dTAGDMSO dTAG DMSO dTAG

2h 4h 6h 12h 24h
Time from dTAG wash-off

50nM

500nM
Stag1

Tubulin

Figure36 Testing Stag1 recovery upon dTAG wash-off. a) Stag1 immunoblot from WCE of DMSO 
and 50nM/500nM dTAG-treated Stag1mNG-V5-FKBP ES (2i/LIF) cells after different lengths of time 
of dTAG wash-off. 
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factor. Importantly, although the expression change is modest, studies have shown 
core pluripotent factors exist in a delicate equilibrium, and even small fluctuations 
to their expression can drive changes in cell identity (Niwa et al., 2000). Although 
lacking biological replicates, it is interesting to note that prolonged dTAG exposure 
(48h) does not appear to have a more pronounced effect on Nanog expression 
than shorter treatments (24h). Indeed, on the mRNA level,  This phenotype may 
reflect the initiation of a compensatory mechanism that works to re-equilibrate 
and maintain pluripotency (Davey and Zandstra, 2006; Muñoz Descalzo et al., 
2013). Owing to the acute nature of the dTAG system in depleting its target 
protein, it is possible that 48h dTAG degradation is capturing a recovery of Nanog 
expression while a greater Nanog reduction in 48h siRNA knockdown is due to 
the delay in siRNA reducing Stag1 protein.  To test this hypothesis, a time course 
of dTAG mediated knockdown could be performed and assayed for changing 
Nanog expression. If the above hypothesis is true, I would expect to see greater 
reduction in Nanog protein after shorter dTAG treatments. 
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Having established Nanog’s sensitivity to Stag1 expression, I next examined 
whether this dependency is mutual. To test this, Stag1mNG-V5-FKBP cells were 
transfected with Nanog-targeting siRNAs for 48h. As a core pluripotent master 
regulator, loss of Nanog is concomitant with re-wiring of the transcriptional 
landscape and exit from pluripotency towards an extraembryonic endoderm 
lineage (Mitsui et al., 2003; Ivanova et al., 2006; Hough et al., 2006). Successful 
Nanog KD was confirmed by RT-qPCR, revealing a significant (p=<0.00005) 
75% reduction in mRNA expression compared to Scr control (figure 38a). Stag1 

expression in Scr and Nanog KD conditions was measured by flow cytometry. 
This experiment was repeated four times and consistently revealed a modest but 
significant reduction (5-10%, p=<0.005) of Stag1 expression, as readout by mNG 
geometric mean (figure 38b and 38c). Cell cycle analysis was not performed; this 
is important to do for ensuring changes to Stag1 expression are not due to altered 
distribution G1, S and G2/M populations. With this caveat in mind, however, I 
interpret the above result to mean high Stag1 expression is intrinsic to the naïve 
pluripotent state.

Finally, to further confirm that Stag1 degradation results in reduced pluripotent 
potential, Stag1mNG-V5-FKBP ground-state naïve ES (2i/LIF) cells were converted to 
the heterogeneous ES (serum/LIF) state and treated with DMSO or dTAG for 18h 
before being stained for Alkaline Phosphatase (AP assay) (see methods section 
2.35). AP catalyses the hydrolysis of phosphate esters and is an established marker 
of pluripotency with its expression levels that correlate to self-renewal capacity 
(O’Connor et al., 2008). This is demonstrated in vivo with high AP expression in 
the pre-implantation ICM, which becomes reduced upon implantation (Štefková 
et al., 2015). Hence, AP staining intensity can be used as a readout for single 
cell pluripotent potential within the population (figure 39a). Upon dTAG treatment, 

0

0.05

0.1

0.15

0.2

0.25

0.3

Nanog

UT Scr siRNA Nanog KD

0

0.05

0.1

0.15

0.2

0.25

0.3

Nanog

**

0.90

0.95

1.00

1.05

Scr Nanog KD

m
N

G
 G

eo
m

et
ric

 M
ea

n 
(F

C
 R

el
. U

T
)

Condition

Scr

Nanog KD

Stag1 Expression with Nanog KD

mNG

C
ou

nt

Figure38 Stag1 expression is sensitive to Nanog knockdown. a) RT-qPCR of Nanog mRNA 
expression in control and Nanog siRNA-treated Stag1mNG-V5-FKBP (2i/LIF) cells b) Histogram of 
mNeonGreen expression under Scr siRNA (red) and Nanog siRNA (blue) knockdown conditions. 
c) mNeonGreen expression (measured as Geometric mean) fold change in control and Nanog 
knockdown conditions compared to UT condition. Biological replicates = 4.

N
or

m
al

is
ed

 m
R

N
A 

E
x.

m
N

G
 M

ea
n 

In
te

ns
ity

 (F
C

. R
el

.U
T)

0.00

0.25

0.50

0.75

1.00

1.25

Scr Nanog KD

FC
 re

l U
T=

1

mNG

Scr Nanog KD

****

a) b) c)

0

0.75

1

1.25
**

0.5

0.25



141

cells were stained for AP dye in a 6-well plate that was subsequently imaged using 
a phase microscope (figure 39a). From these images, the intensity of AP-staining 
was quantified for each condition by ImageJ software. As shown in figure, dTAG 
treatment resulted in a significant (p=<0.05) 50% reduction in dark AP staining 
compared to DMSO control. WT cells were also stained as a negative control 
and showed no change between dTAG and DMSO conditions. Overall, this result 
acts as an orthogonal approach to the previously described RT-qPCR, RNA-seq, 
and immunoblot experiments. Collectively, these experiments provide compelling 
evidence for Stag1 expression in maintaining naïve state pluripotent potential.

3.3 Stag1 exists as canonical and variant proteins in ES cells

While characterising the expression profile and cellular localisation of Stag 
paralogs (sections 3.1.3 & 3.1.4), immunoblots of Stag1 from fractionated ES 
and EpiLC lysates highlighted the presence of multiple chromatin-enriched bands 
below the canonical 150kDa protein (summarised in figure 40). All additional bands 
are sensitive to SMARTpool (SP) siRNA-mediated Stag1 KD and are reduced 
upon transition to EpiLC state. Several additional bands were also degraded in 
dTAG-treated Stag1mNG-V5-FKBP cells. Based on this, we hypothesised Stag1 variant 
proteins exist in the naïve state. 
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Figure39 Stag1 dTAG degradation recapitulates the loss of self-renewal phenotype. a) Schematic 
of AP-stained ES (serum/LIF) cells ranging from dark to light staining. b) Quantification of AP 
colony assay from WT and Stag1mNG-V5-FKBP ES (serum/LIF) cells treated with DMSO or dTAG. 
Barchart represents total dark-to-light cell surface area ratio, and is displayed as a fold change 
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To further explore Stag1 diversity, Dr Dubravka Pezic used multiple methods to 
investigate the presence of putative Stag1 transcript isoforms in ES (2i/LIF) cells. 
Briefly, 5’ and 3’ RACE (Rapid Amplification of cDNA Ends) was first used to 
detect starts and ends of Stag1 mRNAs. This information was applied to amplify 
different Stag1 mRNA transcripts in ES cells, which were then Sanger sequenced 
to reveal splice sites of the different isoforms. Next, as an independent non-
PCR based tool for interrogating Stag1 transcript diversity, long-read PacBio 
RNA IsoSeq was performed on ES RNA. This method uses high-throughput 
single molecule real-time sequencing of RNA transcripts to assemble full-length 
canonical and isoform mature mRNA sequences throughout the transcriptome. 
Finally, newly discovered splice variant mRNAs were corroborated and quantified 
by calculating the frequency of exon splicing in published RNA-seq data using 
VAST-tools, a previously developed computational method (Tapial et al., 2017). 
In total, these approaches identified several putative Stag1 mRNA transcript 
variants (summarised in figure 41). Stag1 variants arise from alternative splicing 
events that result in: 1) N-terminal truncations (collectively ΔN-term) caused by 
late Transcription Start Sites (TSS) at exons 2/3 (Δe2Δe3) or exon 5 (Δe5), 2) 
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Figure40 Evidence of multiple knockdown-sensitive Stag1 isoforms. a) Stag1 immunoblot of ES 
(2i/LIF) and EpiLCs fractionated into cytoplasmic, nucleoplasmic, and chromatin fractions. Blue 
and black arrow heads demarcate canonical and variant Stag1 protein bands, respectively. b) 
Stag1 immunoblot of fractionated WT ES (2i/LIF) cells treated with control ‘Scr’ and Stag1 ‘SP’ 
siRNA (left) and Stag1mNG-V5-FKBP ES (2i/LIF) cells treated with DMSO and dTAG (right). Arrows 
demarcate knockdown-sensitive canonical and variant Stag1 protein as in (a). Loading controls 
Tubulin and Histone H3 were probed for fraction purity.
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Skipping of exon 31 (Δe31), 3) C-terminal truncations (collectively ΔC-term), one 
caused by inclusion of intron 25 (i25) and one by inclusion of an alternative exon 
22 (altex22), that introduce novel STOP codons and result in early Transcription 
Termination Sites (TTS). In addition, a novel ES-specific TSS for the canonical 
Stag1 transcript was uncovered ~50kb upstream of the canonical TSS (referred 
to as ‘SATS’, and previously identified in (Feng et al., 2016)). Variations in the 
3’UTR lengths (a key regulator of transcript stability) were also noted. Importantly, 
PacBio Iso-seq identified the transcript variants to contain putative 3’ poly-A 
tails, thus indicating Stag1 mRNA diversity is translated to the protein level and 
supporting the hypothesis that multiple bands on Stag1 immunoblots correspond 
to putative Stag1 variants.

3.3.1 Identification of Stag1 protein variants by IP-Mass Spectroscopy

As described in section 1.3, Stag proteins non-redundantly influence cohesin 
functions on chromatin through regulating cohesin positioning and stabilisation. 
However, it remains largely unclear: 1) how homologous Stag proteins exert 
different influence on cohesin function, and 2) how only two somatic Stag paralogs 
are able to contribute to distinct genome topologies associated with different cell 
identities. The discovery of Stag1 variants in ES cells may provide answers for 
both of these questions. For example, N- and C-terminals are the least conserved 
regions between Stag paralogs and have been reported to drive non-redundant 
functions (Canudas and Smith, 2009). Thus, truncated variants missing one of 
these terminal ends could represent functionally distinct versions of Stag1. This in 
turn could increase diversity in cohesin-Stag complexes to enhance fine-tuning of 
DNA loop formation. Consequently, identifying these variants and characterising 
their roles of these cell fate decisions is of great interest for this project.

Figure41 Putative Stag1 variant transcripts identified in the pluripotent fate. Schematic depicting 
the alignment of variant ΔN-terminal and ΔC-terminal Stag1 mRNA transcripts, annotated with 
predicted protein molecular weights, against canonical Stag1. Purple box indicates intron retention 
regions. Key structural domains and antibody-binding epitopes are indicated in the canonical 
Stag1 protein above.
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To this end, an ES chromatin co-immunoprecipitation (co-IP) protocol was 
developed to: 1) enrich for and better visualise potential Stag1 variant bands, 2) 
identify variants-specific peptides by mass spectroscopy (MS), and 3) interrogate 
an ES interactome of Stag1 (section 4.5). In order to achieve a strong Stag1 
enrichment, several chromatin extraction and IP conditions were optimised (see 
methods sections 2.18 & 2.26). These are briefly discussed below.

Initially, chromatin lysate was isolated and Stag1 co-IP was performed using a 
previously described protocol (Beringer et al., 2016). Briefly, harvested cells were 
re-suspended in a sucrose-based buffer with mild detergent and incubated on ice 
for 10 minutes, before being homogenised 20 times with a 2ml glass douncer. 
The nuclear pellet was extracted by centrifugation and incubated in a 500mM 
KCl buffer for 30 minutes on ice, then sonicated twice for 10 seconds using a 
probe sonicator. The nucleoplasmic and soluble chromatin-bound supernatant 
was isolated from the centrifuged material, diluted to 300mM KCl and used for 
co-IP. Stag1 co-IP was performed using magnetic DynabeadTM Protein A/G beads 
that were first conjugated to the Stag1 antibody in 300mM KCl buffer for 4 hours 
at 4°C. The beads were washed twice with 300mM buffer and incubated with 
500ug of the nuclear lysate overnight at 4°C. The non-bound flow-through lysate 
was then separated from the beads and retained for analysis. To remove non-
specific proteins, the beads were washed 5 times with 300mM KCl buffer. Boiling 
the beads in 60ul 2X Sample buffer then eluted the bound protein for immunoblot 
analysis. Using this protocol, only a very weak pull down of Stag1 was obtained 
and there was no successful co-IP of cohesin (figure 42). Moreover, the mock 
IP control lane (representing nuclear lysate incubated with beads conjugated 
to IgG peptides from the same species as the Stag1 antibody) was very ‘dirty’, 
suggesting an abundance of non-specific proteins remaining bound to the beads 
after washing. 

Subsequent to this initial co-IP, several parameters were clearly in need of further 
optimisation (summarised in Table 13, see methods section 2.18 & 2.26 for final 
protocol). The success of the co-IP was assessed by how strongly Stag1 was 
enriched (‘pulled-down’) over the input, how ‘clean’ the mock IP lane appeared, 

10% Input Mock Stag1 IP

Stag1

Smc3

Figure42 Stag1 co-IP #1 with ES (2i/LIF) cell nuclear lysate. The co-IP was performed using the 
original Beringer et al., 2016 protocol. IP elute was immunoblotted for Stag1 (IP) and the cohesin 
subunit Smc3 (co-IP). 
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and the ability to co-IP cohesin (represented by immunoblotting for Rad21 or 
Smc3) with Stag1. 

Dissecting the problems encountered in the first co-IP attempt, it was noted that, 
given Stag1’s near complete localisation within the chromatin fraction, the use 
of total nuclear extract (nucleoplasmic and chromatin-bound proteins) for co-IP 
results in a more diluted Stag1-containing lysate. Thus, nucleoplasmic fraction was 
this time extracted from chromatin fraction by first incubating the nuclear pellet in 
a buffer containing chelating agents EDTA and EGTA. This enables bursting of the 
nuclear membrane and subsequent extraction of the nucleoplasmic supernatant 
from the still intact chromatin. In addition to this, the first co-IP experiment resolved 
a large chromatin pellet following the final centrifugation step, indicating sub-
optimal release of chromatin-bound proteins. To improve this, the 500mM KCl 
buffer was supplemented with nucleic acid-shearing benzonase (6U per 1x108 
cells) and incubated on a rotator for 1 hour at 4°C before being subjected to the 
same sonication procedure as before. Protein extraction was greatly improved 
due to the considerably smaller chromatin pellet upon final centrifugation. Several 
groups report on different co-IP efficiencies when incubating protein lysate with 
either a pre-conjugated antibody-bead complex (as performed in co-IP#1), or 
antibody alone that is then conjugated to the bead support (Sahr and Buchrieser 
et al. 2013). To test this with Stag1 co-IP, 500ug of chromatin lysate was incubated 
with both conditions. Finally, upon removal of lysate flow-through, the beads 
were washed more thoroughly (8 times) to improve signal specificity in the IP 
immunoblot. Compared to co-IP#1, figure 43 reveals an obvious improvement in 
Stag1 IP enrichment over the input lane, with the pre-conjugated antibody-bead 
method being clearly more efficient than antibody-lysate incubation followed by 
bead conjugation. Moreover, the lack of background signal in both IP lanes and 
the mock show improvement in removing non-specific proteins from the beads. 
However, immunoblotting for Smc3 demonstrates a lack of co-IP, suggesting 
protein extraction conditions may be too harsh to retain protein interactions. 

CoIP
Optimisation
Experiment

Condition Tested Optimised
Condition Successful cohesin CoIP

#1 (Figure 32)
Nuclear co-IP using 

standard Beringer et al., 
2016 protocol

- No

#2 (Figure 33)
Antibody-Bead

conjugation vs Antibody-
Antigen conjugation

Antibody-
bead 

conjugation
No

#3 (Figure 34) NP40 vs Sucrose-based 
extraction NP40 Yes (very weak)

#4 (Figure 35) 500mM vs 300mM KCl
extraction buffer 300mM KCl Yes

Table13 List of co-IP optimisation experiments performed for Stag1 IP and cohesin co-IP
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To first rectify this, the ES cell nuclear pellet was extracted using either the same 
sucrose-based buffer as the previous experiments or an NP40-based buffer. This 
time, a Stag1 co-IP/Smc immunoblot and reciprocal Smc3 co-IP/Stag1 immunoblot 
was performed. As with the previous experiment, successful pull-down of the 
immunoprecipitated proteins was observed in both conditions, with Stag1 pull 
down having greater efficiency than Smc3 (figure 44). However, immunoblotting 
for the co-immunoprecipitated protein revealed only a very weak interaction with 
NP40-based extraction, indicating the chromatin extraction method was still too 
stringent.

Improving this, the nuclear pellet was again extracted using the NP40-based 
buffer, which was again incubated in EDTA and EGTA buffer. Here, the resulting 
chromatin pellet was incubated with benzonase in either 500mM KCl (as in 
previous experiments) or 300mM KCl extraction buffers. Upon lysate extraction, 
both KCl conditions were diluted to 200mM KCl before being incubated with the 
pre-conjugated antibody-bead complex. This time, the immunoblot displayed a 
stronger IP of Stag1 and co-IP of cohesin (Rad21) with the weaker salt (300mM 
KCl) extraction buffer condition (figure 45). Following this successful co-IP, these 
optimised conditions were taken forward to investigate the presence of variant 
Stag1 proteins. 
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Figure43 Stag1 co-IP#2 with ES (2i/LIF) cell chromatin lysate. Immunoblot portrays co-IP of EDTA/
EGTA extracted and benzonase-treated chromatin lysate incubated with either pre-conjugated 
antibody (Ab)-bead complex, or with antibody alone followed by bead incubation. 
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Figure44 Stag1 co-IP#3 with ES (2i/LIF) chromatin lysate. Figure shows the IP of Stag1 and 
Smc3 and their recipricol immunoblot using NP-40-based and Sucrose-based nuclear extraction 
buffer. 
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Having optimised the protocol, a Stag1 and Stag2 IP using C-terminal epitope-
specific antibodies was carried out on chromatin lysate extracted from ES (2i/LIF) 
cells, EpiLC(24h), EpiLC(48h) and MEF. Figure 46 shows that, while enrichment 
of Stag compared to input lane remained consistent between ES and EpiLC, 
overall pull-down of Stag1 weakened as pull-down of Stag2 strengthened 
over this differentiation, thus reflecting the phenotype seen in previous whole 
cell lysate immunoblots. Moreover, Stag co-IP from a cohesin (Smc3) pull-
down demonstrates a reduced cohesin-Stag1 occupancy on chromatin over 
commitment. Notably, multiple bands were enriched in the IP lanes of both Stag1 
and Stag2 as previously observed in chromatin fractionation immunoblots. The 
additional bands mimicked the expression dynamics of canonical Stag1 and 
Stag2 over differentiation, adding support to variant Stag1 and Stag2 proteins 
existing in pluripotent cells.  
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IP5% InputStag1 
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5% Input

500mM KCl 300mM KCl

Figure45 Stag1 co-IP#4 with ES (2i/LIF) chromatin lysate. Immunoblot of Stag1 (IP) and coheisn 
subunit Rad21 (co-IP) from ES cell chromatin lysate, solubilised in 500mM and 300mM chromatin 
extraction buffer.
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Figure46 Stag IP highlights enrichment of non-canonical protein bands. Immunoblots of Stag1, 
Stag2 and Smc3 IPs in ES (2i/LIF) cells, EpiLC 24h, EpiLC 48h and MEF using chromatin lysate 
obtained with optimised co-IP proceedure. 
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To further test the veracity of suspected Stag1 variants, I aimed to characterise 
each Stag1 variant band by taking advantage of the following: 
1) the presence/absence of variant N- and C-terminal regions. 
2) the acute C-terminal degradation achieved by dTAG-mediated Stag1mNG-V5-FKBP. 
3) the range of N-and C-term-recognising Stag1 antibodies available to me. 
To this end, the co-IP protocol was performed again using both WT and 
Stag1mNG-V5-FKBP ES cells treated with DMSO or dTAG. In separate pull-downs, 
the chromatin lysates were immunoprecipitated with N-terminal Stag1 and V5-
binding (representing Stag1 C-terminal) antibodies. Elute from each of these 
IP’s was immunoblotted with N-terminal and C-terminal Stag1 antibodies and V5 
antibody. In using these antibody combinations for IP and immunoblot, we aimed 
to characterise whether the variant bands correspond to N-terminal truncation 
(ΔN-term), C-terminal truncation (ΔC-term), or exon skipping (ExS) events by the 
following hypothesises (summarised in table 14): 

1) Any ΔN-term or ExS Stag1 variant containing the C-terminal will be 
mNG-V5-FKBP tagged, present a protein size shift of 42kDa, and be 
sensitive to dTAG knockdown. The protein will be detectable by V5 and 
C-terminal Stag1 antibodies in the DMSO-treated Stag1mNG-V5-FKBP lane. 
A non-tagged (42kDa smaller) counterpart of the variant will also be 
detected in both DMSO and dTAG-treated WT cells.
2) Any ΔC-term Stag1 variant will not be tagged, and thus insensitive 
to dTAG knockdown. Provided the protein contains an N-terminal, it will 
be detectable with the Stag1 N-terminal antibody and will be the same 
molecular weight in both WT and Stag1mNG-V5-FKBP IPs. 
3) Any ExS Stag1 variant containing both N- and C-terminals will be 
Stag1mNG-V5-FKBP tagged, dTAG sensitive, and detectable by both N- and 
C-terminal antibodies.  

N-term IP C-term IP

DMSO dTAG DMSO dTAG

N-term IB
FL*

ΔC-Term
ExS*

ΔC-Term FL*
ExS*

C-term IB FL*
ExS*

FL*
ΔN-Term*

ExS

N-term IP C-term IP

DMSO dTAG DMSO dTAG

N-term IB
FL

ΔC-Term
ExS

FL
ΔC-Term

ExS
FL

ExS
FL

ExS

C-term IB FL
ExS

FL
ExS

FL
ΔN-Term

ExS

FL
ΔN-Term

ExS

Table14 Summary of hypothesised immunoblot profiles. Expected Stag1 variant proteins to 
be detected under DMSO/dTAG conditions in WT (left) and Stag1mNG-V5-FKBP (right) ES (2i/LIF) 
chromatin extracts when using different combinations of N-/C-term IP and IB (immunoblot) 
antibodies. FL = Full length (canonical) Stag1. * indicates expected band shift of 42kDa due to 
mNG-V5-FKBP tagging.

WT Stag1mNG-V5-FKBP
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Evidenced by the immunoblots in figure 47 and table 15, enrichment of different 
banding profiles is observed between the various IP/IB antibody combinations, 
and between 18h DMSO and dTAG-treated conditions. By comparing predicted 
protein molecular weight (MW) of the novel mRNA variants with the sizes and 
dTAG sensitivity of Stag1 IP bands, the newly identified Stag1 transcripts were 
matched with corresponding protein products. 

Expectantly, dTAG-treated Stag1mNG-V5-FKBP resulted in complete ablation of 
canonical Stag1 pull-down, as well as loss of all C-terminal-containing variants 
(as seen by V5 IP/V5 IB). Specifically, V5 IP/V5 IB displays dTAG-sensitive bands 
at ~172kDa and ~162kDa that likely relate to the ΔN-term variants Δe2/Δe3 
(predicted MW 134kDa) and Δe5 (predicted MW 129kDa), respectively. Similarly, 
the ~105kDa and ~80kDa bands identified in WT N-term IP/N-term IB match the 
predicted sizes of ΔC-term variants with TTS at retained intron 25 (predicted MW 
105kDa) and alternative exon 22 (predicted MW 88kDa). These same bands 
are observed in Stag1mNG-V5-FKBP N-term IP/N-term IB lanes. Despite displaying 
weaker signal intensity in dTAG conditions compared to DMSO, the 105kDa 
and 85kDa bands are not completely abolished, as seen with canonical mNG-
V5-FKBP-tagged Stag1. Hence, it is likely these bands constitute non-tagged 
ΔC-term variants. Indeed, weaker signal intensity may be expected considering 
loss of ES Stag1 reduces pluripotent potential and variant Stag1 decreases in 
expression upon naïve to primed transition. Thus, it is possible that change in 
variant signal intensity between DMSO and dTAG conditions is due to alteration 
of cell fate as a result of acute canonical Stag1 knockdown. 
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In addition to finding evidence for putative ΔN-term and ΔC-term proteins, the 
combinatorial IP/IBs indicate multiple dTAG-sensitive bands that contain both 
N- and C-terminal domains, suggesting ExS variants. Notably, a dTAG-sensitive 
~140kDa band can be identified directly below the canonical Stag1. This band 
is most clear in figure 47 WT ES N-terminal IP/C-terminal IB and Stag1mNG-V5-FKBP 
C-terminal IP/C-terminal IB, where the stronger canonical Stag1 signal does not 
occlude the lower band, and likely represents the ExS Δ31 variant. 

Figure47 N-terminal/C-terminal Stag1 IP and IB reveal dTAG-sensitive and insensitive variant 
bands. Black arrow heads indicate full-length (‘FL’) Stag1, while Blue and green represent dTAG-
sensitive and insensitive variant bands, respectively. a) N-terminal Stag1 IP of WT ES, and DMSO 
or dTAG -treated Stag1mNG-V5-FKBP ES (2i/LIF)  cell chromatin lysate. Immunoblot was probed 
with N- and C-terminal recognising Stag1 antibodies. b) V5 (C-terminal) Stag1 IP and immunoblot. 
co-IP of cohesin with Rad21 immunoblot. c) Table 15 Summary of dTAG-sensitive and insenstive 
Stag1 band molecular weights. CRISPR-tagged protein bands are indicated with both their 
observed sizes, and predicted size without mNG-V5-FKBP fragment. Bands with unidentified 
mRNA transcripts are underlined 
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Finally, several dTAG-resistant and ExS bands were also identified (underlined 
in  figure 47c) for which we have discovered no reciprocal mRNA transcript. In 
an attempt to clarify these unknown bands and verify the hypothesised variant 
mRNA and protein matches, N-term and C-term IP bands were analysed by 
Mass Spectroscopy for Stag1 variant-specific peptides (see methods section 
2.33). Briefly, the elute of WT N-term and C-term Stag1 IP was run on an SDS-
PAGE. Coomassie staining of the gels revealed multiple bands that matched 
the combined N-term and C-term immunoblot profiles, and corresponded to the 
predicted molecular weights for several protein isoforms (figure 48a). Protein 
isolation from the excised bands followed by trypsin digestion and MS showed 
each band to contain Stag1 peptides. Consistently, analysis displayed Stag1 as a 
high-scoring protein relative to the pool of peptides within each band (figure 48b). 
Unfortunately, however, no variant-specific peptides were detected for any of the 
ExS variants. 

3.3.2 Knockdown of N-terminal and C-terminal Stag1 differentially affect 
cell fate decisions

Having identified Stag1 splicing in naïve cells, we hypothesised Stag1 N- 
and C-terminal variants  may function non-redundantly to modulate genome 
architecture; consequently, an equilibrium of these variants would be required to 
maintain ES cell identity. Current literature in comparing functional non-redundancy 
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Figure48 Stag1 IP-Mass Spectroscopy identifies Stag1 peptide enrichment in variant Stag1 
bands. a) Coomassie staining of C-term, N-term and Mock Stag1 IP run on an SDS gel. Numbers 
indicate banded regions that were excised and trypsin digested. * refers to no band control. b) 
Table 16 Mass spectroscopy analysis. Summary table of Stag1 bands from (a). 
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between Stag1/2  paralogs, which are least conserved at their terminal regions, 
supports this argument (section 1.3.1). Notably, the functionally relevant and 
Stag1-specific N-terminal AT-hook DNA binding domain (section 1.3.1 & 1.3.2; 
Canudas et al., 2007; Canudas and Smith, 2009) is encoded in exon3, and is 
thus absent in ΔN-term variants. Equally, C-terminal truncated Stag1 isoforms 
(altex22, i25 end, e31Δ) may affect Stag1-cohesin interactions. Of note, however, 
the conserved Stag-domain (‘CES’, AA 296-381) (Orgil et al., 2015), shown to play 
a role in CTCF (Y/FxF motif) interaction (Li et al., 2020), would be retained in all 
identified transcripts. Exploring the hypothesis N- and C-terminal ends contribute 
to specific roles, our lab previously assessed the biochemical characteristics of 
these terminal ends to shed light on how they may affect Stag function (section 
1.3.1).  Specifically, analysis of intrinsic disorder using PONDR software highlights 
intrinsically disordered regions (IDRs) at both N- and C-terminals (figure 4b). As 
discussed in section 1.1.3, IDR’s are characterised as peptides lacking secondary 
structure, a feature that enables diverse protein-protein and protein-nucleic acid 
interactions and promotes formation of phase-separated condensates, such as 
the nucleolus and other heterochromatic chromocenters (section 1.1.3, table 2)  
(Kim et al., 2008; Uversky et al., 2014; Ottoz and Berchowitz, 2020). Thus, IDRs 
in Stag proteins may pose as a structural feature contributing to function. As a 
result, we set out to investigate whether Stag1 isoforms lacking N- or C-terminal 
IDRs differentially affect cell fate decisions.

To test this, Dr Dubravka Pezic developed a selective siRNA-mediated KD assay. 
Here, the selective KD assay took advantage of the presence/absence of N-/C-
terminal domains to deplete specific variants. To do this, ES (2i/LIF) cells were 
transfected with 5’-targeting and 3’-targeting Stag1 siRNAs, in addition to the 
previously tested ‘SMARTpool’ (SP) siRNA that target all Stag1 transcripts. 
Efficacy of splice variant knockdown was confirmed on the mRNA level by RNA-
seq (performed by Dr Dubravka Pezic) and on the protein level by whole cell 
lysate and chromatin fraction immunoblot (performed by myself). Figure 49 
demonstrates all siRNAs KD canonical Stag1 protein to a similar level after a 48h 
transfection. 
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An additional siRNA targeting the upstream Stag1 alternative TSS (‘SATS’) was 
also designed. Figure 50 depicts only partial knockdown of canonical Stag1 
protein (~40%) upon SATS siRNA treatment. This supports the RACE findings 
that show while the upstream TSS forms putative Stag1 transcripts, additional 
TSS (such as the canonical) are also functional in ES cells.  

To further validate the changes to proportions of Stag1 isoforms, Dr Dubravka 
Pezic performed RACE. 5’ RACE in ES cells treated with 5’ siRNA revealed 
downregulation of full-length and N-terminal-containing Stag1 transcripts. 
Importantly, ΔN-term isoforms were upregulated compared to untreated cells, 
thereby suggesting non-targeted Stag1 variants are sensitive to alterations in 
the expression levels of the targeted variants. Similarly, transcripts terminating 
at the canonical 3’ end of Stag1 are strongly reduced in the SP and 3’ siRNA 

UT Scr SP 5’ 3’ UT Scr SP 5’ 3’

N-term Stag1

C-term Stag1

Histone H3

Chromatin ES (2i/LIF) Chromatin ES (serum/LIF)

150kDa

100kDa

75kDa

100kDa

75kDa

150kDa

Figure49 Stag1 protein expression with selective siRNA knockdown. Immunoblots of Stag1 
expression in ES (serum/LIF and 2i/LIF) cell chromatin fraction after 48h treatments of control 
(‘Scr’), SMARTpool (‘SP’), 5’-targeting (‘5’’) and 3’-targeting (‘3’’) siRNA. Histone H3 was probed 
as a loading control. 
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Figure50 SATS-targeted siRNA causes partial knockdown of canonical Stag1. Immunoblot of 
Stag1 protein expression in ES (2i/LIF) WCE treated with selective siRNA knockdown. α-Tubulin 
was probed as a loading control.  
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KD samples and, to a lesser extent in the 5’ knockdown, while the transcript 
terminating in i25 is substantially enriched upon 3’ knockdown. Reminiscent  of 
this latter observation, a similar enrichment of ΔC-terminal protein isoforms were 
also observed upon prolonged dTAG exposure (48h treatment) (figure 37).

Having determined the effects to the pool of Stag1 variants under different 
KD conditions, Dr Dubravka Pezic next assessed whether both 5’ and 3’ KD 
conditions equally recapitulate the loss of naive cell fate observed by RNA-seq in 
SP siRNA-mediated Stag1 KD. RT-qPCR revealed C-terminal-containing Stag1 
KD by 3’ siRNA mimicked the Stag1 SP KD phenotype with reduced pluripotent 
markers (Nanog, Sox2) and concomitant increased expression of commitment-
associated genes (Dnmt3) (data not shown). This phenotype is also supported 
by KD of C-terminally tagged Stag1mNG-V5-FKBP with dTAG (figure 37). Strikingly, 5’ 
siRNA KD of N-terminal-containing Stag1 variants had little effect on these fate 
regulators. Indeed, GSEA from 5’ and 3’ siRNA RNA-seq revealed the loss of 
naïve signature in 3’ KD, while the opposite was true for 5’ KD conditions where 
the naïve signature was maintained. 

Confirming this differential phenotype, immunoblot analysis of WT and Stag1mNG-

V5-FKBP ES (2i/LIF) cells were subjected to selective KD (figure 51a). Densitometry 
comparison between Scr and KD conditions revealed Nanog protein expression 
is largely unaffected upon 5’ KD (20% reduction in WT, no change in Stag1mNG-

V5-FKBP), while SP reduces Nanog expression to a greater extent (40% and 20% 
reduction in WT and Stag1mNG-V5-FKBP, respectively) (figure 51b). More noticeable 
still 3’ siRNA-mediated Stag1 KD reduced Nanog expression by 50% in WT and 
40% in Stag1mNG-V5-FKBP. 
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Figure51 Selective Stag1 knockdown differentially impacts Nanog expression. a) Nanog 
immunoblots of WT and Stag1mNG-V5-FKBP WCE from cells treated with selective siRNA. Loading 
control was measured with α-Tubulin. b) Densiometric analysis of Nanog protein bands seen in 
(a) plotted as fold change (FC) relative to Scr siRNA control. 
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Further corroborating the role of Stag1 C-terminal variants in maintaining 
pluripotent potential, self-renewal capacity of WT and Stag1mNG-V5-FKBP ES (serum/
LIF) cells treated with 5’ and 3’ siRNA was tested by AP colony assay. While 
5’ siRNA KD had little effect on AP staining compared to Scr siRNA, a strongly 
reduced naïve state phenotype was observed in 3’ siRNA treatments. Notably, 3’ 
siRNA (figure 52) and dTAG-mediated (figure 39b) KD of C-terminal containing 
variants resulted in comparable loss of pluripotency of >50% reduction in AP 
staining compared to control. In contrast, KD of all Stag1 transcript variants by SP 
siRNA consistently resulted in a more modest staining reduction (~25% reduced 
compared to control; SP siRNA AP assay performed by Dr Dubravka Pezic, data 
not shown). 

Overall, immunoblot and AP staining of selective Stag1 knockdown support the 
RNA-seq analysis in showing C-terminal-containing Stag1 variants are specifically 
required to maintain pluripotent state. This discovery sheds light on how Stag 
proteins may be able to non-redundantly fine-tune genome organisation and 
influence cell fate decisions.

3.4 Summary of Chapter 3 results 
 
 1) Stag1 and Stag2 expression decreases and increases, respectively,  
 upon transition from naïve to primed pluripotency. 
 2) Stag1 is important for maintaining a naïve cell gene expression profile.
 3) Multiple variants of Stag1 exist in pluripotent cells that have differential  
 impacts on cell fate decisions. Specifically, C-terminal-containing Stag1  
 maintains a naïve cell gene expression profile. 
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Figure52 C-terminal containing Stag1 variants maintain 
ES cell self-renewal. AP assay of ES (serum/LIF) cells 
under control, 5’ and 3’ Stag1 siRNA conditions. AP 
staining is plotted as a fold change in dark-stained cell 
area relative to Scr siRNA control. WT 5’, Stag1mNG-V5-

FKBP 5’ and 3’ n = 1, WT 3’ n = 2.
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3.5 Discussion 

Multiple labs have now studied the roles of Stag proteins in both in vitro and in 
vivo early commitment models (Remeserio et al., 2012a; Remeserio et al., 2012b; 
Cuadrado et al., 2019; Arruda et al., 2020; De Koninck et al., 2020). However, 
most research has been centred on the partial non-redundancy of Stag1 and 
Stag2 paralogs in their regulation of the cohesin complex on chromatin (section 
1.3.2). Particular focus has been given to identifying the differential cohesin-
Stag1 and cohesin-Stag2 loading and occupation sites and how each influences 
genome architecture (reviewed in section 1.3.2, and in Cuadrado and Losada, 
2020). The down-regulation and concomitant up-regulation of Stag1 and Stag2 
during the transition from naïve to primed pluripotency has now been observed 
independently from our own investigation (Cuadrado et al., 2019; Arruda et al., 
2020). Both Losada and Dowden groups also performed RNA-Seq on Stag1 
and Stag2 KD in ES (2i/LIF) cells and identified non-identical changes to gene 
expression, thereby emphasising the non-overlapping impact each paralog has 
on cell functions. However, while both reports emphasise the non-overlapping 
nature of Stag1 and Stag2 in chromatin occupancy and TAD structuring, neither 
make comment on Stags role in cell fate decisions.  

Here, I focus on the paralog Stag1 to establish its importance in maintaining naïve 
pluripotency. I confirm the reciprocal nature of naïve state and Stag1 expression 
by observing reduced Stag1 levels upon knockdown of the core pluripotent factor, 
Nanog. Drilling down further on Stag1 we uncover novel variant proteins that 
exhibit heterogeneous impacts on cell fate decisions. To this end, we find selective 
knockdown of C-terminal-containing Stag1 proteins promote a pro-commitment 
phenotype that is not recapitulated in knockdown of N-terminal-containing 
variants. Further, we validate our observations by generating a Stag1mNG-V5-FKBP 
cell line using CRISPR, allowing for acute protein degradation and reduced cell 
toxicity compared to conventional siRNA and lentiviral KD approaches (van der 
Lelij et al., 2017; Cuadrado et al., 2019; Viny et al., 2019). These features of 
the dTAG system have enabled the identification of putative Stag1 isoforms via 
immunoprecipitation that can be matched to likely variant mRNA transcripts. 
Furthermore, the successful co-IP of Rad21 in dTAG-treated IP conditions sheds 
light on ΔC-term Stag1 proteins being able to interact with the cohesin complex, 
thereby increasing the diversity of cohesin-Stag populations within naïve cells. 
Overall, both siRNA and CRISPR-Cas9-mediated Stag1 KD concur the non-
overlapping roles of variant Stag1 proteins in contributing to cell fate decisions. 
This discovery adds to the current conversation in non-redundancy of Stag 
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paralogs by emphasising a previously unappreciated level of complexity that  
potentially further fine-tunes genome topology (Pezic et al., 2017). 

An area of investigation outside the scope of this project is to examine the relative 
expression levels of each variant within individual cells. Stochastic transcription 
bursting kinetics and, to a lesser extent, dynamic splicing events have previously 
been reported in ES (serum/LIF) cells (Singer et al., 2014; Gou et al., 2016; Wan 
and Larson, 2018). Therefore, given the differential fate phenotype upon selective 
Stag1 KD, it may be possible to identify a subset of cells that are pre-destined for 
cell commitment by the ratio of ΔN-term and ΔC-term Stag1 variants they contain. 
For example, our results suggest a cell that has low levels of C-term containing 
variants could be more pre-disposed to exit naïve state than a cell with high 
levels. To test this, splice variant-specific probes could be designed and a smFISH 
experiment could be performed on an ES cell line containing a pluripotent reporter 
(eg. Nanog-GFP). The stochastic nature of transcriptional bursting and splice 
events means it is likely single cell expression of different Stag variants would be 
transient within the population over time. Such a continuum is observed within 
ES populations as cells cycle in and out of the totipotent 2C-L state (Macfarlan et 
al., 2012; Eckersley-Maslin et al., 2016). However, by providing stimulus, such as 
withdrawing LIF, the cells that occupy a niche of low C-terminal-containing Stag1 
at that time-point may exhibit a greater pre-disposition to commitment than the 
bulk population. 
 
In a similar vein, the efficacy of ES (2i/LIF) cell commitment to EpiLC under 
selective Stag1 knockdown conditions was not assessed. For example, it could 
be hypothesised 3’ siRNA KD or dTAG degradation in ES (2i/LIF) cells could 
commit to EpiLC identity more readily than Scr or 5’ siRNA KD cells. To test 
this, a dual reporter cell line that demarcates changes in cell identity would be 
beneficial (Hackett et al., 2018; Malaguti et al., 2019). For example, Hackett et 
al., (2018) similarly assessed regulators that influence ES to EpiLC transitions 
by generating a Dppa5-dTomato/Dppa3-GFP  ‘SGET’ ES reporter cell line. Here, 
ES (2i/LIF) cells are identified as Dppa5+Dppa3+ and successfully committed 
EpiLCs are Dppa5+Dppa3-. Applying this to selective knockdown of Stag1 
variants, I hypothesise a greater proportion of Dppa5+Dppa3+ cells would remain 
in control and 5’ siRNA-targeted Stag1 conditions compared to SP and 3’ siRNA 
upon induction of EpiLC differentiation. 

Interestingly, flow cytometry of Stag1mNG-V5-FKBP cells in naïve and primed states 
reveals wider distribution of mNG signal intensity in EpiLCs compared to ES 
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(2i/LIF) (figure 23a). This suggests greater heterogeneity in single-cell Stag1 
expression upon exit of naïve state. This observation may be expected owing to 
the removal of transcriptionally restrictive 2i/LIF conditions to more permissive 
EpiLC conditions (Marks et al., 2012). Despite this, however, it has been reported 
that a subset of EpiLCs have the ability to revert to naïve ES cell state upon re-
introduction of 2i/LIF (Kalkan et al., 2017). Therefore, given our knowledge of 
C-terminal Stag1 driving a commitment phenotype, a future experiment would 
involve sorting extreme mNG-high and mNG-low EpiLCs, to assess whether they 
display disparate potencies in de-differentiating back to the naïve state.    

Throughout investigating selective KD of Stag1 variants, we have commonly 
observed changes to mRNA/protein expression of  non-targeted variants. This 
suggests the pool of total Stag1 isoforms is sensitive to alterations in their 
population. Notably, ΔC-term proteins, identified by immunoblot as dTAG-
insensitive, displayed altered expression levels compared to the DMSO control. 
This is evidenced in Stag1mNG-V5-FKBP IP experiments (figure 47) where, after 18h 
dTAG treatment, the ΔC-term variant bands are reduced in intensity compared 
to control. Likewise, immunoblot of 24h dTAG treatment shows the same non-
targeted variant bands at a lower expression level (figure 37b). As all variants 
are found to follow the dynamics of canonical Stag1 during naïve to primed 
commitment, it may be expected that promoting a commitment gene expression 
profile by 3’ Stag1 KD would in turn reduce expression of all Stag1 proteins. 
Contrasting this, however, a 48h dTAG treatment reveals expression of the Δ-Cterm 
bands recovering back to control levels (figure 37b). Interestingly, between 24h 
and 48h dTAG treatment, a partial recovery of Nanog protein was also recorded. 
Reminiscent of these observations, multiple groups have demonstrated the 
robustness of the naïve state. Indeed, the core pluripotent network (Nanog, 
Oct4, Sox2) is supported by partially redundant auxiliary factor (AF) signalling 
circuits (Klf2, Klf4, Essrb, Tcfcp2l1) that buffer the system against fluctuations and 
perturbations that promote exit from self-renewal (Masui et al., 2007; Jiang et al., 
2008; Nemajerova et al., 2012; Hackett and Surani, 2014). Insults to any one of 
the AFs can be at least moderately compensated for by the others that work to 
re-equilibrate back towards a naïve gene expression signature. Considering this, 
our observations in recovery of non-targeted Stag1 variants and core pluripotent 
factors (Nanog) upon increased duration of acute 3’ Stag1 knockdown may reflect 
the kick-starting of compensatory mechanisms to buffer against changes to cell 
fate. To this end, it could be argued that C-terminal Stag1 itself acts as an AF. 
To test this, a future experiment would entail knocking down individual AFs and 
assaying the expression response of C-terminal-containing Stag1; upregulation 
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of C-terminal Stag1 under these conditions may hint at a role in compensating for 
the lost AF. 

Stag1 knockout (Stag1-/-) ES (2i/LIF) cells have previously been reported to 
give rise to mice able to survive until E13.5 (Remeserio et al., 2012b). Here, 
the authors report knockout of Stag1 does not impact self-renewal, or affect the 
cells pluripotency gene signature. At first glance, the result appears to disagree 
with our observation that Stag1 is essential for pluripotency. However, the Stag1 

homozygote null allele mouse model used in the Remeserio et al. study was 
generated by inserting a splicing acceptor site and polyadenylation sequence at 
the 5’ end of the Stag1 gene. This means the transcripts we uncovered that begin 
at the late TSS (Δ-Nterm) would be unaffected. Resultantly, the observation of 
Stag1-/- having no effect on pluripotent potential is in line with our own findings that 
5’ KD of N-terminal-containing Stag1 variants does not promote a commitment 
phenotype. 

While the combinatorial N-terminal and C-terminal Stag1 IP/IB  experiments 
were insightful for identifying dTAG sensitive and insensitive protein variants, it is 
disappointing that no variant-specific peptides were detected by MS. Of note, these 
experiments were performed on WT cells, prior to generation of the Stag1mNG-V5-

FKBP cell line, and so I was not able to attenuate the pool of Stag1 proteins to select 
for the IP of specific protein variants. Such an experiment would be beneficial as, 
firstly, the efficacy of dTAG in abolishing all FKBP-tagged Stag1 has been clearly 
demonstrated in this project and, secondly, prolonged dTAG treatment (48h) 
results in upregulation of  ΔC-term isoforms (figure 37a). Therefore, performing 
an N-terminal IP followed by mass spectroscopy under these conditions would 
enable: 1) a strong enrichment of purely ΔC-term isoforms, and 2) a precise 
interactome of exclusively C-terminal-lacking Stag1 proteins, which may inform 
on their cellular function. In addition to this, several N-term IP/IB bands that were 
determined to be dTAG-insensitive (163kDa, 144kDa and 125kDa) were identified 
in figure 47a. As of yet, we have not found corresponding Stag1 mRNA transcripts 
for these bands. Therefore, repeating Stag1 MS specifically on dTAG-insensitive 
ΔC-term isoforms may elucidate the identity of these unknown variants.  
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4 Stag1 supports pluripotency through higher order chromatin organisation 

4.1 Introduction 

Having characterised the importance of Stag1 in pluripotent fate maintenance in 
chapter 3, I next aimed to investigate how Stag1 contributes to pluripotency.

With the advent of chromatin conformation capture (‘3C’) and, in particular, Hi-C 
technologies, a wealth of data has emerged from diverse cell lines demonstrating 
the role of cohesin and CTCF in contributing to layers of genome organisation 
(Merkenschlager and Nora, 2016; McCord et al., 2020). The prevailing view of 
cohesin’s influence on chromatin topology is a role in structuring short-range 
(kb-sized) loop (sub-TAD) interactions and contributing to larger (<1Mb) TAD 
formation at CTCF insulator sites (sections 1.1.4 & 1.2.4) (Dixon et al., 2012; 
Seitan et al., 2013; Sofueva et al., 2013; Rao et al., 2017). In turn, these topological 
arrangements have been suggested to impact transcriptional output by facilitating 
or prohibiting local cis element interactions (eg. enhancer and promoter) (Rao et 
al., 2017; Viny et al., 2019; Wendt et al., 2008; Hadjur et al., 2009; Kagey et 
al., 2010; Zuin et al., 2013). Thus, the dynamic nature of DNA looping during 
cell commitment is proposed to support necessary changes in gene expression 
(Phillips-Cremins et al., 2013; Dixon et al., 2015; Bonev et al., 2017; Barrington 
et al., 2019; Viny et al., 2019). 

As discussed in detail in section 1.3, Stag proteins have been identified as 
important contributors to genome organisation through their non-redundant 
regulation of the cohesin ring. In recent years, a broad consensus has suggested 
Stag1 is primarily involved in structuring stable TADs through anchoring loops at 
CTCF insulator sites, while Stag2 promotes more dynamic sub-TAD enhancer-
promoter interactions that are less conserved between cell types (Kojic et al., 
2018; Wutz et al., 2019; Viny et al., 2019; Cuadrado et al., 2019). This division 
of labour has been suggested to be the cause of how Stag1/2 differentially affect 
gene expression changes and cell fate decisions. (Kojic et al., 2018; Viny et al., 
2019; Casa et al., 2020; Arruda et al., 2020). However, individual Stag1/2 KD/KO 
experiments reveal that, while boarder insulation strength is affected, most TAD 
structures remain invariant. Equally, these reports show only modest changes 
to the expression of a subset of genes that do not always correlate with altered 
topological contacts. Further, the genes affected by loss of Stag1/2 are not 
always the same in different cell lines (Waldman, 2020). Thus, it remains unclear 
how Stag proteins contribute to cell fate decisions (section 1.3) and drive cancer 
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phenotypes (section 1.3.4) when their effect on TAD organisation is relatively 
minimal. 

In assessing how Stag proteins non-redundantly influence cell fate decisions, 
groups have chiefly focused on defining Stag1 and Stag2-specific cohesin 
localisation sites on chromatin through ChIP-seq, and assessed their non-
overlapping effects on genome organisation through KD/KO and 3C (Kojic et al., 
2018; Cuadrado et al., 2019; Casa et al., 2020; Arruda et al., 2020). Often, pin-
pointing topological differences to specific DNA looping events has been linked 
to alterations in transcriptional output of key commitment genes, which studies 
have reported to be the driver for cell fate decisions and the pathophysiology of 
cohesin mutations in cancer (Viny et al., 2019). 

Less thoroughly examined is whether Stag proteins are responsible for higher 
order architecture, such as heterochromatin and euchromatin domains. This is 
partly because studying longer-range contacts present technical challenge for 
3C technologies in capturing these rare events (Sati and Cavalli, 2017; Han 
et al., 2018). Importantly one recent publication suggests Stag proteins may 
be non-redundantly involved in higher order genome organisation (Kojic et al., 
2018). Here, Stag1 KD was found to increase very long-range interactions in 
B-compartments, suggesting a chromatin compaction phenotype. The authors 
used Hi-C-based technologies to measure these very long-range contacts, 
which likely limited the frequency of their detection. It is therefore of interest to 
explore how Stag proteins may affect higher order genome organisation, such as 
heterochromatin condensates, using more sensitive detection methods. 

A principle feature of pluripotent cells is their ‘open’ chromatin structure (Meshorer 
and Misteli, 2006) and global hypo-methylation (Marks et al., 2012; Wu et al., 
2016; Kalkan et al. 2017). These are postulated to be essential for naïve cell 
potency in dynamically responding to commitment stimuli and rapidly assuming 
early differentiation gene expression signatures (Harikumar and Meshorer, 2015). 
Therefore, given Stag1’s importance in maintaining a grounded pluripotent profile, 
I aimed to investigate whether Stag1 could contribute to these roles. Utilising 
the Stag1mNG-V5-FKBP cell line, I began by questioning where Stag1 is localised to 
on chromatin through live cell microscopy. Here, I identified Stag1’s preferential 
localisation at nucleolar and AT-rich DNA regions, commonly ascribed to be 
condensate-like heterochromatic domains (Meshorer and Misteli, 2006; Larson 
et al., 2017; Strom et al., 2017). Live cell imaging and split-pool recognition of 
interactions by tag extension (SPRITE) analysis demonstrated Stag1 degradation 
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promotes global chromatin compaction, reminiscent of the more ‘closed’ genome 
structure associated with commitment. In addition, IF and immunoblot analysis 
identified some modest increases in repressive histone PTMs, supporting 
the idea of a more epigenetically restricted genome. Finally, employing mass 
spectroscopy (MS) and co-immunofluorescence (co-IF) techniques revealed 
novel Stag1 interactors required for compartment structuring. Together, these 
results suggest a role for Stag1 in higher order compartment organisation, which 
could in turn impact cell fate.

4.2  Stag1 is enriched at heterochromatin and nucleolar DNA regions 

To begin the enquiry into Stag1’s role in naïve cell genome organisation, B1 
clone Stag1mNG-V5-FKBP ES cells (generated in section 3.2.3) were grown in 2i/LIF 
conditions and live cell imaged using a 3i spinning disc confocal microscope (see 
methods 2.23). Live cell imaging has the advantage over fixed IF of capturing 
protein localisation in its non-precipitated and non-denatured state. Preparation of 
cells for IF also risks loss of soluble protein and compromised protein localisation 
through permeabilisation and fixation steps, as well as artefacts from non-specific 
antibody staining (Schnell et al., 2012). To visualise Stag1 nuclear localisation in 
live cells, Stag1mNG-V5-FKBP cells were co-stained with DNA-binding stain Hoechst. 
In addition, to confirm Stag1 signal specificity, the cells were treated with DMSO 
or dTAG for 18h prior to imaging.

Representative live cell images in figure 53a show Stag1’s nuclear localisation, 
supporting results from fractionated immunoblots and IFs performed in chapters 3 
and 4. Notably, mNG signal was non-randomly distributed within the nucleus and 
displayed distinct puncta. This profile was unexpected as previous IFs displayed 
a relatively even distribution of Stag1 throughout the nucleus. As mentioned 
above, this disparity could be due to caveats associated with IF that can impact 
localisation features. As expected, dTAG conditions resulted in a near complete 
loss of mNG signal. Consistently, I noted Stag1 signal overlapped Hoechst-dense 
foci. Using Imaris software (see methods section 3.2.3), an algorithm masking 
Hoechst-dense foci in 3D space was applied to the Z-Stacked images, revealing 
significant enrichment (p=<0.00005) of Stag1 at these sites relative to the whole 
nucleus (figure 53b). The specificity of this enrichment was also confirmed by 
analysis of mNG signal in dTAG-treated cells. Here, no significant increase in 
mNG was detected in the masked Hoechst foci relative to the whole nucleus. 
Consequently, this shows increased mNG signal in the Hoechst foci of DMSO-
treated cells is putative. Hoechst is known to preferentially bind AT-rich DNA, a 
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feature common in heterochromatic regions that form discrete DNA condensates 
within the nucleoplasm and at both nuclear and nucleolar peripheries (Dekker, 
2007; Padeken and Heun, 2014). The DNA staining pattern observed within the 
Stag1mNG-V5-FKBP cells is reflective of these features and therefore I hypothesised 
Stag1 is preferentially localised to heterochromatic regions in ES (2i/LIF) cells.
To confirm that Stag1’s localisation at Hoechst-dense regions was indeed 
representative of heterochromatin, I next tested Stag1’s co-localisation with 
H3K9Me3, a known marker of constitutive heterochromatin (section 1.1.4; Maison 
et al., 2002). As I did not have a live cell marker for H3K9Me3, I was unable to 
assess its co-localisation with Stag1 by spinning disc in live cells. Thus, a co-
immunofluorence (co-IF) assay using commercially available V5 (recognising 
Stag1) and H3K9Me3 antibodies was performed on PFA fixed Stag1mNG-V5-FKBP ES 
cells (see methods section 2.22). As with the live cell experiment, cells were treated 
with DMSO or dTAG to confirm signal specificity. This time, DNA was stained with 
DAPI, which binds AT-rich regions of DNA similarly to Hoechst. Z-stacked confocal 
images of Stag1/H3K9Me3 co-IF are shown in figure 54a. H3K9Me3 displayed 
clear overlap with DAPI-dense foci, thus supporting the hypothesis that Hoechst/
DAPI foci represent repressive heterochromatin compartments. Notably, however 
the V5 (Stag1) signal appeared much more evenly distributed throughout the cell 
by IF than live cell spinning disc. Indeed, masking H3K9Me3 foci revealed only 
a non-significant increase in V5 signal within the heterochromatin marks relative 
to the whole cell (figure 54b). This disparity between live cell and IF results could 
suggest Stag1 localisation is sensitive to the processing involved in IF staining 
(permeabilisation and fixation) (Schnell et al., 2012). On balance, I considered 
the live cell mNG imaging to be more representative of Stag1 localisation than 
fixed IF experiments using epitope-recognising antibodies. To fully resolve this, 
the spinning disc experiments could be repeated this time using a method for 
live cell H3K9Me3 imaging. For example, a recent publication imaged H3K9Me3 
in live cells by generating fluorescently tagged sensor proteins that recognise 
and bind to the chromoshadow domain of the H3K9Me3 reader protein, HP1α. 
This construct was engineered into a vector and transfected into cells to reveal 
H3K9Me3 puncta (Sánchez et al., 2019). Hence, using this method on Stag1mNG-

V5-FKBP ES cells would allow for evaluation of Stag1 and H3K9Me3 co-localisation 
in live cells. 

Overall, I concluded Stag1 co-localises at AT-rich puncta that represent higher 
order heterochromatin condensates. Given Stag1’s known role in structuring 
TADs, I next questioned whether Stag1 had a role in higher order heterochromatin 
organisation. 
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4.3 Degrading Stag1 affects heterochromatin organisation 

To assess whether Stag1 has a role in heterochromatin structures, live cell imaging 
and Imaris analysis of Hoechst staining between DMSO control and dTAG-
treated Stag1mNG-V5-FKBP ES (2i/LIF) cells was performed. Figures 53c -53e reveal 
a significant increase in both staining intensity (1.1-fold; p=>0.0005) and size 
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(1.12-fold; p=>0.005) of Hoechst dense foci upon acute Stag1 degradation. The 
increase in Hoechst intensity in dTAG conditions was a population-wide event, 
as can be seen by the shifted histogram distribution in figure 53c. I interpreted 
increased Hoechst binding at these puncta to suggest greater DNA compaction 
within heterochromatin regions of ES cells. This suggests Stag1 has a role in 
organising heterochromatin structures.

To test whether this phenotype corresponded to changes in histone markers of 
heterochromatin, I re-analysed the Stag1/H3K9Me3 co-IF for H3K9Me3 puncta 
intensity and number per cell. Given the increase in both size and compaction 
of heterochromatin condensates upon Stag1 degradation, I expected to observe 
a concomitant increase in H3K9Me3 signal at these sites. Here, I masked 
both whole nucleus and DAPI condensates to measure H3K9Me3 signal 
between DMSO and dTAG conditions (see methods section 2.23). Contrary to 
my hypothesis, mean H3K9Me3 intensity within the whole nucleus was non-
significantly reduced under Stag1 degradation, while intensity within H3K9Me3 
foci remained unchanged (figure 54c). I noted, however, a somewhat greater 
variation in H3K9Me3 signal in dTAG-treated whole nuclei and DAPI foci, as 
shown by the wider box-plot distributions (figure 54c & 54d), potentially implying 
a less naïve-like homogeneous chromatin landscape. Furthermore, while the 
size of H3K9Me3 foci remained unchanged, both the modal and median average 
number of foci non-significantly increased under Stag1 degradation (figure 
54e). To assess whether these phenotypes are real, further biological repeats 
are required. If increased number of H3K9Me3 is a true phenotype, this could 
imply loss of Stag1 is associated with either nascent regions of heterochromatin 
forming, or heterochromatin condensates becoming less structured and breaking 
into separate H3K9Me3 foci. To test this, a heterochromatin fluorophore reporter 
cell line could be obtained and the dynamics of heterochromatin puncta measured 
by time-lapse microscopy under control and Stag1 siRNA-mediated KD. For 
example, Strom et al., (2017) used a HP1α-GFP cell line to measure dynamic 
re-distribution of heterochromatin puncta over time in Drosophila. Here, the 
authors identify a role for HP1α in heterochromatin condensate formation and 
DNA compaction. Thus, a similarly tagged murine ES cell line would be useful in 
interpreting my results. 

Overall, analysis of the co-IF results largely suggest levels of H3K9Me3, are 
unchanged upon Stag1 degradation. This could indicate that increased DNA 
compaction at Hoechst puncta does not equate to enhanced constitutive 
heterochromatin at these sites. Notably, as I only tested one time-point (18h dTAG 
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treatment), it is possible chromatin compaction and H3K9 PTM do not occur at 
the same time. Equally, pluripotent feedback loops associated with maintaining 
naïve state may buffer against changes to repressive histone to maintain a steady 
epigenetic state (Hathaway et al., 2012). Thus any impact Stag1 degradation 
may have on histone PTMs in ES (2i/LIF) cells could be transient and therefore 
only detectable at a certain time.

Testing these hypothesises, a time-course of acute (2h and 6h) and prolonged 
(24h and 48h) dTAG-mediated knockdown was performed. To identify global 
changes to levels of heterochromatin over time, histone PTMs were assessed 
by WCE immunoblotting. This time, expression of histone PTMs associated with 
both constitutive (H3K9Me3) and facultative (H3K27Me3) heterochromatin was 
assayed.  As described in section 1.1.4, facultative heterochromatin increases upon 
transition from naïve to primed state (Marks et al., 2012; Leitch et al., 2013). Given 
that loss of Stag1 promotes a ground to primed pluripotent transition, I reasoned 
H3K27Me3 could be a more sensitive measurement of immediate changes to 
higher chromatin compaction. Following this, densitometry of immunoblotted 
H3K9/27Me3 modifications in figure 55a show fluctuation in their expression 
between dTAG treatment lengths with both showing an increase in abundance 
compared to DMSO up to 24h dTAG treatment. While H3K9Me3 increases by 
1.4-fold after 24h treatment, H3K27Me3 achieves this after just 6h knockdown 
and reaches 1.8-fold at 24h (figure 55b). This supports the hypothesis that 
H3K27Me3-associated chromatin changes are more acute to Stag1 degradation 
in ES (2i/LIF) cells. Interestingly, both repressive histone modifications are 
reduced between 24h and 48h dTAG treatment and return to near control levels. 
This, observation supports a hypothesis that Stag1 impacts on heterochromatin-
associated histone PTMs are transient, which may be representative of buffering 
changes to the ES (2i/LIF) ground state. Importantly, this experiment was only 
performed once, and so biological repeats are required to validate the result. Also 
of note, exit of naïve pluripotency is associated with H3K27Me3 re-distribution 
to H3K4Me3-marked promoters, thereby establishing ‘poised’ bivalent genes 
(section 1.1.4). Immunoblotting is not able to assess this phenotype. To investigate 
whether Stag1 degradation influences gene expression in this way, a ChIP-seq of 
H3K27Me3 could be performed under acute and prolonged dTAG treatment. In 
addition, to this H3K27Me3 IF would be important to assess 1) whether increased 
H3K27Me3 contributes to heterochromatin condensates, and 2) whether Stag1 
co-localises with H3K27Me3 at these sites. If the latter is true, this would suggest 
Stag1 associates at both constitutive and facultative heterochromatic sites.
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4.4 Degrading Stag1 causes global changes to chromatin topology

To independently corroborate the heterochromatin compaction phenotype, and 
to further explore Stag1 KD effects on chromatin topology, we used SPRITE 
analysis, first described by Quinodoz et al. 2018 (see methods sections 2.10-
2.14). This technique allowed us to assess DNA contacts across different genomic 
distances in control and Stag1 degraded cells. Briefly, the SPRITE protocol 
involves measuring DNA contacts within 3D space by cross-linking DNA, followed 
by chromatin fragmentation. DNA molecules are then tagged with a barcode 
that is unique to each cluster of cross-linked fragments. As all DNA molecules 
within the same fragment cluster contain the same barcode, multiple DNA-DNA 
interactions from a single fragment can be simultaneously measured by matching 
the sequenced reads with their shared barcode (Quinodoz et al. 2018). Thus, 
SPRITE enables simultaneous measurement of multiple contacts to any one DNA 
molecule. This differs from in Hi-C methods, which rely on ligating pairs of DNA 
fragment interactors and thus only measures paired contacts (Lieberman et al., 
2009; Lajoie et al., 2015). Importantly, unlike Hi-C, SPRITE does not depend on 
proximity ligation, meaning it is able to robustly detect longer-range interactions, 
such as inter-chromosomal contacts around the nucleolus (Quinodoz et al. 2018). 
The likelihood of detecting longer-range contacts increases with the number of 
fragments within the cluster (i.e the size of the cluster). This is because 1) There 
is a greater chance that some fragments are very distal from others in a larger 
sample population (cluster), and 2) Long-range contacts are typically associated 
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Figure55 Heterochromatin-associated histone modifications in Stag1 degradation. a) Stag1mNG-V5-

FKBP ES (2i/LIF) WCE immunoblot of Stag1 and constitutive (H3K9Me3) and facultative (H3K27Me3) 
histone modifications after acute (2h, 6h) and prolonged (24h, 48h) DMSO and dTAG treatment. 
α-Tubulin was probed for as a loading control. b) Densitometry analysis of histone modifications in 
(a). Histone immunoblot signal was normalised to α-Tubulin and dTAG samples were compared 
against corresponding DMSO samples. Analysis was performed using ImageJ.
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with heterochromatic regions; the condensed nature of heterochromatin makes 
it more likely to have a greater number of DNA contacts, thus resulting in larger 
sized clusters. Consequently, binning contacts by cluster sizes enables analysis 
of contact frequencies at different levels of genome organisation. For example, 
small clusters containing 2-10 DNA molecule fragments re-capitulate Hi-C maps 
and are associated with TAD-level interactions. Thus these clusters display low 
probability for very long-range interactions. In contrast, binned larger clusters 
containing 100-10,000 DNA molecule fragments represent heterochromatin-level 
interactions (Quinodoz et al. 2018; Fiorillo et al., 2021). Given that I observed 
changes to heterochromatin-associated Hoechst intensity and volumes, SPRITE 
was a more suitable tool to investigate the effects of Stag1 at the level of condensate 
structure than Hi-C, and provided higher resolution with more quantitative data 
than can be obtained by IF.

Based on the results obtained from the spinning disc, I hypothesized that 
SPRITE would detect increased probabilities of very long-range contacts that 
would represent greater compaction of heterochromatin in Stag1mNG-V5-FKBP cells 
degraded for Stag1. As a control, ES (2i/LIF) cells containing a dox-inducible 
Dux-HA-expression construct were also obtained and sequenced (Hendrickson 
et al. 2017). Dux acts as a master regulator transcription factor for the totipotent 
2C-L fate (Hendrickson et al. 2017) and is repressed in pluripotent states 
(Hendrickson et al. 2017; Percharde et al., 2018). Thus, Dox induction in ES 
(2i/LIF) cells (see methods section 2.10) re-activates 2C-associated genes (eg. 
ZScan4, Kdm4e and PRAMEF-family genes) and repeat elements (eg. ERVL-
family reterotransposons), which drives a totipotent 2C-like state conversion (50-
74% reported conversion rate of the naïve population). Importantly, Hi-C analysis 
of the 2C-L demonstrates de-compacted genome architecture with poorly defined 
high probability contact TADs (Du et al., 2017; Hendrickson et al. 2017). Therefore, 
Dux induced cells act as a negative control for chromatin compaction. 

SPRITE of the Dux-induced, dTAG, and DMSO ES (2i/LIF) cluster libraries (see 
methods section 2.10-2.13) produced 65, 78, and 108 million sequenced reads, 
respectively. The number clusters within each binned cluster size were similar 
between the samples. Contacts were normalised to sequencing depth to enable 
comparative assessment of probabilities. The normalised contact probabilities 
were assembled into distance-dependant decay curves of different cluster bins 
(2-10, 11-100, 101-1000 and 1001-10000 fragments/cluster) (see methods 
section 2.14). Here, each curve represents the probability of chromatin interaction 
across increasing distance. As probability of chromatin contacts reduce with 
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distance, these curves ‘decay’ in a distance-dependant manner (Fudenberg 
and Mirny, 2012; Lajoie et al., 2015). As shown in figure 56, different binned 
cluster sizes produce different decay curves. The fragments in smaller clusters 
(2-10 fragments) are proximal to one another in cis contacts, therefore represent 
local sub-TAD and TAD interactions; this is shown by the expected rapid drop 
off in contact probability as distance increases. Increasing in bin size, the curves 
demonstrate progressively higher probability of longer-range contacts (between 
107 and 108 base pair separation in cis) that are associated with higher order 
structures, such as heterochromatin. Notably, each curve is relatively smooth, 
indicating a sufficient number of reads and low background noise. Overall, this 
data displays the expected decay trends for each cluster size, and has sufficient 
read depth for reliable comparison between samples.

As expected, the Dux-induced 2C-L population displays the lowest contact 
probability at all cluster sizes and at all distances. This is reflective of its de-
condensed genome and supports the validity of the data. Comparing between 
DMSO and dTAG probabilities at cluster bin sizes associated with heterochromatin 
contacts (101-1000 and 1001-10000) reveals greater probability (a less steep 
decay curve) in Stag1 degraded cells. This corroborates the live cell image 
observation of more condensed heterochromatin (brighter Hoechst foci) upon 
dTAG treatment. Strikingly, Stag1 degraded cells revealed increased interaction 
probability over DMSO at all binned cluster sizes. Resultantly, this suggests loss 
of Stag1 causes chromatin compaction across all levels of genome organisation. 
The observation is in agreement with Hi-C data at the level of TADs (binned 
clusters of 2-10 fragments), which show higher probability of increased long-
range interactions, thought to be due to weaker TAD insulation and greater inter-
TAD contacts (Kojic et al., 2018). Importantly, our SPRITE analysis evidences a 
role for Stag1 in organisation of higher order structures, such as heterochromatin. 
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Figure56 SPRITE analysis reveals global chromatin compaction upon Stag1 degradation. a) 
Decay curves of differently binned fragment cluster sizes display contact probability over distance 
for DMSO, dTAG and Dox-induced Dux cells. Contact reads were normalised to read depth. 
Sequencing and analysis was performed by the Perez group.

To my knowledge, this is the first robust evidence for Stag proteins affecting higher 
order genome structures, and suggests a possible role for Stag1 impacting cell 
fate decisions through regulating these chromatin condensates. 

4.5 Stag1 mass spectroscopy reveals novel interactions with chromatin 
organisers 

I next investigated protein interactors of Stag1 in naïve cells to elucidate a possible 
role in higher order genome regulation. 

The Stag1 mass spectroscopy performed in section 3.3.1 was re-analysed for 
co-immunoprecipitated unique protein peptides (see methods section 2.33). 
Proteins detected in both the N- and C-terminal Stag1 IP-mass spectroscopy 
(IP-MS) experiments and absent in both Mock-IPs were considered possible 
Stag1 interactors. From this, 571 proteins were common to both MS experiments 
(figure 57a). To increase stringency for detecting putative interactors, the list was 
cross-referenced with the CRAPome (version 2) database of 716 murine IP-
MS experiments (reprint-apms.org). As a cut-off, Stag1 co-IP proteins that were 
present in ≥75% of the IP-MS experiments were deemed likely to be non-specific 
(‘sticky’) interactors and hence removed from the list. Resultantly, 7 proteins 
met this arbitrary threshold, leaving a final ‘Stag1 interactome’ of 564 proteins. 
I noted that the presence of a detected peptide did not guarantee it as a direct 
Stag1 interactor. Consequently, validation of specific proteins of interest involved 
later follow-up co-IP and immunoblotting. Ideally, the IP-MS would have been 
performed using the Stag1mNG-V5-dTAG with and without dTAG to act as a control for 
non-specific proteins. However, as the cell line had not yet been generated at this 
point, it was necessary to perform the MS using WT ES cells. Nonetheless, the 
specificity of the pull-down in these experiments was supported by the detection 
of cohesin proteins and CTCF that were highly enriched in both Stag1 IP-MS 
experiments. Similar to CTCF, several other proteins containing an Y/FxF-motif 
known to interact with the conserved Stag CES domain (section 1.2.2) were also 
detected in the Stag1 interactor list (figure 57b) (Li et al., 2020; Porter et al., 
2021). Overall, these observations made me confident that the Stag1 interactor 
list was at least in part enriched for putative Stag1-interacting proteins.
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In reviewing the interactome list, constitutive heterochromatin-associated 
proteins were identified, supporting the evidence that Stag1-enrichment at 
Hoechst sites represents heterochromatin regions. Notably, the H3K9Me2/3-
binding methyl reader HP1α (discussed in section 1.1.4) (Bannister et al., 
2001) was highly enriched in both MS experiments, and was independently 
validated as a putative Stag1 interactor by co-IP and immunoblot (figure 58). 
LaminB1 and LaminB1 Receptor were also identified; these proteins have an 
essential role in tethering peripheral heterochromatic Lamin Associated Domains 
(LADs) to the inner nuclear membrane (van Steensel and Belmont, 2022). 

Importantly, HP1α and LaminB1 represent distinct regions of heterochromatin: 
HP1α form as discrete foci at repetitive peri-centromeric and telomeric regions 
(James et al., 1986) within the nucleus, while Lamin B is associated with 
heterochromatin around the perimeter of the nucleus. Proteins localised to 
nucleolar heterochromatin were also identified (discussed below), thus the 
interactome suggests Stag1 is associated with distinct heterochromatic regions 
within ES (2i/LIF) cells. Further, the mass spectroscopy also picked out a range 
of chromatin modifiers interacting with Stag1, which were not tested by co-IP. 
These included DNA methylators, Histone reader/writer/eraser proteins, and 
histone chaperones: Dnmt1, Tet1, Chaf1a, Kdm6b, Hdac2,  Smarca4, Smarca1, 
CHD4, Jarid2, Brd1, and Brca1. Many of these factors are associated with 
heterochromatin and help facilitate epigeneitic repression. Consequently, an 
abundance of such proteins in the MS supports my observations of Stag1 being 
concentrated at heterochromatin, and  could imply Stag1 contributes to the 

Figure57 Establishing an ES ‘Stag1 interactome’. a) Venn diagram displaying the number of 
proteins detected in N-term and C-term Stag1 co-IP-MS only and in both MS experiments. b) 
Table 17 Table of Y/FxF-containing proteins within the Stag1 interactome, annotated with their 
Gene Ontology (GO) Biological Processes. 214 proteins were detected to contain the Y/FxF motif 
within the murine proteome (motif detection using SLiM search database, http://slim.icr.ac.uk/); 11 
of these were present in the interactome. 

FGF	proteins CRAPome	Score Biological	Process	GO 

UTP6 11/716 rRNA	processing 

ELP1 63/716 tRNA	modification 

DGCR8 69/716 Production	of	miRNA	involved	in	gene	silencing		
ncRNA	processing 

NUP210 82/716 Nuclear	Pore	Complex	structuring 

SUPT6H 85/716 
Positive	regulation	of	transcription	elongation	by	RNA	
polymerase	II	promoter	
Nucleosome	organisation 

POGZ 95/716 Kinetochore	assembly	
Mitotic	cell	cycle	progression 

CTCF 106/716 Nucleosome	positioning	
Regulation	of	gene	expression	by	genetic	imprinting 

WAPL 123/716 Regulation	of	cohesin	loading 

POLR2B 130/716 Transcription	by	RNA	polymerase	II 

MCM3 322/716 Mitotic	DNA	replication	initiation	
Double	strand	break	repair 

PPP1CB 323/716 Regulation	of	glycogen	catabolic	process 

a) b)
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assembly of heterochromatin through a role in nucleosome modifications.

To  better  visualise the data and assess commonalities between co-
immunoprecipitated proteins, the interactor list was next analysed for Gene 
Ontology (GO)-enriched terms using the protein analysis through evolutionary 
relationships 'PANTHER' search engine (version 17; pantherdb.org). Here, 
the Stag1 interactome was compared against a reference murine proteome to 
evaluate over-representation of cellular component, molecular function, and 
biological process GO terms (figure 59). To ensure high confidence in enriched 
terms, proteins were filtered for significance by both a Fisher Exact Bonferroni 
correction for multiple testing, and setting a false discovery rate (FDR) of <0.05. 
Unsurprisingly from a chromatin IP, cellular component GO (figure 59a) revealed 
a significant enrichment of nuclear-location terms (spliceosome complex 
(p=1.16E-12 , FDR=1.74E-05), nuclear pore (p=7.36E-06, FDR=2.43E-07), 
nuclear envelop (FDR= 1.90E-05), nuclear body (p=1.52E-03, FDR=3.44E-05), 
chromatin (p= 1.21E-13, FDR=6.09E-15), nucleolus (p=1.32E-15, FDR=7.27E-17) 
etc). In addition, several nuclear-localised protein complexes involved in mRNA 
and chromatin processing were also detected (SWI/SNF superfamily type 
complex (p= 8.70E-05, FDR= 2.51E-06), histone methyltransferase complex (p= 
6.31E-04, FDR= 1.62E-05), histone deacetylase complex (p= 5.86E-06, FDR= 
2.12E-07). The abundance of these modifying terms could relate to Stag1's 
association at heterochromatin regions and suggest a role for Stag1 in histone 
post-translational modification. 

Next, assessing the common molecular functions (figure 59b) of the Stag1 
interactome revealed enrichment of binding activities (chromatin DNA (p= 1.41E-
05, FDR= 3.86E-02), mRNA (p=3.49E-08, FDR=4.73E-09), histone (p=9.35E-03, 
FDR=4.05E-04)) and transcriptional terms (RNA polymerase II complex binding) .
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Figure58 Stag1 associates constitutive heterochromatin mark, HP1α. a) Stag1 co-IP using an 
N-terminal recognising antibody and WT ES (2i/LIF) cell chromatin lysate. Elute was immunoblotted 
for H3K9Me3-reader protein HP1α and cohesin (Smc3). 
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Notably, structural components of the Nuclear Pore Complex (NPC) (p=3.22E-05, 
FDR=2.33E-06) was a highly over-represented term; this matches the enrichment 
cell component terms associated with the nuclear membrane and supports the 
observation of Stag1 co-localising with peripheral heterochromatin LADs. 

Finally, Biological Process GO (figure 59c) terms demonstrated  an  over-
representation of several known cohesin functions (SCC (p=3.98E-03, 
FDR= 2.81E-02), DNA replication (p=2.74E-02, FDR=2.24E-02), DNA repair 
(p=1.18E-05, FDR=2.08E-07), chromatin organisation (p=2.13E-02, FDR= 2.22E-
04), thus supporting the validity of a putative Stag1 interactome. Many mRNA 
and rRNA processing terms were also enriched as the most significant biological 
process GO terms. These observations are in line with recent reports of Stag 
associating with RNA molecules and RNA Binding Proteins (RBPs) to facilitate a 
range of RNA processing mechanisms through the suppression of R-loops (Pan 
et al., 2020; Porter et al., 2021; KuruSchors et al., 2021). Consequently, this may 
suggest similar role for Stag1 involvement in activities such as splicing regulation 
and ribosome biogenesis in a pluripotent cell environment. 
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Figure59 Assessment of Gene Ontology terms enriched in the Stag1 interactome. Barcharts 
representing fold enrichment of GO terms over-represented in the Stag1 interactome relative to 
a murine reference proteome. PANTHER (version 17) was used to detect GO-enriched terms 
for (a) Cellular Component, (b) Molecular Function, (c) Biological Processes. Statistical signif-
icance is indicated by the bar colour gradient, and was calculated using a Fisher’s Exact test 
and Bonferroni correction for multiple testing.
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Following this observation, we note rRNA transcription and ribosome biogenesis 
occurs in the nucleolus (table  2). Enrichment of these biological processes and 
the cellular component nucleolus GO term support live cell imaging of Stag1’s co-
localisation with nucleolar heterochromatin (figure 53a). Importantly, both mass 
spectroscopy and independent co-IP immunoblotting detected the nucleolar 
structuring and rRNA synthesis proteins Nucleolin and Trim28 as direct Stag1 
interactors (figure 60a).  To enhance the reliability of this result, a reciprocal 
Nucleolin IP was performed using chromatin extract from DMSO and dTAG-
treated Stag1mNG-V5-FKBP ES (2i/LIF) cells (figure 60b). Immunoblotting the resulting 
elute revealed a successful co-IP of canonical Stag1 in DMSO conditions, 
supporting the specificity of  the interaction. Cohesin (Smc3) was also found to  
be pulled down with Nucleolin (figure 60b). Strikingly, probing with an N-terminal 
Stag1 antibody upon in dTAG-treated Nucleolin IP presented a strong enrichment 
over input of the lower ~150kDa Stag1 band (figure 60b).  These observations 
could indicate that 1) the N-terminal-containing variant is primarily associated 
with nucleolin, and 2) this interaction occurs in the context of Stag1 bound to 
cohesin. Notably, Trim28 pull-down within dTAG-treated cells demonstrated 
a slightly weaker enrichment over input relative to DMSO conditions (15% 
reduced enrichment compared to DMSO) (figure 60b), which may suggest loss 
of canonical Stag1 perturbs the association between the known Nucleolin-Trim28 
interactors. This could be significant as the Nucleolin/Trim28 complex causes the 
repression of the totipotent 2C-like program through maintaining ordered nucleolar 
heterochromatin (Percharde et al., 2018). Thus, disruption of this complex via loss 
of Stag1 could prompt fluctuations in the balance of 2C-like state within the naïve 
cell population. I also acknowledge the nucleolus is a well-known condensate that 
acts as a hub for heterochromatin organisation (table 2) (Ferreira et al., 1997; van 
Koningsbruggen et al., 2010) and is the site of rRNA processing and ribosome 
biogenesis (both enriched GO terms) (Raška et al., 2006) (section 1.1.4). 
These functions make the nucleolus pivotal in influencing ES cell fate, which is 
characterised by high rates of ribosome biogenesis (section 1.1.5) (Savić et al., 
2014; Watanabe-Susaki et al., 2014; Percharde et al., 2018; Yu et al., 2021; Gupta 
and Santoro, 2020). Based on the spinning disc images, Stag1 also appeared to 
co-localise at peri-nucleolar heterochromatin, as judged by the dense Hoechst 
staining surrounding a Hoechst-absent center typical of nucleoli. I therefore 
posited Stag1 influences nucleolar formation, the disruption of which promotes 
changes in higher order genome topology and aberrant nucleolar function.
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Figure60 Stag1 interacts with nucleolar heterochromatin proteins and influences complex stability 
Both Stag1 immunoblots were performed with an N-terminal-recognising antibody a) Immunoblot 
of Stag1, Nucleolin and Trim28 from a WT ES(2i/LIF) chromatin lysate Stag1 IP. b) Immunoblot 
of Stag1, Smc3, and Trim28 from Stag1mNG-V5-FKBP ES (2i/LIF) chromatin lysate Nucleolin IP under 
DMSO and dTAG conditions.  

4.6 Stag1 degradation impacts nucleolar structure 

To assess the impact of dTAG-mediated Stag1 degradation on the structure of the 
nucleolus, a co-IF assay was performed using antibodies specific to the nucleolar 
proteins Nucleolin and Fibrillarin. Although not tested by co-IP, Fibrillarin was also 
highly enriched in Stag1 MS. As mentioned above, Nucleolin is a multifunctional 
protein predominantly localised to the heterochromatic nucleolar periphery (the 
Granular Component) and is important for nucleolar chromatin remodelling, rRNA 
processing, alternative splicing, and ribosome packaging (Roger et al., 2003; 
Salvetti et al., 2016). Meanwhile, Fibrillarin is concentrated within the euchromatic 
center (the Dense Fibrillar Component) of the nucleolus where it acts as an rRNA 
2′-O-methyltransferase required for rRNA processing (Watanabe-Susaki et al., 
2014). 

Representative co-IF images in figure 61a display the expected co-localisation of 
Nucleolin and Fibrillarin foci. DAPI also indicates dense regions of heterochromatin 
surrounding Nucleolin signal but absent from the center of the Nucleolin puncta. 
Together, these staining patterns faithfully demarcate nucleolar structures. Similar 
to the  V5/H3K9Me3 co-IF, the localisation of Stag1 is fairly even throughout 
the cell and does not present the clear puncta overlapping Hoechst/DAPI-
dense regions that was seen by spinning disc. Moreover, by applying a mask to 
Nucleolin-dense regions of the nucleolus, I observed no change in enrichment of 
Stag1 compared to the whole nucleus (figure 61b). This is in contrast to the V5/
H3K9Me3 co-IF, which showed a non-significant increase in Stag1 signal within 
the heterochromatin puncta. The likely explanation for this disparity is that, while 
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Figure61 Stag1 knockdown disrupts nucleolar organisation a) Z-stack co-IF of B1 ES (2i/LIF) 
cells treated with DMSO and dTAG and stained with nucleolar markers (nucleolin and fibrillarin). 
Images were taken with a 63X objective on a confocal microscope. b) Boxplot of mNG signal 
in masked Nucleolin (Ncl) foci and whole nucleus. Per cell, mNG signal for each Ncl focus was 
averaged. c) Boxplot analysis of nucleolar staining under control and Stag1 degradation conditions 
in (a). Left to right: mNeonGreen expression, number of Nucleolin foci per nucleus, mean intensity 
of Nucleolin per Nucleolin focus, mean intensity of Fibrillarin per nucleolin focus. Analysis was 
performed using ImageJ software and significance tested using a two-tailed T-Test. Number of 
cells measured per condition n=60.

nucleolin associates at heterochromatic nucleolar regions, masking nucleolin 
foci encapsulates both the nucleolar heterochromatin periphery and the inner 
euchromatic Dense Fibular Component (DFC). Although I note there is some 
Stag1 signal within  the DFC (which was also seen in the live cell images), the 
signal was very weak compared to the rest of the cell. Thus, masking nucleolin is a 
caveatted approach to investigate if Stag1 enriches at nucleolar heterochromatin. 
It can be argued, however, that as no change was observed between the whole 
nucleus Stag1 signal and the nucleolin mask (nucleolar heterochromatin + 
Stag1-poor DFC), this could represent Stag1 being enriched in the nucleolar 
heterochromatin. To verify this, a clear marker of the DFC should be used in 
conjunction with Stag1/Nucleolin co-IF. This would allow for removal of the DFC  
Stag1 signal from the mask of nucleolar heterochromatin and thus allow for a 
direct Stag1 signal comparison between the whole nucleus and the nucleolar 
heterochromatin. 

As evidenced in figure 61c, dTAG treatment resulted in a significant increase in the 
number of nucleolar bodies per cell. I further noted the structure of these bodies 
appeared abnormal in shape and varied in size compared to the more uniformed 
nucleoli in the DMSO control.  Finally, analysis of Fibrillarin signal reveals reduced 
mean signal intensity upon Stag1 degradation. As Fibrillarin inhibition in ES (2i/
LIF) cells has been shown to induce up-regulation of differentiation markers 
(Watanabe-Susaki et al., 2014), this supports our finding of Stag1 degradation 
promoting a commitment phenotype. The up-regulation of nucleolin signal, on the 
other hand, was surprising. Nucleolin is important for maintaining the naïve cell 
fate and its knockdown results in reduced self-renewal (Yang et al., 2011). It could 
therefore have been expected nuclelolin levels would reduce upon loss of Stag1.

Together, these data add further evidence to my previous findings that Stag1 
is enriched at DAPI-dense nucleolar regions, and interacts with nucleolin. 
Furthermore, the hypothesis that Stag1 is important for structuring heterochromatin 
condensates is supported by the phenotypes of abnormal number and appearance 
of nucleolar bodies under Stag1 degradation conditions.
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4.7 Stag1 knockdown impacts nascent translation output 

Having determined Stag1 knockdown has a role in maintenance of nucleolar 
structure, I next assessed the impact this has on its function. As mentioned above, 
the nucleolus is a hub of active rDNA transcription, rRNA processing, and ribosome 
assembly (table 2) (Raška et al., 2006; Pederson, 2011). A principle characteristic 
of ES (2i/LIF) cells is highly active ribosome biogenesis in the nucleoli but low 
global translation rates (Sampath et al., 2008; Corsini et al., 2018). Studies have 
shown a balance of ribosome production and protein translation are tightly co-
ordinated to maintain cell fate. Indeed, dysfunction to ribosome biogenesis, as 
seen in some ribosomopathies, can lead to globally de-regulated translation rates 
(Aspesi et al 2019). Therefore, I hypothesised aberration to nucleolar structure 
observed with Stag1 degradation could affect ribosome biogenesis, which in turn 
would impact translation rate and cell fate decisions.  

To assess whether Stag1 may be impacting cell fate through alterations in 
nucleolar output, I measured the rate of nascent translation under control and 
knockdown conditions using the ClickIT assay (see methods section 2.31).  
Here, cells were incubated in methionine-free media before being pulsed with 
L-homopropargylglycine (HPG), an amino acid analog of methionine. The cells 
were then fixed, stained with an Alexa fluorophore-conjugated anti-HPG antibody, 
and analysed for the level HPG incorporation into nascent protein by flow 
cytometry. Figure 62 demonstrates knockdown of C-terminal Stag1 resulted in 
reduced levels of HPG incorporation, indicating a global reduction in translation. 
This result could indicate Stag1 KD causes general disruption to the nucleolar 
condensate and resultantly reduces ribosome biogenesis.
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Although only tested once with the Stag1mNG-V5-FKBP cell line, this experiment was 
performed repeatedly by Dr Dubravka Pezic using SP, 5’, and 3’ siRNA Stag1 
knockdown. Similar to dTAG knockdown reduced translation rates were observed 
upon C-terminal (3’ siRNA) and total (SP siRNA) Stag1 knockdown. Of note, 
however, knockdown of N-terminal-containing Stag1 using 5’ siRNA resulted 
in a significantly lower rate of HPG incorporation compared to 3’ siRNA, thus 
highlighting again the heterogeneity in phenotypes between Stag1 variants.

4.8 Summary of Chapter 4 results

 1) Stag1 is concentrated at heterochromatic foci around the nuclear  
 periphery, at chromocentres, and at nucleolar regions.
 2) Stag1 degradation results in increased chromatin compaction across  
 multiple scales of genome organisation, including at heterochromatin  
 condensates.
 3) Stag1 ES interactome reveals enrichment of heterochromatic and 
 nucleolar-associated proteins.
 4) Stag1 degradation results in disruption to nucleolar structure and  
 impacts nascent translation rates.

4.9 Discussion

In evaluating Stag1’s impact on ES cell chromatin topology, I utilised the Stag1mNG-

V5-FKBP cell line with a combination of orthogonal techniques (live cell imaging, co-
IF, SPRITE) to observe higher genome organisation changes. These methods 
revealed chromatin compaction and increased heterochromatin formation upon 
loss of C-terminal containing Stag1. Such phenotypes are concomitant with a 
transition from a plastic and hypo-methylated naïve genome towards a more 
restrictive commitment genome (section 1.1.4) (Marks et al., 2012, Wu et al., 
2016; Kalkan et al. 2017), and thus support our observations for C-terminal 
Stag1 in maintenance of pluripotency (see chapter 3). Strengthening Stag1’s 
direct role in heterochromatin regulation, mass spectroscopy identified several 
novel interacting proteins that are known to structure repressive regions of the 
genome (Nucleolin, Trim28, LaminB1/LaminB1R, HP1α) in addition to a range 
of histone re-modelling enzymes that affect chromatin accessibility. Importantly, 
these markers are associated with distinct regions of heterochromatin within 
the nucleus: inner nuclear membrane proteins LaminB1/LaminB1R tether 
Lamin Associated Domains (LADs) to the nuclear periphery (van Steensel and 
Belmont, 2022), HP1α recognises H3K9Me2/3 at heterochromatic puncta within 
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the nucleus (Bannister et al., 2001), and Nucleolin structures Nucleolar Ordered 
Regions (NORs) containing rRNA genes (Trere et al., 1989). Supporting Stag1’s 
association with these proteins, live cell microscopy and H3K9Me3 co-IF reveals 
an enrichment of Stag1 at each of these distinct sites. The ubiquitous nature of 
Stag1 association at different heterochromatin regions, therefore, may indicate a 
role for Stag1 in global higher order chromatin organisation.  Previously, the roles 
cohesin-Stag1 and cohesin-Stag2 have on genome topology has been focused 
on the level of enhancer-promoter loops and TADs (see section 1.1.4 and 1.3.2). 
This has partly been due to the observation of cohesin associating with CTCF 
at TAD boundaries (Hadjur et al., 2009), and the prevailing theory that cohesin’s 
role on transcriptional output is through mediating local enhancer-promoter 
contact frequencies (Nora et al, 2012; Sexton et al., 2012; Roa et al., 2017; 
Thicke et al., 2020). It has also been partly due to the limitations of chromatin 
contact technologies. 3C and Hi-C have proven invaluable methods in the above 
findings, but paired end ligation makes them dependent on local proximities 
and are therefore unable to accurately report on more distal interchromosomal 
contact frequencies associated with higher order organisation (Lajoie, 2015). 
Here, we utilise SPRITE, a more recent method that does not rely on paired 
contact frequencies and hence can faithfully capture the probabilities of higher 
order chromatin interactions (Quinodoz et al. 2018). Surprisingly, this method 
revealed degradation of Stag1 by dTAG promotes global increase in chromatin 
interaction frequencies across all tested distances. This observation may imply 
three phenotypic effects Stag1 KD has on ES (2i/LIF) chromatin architecture: 

1) First, the increased interaction frequency could indicate a generalised chromatin 
compaction phenotype, thus suggesting Stag1 is required for maintaining a 
balance of ‘open’ and ‘closed’ chromatin states. This hypothesis is supported 
by spinning disc microscopy results that show knockdown of Stag1 enhances 
heterochromatin domains. Moreover, increased abundance of H3K27Me3 
modification suggests acquisition of facultative heterochromatin. 

2) Second, greater contact frequency could imply the genome has become 
more dynamic and is therefore more likely to contact distal chromatin regions. 
This could instead suggest Stag1 has a role in tethering chromatin into more 
structured chromosomal territories. Indeed, in support of this hypothesis, imaging 
the nucleolar markers (Nucleolin and Fibrillarin) by co-IF demonstrates loss of 
Stag1 is concomitant with increased nucleoli, which could indicate less structured 
heterochromatin organisation. In addition, the Stag1 interactors LaminB1 and 
HP1a are instrumental in ordering heterochromatic condensates (Camps et al., 
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2015; Larson et al., 2017; Keenen et al., 2021; Strom et al., 2021), thus loss of 
Stag1 may disrupt their function and promote more dynamic chromatin. 

3) Third, the phenotype of C-terminal Stag1 knockdown may be an assimilation 
of the two previous hypothesises where heterochromatin formation increases 
but becomes less constricted in 3D space, thereby allowing it to behave more 
dynamically.

In order to differentiate between these phenotypes, a future experiment would 
involve performing siRNA-mediated Stag1 knockdown on a HP1a-RFP ES (2i/
LIF) cell line. These cells could then be assessed by live cell imaging FRAP to 
track for changes to both the dynamics and abundance of heterochromatin.  

Despite observing increased heterochromatin abundance by spinning disc and 
a general condensation phenotype by SPRITE, co-IF of H3K9Me3 did not show 
the expected increase in total signal within the whole nucleus after 18h dTAG 
treatment. H3K9Me3 is a marker of constitutive heterochromatin (section 1.1.4)
and, as such, the robust chromatin changes it demarcates may not be so acute to 
18h Stag1 knockdown. Indeed, the time course immunoblot revealed H3K9Me3 
levels did modestly increase, but only at the 24h stage. As acquiring H3K9Me3 
first requires both mono- and di-methylation to occur (Pinheiro et al., 2012), these 
intermediate stages of constitutive heterochromatinisation could be more attuned 
to the 18h dTAG treatment and act as more suitable indicators for nascent chromatin 
compaction. This hypothesis is supported by the time course immunoblot that 
indicates other repressive histone modifications may be more sensitive to Stag1 
knockdown. For example, promoter methylation with H3K27Me3 is a marker 
for facultative heterochromatin, a modification that marks lineage commitment 
(Hawkins et al., 2010). H3K27Me3 also increases between naïve ES (2i/LIF) 
and heterogeneous ES (serum/LIF) states (Marks et al., 2012). This increased 
expression is therefore concomitant with our observation of a pro-commitment 
phenotype upon C-terminal Stag1 knockdown. Consequently, repeating the co-IF 
at different dTAG time-points and staining for histone modifications that indicate 
cells transitioning to an increased heterochromatin state, (eg. H3K9Me1/2 and 
H3K27Me3) could better inform how Stag1 influences higher order chromatin 
architecture. Notwithstanding a lack of change in total H3K9Me3 after 18h 
dTAG, cell-to-cell variation in H3K9Me3 expression and the average number of 
H3K9Me3 foci was found to increase upon Stag1 knockdown. These observations 
may suggest that, at the 18h dTAG time-point, the genome organisation of ES (2i/ 
LIF) cells is becoming less homogeneously ‘open’ and beginning to acquire new 
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regions of heterochromatin. Both phenotypes would indicate a transition away 
from naïve ES (2i/LIF) cell state towards a more committed state.  

As set out in section 3.3, we have uncovered diversity in Stag1 transcript variants 
that translate onto the protein level and present non-overlapping phenotypes 
upon their knockdown. My work in this chapter has been solely focused on the 
chromatin organisation phenotype and understanding a potential mechanism 
of C-terminal-containing Stag1, largely due to the Stag1mNG-V5-FKBP being an 
excellent tool to rapidly degrade these isoforms. Within the lab, however, we 
studied in parallel the differential effects ΔC-terminal variants pose to higher 
genome organisation. This is particularly relevant given that, as described in 
section 1.1.4, heterochromatin organisation is a phase condensate separation 
controlled by intrinsically disordered proteins, such as the Stag proteins. As the 
IDRs of Stag reside at both the N- and C-terminal, it could therefore be expected 
that knocking down ΔC-terminal variants may have a non-overlapping effect 
on chromatin organisation, which in turn could contribute to differences in their 
gene expression signatures. Leading this work, Dr Dubravka Pezic assessed 
how Stag1 variants may differentially affect genome topology in a number of 
ways. First, WT ES (2i/LIF) cells were transfected with stable dox-inducible over-
expression of GFP-tagged full-length (Stag1FL-GFP), ΔN-terminal at (Stag1Δe5-
GFP) and ΔCterminal (Stag1i25-GFP) constructs. Surprisingly, each of the cell 
lines showed a significant increase in constitutive heterochromatin by DAPI and 
H3K9Me3 foci by co-IF. This phenotype is reminiscent of C-terminal containing 
Stag1 degradation. This led to the hypothesis that skewing the balance of any 
of the Stag variants either by degradation or over-expression results in aberrant 
heterochromatin formation.  

As discussed in chapter 3, knockdown of N-terminal containing Stag1 variants 
specifically promotes an increase in 2C-like cells within the ES (2i/LIF) 
population. Although this project did not focus on the role of N-terminal Stag1 
in balancing the totipotent state, the MS and subsequent co-IP/Immunoblots 
performed in section 4.5 revealed Stag1 interactors with a known mechanism 
for 2C regulation. Specifically, the nucleolar protein complex Nucleolin/Trim28 
is known to suppress the totipotent state by repressing Dux, a 2C transcription 
factor (Percharde et al., 2018). Utilising the Stag1mNG-V5-FKBP cell line, Nucleolin 
IP revealed a strong enrichment of ΔC-terminal variants over input upon dTAG-
mediated Stag1 degradation. Importantly, I note canonical Stag1 also interacts 
with Nucleolin and, upon degradation, the enrichment of Trim28 and Nucleolin 
is weakened, but not abolished. It is interesting to note the N-terminal of Stag1 
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contains an AT-Hook motif that has been reported to recognise AT-rich DNA 
and mediates SCC at telomeric regions (section1.3.1, 1.3.2, table 3 & figure 
4a) (Bisht et al., 2013). This could suggest N-terminal-containing Stag1 protein 
would preferentially associate to AT-rich heterochromatin regions in interphase, 
such as the nucleolus. From this, I hypothesise the interaction between Nucleolin 
and Trim28 is primarily stabilised by ΔC-terminal Stag1, thereby maintaining the 
balance of 2C state within the naïve population upon C-terminal degradation. To 
test this, a Nucleolin IP would be performed on chromatin treated with 5’ siRNA and 
3’ siRNA to assess the relative differences in Trim28 interaction by immunoblot. 
The preferential association for N-terminal Stag1 protein to associate with the 
nucleolus was also reflected by nucleolar transcription and translation rates. 
Here, Dr Dubravka Pezic performed ClickIT assays on selective siRNA-mediated 
knockdown of N-terminal and C-terminal Stag1 to measure changes to nascent 
transcription and translation rates. Subsequent analysis revealed nucleolar rRNA 
transcription and nascent translation rates were more greatly reduced upon 
depletion of N-terminal variants, thus suggesting loss of N-terminal containing 
Stag1 variants results in greater disruption. 

To further elucidate the differential phenotype of loss of N-terminal and loss of 
C-terminal Stag1 variants on chromatin interactions, I prepared 5’ and 3’ siRNA-
treated ES (2i/LIF) cells for SPRITE analysis. Unfortunately, the sequencing 
quality of the subsequent DNA fragment libraries were too poor to be able to 
confidently detect differences between the samples. 

In this chapter, mass spectroscopy (MS) was a powerful tool for gaining insight 
into potential Stag1 mechanisms and shoring up our hypotheses. Through 
this approach, we were able to identify likely Stag1 interactors in a global 
and unbiased manner. There were, however, several limitations with the MS 
procedure in elucidating Stag1’s interactome. Firstly, as the initial aim of the 
Stag1 MS was to identify novel Stag1 variant peptides (section 3.3.1), the co-
IP elute was separated by SDS-PAGE and only the banded regions stained by 
Coomassie dye were analysed. Resultantly, the non-Stag1 peptides found in 
the MS may not constitute a full interactome. In addition, discrepancies in the 
regions that were banded between the N- and C-terminal Stag1 co-IP coomassie 
stains (figure 48a) may account for why some proteins were only identified in one 
of the two experiments. Secondly, to obtain a true Stag1 interactome, a Stag1 
knockdown co-IP control must be included in the MS. Several steps were taken 
to remove non-specific interactions: preparing the lysate in benzonase removed 
proteins connected to Stag1 by nucleic acids, the interactome list was filtered for 
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characteristically ‘sticky’ peptides using the CRAPome database, and interacting 
proteins of interest were later validated by Stag1 co-IP. In the case of Nucleolin, 
a reciprocal Nucleolin IP was performed under DMSO and dTAG treatment to 
confirm Stag1 specificity. Nonetheless, to generate a true ES Stag1 interactome, 
the MS protocol would be repeated in triplicate with the complete elute from 
a V5 IP of DMSO and dTAG-treated Stag1mNG-V5-FKBP cell chromatin lysate.  I 
also acknowledged the large number of proteins that were detected in only the 
N-terminal (828) or C-terminal (497) IP-MS. Although this lack of overlap could 
be due to the afore-mentioned technical differences between experiments, it is 
also feasible some of these proteins are unique interactors of ΔC-term or ΔNterm 
Stag1 variants and therefore would only be co-immunoprecipitated using the 
appropriate antibody. For example, ΔN-term variants do not contain the AT-hook 
motif. Despite being a DNA-binding site and not a protein interaction motif, the 
AT-hook may nonetheless be important for localising Stag1 to specific regions of 
the genome that could in turn facilitate interactions with specifically co-localised 
proteins (Bisht et al., 2013). Therefore, to fully characterise heterogeneity 
in Stag1 variant interactomes, a Stag1 co-IP-MS would be set up using an 
N-terminal recognising antibody to IP Stag1 from Stag1mNG-V5-FKBP ES (2i/LIF) 
chromatin lysate cultured in DMSO and dTAG. Analysing the full IP elute from 
the dTAG condition by MS would reveal a ΔC-term-specific interactome. Next, by 
comparing this interactome with the DMSO MS, those proteins present in only 
the DMSO condition would constitute the canonical/ΔN-term Stag1 interactome. 
The latter result could then be further confirmed by repeating the MS using a 
V5-specific antibody to enrich for only C-terminal containing Stag1 variants. As 
demonstrated in this chapter, even a caveatted MS is useful in globally identifying 
novel interactors to help formulate Stag1 mechanisms. Consequently, MS would 
provide a powerful tool for elucidating functional heterogeneity between the 
N-terminal and C-terminal variants, which in turn could inform on the causes of 
their non-redundant cell fate phenotypes



187



188

5 Stag3 is expressed in ES cells and affects pluripotent transitions 

5.1 Introduction

The previous two results chapters of this thesis detail investigations into the Stag1 
expression within early cell fates. My results suggest Stag1 and Stag1 variants may 
influence pluripotent transitions through changes to genome organisation at the 
scale of higher order regulatory bodies (condensates, section 1.1.2). Comparisons 
between the two mitotic Stag1/2 paralogs in their non-overlapping functions have 
been studied by multiple groups (Remeseiro et al., 2012a; Remeseiro et al., 
2012b; Viny et al., 2019; Cuadrado et al., 2019; De Koninck et al., 2020; Casa et 
al., 2020) and discussed in chapter 1.3. Less intensively studied, is the meiotic 
Stag paralog, Stag3. This overlook is likely due to the notion that Stag3 is only 
expressed at certain stages in germ cell development, and its known functions 
are limited to meiosis I-specific requirements (summarised in table 3) (Pezzi et 
al., 2000; Prieto et al., 2001). Thus, all comparisons that include the three Stag 
proteins have been largely limited to their differential expression and functions 
during germ cell development (Fukuda et al., 2014; Winters et al., 2014; Ward et 
al., 2016; Ishiguro, 2019). As detailed in section 1.3.3, Stag3 is indispensable for 
specialised chromosomal rearrangements during meiotic prophase I, including 
meiotic bouquet formation and establishment of the AE and SC. Despite Stag1/2 
expression in meiotic cells, evidence suggests Stag3 performs these roles non-
redundantly (Garcia-Cruz et al., 2010; Hopkins et al., 2014; Winters et al., 2014; 
Biswas et al., 2016). Importantly, as both Stag1 and Stag2 have established roles 
outside of cell division (including genome organisation), this avenue of research 
for Stag3 is severely lacking.

As laid out in section 3.3, ES cells display a range of Stag proteins through the 
expression of truncated and alternatively spliced Stag1 isoforms that differentially 
influence cell fate. This suggested a diversity of Stag proteins may be an important 
factor regulating cohesin functions. Following this hypothesis, I questioned 
whether the Stag3 paralog exists within pluripotent cells to further contribute to 
fine-tuning cell fate decisions. To investigate this, I expanded my Stag expression 
profiling in ES cells and EpiLCs to include Stag3. Given Stag3’s known roles 
in germ cell development, I extended the naïve-to-primed commitment model 
by differentiating EpiLCs into Embryoid Bodies (EBs), which contain a sub-
population of Primordial Germ Cell-Like cells (PGCLCs) that give rise to the 
germ cell fate (Hayashi et al., 2011). Using this differentiation model, I identified  
Stag3 protein in pluripotent states, the expression of which increased from ES 
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to PGCLCs. co-IP experiments further revealed that Stag3 is able to interact 
with mitotic cohesin and CTCF in ES (2i/LIF) states, thus implying a functional 
role for Stag3 in genome organisation. After unsuccessful attempts to generate 
a Stag3 degradation cell line using CRISPR, a siRNA-mediated KD approach 
was taken to assess the impact of loss of Stag3 in ES (2i/LIF) cells. By utilising 
both RT-qPCR and reporter cell lines, I uncovered a pro-pluripotency phenotype 
upon Stag3 KD that persists throughout the ES to EB differentiation model. This 
phenotype is in contrast to Stag1 KD and thus further emphasises the diversity 
and non-redundancy of Stag proteins in controlling ES cell fate decisions.  

5.2 Stag3 expression in naïve and primed pluripotency 

Stag3 expression is reported to be highest during leptotene-diplotene stage 
of prophase Meiosis I in developing germ cells (Garcia-Cruz et al., 2010). To 
determine whether Stag3 is expressed within pluripotent cells, total RNA and 
WCE protein was isolated from both serum/LIF and 2i/LIF ES cells and EpiLCs, 
which were cultured in the same way as previously described. Material was also 
collected from a 72h EpiLC time point. As a positive control for Stag3 detection, 
total RNA and Whole Tissue Extract (WTE) was collected from the testis of WT 
male mice that had reached sexual maturity (>6 weeks old) (see methods section 
2.16). Total RNA from immortalised MEFs was also collected as a test for Stag3 
expression in terminally differentiated somatic cells. The RNA and protein extracts 
were then assayed for Stag3 expression by RT-qPCR and immunoblotting 
techniques, respectively. To confirm successful exit from naïve ES (2i/LIF) state, 
Nanog and Dnmt3a expression were assessed. Prdm1, a PGC fate marker that is 
also lowly expressed in pluripotent cells, was also measured as a positive control 
for PGC fate (Hackett et al., 2019). Recapitulating the expression trend identified 
in chapter 3, RT-qPCR and immunoblotting of this separate set of biological 
replicates showed down-regulation and concomitant up-regulation of Stag1 and 
Stag2 upon naïve to primed pluripotent transition (figure 63). High expression of 
Stag3 mRNA and protein expression was detected in the mouse testis samples, 
supporting the validity of Stag3 primer pairs and antibody. α-Tubulin signal for 
the testis sample was not found, however Ponceau staining the immunoblot 
membrane indicated equal protein loading (data not shown). 

Although ~50 times lower in levels compared to testis, Stag3 mRNA was readily 
detected in all ES and EpiLC samples, while being undetectable in MEFs (Ct≥30) 
(figure 63a). Stag3 mRNA expression significantly increased (1.47-fold) upon 24h 
EpiLC induction. Indeed, at this time-point, Stag3 normalised Ct value is 1.25-
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fold greater than Stag1. This indicates Stag3 could in fact be more abundant 
than Stag1 during early transition into the primed state. Moreover, the normalised 
Ct values of Stag3 mRNA compared to Stag1/2  in pluripotent fates suggests 
its expression is not merely inconsequential ‘background’ transcription. Stag3 
mRNA profile mimics Stag2 expression change upon exit of naïve state. In 
contrast, however, Stag2 expression sequentially increases along EpiLC time-
points (2.72-fold, p=<0.005 over ES 2i/LIF by EpiLC72h), while Stag3 expression 
drops to ES (2i/LIF) levels by EpiLC48h stage. EpiLC72h Stag3 mRNA further 
significantly reduces (p=<0.05) by 45% compared to ES (2i/LIF) stage. 

Notably, assaying for mRNA levels of meiotic cohesin subunits (Smc1b and Rec8) 
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revealed expression in pluripotent states and not in MEFs. Smc1b and Rec8 were 
similarly highly expressed  in the testis positive control, supporting the validity of 
the primer pairs (>100-fold compared to ES/EpiLC levels). The normalised Ct-
values for these genes were 10-fold lower than that of Stag3 in naive and primed 
states, suggesting they are expressed at considerably lower levels compared to 
Stag3. Interestingly, Smc1b and Rec8 also display different trends in expression 
change over EpiLC time-points. Upon EpiLC induction, Rec8 is rapidly down-
regulated 4.5-fold compared to ES (2i/LIF) cells (p=>0.005) before gradually 
recovering to naïve state levels by EpiLC72h. In contrast, Smc1b remains stably 
expressed in early EpiLC induction before becoming rapidly downregulated (12-
fold compared to ES 2i/LIF; p=<0.05) by EpiLC72h. Overall, the RT-qPCR data 
shows meiotic cohesin and Stag3 mRNA are detectable within pluripotent cell 
fates but not in terminally differentiated MEFs. 

Similar to mRNA expression, Stag3 protein was also up-regulated upon exit of 
naïve state (1.35-fold) (figure 63b). Interestingly, the immunoblot reveals Stag3 
protein abundance is relatively stable throughout the EpiLC time-course (1.13-
fold increase between EpiLC24h and EpiLC48h). This is different to the mRNA 
observation and may suggest Stag3 is a very stable protein, or that Stag3 is post-
transcriptionally regulated to maintain constant protein levels despite reduced 
mRNA expression. A similar disconnect between mRNA and protein levels is 
observed in ES (serum/LIF) cells. Here, mRNA expression is 50% lower than 
ES (2i/LIF) cells (p=<0.05), while protein expression is 1.4-fold higher than 
ES (2i/LIF). Therefore, this further supports a hypothesis that Stag3 is post-
transcriptionally regulated, thus driving disparity between relative mRNA and 
protein abundance. It is important to note, protein fold changes are based on 
one experiment. Biological replicate WCE immunoblots of these time-points are 
required to determine these trends fully.

To independently verify Stag3 expression throughout pluripotent transitions, the 
published Illumina RNA-seq data previously used to confirm Stag1 and Stag2 
expression changes (Yang et al., 2018; section 3.1.2) was re-analysed (figure 
64). Similar to RT-qPCR, Stag3 transcripts were readily detected in pluripotent 
fates. In agreement with normalised RT-qPCR Ct values, normalised Stag1/2/3 
transcript counts per million (CPM) suggest Stag3 is the least abundant paralog 
in ES (2i/LIF) cells. Stag3 CPM increases 2.4-fold between the ES (2i/LIF) (0h) 
cell state and EpiLC24h, thus corroborating the RT-qPCR result. Importantly, in 
line with the RT-qPCR assay, RNA-seq also demonstrates Stag3 transcripts are 
more abundant than Stag1 transcripts upon EpiLC induction. Indeed, the RNA-
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seq data indicates this difference is greater than what was observed by RT-qPCR, 
with Stag3 mRNA being 2-fold higher than Stag1 at EpiLC24h. Additionally, the 
more acute EpiLC time-points measured by RNA-seq reveals Stag3 mRNA CPM 
overtakes Stag1 transcript levels by the EpiLC12h stage. In contrast to the RT-
qPCR assay, however, Stag3 mRNA abundance remains greater than that of 
Stag1 and continues to increase throughout the EpiLC time-course, reaching a 
2.9-fold up-regulated expression in EpiLC48h compared to ES (2i/LIF).

Further supporting the RT-qPCR results, comparison between the normalised 
CPM of Stag3 transcripts with members of the meiotic cohesin complex (Smc1b 
and Rec8) shows that, while these subunits are expressed in naïve and primed 
cells, they are not at quantities equal to Stag3 expression. Further, based on 
the normalised RNA-seq CPM from the same dataset for cohesin in figure 9, 
the Smc1b and Rec8 are only expressed at 5% and 21% of the levels of Smc1a 
and Rad21 in ES (2i/LIF). Figure 64 shows Smc1b is minimally expressed in ES 
(2i/LIF) cells before being up-regulated (3.2-fold) between 6h and 24h EpiLC 
induction while the opposite is observed for Rec8. Notably, the Smc1b result is in 
contrast to my findings that suggest Smc1b is highly expressed in ES (2i/LIF) and 
EpiLC24h, before becoming rapidly down-regulated at later EpiLC time-points. 
Although missing an EpiLC72h time-point, the RNA-seq matches my observation 
that Rec8 mRNA rapidly decreases upon exit of naive state (80% reduction by 
RT-qPCR and 87% reduction by RNA-seq between ES and EpiLC24h states). 
Collectively, this suggests that, while meiotic cohesin rings may be present 
in pluripotent cells, they are the minor species compared to mitotic cohesin. 
Importantly, given the 1:1:1 stoichiometry of these proteins in forming the cohesin 
complex, the considerably lower mRNA levels of Smc1b and Rec8 compared 
to Stag3 coupled with their very different expression trends suggests that, while 
some meiotic cohesin may be present within pluripotent cells, Stag3 may not be 
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Figure64 Independent validation of Stag paralog and meiotic cohesin expression change between 
pluripotent states by published RNA-seq. RNA-seq expression of mitotic and meiotic Stag 
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by sequencing depth of each timepoint, and by length of each genes canonical transcript. (data 
obtained from Yang et al., 2018; GEO Series: GSE117896).
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solely associated with this complex. 

Finally, to determine whether Stag3 expression is limited to specific cell cycle 
stages, ES (2i/LIF) cells were incubated with Hoechst and sorted by FACS into 
G1 and G2/M populations. WCE immunoblotting reveals Stag3 is expressed in 
both cell cycle stages (figure 65). Similar to Stag2 expression ratios between 
cell phases, Stag3 shows a 1.54-fold protein increase in G2/M phases. Overall, 
this shows Stag3 expression in pluripotent cells is not limited to a specific phase 
and may be involved in processes throughout the cell cycle. This is of interest as 
currently no roles for Stag3 are known outside of meiotic cell division (table 3).

5.3 Stag3 interacts with mitotic cohesin and CTCF

Having established Stag3 expression within pluripotent cells, I next questioned 
whether Stag3 interacts with mitotic cohesin components, and thus potentially 
adds to the diversity of non-redundant cohesin-Stag complexes. 

Having optimised an ES (2i/LIF) chromatin extraction and co-IP protocol in section 
3.3.1 (see methods sections 2.18 & 2.26), I applied this method to perform a 
Stag3 IP using a commercially available Stag3 antibody (table 6). Immunoblotting 
the resulting co-IP material for Stag3 revealed a 19-fold enrichment in the IP lane 
over input (figure 66). This strong enrichment coupled with the clean Mock IP lane 
shows a successful and specific Stag3 pull-down. To test Stag3 interaction with 
mitotic cohesin, the IP elute was probed with antibodies specific to Smc3 and 
Rad21. Here, both subunits were specifically pulled-down in the IP lane, showing 
Stag3 interacts with mitotic cohesins in pluripotent cells (figure 66a). This finding 
supports previous interaction studies of ectopically expressed Stag3 and mitotic 
cohesin components in Hek293 cells, as well as observations of Stag3 interaction 
with mitotic cohesins in spermatocytes (Fukuda et al., 2014; Wolf et al., 2018). 
Notably, the Smc3 and Rad21 pull-down was considerably weaker than Stag3 
enrichment. Although it is expected co-interacting proteins have weaker signal 
compared to the IP protein, the considerable difference between Stag3 and 
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Figure65 Stag3 is expressed throughout the cell cycle in ES (2i/LIF) cells. a) WCE immunoblot of 
ES (2i/LIF) cells, sorted into G1 and G2/M phases by FACS. α-Tubulin was probed as a loading 
control. b) Densitometry analysis of (a).Stag3 bands were normalised against α-Tubulin signal.

0

0.5

1

1.5

2

G1 G2/MR
el

. P
ro

te
in

 S
ig

na
la) b)



194

Smc3/Rad21 pull-down efficiencies may suggest only a subset of the Stag3 
population interacts with mitotic cohesin. Furthermore, I notice the pull-down 
efficiency is different between Smc3 and Rad21. This is somewhat surprising as 
Stag proteins interact with Smc3 on the cohesin ring via direct interaction with 
the α-kleisin subunit, such as Rad21. Thus, it would be expected that the direct 
interactor of Stag proteins would have a greater pull-down efficiency than Smc3. 
However, considering Smc3 is shared between both mitotic and meiotic cohesin 
complexes, and the meiotic Rec8/Smc1b paralogs have been detected in ES 
cells, it is possible Stag3 is mostly associating with Smc3 in meiotic cohesin 
complexes which do not contain Rad21. Unfortunately, antibodies specific for 
Smc1b/Rec8 were not at hand to test this hypothesis. Nonetheless, this would be 
an important future experiment as it could indicate meiotic cohesin having a role 
in somatic genome organisation. 

In addition to testing Stag3’s interaction with cohesin, I also probed the elute for 
CTCF, which interacts directly with Stag proteins via its CES domain to position it 
on chromatin. To our knowledge, there has never been an assessment of Stag3’s 
ability to interact with CTCF. However, like Stag1/2, Stag3 contains the CES domain 
(table 3, figure 4a) (Li et al., 2020); therefore, it seemed feasible Stag3 could bind 
CTCF. Indeed, immunoblotting for CTCF using Stag3 IP material revealed a 3.6-
fold enrichment over input . This pull-down is considerably stronger than that of 
the Smc3/Rad21 cohesin complex subunits. Indeed, despite being pulled down 
in the Stag3 IP, Rad21 is not enriched over the 2.5% input. The difference in co-
IP enrichment  and may indicate either 1) meiotic (non-Rad21) cohesin-Stag3 
complexes associate with CTCF, or 2) Stag3 interacts with CTCF independently 
of the cohesin ring. Importantly, this interaction supports an idea of  Stag3 being 
positioned at TAD boundary sites by CTCF during G1 phase (Xiao et al., 2011; Li 
et al., 2020). Given the non-overlapping roles cohesin-Stag1 and cohesin-Stag2 
perform in genome organisation, this could imply Stag3 further regulates cohesin 
function in a distinct way to fine-tune chromatin structures.
 2.5% Input Stag3 IP Mock IP

Stag3

Smc3

Rad21

CTCF

Figure66 Stag3 interacts with mitotic cohesin and CTCF on chromatin in naïve ES cells. a) ES 
(2i/LIF) chromatin lysate immunoblot of Stag3 IP and co-IP of mitotic cohesin (Smc3, Rad21) and 
CTCF. b) Densitometry analysis of protein enrichment in the Stag1 IP over the 2.5% input lane.
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5.4 Expanding the ES/EpiLC in vitro differentiation model to PGCLC 

Despite its only known roles occurring during meiosis I, Stag3 has been reported 
to be expressed in late-stage pre-meiotic PGCs, and thus has been used as 
a marker for germ cell commitment (Chen et al., 2014). I therefore questioned 
whether Stag3 expression would continue to increase as primed pluripotent cells 
begin to commit towards a germline lineage. Supporting this idea, the RT-qPCR 
assay revealed down-regulation of Stag3 between EpiLC48h and EpiLC72h 
time-points. This is significant as Hayashi et al. (2011) demonstrated in vitro 
differentiation of EpiLCs into PGCLCs is optimal at the EpiLC48h time point (figure 
1). By EpiLC72h, PGCLC differentiation becomes highly inefficient.  Thus, the 
increased expression of Stag3 up to EpiLC48h followed by reduced expression 
could suggest Stag3 is temporally expressed for commitment to a PGCLC fate. 

To initially test this, I obtained cell pellets from the Surani lab of in vitro cultured 
ES, EpiLC48h and PGCLCs at d2 and d4 post-EpiLC differentiation. The PGCLC 
culture conditions (see below) makes it difficult to obtain sufficient quantities of 
cells for protein analysis. Thus, from this material, I extracted RNA and assayed 
Stag3 expression between the different cell fates on the mRNA transcript level. As 
a positive control, I also tested the expression of the PGCLC fate marker, Prdm1, 
which, compared to ES cells, displayed a 12-fold and 17.6-fold up-regulation at 
d2 and d4 PGCLC, respectively, thereby supporting that these cells are putative 
PGCLCs. Similar to both my results and the RNA-seq data, RT-qPCR analysis 
of Stag3 revealed increased expression (3-fold) between ES and EpiLC48h 
(figure 67). Importantly, the cells obtained from the Surani lab were of a different 
genetic background compared to the WT cells used in our lab. Thus, increased 
Stag3 expression upon EpiLC induction is robust between separate ES cell lines. 
Notably, between EpiLC and PGCLC, Stag3 mRNA sequentially increased by 
1.8-fold at d2 and 2.4-fold by d4. As a result, this supported the hypothesis that 
temporal Stag3 expression is associated with PGCLC commitment. 
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This initial result suggested investigating Stag3 expression changes between 
pluripotent states and the PGCLC lineage was worth further investigation. Thus, 
to generate biological replicates, I utilised  the naïve-to-primed pluripotent model 
and further differentiated the EpiLCs towards a Primordial Germ Cell-Like cell 
(PGCLC) lineage, as first described by Hayashi et al., 2011 (see methods section 
2.2, figure 68a). Briefly, after 48h Activin A and bFGF induction, EpiLCs are 
suspension-cultured in a serum-high (15%) media supplemented with cytokines 
that promote PGCLC differentiation. Upon this induction, the cells quickly assemble 
into spherical blastocyst-like Embryoid Bodies (‘EBs’) that contains somatic 
primordial lineages, and the germ cell lineage. Over time, resultant PGCLCs 
develop and localise to niches within the EB. The PGCLCs can then be isolated 
from the EB bulk by FACS of surface markers (SSEA-1-high and Integrin-β3-
high) (Hayashi et al., 2011), or by a dual PGC reporter (Dppa3+Dppa5+ EB cells) 
(Hayashi et al., 2011; Hackett et al., 2017). The purified PGCLCs have been shown 
to recapitulate the transcriptome and epigenome of in vivo Primordial Germ Cells 
(figure 1), and have spermatogenic capacity that give rise to healthy offspring 
(Hayashi et al., 2011). Therefore, the ES (2i/LIF)/EpiLC/PGCLC differentiation 
scheme is a faithful in vitro model for studying germ cell development and can 
inform on a potential role for Stag3 in germ cell commitment. 

Although the above protocol is established, different variations of how to stimulate 
PGCLC commitment exist. Ohinata et al., 2009 and others set out PGCLC 
induction through cytokine treatments of Bone Morphogenic Protein-4 (BMP4) 
and LIF. BMP4 is essential for PGC development in vivo (Lawson et al., 1999) 
and activates Id genes via SMAD to promote differentiation (Hiller et al., 2011), 
while LIF encourages PGC specification and prevents mesoendoderm lineage 
commitment (Ohinata et al., 2009). Meanwhile, Murakami et al., 2016 report re-
expression of core pluripotent factor Nanog upon EB differentiation is able to 
stimulate PGCLC differentiation independently of the BMP-SMAD pathway by 
directly binding to and activating enhancers of PGCLC fate markers (eg. Prdm1). 

To initially ascertain which of the above stimulants resulted in the most efficient 
differentiation of EpiLCs into PGCLCs I obtained a PGC commitment reporter 
cell line and tested PGCLC differentiation potential under both BMP4/LIF and 
Nanog induction conditions. Here, the Dox-inducible Nanog Prdm1-GFP ES cell 
line (named “Bnt3”; described in Murakami et al., 2016 and obtained from the 
Surani lab) was differentiated into EpiLCs and then suspension cultured into EBs 
in PGCLC media, supplemented with either BMP4 (500ng/ml) and LIF (1000U/
ml), or Doxycycline (700ng/ml). At d2 and d4 post-PGCLC induction, the cells 
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were analysed for expression of the PGCLC fate marker Prdm1-GFP by flow 
cytometry. In my hands, cytokine (BMP4/LIF) supplemented media resulted 
in a greater GFP-positive population than Nanog induction (data not shown). 
Moreover, cell viability was considerably improved in cytokine treatment compared 
with doxycycline treatment. Resultantly, BMP4/LIF induction was determined to 
be the optimal PGCLC differentiation condition; this had the additional benefit of 
not relying on a Nanog-induction construct and thus the differentiation protocol 
could be applied to any cell line. 

5.5 Stag3 expression is up-regulated by late-stage PGCLC commitment 

Having optimised these conditions, the protocol was applied to assess expression 
of key pluripotent and PGC markers, and Stag paralogs in pluripotent and 
primordial germ cells. Here, Bnt3 EpiLCs were differentiated into EBs. At d2 
and d4 the EBs were sorted for GFP+ cells by FACS (figure 68a & 68b). As 
can be seen in figure 68b, the GFP+ population becomes more distinct from 
GFP- between PGCLC d2 and d4. As Prdm1 is seen as an early PGCLC fate 
marker (Hayashi et al., 2011; Chen et al., 2014), I interpret this result to suggest 
d2 is a transient stage between EpiLC and PGCLC induction and cells become 
progressive more committed to PGCLC fate between d2 and d4. Owing to the 
low abundance of PGCLCs per EB, it was not feasible to obtain sufficient cell 
numbers to assess protein expression. Instead, total RNA was extracted from the 
sorted cells and Stag levels were analysed by RT-qPCR and plotted as relative 
fold change compared to ES (2i/LIF) stage. 

To confirm isolation of putative PGCLCs, cDNA was first assayed for PGC (Dppa3 
and Prdm1), naïve (Nanog) and primed (Dnmt3a) fate markers (figure 68c). 
Reflecting the expected genome-wide hypo-methylation associated with germ 
cell commitment (Hayashi et al., 2011), PGCLC populations displayed down-
regulation of the de novo DNA methylation, Dnmt3a, and up-regulation of Dppa3 
and Prdm1, respectively. Next, RT-qPCR analysis of Stag transcripts revealed all 
three paralogs to be up-regulated in PGCLC d4 to different degrees relative to 
their ES (2i/LIF) levels (figure 68c). Importantly however, the time-course shows 
different expression trend across the commitment scheme. Stag1 is only slightly 
higher than ES cell level at d4 PGCLC (1.2-fold). This result was very varied 
between experiments, as can be seen by the wide error bars. Stag2 levels, 
while up-regulated 2.78-fold in EpiLC48 compared to ES cells, are progressively 
reduced at PGCLC stages (1.6-fold and 1.2-fold greater than ES levels by PGCLC 
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d2 and d4, respectively). In contrast, Stag3 shows an up-regulation trajectory as 
PGCLC develop, with a 2.6-fold increase in levels compared to ES (2i/LIF) (figure 
68c). Notably, and in contrast to the initial test RT-qPCR, significant increase of 
Stag3 expression over ES cell only occurs at PGCLC d4. This observation could  
support previous reports of Stag3 being a late-stage PGC marker (Chen et al., 
2014). Stag3 expression at EpiLC48h stage is also unexpected as it does not 
show the previously observed up-regulation over ES (2i/LIF). This could again be 
in part be due to the wide variation between experiments, as shown by the large 
error bars. Further biological repeats would help clarify Stag3 expression trend.

To test changes in mitotic and meiotic cohesin during the ES to PGCLC transition, 
mitotic Smc1a and meiotic Smc1b expression was also assayed. While Smc1a 
remained relatively unchanged between ES and PGCLC d4 fates (albeit with wide 
variation between biological repeats), Smc1b reflected the expression profile of 
Stag3 by up-regulating 6.9-fold over ES (2i/LIF) levels by PGCLC d4 stage figure 
68c).

Overall, the mRNA expression assay over pluripotent to PGCLC commitment 
shows Stag1/2/3 to have distinct expression trends. These results show Stag3 
expression profile increases as PGCLCs mature, supporting previous in vivo 
reports (Chen et al., 2014). Smc1b is also rapidly up-regulated as cells commit 
to PGCLC fate. This could imply meiotic cohesin-Stag3 becomes more abundant 
relative to mitotic cohesin-Stag complexes. To investigate the changes in 
cohesin-Stag populations more accurately, a quantitative MS could be performed 
(Holzmann et al., 2011). Interestingly, the d2/d4 stages in PGCLC development 
are prior to meiosis (Hayashi et al., 2011) and could suggest an earlier role for 
Stag3 in cell fate decisions. To test whether increased Stag3 levels continue to 
correlate with PGCLC commitment, further PGCLC time-points could be collected.

5.6 Generating a Stag3 degradation system

In chapters 3 and 4, Stag1 and its isoforms containing distinct N- and C- terminals 
were found to impact higher order genome topology and differentially influence 
cell fate decisions in ES (2i/LIF) cells. As discussed in section 1.3.1, Stag1/2/3 
share a largely conserved core region but vary at their N- and C-terminals (figure 
4a). Of the three paralogs, Stag3 displays the least shared homology at these 
regions. Therefore, having discovered that Stag3 is expressed and able to interact 
with genome organising complexes within pluripotent cells, I hypothesised the 
paralog may also contribute to cell fate decisions in a non-overlapping way to 
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both canonical and variant Stag1. 

To test this, I aimed to generate an inducible Stag3 degradation ES (2i/LIF) cell 
line using the CRISPR-Cas9 protocol optimised in 3.2 (see methods sections 
2.27, 2.28 & 2.30, figure 24). Having previously demonstrated the efficacy of the 
dTAG-FKBP system in acute inducible knockdown of Stag1, I intended to knock-
in a similar fluorophore-linked FKBP construct into the C-terminal end of Stag3 
(figure 69b). Likewise to experiments performed with the Stag1mNG-V5-FKBP cell line 
in chapters 3 and 4, the Stag3 cell line would be used to inform changes in cell 
fate potential through readouts such as AP colony staining and RT-qPCR and 
immunoblotting expression of fate markers upon acute knockdown. 

5.7 Stag3-FKBP construct design and Knock-in experiments

As with the Stag1 knock-in, a similar construct of fluorophore and FKBP connected 
by a flexible linker was designed (figure 69b, 69c). Here, mScarlet, a derivative of 
RFP, was selected for its brightness (figure 69a); the fluorophore sequence was 
then connected to the FKBP via a 3xHA linker. Together, the C-terminal targeting 
Stag3 construct read: mScarlet-3xHA-FKBP and had a molecular weight of 
41.5kDa. A different fluorophore and linker to that of the Stag1 construct were 
intentionally used as this could ultimately allow for Stag3 tagging in the Stag1mNG-

V5-FKBP cell line, thus generating a dual inducible KD Stag1-mNG/Stag3-mScarlet 
reporter cell line that could be used to assess impacts to cell fate upon acute KD 
of both Stag1 and Stag3. Further down the line, I also intended to generate single 
Stag paralog KD in a dual reporter cell line, such as Stag1mNG/Stag3mScarlet-3xHA-

FKBP and Stag1mNG-V5-FKBP/Stag3mScarlet. These would have been especially useful for 
assessing changes to one Stag paralog (such as expression level and cellular/
chromatin localisation)  when the other is degraded.

In designing suitable CRISPR reagents for Stag3 knock-in at the 3’ terminal, the 
CHOPCHOP software (chopchop.cbu.uib.no) was used to select a suitable gRNA 
(tables 8 & 18). The Taggin tool previously used to design Stag1 gRNAs was 
not used here owing to the software being offline. Using CHOPCHOP, suitable 
gRNAs are filtered for high on-target specificity, low risk of self-complementation, 
and the presence of a G base at gRNA position 20, which improves knock-in 
efficiency (Thyme et al., 2016). Together, these parameters reduce the rate of 
off-target effects while increasing indel-free knock-in efficiency. Based on this, 
the two most efficacious gRNAs (mSA3_gRNA_1 and mSA3_gRNA_2) for Stag3 
knock-in were selected (table 18).
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First, following the protocol set out in section 3.2.4, WT ES (2i/LIF) cells were 
transfected with either of the two gRNAs or with both gRNAs together to assess 
their knock-in efficiency. Five days post-transfection, FACS analysis revealed 
mScarlet expression within the three populations, but at a lower knock-in rate 
(0.1%) than observed with Stag1 CRISPR experiments (figure 26). Nonetheless, 
the isolated mScarlet+ cells were expanded and re-sorted by FACS a further 

Stag3-mScarlet-3xHA-FKBP
4070	bp

ATCTTTATAACTTTTGACTCTTGTTTGCTCTAGATGCTTCATAGCCCTTCTTCTCCCA
GTGAGCATGGGTTGGACCTATTAGATACAACAGAGCTGAACATGGAGGTGAGTGT
TTCAGGGCTAGTATGTGTATGTCCTTGGAAGTGAGGGTGACCAGCTGTCTATCATTC
TAATAGATAGAAAGACCAGAACCTACAGGCAGCTGTCTCTGGTGGTCTTCAGGAGCC
CGTGTGGGAGAACTACCATGTGGCTACCCTAGAACACTCAGCCTTCTGTTTACTATT
TGTTTATTTTTCTCTATAACTCCATGTCTTCTATTTTCCTTCTTGTTGCAGGATTTCGA
CCCAGCTTTCTTGTACAAAGTGGTTCGATCTAGAATGGTGAGCAAGGGCGAGGCAG
TGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCAC
GAGTTCGAGATCGAAGGAGAGGGTGAAGGACGTCCATACGAAGGTACCCAGACCG
CCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCC
CCTCAGTTCATGTACGGCTCCAGGGCCTTCACCAAGCACCCCGCCGACATCCCCGA
CTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCTGGAGGACGGCACCCT
GATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCCGTAATGC
AGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGTTGTACCCCGAGGACGG
CGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGACGGCGGCCGCTAC
CTGGCGGACTTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGATGCCCGGCG
CCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACAACGAGGACTACACCGTG
GTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGC
TGTACAAGTACCCATACGATGTTCCAGATTACGCTGGCTATCCCTATGACGTCCCGG
ACTATGCAGGATCCTATCCATATGACGTTCCAGATTACGCTGGAGTGCAGGTGGAAA
CCATCAGCCCCGGCGACGGCAGGACCTTCCCCAAGAGGGGCCAGACCTGCGTGGT
GCACTACACCGGGATGCTTGAAGATGGAAAGAAAGTTGATTCCTCCCGGGACAGAA
ACAAGCCCTTTAAGTTTATGCTAGGCAAGCAGGAGGTGATCCGAGGCTGGGAAGAA
GGGGTTGCCCAGATGAGTGTGGGTCAGAGAGCCAAACTGACTATATCTCCAGATTAT
GCCTATGGTGCCACTGGGCACCCAGGCATCATCCCACCACATGCCACTCTCGTCTT
CGATGTGGAGCTTCTAAAACTGGAATGATGGGACTTTAGGCCTCTCCCCTTCTCCAC
TTACCACTGCAAGTCCTTGAGTGAGCAGAAGGAAGGAGTAAAATGAAGCATTCTTTG
GGTCCTAGCCAAGTACTTTAAAGGAAAAGAGAAATGGCCTTATTTTTCAAATCTCTAT
TTCTTTCTGAAGTGGGTGCTATATATAGATGCTATGAGCCTTGTCATCCTTAATGCGC
CATCGCTTTATGCTTTTGCCTGTTTGCAGTGATAGGAGTTGGGTAGGGAGGGCTTTA
CGTCAGCACTGAAGTTTAGTAAAACTTCTATTTGATATTTTGTCCCCAAACACTGCCA
AACTTTCAATAAACATGTTCAGCTATCTCATAGGTATGA

Linker Peptide
mScarlet
3xHA
FKBP12F36V

Stag3 exon33/34
PAM mutation

a)

b)

c)

Figure69 Stag3-mScarlet-3xHA-FKBP insert design. a) Scatter chart of monomer fluorophores. 
Arrow indicates the mScarlet. Chart was obtained from fpbase.org. b) Full 5’-3’ mScarlet-3xHA-
FKBP12F36V insert sequence, including Homology Arms (HA) Left (3’ Stag3 intron/exon region) 
and Right (Stag3 3’ UTR) and PAM mutation. c) High copy Amp-resistant plasmid containing the 
Stag3-mScarlet-3xHA-FKBP insert. The construct was designed in SnapGene.
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Stag3-mScarlet-3xHA-FKBP

gRNA Sequence Distance from 
TGA

Cutting efficiency 
(CHOPCHOP) 

mSA3_1 TCTTGTTGCAGGATTTCTGATGG 34bp downstream 41.28

mSA3_2 GCTCACTCAAGGACTTGCAGTGG 42bp downstream 64.23
Table18 Stag3 gRNAs designed using CHOPCHOP online tool. Cutting efficiency is scored 0 
(low) to 100 (high) and determined by gRNA off target rate, risk of self-complementation, and 
whether a G is present at position 20. 
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two times to result in a pure mSA3_gRNA_2 and mSA3_gRNA_1&2 mScarlet+ 
populations (mSA3_gRNA_1 cells did not survive this expansion) (figure 70a & 
70b). 

Immunoblotting WCE from these polyclonal cells using an mScarlet antibody, 
both populations revealed a specific band (figure 70c). However, the band 
molecular weights (37kDa and 25kDa in mSA3_gRNA_2 and mSA3_gRNA_2&3, 
respectively)  were considerably lower than the expected size of Stag3mScarlet-

3xHA-FKBP protein, which was predicted to be 182.7kDa. Further, PCR genotyping 
using primers to amplify within the construct (SW_099/100) and from upstream 
and downstream the homology arms into the construct (SW_105/106 and 
SW_101/102) showed that, while mScarlet-3xHA-FKBP had been successfully 
knocked-in to the ES genome, the modification was off-target and not at the 
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Figure70 Stag3-mScarlet-3xHA-FKBP knock-in Exp1. a) mScarlet FACS sort (FACS#1) of 
gRNA_1, gRNA_2, and gRNA1&2 samples 5 days post-transfection. b) mScarlet FACS sort 
(FACS#2) of gRNA_2 and gRNA1&2 post-FACS#1 samples. No gRNA transfected sample 
was used as a negative control. c) WCE immunoblot of post-FACS#2 gRNA_2 and gRNA_1&2 
transfected cells, probed for Stag3 knock-in. d) Above: Schematic of mScarlet-3xHA-FKBP knock-
in construct annotated with primer pairs designed to amplify within the construct (SW_099/100) 
and from outside the homology arms into the construct (SW_105/106 and SW_101/102). Below: 
PCR products amplified using the indicated primer pairs and run on a 1% agarose gel.
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C-terminal Stag3 locus (figure 70d). This is evidenced by the following: 
1) successful amplification of the predicted-sized DNA fragment when primer 
pairs annealed to regions within the construct (as demonstrated by SW_099/100 
PCR amplicon); this shows insertion of the construct into the genome. 
2) no successful DNA amplification when one primer annealed to a region up-
stream/down-stream of the homology arms  (as seen by no SW_105/106 and 
SW_101/102 PCR products); this shows no knock-in at the Stag3 3’ end (figure 
70d). 

To rectify this, a new Stag3 gRNA was searched for using the Tagin software, 
which uses different algorithms to CHOPCHOP to filter for suitable gRNAs 
specifically efficacious in enabling knock-in at the 3’ coding end. Through this 
tool, a new gRNA (mSA3_3) was identified and predicted to have considerably 
greater on-target effect than the previous Stag3 gRNAs. Repeating the CRISPR 
transfection using the mSA3_3 gRNA, however, revealed no difference in mScarlet 
expression by FACS analysis between the transfected cells and the control cells 
(figure 71a). Nonetheless, I hypothesised the low expression level of Stag3 in 
ES cells may mean it is not possible to discern an on-target knock-in from bulk 
population background auto-fluorescence. To this end, the cells were sorted 
into ‘mScarlet-’ and ‘mScarlet+’ populations and assayed for construct knock-
in by PCR genotyping (figure 71a). Strikingly, both ‘mScarlet-’ and ‘mScarlet+’ 
revealed amplicon products when amplifying both within the mScarlet-3xHA-
FKBP construct (SW_099/100) and from upstream and downstream the homology 
arms into the construct (SW_105/106 and SW_101/102). This indicates that the 
mScarlet-3xHA-FKBP construct has been specifically knocked-in to Stag3’s 3’ 
coding end. Expectantly, PCR band profiles were stronger in the ‘mScarlet+’ 
sorted cells, therefore suggesting the mScarlet is indeed expressed, but the 
fluorophore intensity is too weak to be isolated from the bulk population. I also 
noted the banding profile from the SW_099/100 primer pair was much stronger 
than SW_105/106 or SW_101/102. Not taking into account differences in primer 
pair efficiency, this seemed likely to indicate off-target knock-ins had also occurred. 

Following this result, the post-FACS#1 ‘mScarlet+’ population was sorted into 
‘mScarlet-’ and ‘mScarlet+’ ‘mScarlet++’, the latter representing a minor population 
of outlier cells, by FACs (post-FACS#2) (figure 71b). This time, genotype analysis  
shows that specific Stag3 knock-in occurred solely in the ‘mScarlet+’ population 
(figure 71b). To further enrich this population, post-FACS#2 ‘mScarlet+’ cells 
were again divided into ‘mScarlet-’, ‘mScarlet+’ and ‘mScarlet++’ (post-FACS#3) 
(figure 71c). Upon PCR genotyping, the post-FACS #3 ‘mScarlet+’ was 
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Figure71 Stag3-mScarlet-3xHA-FKBP knock-in Exp2 a) Left: mScarlet FACS (FACS#1) of 
gRNA_3 sample 5 days post-transfection. Cells were sorted into ‘mScarlet-’ and ‘mScarlet+’ 
populations. Right: PCR amplicons from post-FACS#1 populations. b) Left: mScarlet FACS 
(FACS#2) of gRNA_3 post-FACS#1 ‘mScarlet+’ population. Cells were sorted into ‘mScarlet-’, 
‘mScarlet+’, and ‘mScarlet++’  populations. Right: PCR amplicons from post-FACS#2 populations. 
b) Left: mScarlet FACS (FACS#3) of gRNA_3 post-FACS#2 ‘mScarlet+’ population. Cells were 
sorted into ‘mScarlet-’, ‘mScarlet+’, and ‘mScarlet++’  populations. Right: PCR amplicons from 
post-FACS#3 populations. d) PCR amplicons of clonal post-FACS3 ‘mScarlet+’ cells. gDNA was 
crudely extracted. * = colonies expanded for genotype analysis. e) PCR of expanded ‘mScarlet+’ 
post-FACS3 clones using purified gDNA.
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found to contain Stag3-specific knock-in. Further, by comparing amplicon intensity 
with that of ‘mScarlet+’ post-FACS #2, the additional FACS indeed successfully 
enriched the on-target knock-in population (figure 71c). 

Having isolated this population, the post-FACS#3 were clonally picked and 
passaged into two identical 96-well plates. As described in methods and chapter 
3.2, the colonies in one plate were frozen while gDNA was recovered from the 
other using the ‘crude extraction method’ for clonal genotyping. Unlike the single 
amplicon observed in previous PCR amplifications using the same primer pairs, 
here the agarose gel displayed a more banded profile (figure 71d). This is likely 
due to the crude gDNA extraction, which results in a combination of impure and 
unknown concentration of gDNA. Consequently, this made detecting true knock-
in colonies more challenging. Nonetheless, several colonies (indicated in figure 
70d) that appeared most likely to contain true knock-in amplicons were expanded 
from the identical plate and analysed by PCR genotyping using purified gDNA. 
Unfortunately, as summarised in table 19, none of the selected clones displayed 
the specific amplicon. 

At this point, time constraints on the project led me to disregard further attempts 
to generate and isolate an inducible degron Stag3mScarlet-3xHA-FKBP clone. Ultimately, 
despite several rounds of optimisation (table 19), achieving this knock-in at 
Stag3’s C-terminal end had proved challenging. Instead, I turned my focus to an 
siRNA-mediated Stag3 KD system. 

5.8 Stag3 knockdown promotes a pluripotent phenotype

In parallel to the Stag3 knock-in CRISPR experiments, I tested Stag3 knockdown 
(Stag3 KD) using a siRNA-based approach (see methods section 2.24) to assess 
changes to pluripotent potential upon selective loss of Stag3 in ES (2i/LIF) cells. 

Relative to Stag1 siRNA KD, Stag3 KD proved challenging and required 
optimisation of several factors to achieve a reduction in protein level. These 

Exp gRNA Condition Result

Exp1
2.2ul mSA3_1 No on-target KI

2.2ul mSA3_2 No on-target KI

1.1ul mSA3_1 & 1.1ul mSA3_2 No on-target KI

Exp2 2.2ul mSA3_3 KI, unable to select clone

Table19 List of optimisations for Stag3 mScarlet-3xHA-FKBP knock-in.
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included concentration of siRNA, volume of transfection reagent, and length 
of siRNA treatment (table 20). In optimising these parameters, two separate 
pools of Stag3 siRNAs were tested (table 7): Stag3 SMARTpool (‘Stag3 SP’; 
Dharmacon), which represents a pool of four specific 21bp siRNAs targeting 
Stag3 exons 4, 6, 8 and 26, and Stag3 esiRNA (Sigma), which is a series of 21bp 
siRNAs complementary to Stag3 mRNA sequence between exons 2-7. To control 
for transfection-related phenotypes, all Stag3 knockdown experiments included 
cells transfected with non-specific siRNAs (Scrambled ‘Scr’ for SMARTpool 
knockdowns and Renilla Luciferase ‘RLUC’ for esiRNA knockdowns). Ultimately, 
under optimised conditions, both siRNA pools were found to result in a similar 
Stag3 mRNA KD efficiency. Relative to Scr and RLUC controls, Stag3 SP and 
Stag3 esiRNA conditions resulted in an average reduction of 63% and 61% 
mRNA levels, respectively. This was concomitant with both KD conditions 
causing a protein reduction of 50-73% between experiments (figure 72c). mRNA 
expression of Stag1 and Stag2 was also analysed by RT-qPCR with both Scr/
SP and RLUC/esiRNA to find no significant difference between control and 
knockdown conditions, thereby indicating specificity for both Stag3 siRNA tools in 
targeting the Stag3 paralog alone (figure 73a). The cohesin subunit, Smc3, also 
displayed no changes in expression upon Stag3 knockdown, suggesting that any 
observed phenotypes are not due to changes in cohesin abundance. To confirm 
this, a quantitative MS is required under control and Stag3 KD conditions. Finally, 
Hoechst-stained RLUC and Stag3 esiRNA ES (2i/LIF) cells analysed by flow 
cytometry revealed no alterations to G1, S-phase and G2/M-phase populations 
(figure 72d). This strengthens the argument that any observed changes to ES cell 
identity are not due to changes in cell cycle. 

Overall, both Stag3 SP and Stag3 esiRNA-mediated knockdown were observed 
to produce similar gene expression and cell fate phenotypes in ES cells, supporting 
the robustness of observed changes. As a result, both siRNA pools were used 
interchangeably throughout the project and are referred to as 'RLUC'/‘Stag3 KD’. 
To increase biological replicates and determine significance, data from Scr/SP 
and RLUC/esiRNA experiments was combined.
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As outlined in chapter 3, Stag1 in ES (2i/LIF and serum/LIF) cells is important 
for cell identity, with knockdown of both full length and C-terminal-containing 
Stag1 specifically promoting a transition from naïve to primed pluripotency. To 
investigate a role for Stag3 in pluripotent cell identity, total RNA was extracted 
from ES (2i/LIF) cells under un-transfected (‘UT’), Scr/RLUC and Stag3 KD 
conditions. RT-qPCR analysis of this material using primer pairs specific to 
naïve (Nanog, Klf4, Sox2, Oct4, Tbx3) and primed (Dnmt3a, Dnmt3b) pluripotent 
markers revealed no significant change to mRNA expression compared to Scr/
RLUC controls (measured in at least 4 biological repeats) (figure 73b, 73c). I did 
however note a trend towards increased expression of naive markers (Nanog, 
Klf4, Oct4, Tbx3) and reduced primed markers (Dnmt3a, Dnmt3b). This could 
suggest Stag3 promotes transitions from naïve to primed pluripotency. Further 
biological replicates may help to reveal if this trend represents a modest but 
significant difference.

siRNA Reagent Volume of RNAiMax/
transfection 

Concentration of siRNA/
transfection 

Length of siRNA 
incubation 

Stag3 SP/Scrambled 
siRNA 

7.5ul 50pMol 48h (transfection at 0h 
and 24h) 

Stag3 esiRNA/ Stag3 
RLUC 

7.5ul 250pMol 48h (transfection at 0h 
and 24h) 
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Figure72 Testing two independent Stag3 siRNA KD tools. a) Table 20 Summary of optimised KD 
conditions for each control/Stag3 siRNA. ‘Stag3 SP’ = Stag3 SMARTpool (Dharmacon); ‘RLUC’ 
= Renilla Luciferase control (Sigma). Stag3 SP/Scrambled siRNA and Stag3/RLUC esiRNA 
were used interchangeably during this project and are collectively referred to as ‘RLUC’ and 
‘Stag3 KD’. b) Boxplot of Stag3 Ct fold change relative to UT for RLUC/Stag3 esiRNA (n = 10) 
and Scr/Stag3 SP (n = 5) conditions. Ct values were normalised to β-Actin. c) Representative 
WCE immunoblot of Stag3 under each control/KD siRNA tool. α-Tubulin probed as a loading 
control.  d) Histograms of Hoechst-stained ES (2i/LIF) cells treated with control siRNA (RLUC) 
and Stag3 esiRNA (Stag3 KD) for 48h (Left) and 72h (Right). G1 and G2/M phases are indicated 
with percentages representing frequency of total population in each phase. 
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Considering naïve cells exist in a homogeneously high pluripotent state with robust 
feedback loops to buffer against cell fate changes (Marks et al., 2012; Hackett 
and Surani, 2014; Smith, 2017), it seemed reasonable that, if Stag3 acts as a pro-
commitment factor, Stag3 KD may only produce modest changes to the pluripotent 
network in 2i/LIF-grown cells.  To strengthen this observation, therefore, Stag3 
KD was next performed on ES (serum/LIF) cells. As previously discussed, these 
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Figure73 Stag3 knockdown promotes a naïve pluripotent phenotype. a)-c) Boxplots showing 
expression of Stag/cohesin (a), and naïve (b) and primed pluripotency (c) marker expression in 
ES (2i/LIF) cells under control siRNA (RLUC) and Stag3 siRNA (Stag3 KD) conditions. Expression 
is represented as fold change (FC) relative to untransfected (UT) conditions (UT = 1). Number of 
biological repeats for each marker is indicated by ‘n’. d) AP colony assay for ES (serum/LIF) cells 
under RLUC and Stag3 KD conditions and displayed as fold change compared to UT control. Left: 
Heatmap of individual biological repeat experiments. Right: Averaged AP staining fold change. 
Error bars represent standard deviation. Statistical significance was evaluated using a two-tailed 
T-test.
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culture conditions enable a more permissive and heterogeneous population than 
the 2i-gown ES cells. To this end, I tested the impact Stag3 KD has on changes 
to pluripotency and self-renewal potential in ES (serum/LIF) cells. Concordantly, 
performing an Alkaline Phosphatase colony assay on three biological repeats of 
ES (serum/LIF) cells revealed a significant (p=<0.05) increase in staining for the 
naïve pluripotent marker after 5 days of Stag3 KD (figure 73d & 73e). Together, 
these results indicate Stag3 KD increases pluripotent potential, thus suggesting 
Stag3 has a pro-commitment role in promoting exit of pluripotency.
 
As shown in figure 73b, Stag3 KD in ES (2i/LIF) cells resulted in a trend towards 
reduced levels of the EpiLC markers Dnmt3. I hypothesized this was because 
Stag3 had a pro-commitment role. To expand on this, I assessed whether Stag3 
KD ES (2i/LIF) cells in general had reduced lineage commitment. Considering 
Stag3’s up-regulation as ES (2i/LIF) cells differentiate to PGCLCs in vitro (figures 
67 & 68c), as well as its later roles in meiosis (Winters et al., 2014; Hopkins et al., 
2016), I hypothesised that Stag3 expression in pluripotent cells may be important 
for commitment to the germ cell lineage. To test this, RT-qPCR was performed on 
a range of fate markers that have been associated with germ cell development 
(Dppa3, Prdm1, Nanos3, Tfap2c, Dnd1) and are also lowly expressed in naïve 
pluripotency (Chen et al., 2014; Hackett et al., 2017; Bleckwehl et al., 2021). Here, 
mRNA expression of germ fate markers was significantly reduced  under Stag3 
knockdown conditions (Dppa3, Prdm1 p=<0.0005; Nanos3, Tfap2c p=<0.05) 
indicating a possible role for Stag3 in germ cell commitment (figure 74a). 

To assess whether this phenotype was specific to PGC development, or whether 
Stag3 is important for general lineage commitment, I next analysed mRNA 
expression of fate markers associated with the endoderm (GATA4, GATA6) 
(Fujikura et al., 2002), ectoderm (Sox1, Pax6) (Pevny et al., 1998; Zhang 
et al., 2010), and mesoderm (T) (Murry and Keller, 2008) germ layers (figure 
74b). Across two biological replicates, Stag3 KD in ES (2i/LIF) cells displayed a 
consistent down-regulation of all tested germ layer commitment markers (mean 
fold reduction between 10-40%). To test the significance of this reduction, a third 
biological replicate is needed.

Overall, siRNA-mediated Stag3 KD displayed a consistent up-regulation and 
down-regulation of pluripotent markers and germ layer commitment markers, 
respectively. I propose that this represents a role for Stag3 in early lineage 
commitment. This supports a model for Stag3 expression being important for 
transitioning from pluripotent states to general early commitment lineages.  
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Therefore, Stag3 is in contrast to Stag1’s roles in pluripotent maintenance, and
similar to Stag2’s reported role in HPSC commitment in cancer (Viny et al., 2019). 

 5.9 Stag3 knockdown increases Dppa3 protein expression in naive cells

Having identified Stag3 expression correlates with PGCLC maturity, and loss of 
Stag3 reduces PGCLC marker expression in ES cells, I next aimed to assess how 
PGCLC commitment was influenced under Stag3 KD conditions. To do this, an 
endogenously tagged Dppa3-T2A-GFP heterozygote ES cell line was obtained 
from the Rada-Iglesias lab (Bleckwehl et al., 2021). T2A is a self-cleaving peptide 
and, upon its translation, will break away from the tagged protein. Thus, GFP 
expression is a suitable readout for Dppa3 translation rate and does not risk 
affecting Dppa3 function or stability by remaining tagged to it. 

As mentioned in the above section, Dppa3 is a marker for germ cell commitment 
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Figure74 Stag3 knockdown reduces expression of early lineage commitment markers. a) 
Boxplots showing expression of germ cell commitment marker expression in ES (2i/LIF) cells 
under control siRNA (RLUC) and Stag3 siRNA (Stag3 KD) conditions. Expression is represented 
as fold change (FC) relative to untransfected (UT) conditions (UT = 1). Number of biological 
repeats for each marker is indicated by ‘n’. Statistical significance was evaluated using a two-
tailed T-test. b)-d) Barchart expression change of germ layer markers between control and Stag3 
KD conditions. Only two biological replicates were assayed in (d). Error bars represent standard 
deviation.
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and is also lowly expressed (10-fold less) in naïve ES (2i/LIF) cells relative to 
PGCLCs (figure 68c; Hackett et al., 2019; Bleckwhel et al., 2021). As displayed 
in the histogram in figure 75a, Dppa3 expression is heterogeneously transient 
within ES (2i/LIF) cells with bimodal ‘Dppa3 low’ and ‘Dppa3 high’ populations. 
This phenotype is due to Dppa3 low frequency transcriptional bursting kinetics 
(Singer et al., 2014) and has been observed in separate ES (2i/LIF) cell lines 
(Rahjouei et al., 2017). 

First, I used the Dpp3-GFP cell line to confirm reduced Dppa3 mRNA expression 
in Stag3 KD ES (2i/LIF) cells resulted in similar changes on the protein level. 
Surprisingly, flow cytometry analysis of control and Stag3 KD cells indicated a 
consistent increase in mean GFP signal within both whole (average 1.19-fold 
increase) and ‘Dppa3 high’ (average 1.15-fold increase) populations (figure 75b). 
Despite these changes being modest, the increase in mean GFP signal within the 
Dppa3 High population was statistically significant (p=<0.05). This was therefore 
in contrast to mRNA observations and suggested Dppa3 expression may be 
regulated post-transcriptionally (explored further in chapter 6). 

5.10 Increased Dppa3 protein equates to maintained pluripotent potential 
across differentiation

In light of Stag3 KD increasing the protein output of an established germ cell 
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development marker, I questioned whether my initial assessment of increased 
pluripotency (as measured on the mRNA level) was incorrect. From figure 75, I 
interpreted that increased Dppa3 protein expression within ES (2i/LIF) cells may 
indicate a greater commitment potential towards the PGC lineage.  

To test this hypothesis, Stag3 KD was repeated in the Dppa3-T2A-GFP ES (2i/
LIF) cells. After 48h, the cells were differentiated: first into EpiLCs and then into 
PGCLC-containing EBs, which were cultured for up to 6 days. GFP expression was 
measured by flow cytometry every 48h post-siRNA transfection (ES 48h, EpiLC 
48h, EB d2, EB d4, and EB d6), and cell pellets of these samples were retained 
for later analysis. This protocol was performed in three biological replicates and 
the scatter graphs and histograms in figure 76 display a representative profile of 
changing Dppa3-GFP expression across the differentiation course under UT, Scr/
RLUC, and Stag3 KD conditions (figure 76a). During EB development, the Dppa3 
expression became restricted to a specific subset of cells (figure 76a, 76c) with 
distinctive forward and side scatter profile (data not shown) in a similar manner to 
EBs from the Bnt3 cell line (figure 61a). This supports the argument that Dppa3+ 
cells have acquired a specific differentiation lineage from the bulk population. 
Notably, at each time point Stag3 KD increased the mean intensity of GFP within 
the bulk population and increased both mean intensity and population frequency 
of the ‘Dppa3 high’ population (figure 76b). At EB d6 (8 days since Stag3 siRNA 
treatment) all of these measured factors were significantly greater in Stag3 KD 
compared to control. Specifically, total and 'Dppa3 high' populations showed a 
mean GFP signal intensity increase of 1.5-fold and 1.4-fold increase over UT 
control, respectively. These changes were significantly greater than RLUC control 
levels (p=<0.0005 and <0.05, respectively). Moreover, the mean frequency of the 
‘Dppa3 high’ population rose by 1.9-fold over UT (p=<0.005 compared to RLUC). 
From this result, I interpreted that Stag3 KD in ES (2i/LIF) cells has a protracted 
impact on later cell fate decisions and promotes germ cell commitment.  

The observation that KD of Stag3, a germ cell associated protein, caused an 
increase in PGCLCs was surprising and seemed counter-intuitive. To test the 
robustness of this result, the experiment was repeated with an independent 
cell line. Here, Stag3 KD was performed in the Bnt3 (Prdm1-GFP) ES (2i/LIF) 
cells, followed by differentiation into EBs (figure 77a, 77c). The experiment was 
performed in triplicate and was identical to the protocol followed with the Dppa3-
GFP cell line, thus the only difference being the genetic background of the cell line. 
RT-qPCR confirmed an average Stag3 KD of 60% compared to RLUC. However, 
in contrast to Dppa3-GFP, using Prdm1 as the germ cell reporter did not result in 



213

**

0 10 3 10 4 10 5

Dppa3-GFP

0

50K

100K

150K

200K

250K

SS
C

-A

0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP

0

50K

100K

150K

200K

250K

SS
C

-A

0

50K

100K

150K

200K

250K

SS
C

-A

0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP

UT

RLUC

Stag3 KD

ES (2i/LIF) EpiLC 48h EB d2 EB d4 EB d6

EB d2

EB d4

EB d6

ns

ns

ns

ns

***

1.0

1.2

1.4

1.6

1.8

ES EpiLC EB d2 EB d4 EB d6
Differentiation Stage

G
FP

 G
eo

m
et

ric
 M

ea
n 

 (F
C

 R
el

. U
T)

Condition
RLUC

Stag3 KD

Total Population

**

*

ns

ns

*

1.0

1.2

1.4

ES EpiLC EB d2 EB d4 EB d6
Differentiation Stage

G
FP

 G
eo

m
et

ric
 M

ea
n 

 (F
C 

Re
l. 

UT
)

Condition
RLUC

Stag3 KD

GFP-High Population

ns

ns

ns

ns

**

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

ES EpiLC EB d2 EB d4 EB d6
Differentiation Stage

G
FP

-H
ig

h 
%

 (F
C

 R
el

. U
T)

Condition
RLUC

Stag3 KD

GFP-High % of Parent Population

RLUC Stag3 KD

ES EpiLC EB d2 EB d6EB d4

ES EpiLC EB d2 EB d4

ES EpiLC EB d2 EB d6EB d4

Dppa3-GFP Dppa3-GFP Dppa3-GFP Dppa3-GFP Dppa3-GFP

G
FP

 G
eo

m
et

ric
 m

ea
n 

(F
C

 R
el

. U
T)

G
FP

 G
eo

m
et

ric
 m

ea
n

 (F
C

 R
el

. U
T)

GFP-High Population

Total Population

GFP-High Population

G
FP

-H
ig

h 
po

pu
la

tio
n 

fre
qu

en
cy

 
(F

C
 R

el
. U

T)

0.01%

46.4% 53.5%

0.1%

0.083%

39.8% 59.9%

0.25%

0.055%

39.7% 60%

0.24%

0.01%

17.8% 81.6%

0.58%

0.15%

18.6% 80.7%

0.56%

0.13%

17% 81.9%

0.92% 0.098%

48% 50.7%

1.18%

0.16%

47.9% 51%

0.91%

0.14%

43.2% 55.8%

0.85% 2.43%

84.8% 11.6%

1.15%

4.11%

83.2% 10.6%

2.07%

2.77%

79.4% 16.2%

1.59% 11.4%

58.2% 28.4%

1.95%

7.41%

78% 13.4%

1.17%

7.24%

74.7% 16.8%

1.33%

19.8%

7.74%

20.9%18.6%

3.9%

8.9%

0 10 3 10 4 10 5

Dppa3-GFP
0 10 3 10 4 10 5

Dppa3-GFP

0

50

100

150

C
ou

nt

Stag3 KD
RLUC

a)

b)

c)

Figure76 Effects of Stag3 KD in Dppa3-GFP ES (2i/
LIF) cells across differentiation. a) Above Representative 
scatter plot of UT, RLUC and Stag3 KD conditions 
measured at ES(2i/LIF), EpiLC 48h, EB d2, Eb d4, and 
EB d6. Displayed percentages are population frequencies 
of each quadrant. Below Histograms showing whole 
population GFP expression of RLUC (red) and Stag3 KD 
(blue) from the above time points. b) Boxplots of RLUC 
and Stag3 KD fold change (FC) relative to UT, measuring 
(i) GFP mean expression in the whole population, (ii) 
GFP mean expression in GFP-high populations, (iii) GFP-
high population frequency. Analysis is from 4 biological 
replicates and uses a two-tail T-Test. c) Epi-fluorescent 
images of EBs under RLUC and Stag3 KD conditions. 
Percentages show average GFP-high population 
frequency over 4 biological replicates.
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Figure77 Effects of Stag3 KD in Prdm1-GFP (Bnt3) ES (2i/
LIF) cells across differentiation. a) Above Representative 
scatter plot of UT, RLUC and Stag3 KD conditions 
measured at ES(2i/LIF), EpiLC 48h, EB d2, Eb d4, and 
EB d6. Displayed percentages are population frequencies 
of each quadrant. Below Histograms showing whole 
population GFP expression of RLUC (red) and Stag3 KD 
(blue) from the above time points. b) Boxplots of RLUC 
and Stag3 KD fold change (FC) relative to UT, measuring 
(i) GFP mean expression in the whole population, (ii) 
GFP mean expression in GFP-high populations, (iii) GFP-
high population frequency. Analysis is from 4 biological 
replicates and uses a two-tail T-Test. c) Epi-fluorescent 
images of EBs under RLUC and Stag3 KD conditions. 
Percentages show average GFP-high population 
frequency over 4 biological replicates.
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a significant increase in the germ cell fate (figure 77b, 77c). Indeed, at the EBd6 
time point, Stag3 KD a 15% reduced population frequency of ‘Prdm1 high’ cells 
compared to RLUC control. As a result, these observations did not recapitulate 
the Dppa3-GFP cell line and suggested Stag3 KD has either no effect, or a slight 
detrimental effect on germ cell commitment.  

Following this, I questioned whether the Dppa3 expression was actually 
representative of a fate other than PGC in this model. For example, Dppa3 in 
ES (2i/LIF) cells acts as an auxiliary pluripotent factor and is known to have 
a role in pluripotency by maintaining open chromatin structure while also 
protecting imprinted loci from de-methylation (Nakamura et al., 2007; Rahjouei 
et al., 2017; Zhao et al., 2018). Owing to both Stag3’s association with germ 
cell development and Dppa3 commonly being used as a PGCLC marker (Chen 
et al., 2014, Hayashi et al., 2011; Hackett et al., 2017; Bleckwehl et al., 2021) I 
had not considered increased Dppa3 could represent a change in pluripotency. 
To investigate whether increased Dppa3 in Stag3 KD conditions related to a 
pluripotent or PGCLC fate, a third reporter cell line was obtained from the Surani 
lab. Here, Hackett et al., 2017 generated a dual Dppa5-dTomato Dppa3-GFP 
reporter cell line (‘SGET’) to faithfully track in vitro transitions from pluripotency 
to PGCLC based on the expression of the two fluorophore. The authors report 
ES (2i/LIF) state is associated with Dppa5+Dppa3+ state, which transitions to 
Dppa5+Dppa3- in EpiLC, then Dppa5-Dppa3+ in early PGCLC (d2) and finally 
Dppa5+Dppa3+ at late stage PGCLC (d6). Consequently, the SGET cell line is 
useful for both validating observations made using the Dppa3-GFP as well as 
distinguishing whether increased Dppa3 expression within the EBd6 population 
is indicative of a pluripotent-like or primordial germ cell-like identity.  

In culturing the SGET cells, I was able to recapitulate the expected shifts in Dppa5 
and Dppa3 expression over differentiation, as reported by Hackett et al., (2017) 
(figure 78a). However, I found the cell line more sensitive to siRNA transfection 
that resulted in increased cell death and a tendency to form smaller, more 
aberrantly shaped EBs. This may, in part, account for the high level of variation 
in PGCLC commitment observed between both the five biological replicates and 
the UT and RLUC and Stag3 siRNA transfected cells. As a result, the high levels 
of variation made it impractical to combine biological repeats when analysing 
changes in commitment potential. This in turn made it challenging to determine 
consistent phenotypes in cell fate. Furthermore, although significant (p=<0.005), 
Stag3 KD efficiency in SGET cells only achieved an average of 50% reduction 
compared to RLUC control. This level of KD was a weaker than the KD observed 
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in either the Dppa3-GFP or the Bnt3 cell line and, again, may be in part due to 
SGET greater sensitivity to transfection. Ultimately, after six biological replicates, 
significant increases in Dppa3 expression under Stag3 KD conditions were not 
identified using the SGET cell line. However, comparing between RLUC and 
Stag3 KD conditions from the same experiment revealed some common trends 
(figure 78c, 78d). 

First, in ES (2i/LIF) cells the bulk of the population were consistently 
Dppa5+Dppa3+ (figure 78a & 78b) between biological replicate and transfection 
condition, but there was no significant change in the average signal intensity of 
either fluorophore between RLUC and Stag3 KD (data not shown). In comparing 
within individual experiments, I noted a non-significant reduction in the population 
frequency of Dppa5+Dppa3+ cells under Stag3 KD (figure 78c). Notably, this 
reduction was largely due to a greater frequency of ES (2i/LIF) cells expressing 
Dppa3 alone; owing to the wide variation between biological replicates, this 
trend could be seen most clearly when comparing between RLUC and Stag3 of 
individual experiments (figure 78c) where five out of six biological replicates show 
increased Dppa3-only expression. Given the transition to EpiLC is associated 
with Dppa5-only expression, it is possible that Dppa5-Dppa3+ expressing ES 
(2i/LIF) cells represent a subset of cells less primed for EpiLC commitment than 
Dppa3+Dppa5+. 

Similar to the ES state, EB d6 FACS profiles reveal no significant change in 
RFP or GFP signal intensity (figure 79a & 79b). Furthermore, most biological 
replicates showed no change in population frequency of the Dppa5+Dppa3+ 
subset, suggesting Stag3 KD did not result in increased PGCLC commitment 
(figure 79a & 78d). However, reminiscent of the ES time point, the phenotype 
of increased frequency of GFP-positive cells was also observed in EB d6 FACS 
profiles (figure 78d). Here, direct comparison between RLUC and Stag3 KD from 
each experiment reveals five out of six biological repeats show a trend in greater 
overall ‘Dppa3 high’ (combined Dppa5+Dppa3+ and Dppa5-Dppa3+) population 
frequency in the Stag3 KD condition (figure 78d). As previously mentioned, 
Dppa5+Dppa3+ population frequency is largely unchanged between replicates 
(4 out of 6 experiments show no change), however evaluation of individual 
experiments for Dppa5-Dppa3+ shows an increased frequency in Stag3 KD cells 
for five out of six biological replicates (figure 78d), thus accounting for the overall 
increase in Dppa3+ cells at EBd6. 

Overall, the SGET cell line did not conclusively validate the observations made 
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Figure78 Effects of Stag3 KD in Dppa5-RFP/Dppa3-GFP (SGET) ES 
(2i/LIF) cells across differentiation. a) Above Example scatter plot of 
UT, RLUC and Stag3 KD conditions measured at ES (2i/LIF), EpiLC 
48h, EB d2, EB d4, and EB d6. Below Histograms showing whole 
population RFP+ (top row) and GFP+ (bottom row) frequencies for 
RLUC and Stag3 KD conditions. No GFP+ was recorded for EpiLC 48h 
c) Analysis population frequency of Dppa5 (RFP)+/Dppa3 (GFP)+ and 
Dppa5-Dppa3+ in ES cells as fold change relative to UT between RLUC 
and Stag3 KD conditions. Each experiment was assessed individually. 
d) Analysis of population frequency of Dppa5 (RFP)+/Dppa3 (GFP)+, 
total Dppa3+ and Dppa5-Dppa3+ in EBd6 as fold change relative to 
UT between RLUC and Stag3 KD conditions. Each experiment was 
assessed individually.
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with the Dppa3-GFP cell line. As mentioned, this may in part be due to the 
challenges in culturing and transfecting these cells. Despite this, similar trends 
in greater ‘Dppa3 high’ populations in ES and EB d6 were found. Notably, the 
greatest increase in Dppa3 expression under Stag3 KD conditions occurred in the 
Dppa5-Dppa3+ in both ES and EB d6 samples (figure 79c & 79d). This population 
was a minor subset of the whole population but, in reference to the expected dual 
reporter expression profile (Dppa5+Dppa3+ for ES and Dppa5(low)Dppa3+ for 
EB), it was unclear what identity these cells might possess. Given the previous 
observation that Stag3 knockdown promotes self-renewal (as measured by the 
AP Assay) in ES (2i/LIF) (figure 73d), I postulated the Dppa5-Dppa3+ ES (2i/LIF) 
population may represent a subset of cells that are less primed for commitment 
than Dppa5+Dppa3+.  

Thus, I assessed whether the increased Dppa3 expression within EB d6 could 
also reflect a pro-pluripotent phenotype. Given the inconsistencies with the SGET 
cell line, I went back to the Dppa3-GFP cell line samples and extracted total RNA 
from cell pellets of ES and EBd6 populations of three biological replicates that 
were retained after flow cytometry. RT-qPCR was performed on this material and 
assayed for ES and PGC fate marker expression (figure 80). To faithfully delineate 
between the two fates, I purposefully chose those markers that (unlike Dppa3 or 
Nanog) were more or less exclusively naïve-specific (Klf4, Tbx3, Zfp57), primed-
specific (Foxd3) and PGC-specific (Nanos3, Prdm1, Dnd1) in their expression 
(Bleckwehl et al., 2021). Strikingly, figure 79 shows a significant mean upregulation 
of the naïve-specific markers in Stag3 KD EBd6 cells compared to RLUC control 
(figure 16). Specifically, in EB Stag3 KD samples compared to RLUC, Klf4 
increased 2.8-fold (p=<0.005), Tbx3 increased 1.48-fold (p=<0.05), and Zfp57 
increased 2.12-fold (p=<0.05). Although Dppa3 mRNA was reduced in Stag3 KD 
ES cells compared to RLUC by an average of 25%, this was not significant. 
Similarly, PGC-specific markers (Dnd1, Nanos3) did not show significant down-
regulation in ES cells upon Stag3 KD, as seen in the previous RT-qPCR assay. 
This may require additional biological replicates to resolve if reduced lineage 
commitment phenotype is observed in these samples. Interestingly EpiLC marker 
Foxd3 showed a non-significant 1.3-fold increase trend in EBd6 Stag3 KD. Again, 
additional samples would be useful to identify significant trends as, owing to the 
wide error bars, some mRNA expression change is unclear. Finally, I note Stag3 
mRNA levels are significantly (p=<0.05) reduced in EBd6 Stag3 KD than EBd6 
RLUC (48% lower). This phenotype could be caused by 1) result of residual Stag3 
siRNA still impacting Stag3 levels, 2) a failure to commit to PGCLC, and therefore 
Stag3 does not become up-regulated, or 3) a combination of both (1) and (2). 
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Together, these results suggest that Dppa3 protein upregulation upon Stag3 KD in 
ES (2i/LIF) cells reflects a pluripotent-like identity that is maintained and remains 
detectable in EBd6 after 2i/LIF withdrawal and addition of strong differentiation 
cues from Activin A and bFGF, and BMP4. The up-regulation of the primed 
pluripotent marker, Foxd3, as well as naive markers, Klf4, Tbx3, Zfp57, may 
indicate a general deficiency in exiting pluripotent states. To determine whether 
this phenotype is reproduced between the cell lines, cell pellets from the Bnt3 
Stag3 KD differentiation assay were also analysed for RT-qPCR. Unfortunately, 
the 260/230 absorption ratios of Bnt3 EBd6 samples (as measured by Nanodrop) 
revealed poor RNA quality. This was reflected in the wide-ranging Ct values for 
the Actin normalisation gene when attempting to RT-qPCR the material. As such, 
no reliable phenotype could be determined from these samples. Nonetheless, the 
Dppa3-GFP RT-qPCR provides compelling initial evidence for Stag3 regulating 
exit of pluripotent fates. To gain an more global perspective of Stag3's impact on 
cell fate commitment requires RNA-seq of both ES (2i/LIF) and EBd6.

Figure79 Stag3 KD maintains a pro-naïve pluripotency phenotype across EB differentiation. Bar 
charts showing expression of Naïve and Primed pluripotent markers, and PGC makers in ES (2i/
LIF) and EB d6 Dppa3-T2A-GFP cells treated with RLUC and Stag3 KD at the ES (2i/LIF) stage. 
Expression in portrayed as a fold change against UT control of Ct values normalised to β-Actin 
housekeeping gene. Error bars represent standard deviation from three biological replicates and 
statistical significance was calculated using a two-tailed T-Test (*=p<0.05; **=p<0.0005).
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5.11 Summary of Chapter 5 results

 1) The 'meiosis'-specific Stag3 paralog is expressed throughout the cell  
 cycle within pluripotent states and interacts with mitotic cohesin and CTCF.
 2) Stag3 expression increases as pluripotent cells commit to primordial  
 germ cell fate.
 3) Knockdown of Stag3 in ES cells enhanced pluripotent potential and  
 reduced expression of commitment markers (particularly of the germ cell  
 lineage).
 4) Increased pluripotent potential appears to be maintained through  
 differentiation to embryoid bodies.

5.12 Discussion  

The existence of a meiotic set of cohesin components (Rec8, Rad21L, Smc1β, 
Stag3) is considered to be required for the unique chromosomal topologies that 
must be performed in meiosis, such as synaptonemal complex assembly, axial 
element formation, meiotic bouquet translocation and chiasmata (discussed in 
section 1.3.3, summarised in table 3 and figures 6 & 7). Indeed, studies have 
shown ectopic expression of mitotic cohesin components (Rad21, Stag1, Stag2) 
is unable to compensate for loss of meiotic cohesin (Winters et al., 2014; Ward 
et al., 2016; Wolf et al., 2018). Perhaps due to these remarkably distinct meiosis-
specific roles, there has been little consideration for whether meiotic cohesin-
Stag complexes are expressed and function outside of this environment. Here, I 
find the ‘meiosis-specific’ Stag paralog, Stag3, expressed in pluripotent ES and 
EpiLCs. Further, in contrast to Stag1’s role in pluripotent maintenance, knockdown 
results suggest Stag3 is important for exit of pluripotency and commitment to 
early lineages. 

In a recent publication awaiting peer review, Choi et al., 2021 report co-expression 
and interaction of meiotic cohesin subunits Rec8 and Stag3 in murine ES (serum/
LIF) cells but not in MEFs, thereby supporting my observation of Stag3 expression 
in pluripotent identities. Although Rec8 protein expression was not tested in this 
project, both RT-qPCR (figure 63a) and RNA-seq analysis (figure 64) would 
suggest that the meiotic α-kleisin protein is indeed co-expressed with Stag3 in 
ES cells. Notably, Stag3 is the only paralog able to interact with Rec8 (Wolf et al., 
2018), which could give it a unique role in influencing distinct functions of Rec8-
containing cohesins within pluripotent cells. In addition to this, chromatin co-IP 
of Stag3 performed here revealed interaction with mitotic cohesin components, 
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including the α-kleisin Rad21. Supporting this, Choi et al., 2021 also identify 
interaction between Stag3 and mitotic cohesin subunits in ES cells while Wolf et 
al., 2018 show ectopically expressed Stag3 is capable of forming complexes with 
Rad21, Rec8, and Rad21L-containing cohesins. As one Stag protein is purported 
to interact with one α-kleisin subunit at any one time (Holzmann et al., 2011), 
these observations indicate that Stag3 interacts with at least two separate cohesin 
complexes in pluripotent cells: Stag3-Rec8 and Stag3-Rad21 containing cohesin 
complexes. Resultantly, this considerably increases the diversity of cohesin-Stag 
complexes found within pluripotent cells. Given the previously established non-
overlapping roles of Stag1 and Stag2-bound cohesins (1.3.2) (Canudas and 
Smith, 2009; Kojic et al., 2018; Cuadrado et al., 2019; Viny et al., 2019; Arruda et 
al., 2020), Stag3 may further fine-tune genome topology.  

Several groups have reported that the interaction between cohesin and CTCF is 
mediated via the Stag protein (Rubio et al., 2008; Porter et al., 2021). Further, 
Li et al., 2021 resolved that the molecular basis for this is between the Stag  
‘Conserved Essential Surface’ domain and  Y/FxF motifs within CTCF N-terminus. 
In male germ cells, both CTCF and the testis-specific paralog Boris are expressed 
to facilitate the induction of male gametogenesis genes (Loukinov et al., 2002; 
Rivero-Hinojosa et al., 2021). Unlike CTCF, however, the F/YxF motif is not 
conserved in Boris. To our knowledge, there have been no previous reports of 
Stag3’s ability to bind to either CTCF or Boris. However, protein alignment reveals 
the Stag1/2 CES is conserved within Stag3 (figure 4a). Furthermore, in mining 
the murine proteome for F/YxF motif-containing proteins, Sycp3, a component 
of the synapotnemal complex and a putative interactor of Stag3 in meiosis was 
detected. Together, this supports co-IP assays performed in this project that 
highlight Stag3 interaction with CTCF.  

Establishing the association of Stag3 with cohesin and CTCF on chromatin in 
pluripotent cells is important as it suggests Stag3 has a role in the regulation 
of interphase chromatin topology. This hypothesis is further supported by the 
observation that Stag3 is expressed in G1-sorted cells (figure 65). Distinct 
localisation patterns have been reported for both cohesin-Stag1 and cohesin-
Stag2 complexes in several cell lines (Kojic et al., 2017), including embryonic 
stem cells (Cuadrado et al., 2019; Arruda et al., 2020) and hematopoietic stem 
cells (Viny et al., 2019). Here, authors note the inability for Stag1 and Stag2 to 
fully compensate for one another in DNA loop formation, leading to subsequent 
aberrations in gene expression. Accordingly, cohesin-Stag3 may further work 
to fine-tune cohesin function and genome organisation. Importantly, I find that 
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knockdown of Stag3 does not impact cell cycle progression, thus suggesting 
phenotypes associated with Stag3 knockdown are not the result of cohesin’s 
function in SCC. This was not the observation made by Choi et al.. Here, the 
authors report knockdown of individual cohesin components (Smc3, Rad21, 
Re8, Stag3) results in a prolonged S-phase due to delayed progression of DNA 
replication forks. This discrepancy may be due to the heterogeneous ES (serum/
LIF) culture conditions used in their study compared to the ground-state ES culture 
(2i/LIF) performed here. Furthermore, I note the knockdown achieved by Choi et 
al was more acute (~85% protein reduction) than the Stag3 KD reported here. 
Hence, the residual Stag3 expression under my knockdown conditions may be 
sufficient to prevent effects to cell cycle. To consolidate my observations through 
further experiments, cell cycle progression under control and Stag3 KD would be 
measured in ES (serum/LIF) and compared to the ES (2i/LIF) profile. In addition, 
to ensure SCC was unaffected, cells could be karyotyped and assessed for levels 
of aneuploidy.  

In this section, I have reported loss of Stag3 phenotypes through a siRNA-
mediated knockdown approach. As discussed in section 3, this method comes with 
drawbacks of cell toxicity and both incomplete and slower knockdown compared 
to the dTAG-inducible knockdown of an FKBP-tagged protein. Ultimately, I 
had aimed to use Stag3 siRNA KD as orthogonal conformation of phenotypes 
observed through a Stag3mScarlet-3xHA-FKBP system. Unfortunately, generating a 
putative Stag3 knock-in clone proved more challenging than the similar knock-in 
performed at Stag1 C-terminal. This was largely due to being unable to efficiently 
FACS purify an mScarlet+ population from the bulk. As a consequence, searching 
for an on-target knock-in clone required multiple rounds of FACS and genotyping, 
which became both time and labour intensive. Being unable to identify a knock-in 
population by fluorophore expression also meant it was not possible to quantify 
the knock-in efficiency of the mSA3_3 gRNA compared to that of the Stag1 
knock-in. However, RNA-seq analysis showing considerably greater Stag1 mRNA 
expression in ES (2i/LIF) cells relative to Stag3 may imply that the Stag1 locus is 
more accessible for transcription machinery and thus is easier to target with the 
Cas9 RNP complex. The accessibility of the gRNA target is an important factor 
in CRISPR-Cas9 knock-in and knock-out success rate (Horlbeck et al., 2016; 
Jensen et al., 2017). Indeed, studies have shown diminishing knock-in success 
with less abundantly expressed genes (Dewari et al., 2018), and so I hypothesise 
that the Stag3 gene may have been more difficult to target than Stag1 because 
of this reason. Addressing these challenges, several factors of the CRISPR-Cas9 
protocol may be altered to increase future Stag3 knock-in success rates. First, 



223

to purify engineered cells from the bulk population without performing rounds 
of FACS and genotyping, the knock-in construct could be altered to include 
an antibiotic selection marker. Second, altering the rate of HDR verses NHEJ 
through the use of small molecule enhancers and/or inhibitors has been shown 
to enable a greater knock-in success rate in pluripotent cells (Yu et al., 2015). 
Third, using a different strain of Cas enzyme that recognises an alternate PAM 
sequence (eg. Cas12a recognises TTTN) may result in a more favourable gRNA 
design and cutting site for Stag3 3’ knock in. Fourth, a knock-in attempt could 
have been performed in EpiLCs that could then be re-programmed to a naïve 
pluripotent state. In theory, the higher Stag3 expression in primed pluripotent 
cells may correlate to improved knock-in efficiency. However, considering the 
meta-stable nature of EpiLCs, I deemed it unsuitable for CRISPR generating a 
stable cell line. Finally, given that smaller inserts are associated with a higher 
knock-in efficiency (Dewari et al., 2018), the Stag3 construct could be shortened 
to generate separately tagged Stag3-mScarlet (for imaging Stag3 expression by 
spinning disc microscopy) and Stag3-FKBP (for acute degradation) cell lines. 

Despite being unable to generate an inducible Stag3 degrading cell line, siRNA-
mediated Stag3 knockdown in ES (2i/LIF) cells was able to provide evidence 
of an increased pluripotent phenotype. Here, RT-qPCR assays revealed trend 
towards up-regulation of core pluripotent markers concomitant with significantly 
reduced expression of PGC markers and a consistent down-regulation of germ 
layer lineage markers under Stag3 KD conditions. As the increases in pluripotent 
gene mRNA were modest and non-significant, the AP colony assay on serum-
grown ES cells provided important corroboration for a pro-pluripotent phenotype. 
Here, Stag3 KD demonstrated consistent and significant increase in AP staining, 
indicating enhanced pluripotent and self-renewal capacity. Strikingly, this pro-
pluripotent phenotype appears to be maintained throughout the differentiation 
scheme to late-stage PGCLC-containing EB d6 cells where higher rates of naïve 
cell-specific fate markers (Klf4, Tbx3, Zfp57) are significantly enriched. In parallel 
to this, I find Stag3 is up-regulated as naïve ES (2i/LIF) cells transition to a primed 
EpiLC pluripotency. Consequently, from these results I conclude that Stag3 acts 
as a pro-commitment factor in pluripotent stem cells. 

Supporting the above hypothesis, Tzelepis et al., 2016 show loss of Stag3 
promotes an enhanced re-programming ability. Here, the authors perform a 
genome wide CRISPR gRNA knockout (KO) screen to report on the efficiency 
of re-programming MEFs to induced pluripotent stem (iPS) upon induction of 
Yamanaka factors (Klf4, c-Myc, Oct4, Sox2). A Nanog-GFP reporter assessed 
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re-programming efficiency and figure 80 indicates Stag3 knockout resulted in an 
enrichment of iPS cells. Indeed, of the 18,424 genes tested, Stag3 was in the top 
20% of enrichment, and ranked higher than known commitment markers Dnmt3b, 
GATA4, GATA6 (figure 80). The same screen also identifies Stag1 KO reduces 
re-programming potential, thereby supporting observations that loss of Stag1 in 
ES (2i/LIF) cells promotes transitions towards exit of pluripotency (section 3 and 
4). Notably, Stag3 KO resulted in a more potent iPS cell enrichment compared 
to the depletion observed with Stag1 KO (figure 80). Finally, mimicking Stag1, 
gRNAs targeting the Stag2 paralog also reduced reprogramming efficiency. This 
result is surprising given Stag2 is up-regulated in somatic cell lines compared 
to pluripotent. In addition, investigations into Stag2 pathophysiology in cancers 
indicate Stag2 acts as a tumour suppressor (Waldman, 2020) and, at least in 
HSCs, its knockout promotes a pro-stem cell fate with enhanced self re-renewal 
capacity and accumulation of progenitor cells (Mullenders et al., 2015; Viny et al., 
2019). Nonetheless, the result from Tzelepis et al. suggests that, even though 
Stag3 follows an expression profile similar to Stag2 in ES and EpiLC transitions, 
it does not present the same phenotype as Stag2 upon KO. Collectively, this 
CRISPR screen supports the results presented here in showing ES (2i/LIF) cell 
Stag3 KD increases pluripotent potential, and highlights the remarkable disparity 
between the impacts Stag1/2 have on cell fate decisions compared to Stag3.  

 

 

 

 

 

 

 

 

Despite the support of this CRISPR screen, I acknowledge several caveats to my 
hypothesis of Stag3 being important for lineage commitment. First, the bulk of 
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Figure80 Stag3 KO enhances iPSC reprogramming ability. Interactive chart showing iPSC 
reprogramming efficiency from a genome-wide gRNA CRISPR screen (Tzelepis et al., 2016; 
https://kaji-crispr-screen-updated.netlify.app/). Dropout rate of the plasmid-containing gRNA in 
re-programming MEFs to iPSC (as measured by Nanog-GFP reporter) informed iPSC depletion/
enrichment score for each targeted KO. gRNA rank is generated based on log10(Depletion 
P-value)- log10(Enrichment P-value), i.e. Rank1 = the most enriched. Highlighted are Stag 
paralogs (Stag3 indicated by green arrow), core pluripotent factors (Klf4, Nanog), and lineage 
commitment factors (GATA4, GATA6, Pax6). 
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my conclusions have been drawn from observations made with the Dppa3-GFP 
cell line. The SGET dual reporter cell line was intended to provide validation for 
these results. However, identifying phenotypes within this cell line have been 
challenging due to the high level of variation between biological replicates and 
between un-transfected and transfected conditions. RT-qPCR analysis also 
reveals a poorer siRNA-mediated Stag3 KD efficiency within these cells relative 
to the Dppa3-GFP cell line. In an attempt to clarify the effect of loss of Stag3 
within the SGET cell line, the Stag3 gRNA previously validated for on-target 
Stag3 knock-in (SA3_gRNA3) could be instead used to knockout ES cells Stag3. 
Efficiency of differentiation towards a PGCLC could then be robustly assessed 
against a no knockout control. 

A second limitation is that the readout for cell fate identity in EB d6 cells is limited 
to only a few fate markers. To increase the robustness of this result, an RNA-
seq of both ES (2i/LIF) and EBd6 under control and Stag3 KD conditions would 
provide a global transcriptome view of the effect of loss of Stag3 in pluripotent 
cells and how this impacts later cell commitment. Comparing Stag3 KD impacts 
on the global transcriptome against gene expression signatures of all early germ 
layer lineages would inform on whether differentiation to all germ cell lineages are 
equally stunted and may also assist in elucidating a mechanism for how Stag3 
knockdown impacts fate decisions. 

Finally, the nature of EB culture in a 96-well format presents cost and labour 
challenges in obtaining the quantities of cells for experiments requiring large 
amounts of material (e.g immunoblotting). Specifically assaying PGCLCs (as 
read-out by Dppa3-GFP, Prdm1-GFP, Dppa5-RFP/Dppa3-GFP) further limited 
the amount of material owing to the fact that only a subset of EB cells commits 
towards this lineage. Consequently, when assessing the impact of Stag3 KD 
on EB differentiation by RT-qPCR, it was not feasible to sort these cells based 
on Dppa3 expression. As a result, although a significant increase in pluripotent 
markers was observed (Klf4, Tbx3, Zfp57), I am unable to determine whether 
this increased expression directly occurs in only those cells expressing Dppa3. 
Nonetheless, considering that, first, Dppa3 is associated with both naïve 
pluripotency and PGCLC roles and, second, the PGCLC marker Prdm1 did 
not indicate an up-regulation of PGCLC upon differentiation, it could be argued 
the increases to Dppa3+ population are the result of cells expressing a naïve 
pluripotent transcriptome. Given that I now have evidence for Stag3 KD resulting 
in a protracted naïve-like gene expression profile, the Dppa3-GFP Stag3 KD assay 
could be scaled up to enable sorting of Dppa3-GFP+ cells. Here, Dppa3+ and 
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Dppa3- cells would be assayed by RT-qPCR using the pluripotent and PGCLC 
markers that have been validated as most suitable to discern between the two 
cell fates. Resultantly, this experiment would inform on whether upregulation of 
Dppa3 is a direct result of Stag3 knockdown, or whether Stag3 knockdown results 
in more global dis-regulation of naïve cell-associated genes throughout the EB.  

Having observed Stag3 expression is correlated with PGCLC development, and 
knockdown of Stag3 reduces PGCLC marker expression in naïve cells, it was 
surprising that the Dppa3-GFP cell line indicated Stag3 KD causes an increase 
in PGCLCs. Owing to its high expression level in germ cells, Dppa3 is a common 
PGCLC marker and so it was not until the Bnt3 (Prdm1-GFP) cell line failed to 
recapitulate an increase in PGCLC phenotype that I considered whether Dppa3 
up-regulation could instead indicate a naïve cell transcriptome. This explanation 
for Dppa3 up-regulation complements the phenotype of increased naïve 
pluripotency observed in AP colony assay. Indeed, in murine ES cells, Dppa3 
is classified as an auxiliary pluripotent factor and its transient expression is anti-
correlated with naïve-to-primed transition marker Lin28a (Hayashi et al., 2008; 
Sang et al., 2018). Importantly, Dppa3 expression has been found to contribute 
to iPSC re-programming and enhances high-grade chimera forming iPSCs (Xu et 
al., 2015). Resultantly, this phenotype reflects Stag3 KD in the iPSC enrichment 
CRISPR screen (Tzelepis et al., 2016). Functionally, Dppa3 is known to maintain 
genome-wide hypo-methylation by displacing DNA methyltransferases from its 
recruiter Uhrf1 at replication fork ends, thus preventing methylation of de novo 
DNA strand (Hayashi et al., 2008; Rahjouei et al., 2017). At the same time, Dppa3 
specifically protects the methylation status at the imprinting control regions of 
several maternal and paternal imprinted genes (Nakamura et al., 2007). Given 
its known function in maintaining open chromatin structure, Stag3 KD-mediated 
Dppa3 up-regulation could promote a pro-pluripotency phenotype by antagonising 
genome hyper-methylation associated with naïve-to-primed pluripotent transition. 
Supporting this, the DNA methyltransferase enzymes, Dnmt3a and Dnmt3b are 
both found to be non-significantly reduced in expression in Stag3 KD ES (2i/
LIF) cells (figure 73c). Consequently, this may result in a delayed commitment to 
EpiLC state. To test this hypothesis, bisulfite sequencing could be performed on 
EpiLC48h samples under RLUC and Stag3 KD and the global DNA methylation 
pattern evaluated.  

Naïve pluripotent and PGCLCs both share the phenotype of a hypo-methylated 
genome, therefore it could be expected that a higher expression of Dppa3 (and 
hence a less methylated genome) would prime EpiLCs for PGCLC commitment 
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upon BMP4/LIF stimulation. However, this does not appear to be the case as the 
Prdm1-GFP and SGET cell lines did not indicate an increased PGCLC population 
upon Stag3 KD and RT-qPCR of Dppa3-GFP EBd6 cells did not show up-regulation 
of PGCLC-specific markers. An explanation for this may be EpiLCs must ‘reach 
maturity’ so that they are ready for PGCLC commitment. Indeed, it has been 
shown that, upon induction with Activin A and bFGF, EpiLCs progressively acquire 
a transcriptome and epigenome (Hayashi et al., 2011; Marks et al., 2012; Kalkan 
et al., 2017). Phenotypically, differences between ‘immature’ 24h and ‘mature’ 
48h EpiLCs is evidenced by the fact that EpiLC24h fail to transition to PGCLCs 
(Hayashi et al., 2011). This is mimicked in vivo, as only E5.5-E6.0 epiblasts are 
suitable pre-cursors for PGC differentiation (Ohinata et al., 2009). Consequently, 
it can be argued that Stag3 KD promotes a pro-pluripotent phenotype that delays 
the maturity of EpiLC commitment. In turn, this makes the cells less prepared 
for PGCLC commitment compared to the RLUC control and results in reduced 
PGCLCs (as hinted by the non-significant reduction in Prdm1-GFP EBd6 and 
reduced Dppa3-GFP EB d6 Dnd1 and Nanos3 expression). Furthermore, 
epigenetic reprogramming in germ cells is not completely identical to that of naïve 
cells as different hypo-methylation machinery (eg. Prdm14) is use, and, unlike 
naïve cells, PGCLCs lose DNA methylation from imprinted gene loci. As a result, 
this emphasises the methylation status between the two cell states is not identical 
and so a delayed EpiLC methylome is not necessarily compatible with PGCLC 
hypo-methylation (Surani et al., 2007; Hayashi and Surani, 2009). 

It has also been shown that EpiLCs at the 24h stage have some capacity to 
revert back to naïve pluripotent cells upon removal of growth factors and re-
introduction of 2i/LIF conditions. This transition is due to some transience in 
the methylation of pluripotent promoters (eg. Rex1) (Bao et al., 2009; Morgani 
et al., 2017; Kalkan et al., 2017). In the context of the Stag3 KD observation, 
therefore, it could be expected that up-regulated Dppa3 delays the establishment 
of non-transient methylation. Consequently, passaging these cells into BMP4 
and LIF-supplemented PGCLC media may in fact recapitulate an ES-like culture 
environment and promote re-expression of core pluripotent factors. To help 
support this hypothesis, RLUC and Stag3 KD-treated ES (2i/LIF) cells could be 
differentiated to EpiLC48h and then re-introduced to 2i/LIF conditions. If Stag3 
KD does indeed create a delayed commitment phenotype, it should be expected 
that a subset of the EpiLCs are able to revert back to ES cells while the fully 
primed control cells are unable to. 
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6 Stag3 regulates cell fate through a post-transcriptional mechanism

6.1 Introduction

Mechanisms that co-ordinate cell fate transitions can be broadly categorised as 
transcriptional and post-transcriptional mediators of gene expression (discussed 
in depth in section 1.1, summarised in table 1). While transcriptional mechanisms 
for gene expression control (epigenetics, signalling pathways, transcription factors 
etc.) have been well established, it is only more recently appreciated that post-
transcriptional processes (translation regulation, mRNA processing etc.) drive 
differences in transcriptome and proteome output, and are thus pivotal for cell 
fate (Sampath et al., 2008; Chen and Hu, 2017; Kanellopoulou and Muljo, 2018). 

The cohesin complex and its regulatory Stag proteins embrace chromatin 
fibres in G1 and largely contribute to transcriptional regulation via their roles in 
genome topology. Indeed, as previously discussed, loss of cohesin components 
and Stag paralogs result in global and (in the case of Stag1 and Stag2) non-
overlapping changes to TAD organisation with concomitant gene expression 
alterations (summarised in table 3) (Kojic et al., 2017; Rao et al., 2017; Cuadrado 
et al., 2019; Viny et al., 2019). The prevailing theory espouses cohesin’s impact 
on gene expression is primarily through 1) alteration in accessibility for RNA 
polymerases and transcription factors to bind promoters and CREs (Viny et al., 
2019), 2) changes to local contact frequencies between active CREs and their 
target promoters (Hadjur et al., 2009; Rao et al., 2017), and 3) weakening of 
larger TAD insulation boarders that could lead to more permissive inter-TAD 
contacts (Thiecke et al., 2020; Perea-Resa et al 2021). However, despite cohesin 
knockdown/knockout and pan-cancer studies providing convincing evidence 
for cohesin influencing cell identity, researchers are divided on the extent DNA 
looping has in influencing the global transcriptome and the knock-on implications 
this has for cell fate (Thiechke et al., 2020; Grubert et al., 2020; Kubo et al., 
2021). For instance, considering the importance cohesin-Stag complexes have 
in structuring global DNA loops (Rao et al., 2017), multiple groups have reported 
loss of cohesin causes surprisingly modest expression changes to only a subset 
of genes (Rao et al., 2017; Cuadrado et al., 2019; Casa et al., 2020; Arruda et 
al., 2020). Furthermore, these changes often only weakly correlate with altered 
topological DNA contact frequencies. Consequently, this could imply cohesin-Stag 
influences cell fate decisions through other additional regulatory mechanisms. 
For instance, the results presented in chapter 4 show cohesin-Stag regulation 
of genome organisation is not just on the level of TADs, but can also impact 
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higher order bodies of euchromatin and heterochromatin. This emphasises that 
our knowledge of how cohesin and Stag proteins assist in co-ordinating cell fate 
change remains incomplete, and hints that Stag proteins may perform functions 
outside of its epigenetic remit. 

In the previous chapter, I showed that the Stag3 paralog is expressed in ES cells, 
correlates with PGCLCs and contributes to lineage commitment, in particular of 
PGC fates. Stag3’s overall pro-commitment influence on fate decisions contrasts 
with the role of Stag1 in maintaining pluripotency. In this chapter, I investigate how 
Stag3 regulates gene expression to non-redundantly influence cell fate decisions. 

Preliminary chromatin co-IP results indicated Stag3 interacts with CTCF and 
cohesin in pluripotent cells (figure 66). This could imply that, like Stag1 and Stag2, 
Stag3 structures distinct chromatin topologies with knock-on impacts to cell fate. 
Accordingly, I envisaged addressing this hypothesis through experiments such 
as ChIP-seq to identify distinct Stag1 and Stag3 chromatin localisation sites, 
and SPRITE analysis to determine differences in chromatin compaction between 
Stag1 and Stag3 KD. 

However, initial IFs and fractionated immunoblots quickly made apparent Stag3 
localisation in pluripotent cells is almost entirely cytoplasmic. This contrast to 
Stag1/2’s abundance on chromatin was very interesting, and implied Stag3 
may in fact perform regulatory functions outside of the known roles for Stag in 
genome organisation. Thus, I re-adjusted my experimental aims to characterise 
Stag3’s cytoplasmic functions. Here, despite caveats, MS of Stag3’s interactome 
suggested an abundance of cytoplasmic associated proteins that are enriched 
for cytoskeletal, centrosomal, and translation functions. In concordance with 
these observations, co-IF displayed punctate Stag3 co-localisation with the 
centrosome, at the nuclear membrane, and along the cytoskeleton. Among their 
other roles, these sites are known localised condensate-like hubs of translation 
regulation (section 1.1.5 & table 2) (Eberhardt et al., 2016; Ryder et al., 2019; 
Zein-Sabatto and Lerit, 2021; Gasparski et al., 2022). Assessment of Stag3’s 
impact on translation demonstrated loss of Stag3 has little effect on global protein 
output. However, as identified in section 5.9, Stag3 KD increases Dppa3 protein 
abundance, which does not correlate with its reduced mRNA levels (section 5.8). 
Performing a CHX chase assay under control and Stag3 KD conditions suggests 
Dppa3 expression is post-transcriptionally regulated. Collectively, these results 
indicate Stag3 behaviour is markedly different to that of Stag1 and Stag2 in ES 
cells, and may non-redundantly influence cell identity through post-transcriptional 
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mechanisms. This project provides the first evidence for Stag proteins performing 
extra-nuclear functions that inform on cell fate decisions and thus challenges our 
current understanding of Stag3 to consider roles outside of genome structuring. 
  
6.2 Stag3 localisation is primarily cytoplasmic within pluripotent cells

To initially assess how Stag1 and Stag3 may differently influence cell fate, I 
began by investigating whether the paralogs were differently distributed within 
the cell. Having already confirmed Stag3 interacts with CTCF and cohesin on 
chromatin (figure 66), I expected to observe a predominant nuclear localisation, 
similar to that of Stag1 and Stag2 (figure 12). I hypothesised if any differences 
were present, they would likely be minor and occur in the ratio of nuclear-soluble 
(nucleoplasm) and nuclear-insoluble (chromatin) Stag abundance, which would 
broadly suggest differences in rate of chromatin association within the nucleus. 

I began by extracting ES (2i/LIF) and EpiLC48h WCE and fractioned cytoplasmic, 
nucleoplasmic and chromatin protein pools, then used immunobloting to 
investigate where the Stag paralogs were enriched (figure 81). In agreement 
with previous Stag3 immunoblots, densitometry analysis of WCE immunoblotting 
revealed 1.4-fold up-regulation in Stag3 expression between ES and EpiLC48h 
(figure 81a & 81b). A similar trend was also observed between ES and EpiLC cell 
fractions with a 1.38-fold and 2.26-fold increase in the cytoplasm and on chromatin, 
respectively; the nucleoplasmic Stag3 signal was too weak to accurately quantify 
fold change and the chromatin Stag3 expression change was quantified from the 
over-exposed membrane. 

Surprisingly, the fractionated immunoblot revealed Stag3 is almost entirely found 
within the cytoplasm of naïve and primed pluripotent cells (figures 81a, 81c & 81e). 
Indeed, the chromatin signal was so weak it could only be clearly visualised upon 
over-exposure (figure 81a & 81c). This observation was in remarkable contrast to 
Stag1/2 predominant chromatin localisation, which was identified using the same 
fractionation/immunoblot protocol (figure 11; section 3.1.3). To confirm specificity 
for Stag3 signal, ES (2i/LIF) cells were transfected with RLUC control and Stag3-
specific siRNA and again fractionated (figure 81c). Subsequent immunoblotting 
and densitometry showed Stag3 KD reduced cytoplasmic and chromatin (indicated 
by blue arrow head) Stag3 bands by 43% and 58%, respectively, thus verifying 
antibody specificity (figure 81d). The fractionated material was also probed for 
Stag1/2, which again revealed predominantly chromatin abundance. This result 
also showed Stag1/2 expression levels and distribution between cell fractions 
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Figure81 Stag3 is localised to the cytoplasm throughout the cell cycle. a) WCE and fractionated 
Stag3 immunoblot of naïve (ES) and primed (EpiLC 48h) cells. Loading controls α-Tubulin and 
Histone H3 were probed for fraction purity. Arrow heads represent potentially modified (red) 
and unmodified (blue) canonical Stag3. b) Densitometry analysis of (a) Above quantification 
of WCE and cytoplasm fractions; Below quantification of chromatin fraction Stag3 potentially 
modified (155kDa band) and unmodified (140kDa band) (signal was measured from the over-
exposed membrane). All WCE and cytoplasm fractions were normalised against corresponding 
α-Tubulin  control. Chromatin bands were normalised against Histone H3 control. c) Fractionated 
Stag immunoblot of ES (2i/LIF) cells under UT, RLUC and Stag3 KD conditions. d) Densitometry 
analysis of (c). Normalised RLUC and Stag3 KD protein signal is plotted as fold change relative to 
UT. Above quantification of Stag1/2/3 cytoplasm and chromatin signal. * represents 140kDa band 
measured. Below quantification of 140kDa and 155kDa Stag3 chromatin signal, as measured 
from over-exposed membrane. Fractionated Stag3 immunoblot of FACS-isolated G1 and G2/M 
cell stages.
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was unchanged upon Stag3 KD, with perhaps the exception of Stag1 chromatin 
protein, which showed a 20% reduction in Stag3 KD condition compared to 
RLUC. It is possible, however, this change in Stag1 distribution is an artefact 
due to the smeary RLUC chromatin band being difficult to quantify.  Finally, a 
Stag3 immunoblot of FACS-isolated G1 and G2/M cells demonstrated consistent 
cytoplasmic localisation throughout the cell cycle (figure 81e). Overall, I conclude 
that Stag3 protein is by and large not associated with chromatin. This observation 
is in contrast to the abundantly chromatin-bound Stag1 and Stag2 profiles, and 
suggests Stag3 is not performing genome structuring roles.

Upon over-exposure, the chromatin immunoblots also revealed a weak band at 
a higher molecular weight (~155kDa) compared to canonical Stag3 (140kDa) 
(figure 81a & 81c). This band is also present in the WCE and cytoplasmic fractions, 
however its abundance relative to the canonical Stag3 band is considerably lower 
(1:4.8 in WCE and 1:5.3 in cytoplasm) than that observed in the chromatin fraction 
(1:1 in ES and 1.28:1 in EpiLC) (figure 81b). Similar to canonical Stag3, the signal 
of this band increased (2.3-fold on chromatin) upon naïve to primed pluripotent 
transition. Interestingly, the strong Stag3 signal within testis WTE immunoblot 
displayed a similar molecular weight shift relative to ES and EpiLC WCE Stag3 
(figure 63). In line with this, Fukuda et al., (2014) demonstrated with testis nuclear 
extracts +/-phosphatase treatment that Stag3 is highly phosphorylated when 
chromatin associated, resulting in an immunoblot band shift. Together, this could 
suggest ES chromatin-associated Stag3 is post-translationally modified; based on 
the Fukuda et al., (2014) observation, this modification may be phosphorylation. 
Importantly, Stag3 KD conditions did not affect the intensity of the suspected 
phosphorylated chromatin Stag3 (figure 81c & 81d). I note this could well mean 
that the band is non-specific. As a counter argument, the modified version of 
Stag3 may be highly stabilised and is not degraded over the time-course, or the 
rate of Stag3 PTM is not affected by Stag3 depletion and so the modified version 
of Stag3 remains constant. 

In an orthogonal approach to confirm the surprising cytoplasmic localisation of 
Stag3, an IF assay was performed using Stag1/2/3 antibodies in ES (2i/LIF) cells. 
In previous IFs, I permeabilised cells using a TritonX-based buffer. However, this 
relatively harsh detergent can wash away soluble and cytoplasmic staining . 
Thus, to better preserve cytoplasmic signal, the cells were permeabilised with 
a mild Cytoskeletal Staining Buffer (CSK) prior to formaldehyde fixation (see 
methods section 2.22). Finally, in addition to DAPI staining, the fixed cells were 
also stained for β-Actin, using the Invitrogen Cell MaskTM tracker, to demarcate 
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the cytoplasm. Staining  profiles  between the three Stag paralogs support 
immunoblot observations in showing Stag3 is primarily localised outside of the 
DAPI-stained nucleus while Stag1/2 signal is enriched within the nucleus (figure 
82). Interestingly, the IF also revealed Stag3 signal presents as discrete puncta. 
While a few Stag3 foci were within the nucleus, most appeared to localise as 
patches to the periphery of the DAPI stain as well as tracking along the Actin 
filaments. 

Stag1

Stag2

Stag3

DAPI F-Actin AF488 Stag-AF647  Merge

Figure82 Co-Immunofluorescence (co-IF) of Stag paralogs in ES (2i/LIF) cells. CSK-
permeabilised cells were stained with commercially available antibodies specific to Stag1/2/3 
paralogs. Cytoplasm was demarcated using an F-Actin Cell Mask™️ (Invitrogen) and single-plane 
images were taken using a 63X objective on a confocal microscope. White arrow heads indicate 
punctate, filamentous, and nuclear periphery Stag3 cytoplasmic staining.
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Thus, these observations suggested Stag3 localisation to specific cytoplasmic 
regions as punctate structures.

To confirm Stag3 signal specificity, a Stag3 co-IF was repeated under control 
and Stag3 KD conditions. This time, both ES (2i/LIF) and EpiLC48h were stained 
to test whether a similar punctate cytoplasmic staining profile was observed in 
both naïve a primed cells (figure 83). To also confirm that the signal was indeed 
external to the nucleus and not just located at the nuclear periphery, the nuclear 
membrane was demarcated using an antibody specific to Lamin B. Finally, The 
Actin Cell Mask Tracker used in figure 82 had produced relatively weak signal 
and did not clearly show cytoskeletal filaments. Thus, to better visualise the 
cytoskeleton, cells were instead stained using an α-Tubulin antibody, followed by 
incubation with a secondary fluorophore-conjugated antibody (figure 83a).

Analysis of whole-cell masked Z-stacked images revealed significant (p=<0.00005) 
reduction in both ES and EpiLC Stag3 signal after siRNA treatment, with a mean 
reduction of 39% and 21% per cell, respectively (figure 83b) (see methods 
2.23). Although significant, the reduced Stag3 signal was not as prominent in 
EpiLC compared ES. This could be due to my EpiLC KD protocol, where ES 
cells are first treated with Stag3 siRNA for 48h prior to EpiLC differentiation 
for 48h. Thus, EpiLC Stag3 levels may begin to recover over the 48h EpiLC 
culture time with no siRNA-treatment. Overall, however, the control and Stag3 
KD co-IF conditions validated Stag3 IF signal specificity, and was in line with 
the previous Stag3 KD experiments showing reduced Stag3 mRNA and protein 
levels, as measured by RT-qPCR and immunoblot, respectively. Stag3 signal 
intensity between the ES and EpiLC states also reflected immunoblot results 
in displaying a significant (p=<0.00005) 1.63-fold increase in Stag3 protein 
expression in the primed pluripotent state (figure 83b). Of note, the cell-to-cell 
variation of Stag3 signal was greater in EpiLCs compared to ES (2i/LIF), as seen 
by the wider boxplot distribution in EpiLC compared to ES. Importantly, similar to 
figure 82, single planes of the Z-stacked co-IF images reveal punctate staining 
that is predominantly cytoplasmic. These features were observed in both ES cells 
and EpiLCs. Specifically, small Stag3 foci can be seen lining the cytoskeletal 
α-Tubulin signal. In addition, Lamin B staining shows most Stag3 signal is outside 
of the nuclear membrane and therefore the staining shows Stag3 is concentrated 
around the outside of the nucleus. It was not feasible to quantify the ratio of 
cytoplasmic-to-nuclear Stag3 using ImageJ as some cytoplasmic foci were on 
planes above and below the nucleus, meaning a maximum projection DAPI mask 
would incorrectly identify them as nuclear-localised. Nonetheless, by observing 
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Figure83 Stag3 forms cytoplasmic foci in ES 
and EpiLC states. a) co-IF of ES (2i/LIF) and 
EpiLC48h cells cultured in control and Stag3 KD 
conditions. Cells were CSK-permeabilised and 
incubated with Stag3, Lamin B and α-Tubulin 
antibodies, followed by fluorophore-conjugated 
secondary antibodies. Images were taken using 
a 63X objective on a confocal microscope. White 
arrow heads indicate punctate and filamentous 
Stag3 cytoplasmic staining. b) Quantification of 
Stag3 expression in (a). 50 cells per condition 
were analysed using ImageJ and statistical 
significance was assessed with a Two-tailed 
T-Test.
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cell planes that are proximal to the edge of the nucleus (indicated by Lamin B 
signal covering the DAPI stain rather than just being around the DAPI perimeter), 
dense patches of Tubulin and co-localised Stag3 can be seen wrapping around 
the outside nuclear membrane. Finally, large Stag3 puncta peripheral to the 
nucleus were also identified. Contrary to the smaller foci, these larger spots were 
few (one or two per cell) and did not co-localise along Tubulin filaments, rather 
strands of tubulin can be observed emanating from the puncta. I note that this 
staining profile is indicative of the centrosome MTOC (table 2).

To investigate a possible cause for the difference in localisation of Stag3 relative 
to Stag1/2, the polypeptide sequence for each protein was assessed for nuclear 
export signals (NES) using the online NESbase software (http://www.cbs.dtu.
dk/databases/NESbase-1.0/). Here, figure 84 reveals Stag1/2 meet the NES 
threshold at a single region in their N-terminus. In contrast Stag3 does not 
present an N-terminal NES, but is found to contain three NES: two within the 
more conserved core Stag region and one at the C-terminal. Overall, this raises 
Stag3’s likelihood of nuclear export score to 0.589 compared to Stag1/2 scores of 
0.546 and 0.554 (0 being low and 1 being high likelihood of export). This increase 
is quite modest. Possibly Stag3’s localisation is influenced by its NES, or it could 
be via another mechanism, such as PTM, or through a combination of these 
factors. 

Collectively, the immunoblot and co-IF results clearly show that Stag3 has a 
fundamentally different cellular localisation compared to Stag1/2. Specifically, 
whilst Stag1/2 is predominantly chromatin-bound in pluripotent states, Stag3 
is instead concentrated in the cytoplasm and as discrete foci. This makes it 

Figure84 Stag3 displays additional nuclear 
export signals. Prediction of Nuclear Export 
Signals (NES) for Stag1/2/3 using the online 
tool NESbase (version 1; cbs.dtu.dk/databases/
NESbase-1.0). Overall score for each NES is 
determined with the combined output of Neural 
Networks (NN) and Hidden Markov Model 
(HMM) algorithms. A threshold of 0.5 (indicated 
by red line) must be met to classify a motif as 
NES (indicated by arrows). Overall nuclear 
export score for the entire protein ranges from 
0 to 1.
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unlikely that Stag3 has a prominent role in genome organisation, and raises the 
hypothesis of Stag3 performing functions that influence cell identity outside of the 
nucleus. Cytoplasmic puncta can correspond to higher order regulatory bodies 
(condensates, section 1.1.2) that are sites of concentrated essential processes. 
In this manner, translation, mRNA processing and cytoskeleton nucleation can all 
be regulated in discrete regions of the cytoplasm (table 2) (Woodruff et al., 2018; 
Mateu-Regué et al., 2019; Riggs et al., 2020). Importantly, all of these play a role 
in cell fate regulation (de Rooij et al., 2019), Thus, I hypothesized that Stag3 may 
be playing a role in the cytoplasm to support lineage commitment. 

6.3 Stag3 is not associated with Rad21 in the cytoplasm

In section 5.3, mitotic cohesin subunits (Rad21 and Smc3) were found to co-IP 
with Stag3 in ES (2i/LIF); this interaction has now been independently confirmed 
(Choi et al., 2021). However, the fractionated immunoblots and co-IFs now 
reveal a chromatin IP only samples a minor population of Stag3. In contrast to 
Stag3 localisation, fractionated immunoblots of Smc3 (figure 12a) revealed the 
protein was predominantly chromatin-bound, thus indicating that, like Stag1/2, 
the cohesin complex is largely nuclear. This could imply that Stag3 associates 
with cohesin in the nucleus, but not in the cytoplasm. 

DAPI LaminB
AF555

Stag3
AF488  MergeRad21

AF647

Figure85 Cytoplasmic Stag3 is not associated with mitotic cohesin by IF. Maximum projection 
Z-stack images of Stag3 and Rad21 co-IF. Nuclear membrane demarcated with Lamin B staining. 
Images were taken using a 63X objective on a confocal microscope. 
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To address whether Stag3 associates with mitotic cohesin in both the nucleus 
and cytoplasm, a Stag3 and Rad21 co-IF was performed. Here, the images were 
assess by eye for nuclear and cytoplasmic Rad21/Stag3 signal co-localisation, 
which may indicate cohesin-Stag3 interaction. co-IF images of interphase cells 
displayed an almost complete nuclear localisation of Rad21 and with no clear 
overlap with dense patches of cytoplasmic Stag3 (figure 85). To support this 
observation, these Z-stacked images could be 3D analysed using Imaris software 
to quantify overlapping and non-overlapping Stag3 and Rad21 signal. It is also 
possible the IF is not sensitive enough to detect Rad21 signal at Stag3 puncta. 
For further clarity, high resolution single molecule imaging, such as dStorm, would 
be able to accurately show whether Stag3/Rad21 signal co-localises in 3D space 
(Khater et al., 2020). On balance, however, these Rad21/Stag3 co-IF  suggests 
cytoplasmic Stag3 is independent of the mitotic cohesin in the cytoplasm. 

Stag3/Rad21 co-IF images of ES (2i/LIF) cells at different stages of mitosis also 
displayed distinct Stag3 staining (figure 86). Mitotic cells can be identified by 
the dissolution of the nuclear membrane (as shown with loss of Lamin B signal) 
and the specific DAPI staining associated with each stage of cell division. Here, 
prophase and metaphase cells displayed Stag3 and Rad21 co-localisation to two 
discrete puncta proximal to the condensed DAPI stain. This signal is indicative 
of the centrosome bodies (table 2) (Woodruff et al., 2019). This could therefore 
indicate Stag3 interacts with mitotic cohesin at the centrosome specifically during 
mitotic phases. Interestingly, similar to its association with interphase cytoskeleton, 
threads of Stag3 are also observed emanating from the puncta in a pattern typical 
of mitotic spindles. This signal is independent of Rad21, suggesting Stag3 is 

DAPI LaminB
AF555

Stag3
AF488  MergeRad21

AF647

Figure86 Rad21 co-localises with Stag3 at mitotic centrosomes but not at mitotic spindles. 
Maximum projection Z-stack images of Stag3 and Rad21 co-IF during different stages of mitosis. 
Mitotic cells are marked by dissolution of Lamin B-containing nuclear membrane. White arrow 
heads indicate Stag3 localisation along mitotic spindles. Images were taken using a 40X objective 
on a confocal microscope.  
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Metaphase
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not associated with cohesin while it tracks along the both interphase and mitotic 
microtubule networks. Again, IF may not be sensitive enough to fully clarify 
whether no Rad21 is associated with Stag3 at these sites and higher resolution 
Storm experiments are required. 

Collectively, by IF, no clear co-localisation of Stag3 and Rad21 is detected 
within the cytoplasm. This could indicate Stag3 may be performing cytoplasmic 
functions in cell fate decisions outside its known remit of cohesin regulation. Of 
note, given that meiotic cohesin components are also detected within ES cells by 
RT-qPCR and RNA-seq (section 5.2), Stag3 may be interacting with a non-Rad21 
containing cohesin complex in the cytoplasm. To test this, further co-IFs could be 
performed, such as Stag3/Smc3 (Smc3 being ubiquitous in mitotic and meiotic 
cohesin) and Stag3/Rec8. Nonetheless, Smc1b and Rec8 displayed a >10-fold 
lower mRNA expression than Stag3 in ES (2i/LIF) cells. Given the expected 1:1 
ratio of cohesin-to-Stag interaction (Holzmann et al., 2011; Holzmann et al., 2019), 
it would suggest not all Stag3 is associated with meiotic cohesin. Consequently, 
this raises the question of what novel protein complexes Stag3 may be interacting 
with to facilitate influences on pluripotent decisions.

6.4 Assessing Stag3 interactome by IP-MS 

Of the three Stag paralogs, Stag3 has the lowest peptide sequence homology 
(figure 4), which could make it more likely to have an interactome that is distinct 
from Stag1/2. This is supported by the fact that Stag3 is the only paralog capable 
of associating with the structurally divergent α-kleisin subunit, Rec8 (Wolf et al., 
2018). In addition, motif analysis reveals a Stag3-specific bZIP domain (figure 
4a & table 3) (motif L-6x-L-6x-L-6x-L) that is functionally important in forming 
heterodimers with other bZIP-containing proteins (O’Shea et al., 1989). The 
cytoplasmic localisation of Stag3 in pluripotent cells further sets Stag3 apart from 
Stag1/2’s largely diffuse nuclear staining, supporting the hypothesis that Stag3 
possesses a very different interactome in pluripotent cells. In particular, the dense 
Stag3 foci shown in figure 83 are reminiscent of condensate-like structures, such 
as the centrosome. Condensates are known to be composed of a wide variety 
of proteins and, within the cytoplasm, have important regulatory roles, such as 
localised translation control (Teixeira et al., 2005; Decker and Parker, 2012), 
mRNA stabilising and degrading (Keene, 2007; Decker and Parker, 2012), and 
assembly/disassembly of cytoskeletal filaments (section 1.1.5 & table 2) (Woodruff 
et al., 2017). To this end, I reasoned Stag3 could impact pluripotent transitions 
through contributing to the roles of specific cytoplasmic foci or condensates. In 
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order to assess Stag3’s interacting partners, and thereby elucidate a mechanism 
for how it influences pluripotent transitions, a Stag3 IP-MS was proposed. Here, 
the protocol would be similar to the Stag1 IP-MS performed in section 4.5, but 
with the important difference that the IP would be performed using WCE rather 
than chromatin fractions, so that cytoplasmic Stag3 and its interacting proteins 
are also pulled down. 

In contrast to the IPs using chromatin lysate, the enrichment of Stag3 from whole 
cell lysate proved challenging and inefficient (figure 87). This was surprising 
considering the greater abundance of Stag3 in the cytoplasm than on chromatin. 

CoIP	
Optimisation	
Experiment 

Condition	Tested Optimised	Condition Successful	CTCF/
cohesin	CoIP 

#1 2.5mg	lysate	WCE	+	10ug	anti-Stag3	vs	
3.75mg	WCE	+	15ug	anti-Stag3	(MS#1) 

3.75mg	WCL	+	15ug	
anti-Stag3 Yes 

#2 Antibody-bead	+	WCE	(MS#2)	vs	Antibody-
WCE	+	bead	(MS#3)	 15mg Yes 

#3 NP40-based	WCL	extraction	(MS#4)	 No	clear	
improvement Yes 
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Figure87 Optimisation of WCE Stag3 IP. a) Table 21 Table of Stag3 WCE co-IP optimisation 
conditions tested. The co-IPs taken forward for mass spectroscopy (MS) are indicated. b) Stag3 
and CTCF/cohesin immunoblots from a fraction of the IP elute from optimisation experiments 
listed in (a).
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Several factors were optimised, including concentration of antibody and lysate, 
whole cell lysate extraction buffer, and lysate incubation with antibody-bead 
conjugate verses lysate incubation with antibody followed by bead conjugate 
(summarised in figure 87a). Despite this, IP efficiency remained low (figure 
87b). Indeed, the best WCE Stag3 obtained was from the initial experiment (co-
IP#1; figure 87b). To test that Stag3 IP was successfully co-immunoprecipitating 
interacting protein, elute was probed for CTCF and Smc3. The co-IP of these 
proteins were considerably weaker in WCE compared to the previous chromatin 
co-IP experiment. This was expected as the chromatin IP likely enriched the 
subset of Stag3 specifically interacting with cohesin and CTCF.

Overall, after several rounds of optimisation, further improvement of Stag3 pull-
down was unsuccessful. Despite the relatively weak enrichment over input, 
however, I decided to use these samples for ‘test-run’ MS experiments to build 
a preliminary list of Stag3 interactors. Ultimately, I intended to repeat the IP-MS 
using the CRISPR Stag3mScarlet-3xHA-FKBP cell line, which was still in the process of 
being generated. The cell line would be particularly useful as Stag3 could be 
acutely degraded to act as a negative control IP (i.e proteins detected by IP-MS 
in both DMSO and dTAG conditions would likely be non-specific and excluded 
from the interactor list). Furthermore, a range of commercial antibodies that have 
been validated for IP applications are available for mScarlet, HA, and FKBP 
epitopes, which could enable an improved Stag3 pull-down efficiency. However, 
as described in section 5.7, I was unsuccessful in isolating a Stag3mScarlet-3xHA-FKBP 
cell line, and so relied on the WCE Stag3 IP material from WT ES (2i/LIF) cells 
from four separate co-IP optimisation (indicated in figure 87) to build a Stag3 
interactor list. As described below, these experiments were heavily caveatted, but 
still revealed potentially interesting Stag3 interacting proteins.  

First, to validate successful Stag3 pull-down by testing for detection of Stag3 
peptides within the mass spectrometer, the initial mass spectroscopy experiment 
(MS#1) was performed on co-IP elute separated by SDS-PAGE. The gel was then 
Coomassie-stained to reveal enriched protein bands likely pertaining to Stag3, 
which were excised, trypsin digested and the peptides analysed. Upon washing 
off the excess Coomassie, the remaining stained bands were very faint (figure 
88). This is likely reflective of the relatively poor WCE IP efficiency.
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Surprisingly, MS analysis of these bands did not detect any Stag3-specific 
peptides, despite a fraction of the material being used to show the presence of 
an (albeit weak) IP by immunoblot (figure 87b). Further analysis of the MS#1 
also revealed an abundance of non-Stag3 peptides that were specifically present 
in the IP bands and not in the mock bands. Within in this peptide list were 
known interactors of Stag proteins, including CTCF, Smc3, Smc1a, Rad21 and 
condensin (Smc2 and Smc4) components. No meiotic cohesin subunit (Smc1b 
or Rec8) peptides were detected. Importantly, there was no detection of Stag1/2 
peptides, thus suggesting these known Stag interactors were not being pull-
down by the Stag3 antibody cross-reacting with Stag1/2 paralogs. Thus, despite 
a lack of Stag3 peptides, this provided confidence that the MS contained at least 
some Stag3-specific interactors. As a result, the MS list was further analysed 
for likely Stag3 interacting proteins. One predictor used was identifying proteins 
containing the Y/FxF motif. As described in section 1.2.2 the Y/FxF motif is found 
in putative Stag interactors, such as CTCF and Wapl, and interacts with the 
CES-binding pocket, conserved within Stag1/2/3 (figure 4a) (Li et al., 2020). To 
scan the MS#1 interactors for Y/FxF-containing proteins, I used the SLiM search 
database tool (described in section 1.2.2) to first compile a list of Y/FxF proteins 
within the murine proteome (Li et al., 2020). This search produced a list of 214 
Y/FxF-motif-containing proteins, 10 of which (Acly, CTCF, Kif2c, Mcm3, Mrd2, 
Myo9b, Pgap1, Pogz, Polr2b, Smarca5) were detected in the MS. This indicates 
a considerable enrichment of proteins with a known Stag-interacting motif within 
the MS. Consequently, although no Stag3 peptides were discovered, I reasoned 
the MS interactome was very predictable of potential Stag interactors. Thus, the 
inability to detect Stag3 peptides could have been a technical issue. For example, 
it is possible I missed extracting Stag3 peptides because bands were cut out of 
the gel instead of the whole IP elute being taken forward for MS.

The mass spectroscopy was performed thrice more with separate biological 

Mock IPStag3 IP

Figure88 Preparation of Stag3 IP MS#1 material. Elute 
from co-IP#1 was run on a SDS-PAGE and stained 
overnight with Coomassie dye. After washing off excess 
dye, x4 faint protein bands were identified, which were 
excised, trypsin digested and analysed by MS. x4 bands 
from corresponding regions in the Mock IP lane were 
also excised and analysed as a control. The dark band 
represents IgG.
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replicates of WCE Stag3 IP (MS#2, MS#3 and MS#4, shown in figure 87a). Here, 
both the Stag3 IP and Mock IP elutes were again run on an SDS PAGE but, this 
time, the material was run only through the stacking portion of the gel before being 
excised as one band containing all co-IP material. From the resultant trypsin-
digested material, 10% of MS#2 and 100% of MS#3 and MS#4 was analysed 
by mass spectroscopy. Unfortunately, all three MS were unable to detect Stag3 
peptides. We tried several strategies to resolve whether this was due to technical 
issues with analysis (see discussion) but were unable to find a reason for the 
absence of Stag3. In addition, CTCF, Smc1a and Rad21 were not detected in any 
of these subsequent MS experiments, thus reducing confidence that the MS was 
representative of Stag3 interactors. 

Despite these clear caveats, however, the cohesin subunit Smc3 was detected in 
MS#3 and MS#4. In addition, comparing all 4 MS experiments revealed 14 proteins 
that were present in every experiment (figure 89; table 22). These proteins were: 
Cep290, Hira, Kif2c, Rbm6, Nefm, Plec, Srrm2, Kif5b, Numa1, Mcm7, Ddx17, 
Hnrnpf, Hnrnph1, and Acta1. As with the Stag1 interactor MS, I ran this list of 
proteins through the CRAPome database of 716 murine IP-MS experiments to 
test whether any of these 14 proteins were present in >75% of MS experiments 
and therefore potentially non-specific, ‘sticky’ interactors. All 14 proteins were 
below this arbitrary threshold. Indeed, out of the 716 MS experiments on the 
CRAPome database, Cep290 and Hira were only detected in 6/716 and 17/716, 
respectively, thus supporting the notion that they had been specifically pulled 
down in my IP repeats. Consequently, given that 1) Smc3 was present in 3 out 
of 4 MS experiments, and 2) 14 proteins were detected in every MS, despite 
differences in how each Stag3 IP-MS experiment was run (table 22), I proceeded 
to evaluate whether the list of proteins were likely to be putative Stag3 interactors. 

Figure89 Venn diagram of protein interactome overlap between the four Stag3 IP-MS experiments. 
* indicates the 14 proteins detected in all four IP-MS experiments. 

*
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To do this, I assessed whether the 14 proteins contained structural features that 
would make them suitable Stag3 interactors. First, I compared the 14 MS proteins 
to the list of 214 Y/FxF-containing proteins. This did not reveal any overlap, 
suggesting none of the 14 proteins interacted with Stag3 via the established Y/
FxF-CES binding interface (Li et al., 2020). Of note, however, one of the 14 Stag3 
interactor proteins, Mcm7, is part of the DNA replication initiation MCM complex, 
an important subunit of which is Mcm3 (Li et al., 2015). SLiM search of the murine 
proteome revealed Mcm3 to contain a Y/FxF and Porter et al. (2021) have recently 
identified Mcm3 as a putative interactor of Stag1 in human HCT116 cells. Notably, 
although Mcm3 was not detected in every Stag3 MS experiment, it was present in 
3 out of the 4 (MS#1, MS#3, MS#4). Also present in these three MS experiment 
were other members of the MCM complex, Mcm4 and Mcm2. Consequently, this 
could suggest that Mcm7 is a putative direct or indirect interactor of Stag3 via the 
MCM complex.

Protein CRAPome Score Cellular localisation Principle GO Biological functions 

Cep290 6/716 Centriolar satellite; 
cytoskeleton; cilia 

Minus end MT-binding 
Microtubule cytoskeleton organisation 
Cillary Basal-body plasma membrane docking 
Positive regulation of intracellular protein transport 

Hira 17/716 Nucleus 
Nucleosome binding 
DNA replication-independent chromatin assembly 
Chromatin assembly 

Kif2c 47/716 Cytoskeleton; cytosol; 
nucleus 

Establishment or maintenance of microtubule cytoskeleton 
polarity 
Attachment of mitotic spindles to kinetochore 
Microtubule depolymerisation 

Rbm6 80/716 Nucleus; cytosol mRNA splicing via spliceosome 

Nefm 199/716 Cytoskeleton; nucleus; 
cytosol 

Intermediate filament polymerisation or depolymerisation  
Neurofilament bundle assembly 
Microtubule cytoskeleton organisation 

Plec 233/716 Plasma membrane; 
cytoskeleton; cytosol 

Actomyosin contractile ring assembly actin filament 
organisation 
Regulation of ATP citrate synthase activity 

Srrm2 240/716 Nucleus mRNA splicing, via spliceosome 

Kif5b 245/716 
Cytoskeleton, MTOC, 

cytosol, lysosome, 
nucleus 

Plus-end directed transport along microtubule 
Anterograde dendritic transport of neurotransmitter  
Retrograde neuronal dense vesicle transport 
Stress granule disassembly 
Centrosome localisation 
Positive regulation of intracellular transport 

Numa1 268/716 Cytoskeleton; Plasma 
membrane; nucleus 

Positive regulation of protein localisation to spindle pole body 
Positive regulation of mitotic spindle elongation 
Positive regulation of microtubule polymerisation 
Positive regulation of BMP signaling  

Mcm7 328/716 Nucleus; cytosol Double strand-break DNA repair via break-induced replication 
DNA strand elongation involved in DNA replication 

Ddx17 523/716 Nucleus; cytosol 
Pri-miRNA transcription by RNA pol II 
Intracellular estrogen receptor signaling pathway 
Alternative mRNA splicing, via spliceosome 

Hnrnpf 528/716 Nucleus; plasma 
membrane 

Cellular response to interleukin-7  
Regulation of RNA splicing 

Hnrnph1 558/716 Nucleus; plasma 
membrane 

Cellular response to interleukin-7  
Regulation of RNA splicing 

Acta1 656/716 Cytoskeleton Skeletal muscle thin filament assembly 

Table22 List of proteins detected in every Stag3 IP-MS experiment. GO Biological function terms 
were predicted using PANTHER software.
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Next, given bZIP-containing proteins (such as Stag3) are able to heterodimerise 
with other bZIP proteins (O’Shea et al., 1989), I again used the SLiM search 
engine to scan the murine proteome (total 21,997 canonical proteins) for proteins 
containing the conserved L-6x-L-6x-L-6x-L motif. This search detected 1674 bZIP 
motif-containing proteins (7.6% of the total interactome), including Stag3. I note, 
the presence of this conserved motif does not necessarily make it a putative 
bZIP protein. Nonetheless, out of the 14 MS interactors, 4 proteins (Cep290, 
Kif5B, Plec, Numa1) contained the bZIP motif. This represents 28.5% of the 
interactor list and therefore demonstrates a considerable over-representation of 
bZIP proteins compared to the frequency of bZIP-containing proteins within the 
whole murine proteome (7.6%). Consequently, this both supports 1) the validity of 
the Stag3 MS list representing putative interactors, and 2) the hypothesis Stag3 
is able to form heterodimer complexes via its bZIP domain that is not conserved 
between Stag1/2 paralogs. Importantly, despite being known as a transcription 
factor motif, the bZIP domain has been shown to facilitate interaction between 
non-transcription factor proteins. For example, Kif5b, a kleisin motor protein and 
one of the bZIP proteins in the Stag3 MS list, has been shown to heterodimerise 
with HAP1 via their shared bZIP motifs to perform non-transcriptional roles. 
Specifically, HAP1 binds to Kif5B and acts as adapter to facilitate the transport 
of GABAA receptors along the cytoskeleton to the synaptic sites of neurons 
(Twelvetrees et al., 2010). Consequently, this supports the hypothesis that Stag3 
may associate with functionally diverse proteins via bZIP motifs to perform roles 
in the cytoplasm.

Finally, to enhance confidence in the MS proteins being putative Stag3 interactors, 
I analysed their reported biological functions and cellular localisation (table 21). 
This was done to 1) assess whether the proteins co-occupy similar regions of 
the cell to Stag3 (based on Stag3 IF results), and 2) evaluate any commonalities 
between these proteins that could hint at them performing a specialised function 
with Stag3 in the cytoplasm. First, using PANTHER (version17), I assessed over-
representation of GO terms within the 14 proteins. As with the Stag1 MS analysis, 
I applied a p-value based on Bonferroni correction for multiple testing and set a 
FDR of <0.05 to test significance of term enrichment. Owing to the low number 
of proteins in the MS list, this yielded very few significantly terms. Nonetheless, 
a search of GO Protein Class revealed significant  15.43-fold enrichment of the 
term ‘cytoskeletal protein’ (p=0.000223, FDR=0.0321) over a reference mouse 
proteome. This was complemented by a search of GO Cellular Component 
terms that showed significant 25.83-fold enrichment in ‘polymeric cytoskeletal 
fibre’ term (p=0.0000261, FDR=0.0000302). Additionally, GO Biological Process 
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revealed significant 23.31-fold and 18.66-fold enrichment of ‘RNA splicing’ 
(p=0.0145, FDR=0.0246) and ‘mRNA processing terms’ (p=0.0426, FDR=0.0432), 
respectively. This therefore suggested commonality between proteins of the MS 
list in cytoskeletal and RNA processing functions. Indeed, individual analysis of 
GO biological terms associated with each protein (table 21) revealed that several 
(Cep290, Kif2c, Nefm, Plec, Numa1, Kif5b, Acta1) have a range of cytoskeletal 
functions and are primary localised in the cytoplasm at centrosomes and on the 
cytoskeleton. Such functions include: cargo transport along microtubules (Kif2c, 
Kif5b), structuring filamentous threads of the cytoskeleton (Nefm, Plec, Acta1), 
and centrosome assembly and mitotic spindle structuring (Numa1, Cep290) 
(Doxsey et al., 2005). Importantly, these characteristics fit with IF analysis of 
Stag3 distribution at large cytoplasmic puncta, believed to be the centrosome, 
and along microtubule filaments. Recently, the centrosome has been identified 
as a condensate hub for translation regulation (section 1.1.3 & 1.1.5), indicating 
its role in post-transcriptionaly gene expression regulation. 

Some RBPs involved in RNA processing were also common in the MS list (Ddx17, 
Hnrnpf, Hnrnph, Rbm6). These proteins function both within the nucleus and in 
the cytoplasm to post-transcriptionally regulate specific gene expression (Mateu-
Regué et al., 2020). In the cytoplasm, RBPs co-localise at the nuclear periphery (to 
bind newly exported mRNAs), and track along cytoskeleton filaments to transport 
mRNAs to specific cytoplasmic regions (Buxbaum et al., 2014). Thus, functional 
analysis of these proteins reveals overlap with Stag3 cytoplasmic localisation, 
and present possible roles for Stag3 in regulating cell fate. 

In summary, although interpretation of the Stag3 IP-MS is limited owing to no 
Stag3 detection, analysis of proteins present in all 4 experiments provides some 
confidence that the MS reveals putative Stag3 interactors. In particular, the 
relative abundance of bZIP-containing proteins supports the notion that Stag3 
forms interactions with proteins through its predicted bZIP motif. Given the 
domain is specific to the Stag3 paralog, this suggests Stag3 is able to form a 
distinct interactome to that of Stag1/2. Finally, analysis of cellular localisation and 
biological functions associated with the MS list complements Stag3’s observed 
localisation within the cytoplasm and hints at possible roles in the centrosome 
and in mRNPs, both of which are important for post-transcriptional regulation and 
cell fate decisions.        
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6.5 Stag3 is localised to centromeres and impacts ɣ-Tubulin assembly

Given the (albeit caveatted) Stag3 MS suggests Stag3 interacts with proteins that 
perform post-transcriptional cell fate roles within the cytoplasm, I next aimed to 
further characterise Stag3’s cytoplasmic localisation. The cytoplasmic staining of 
Stag3 co-IFs revealed three distinct localisation patterns: small foci tracking along 
cytoskeletal filaments, patches of Stag3 encircling the perimeter of the nucleus, 
and large, dense Stag3 puncta proximal to the nucleus (figure 83a). To better 
characterise these latter two phenotypes, further Stag3 co-IFs were performed. 
This time, Stag3 was co-stained with proteins that were selected based on a 
candidate approach for proteins that demarcate the centrosome, and the outer 
nuclear membrane. 

First, I investigated whether the patches of Stag3 staining around the outer 
nuclear membrane was concentrated at the nuclear pore (NPC). The NPC is 
a large, transmembrane complex that enables the shuttling of cargo between 
the cytoplasm and nucleus (Strambio-De-Castillia et al., 2010). From its outer-
membrane projections, the NPC anchors microtubule filaments via motor 
proteins (kinesin and dynein) to enable efficient exchange of mature mRNA and 
macromolecules (Soheilypour et al., 2016; Goldberg, 2017). Thus, accumulation 
of Stag3 at these sites may suggest a role in mRNA binding and trafficking 
along the cytoskeleton. To test this, CSK-permeablised ES (2i/LIF) cells were 
co-stained with Stag3 and NUP358, a component of the outer NPC filament and 
direct interactor with interphase microtubules (Joseph and Dasso, 2007) (figure 
90). Here, confocal imaging revealed expected NUP358 staining around the 

DAPI Stag3
AF555

NUP358
AF488 Merge

Figure90 Patches of Stag3 
co-localise with the NUP358. 
co-IF of ES (2i/LIF) CSK-
permeabilised cells, stained 
for Stag3 and NUP358 
localisation. Single-plane 
images were taken using a 
63X objective on a confocal 
microscope. White arrow 
heads indicate overlap patches 
of NPC and Stag3 staining.
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periphery of the DAPI. Comparing Stag3 peri-nuclear staining to that of NUP358 
around the entire circumference of the cell revealed only partial signal overlap. 
The density of NUP358 also made it difficult to determine enrichment of Stag3 
specifically at the NPC. However, overlap of the outer-membrane NPC subunit 
and Stag3 was observable at some sites, thus suggesting patches of Stag3 is 
concentrated at hubs of nuclear import and export. 

Next, the sub-cellular localisation of the large, dense Stag3 puncta was evaluated. 
The size of the puncta, its proximity to the nucleus and the microtubule filaments 
radiating from it were suggestive of centrosome localisation (figure 91).
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Image#1 Image#2

Figure91 Dense Stag3 puncta localise at the centrosome. 
a) co-IF of ES (2i/LIF) CSK-permeabilised cells, stained 
for Stag3 and ɣ -Tubulin. Images show consecutive planes 
of Z-stacked cells and were taken using a 40X objective 
on a confocal microscope. b) ImageJ analysis of Stag3 
intensity within  ɣ -Tubulin foci compared to the whole cell 
(n=>50). Statistical significance calculated with a Two-
tailed T-Test (****=p<0.00005).
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Composed of mother and daughter centrioles encased in a dense, proteinaceous 
Pericentriolar Material (PCM), the centrosome is a large cytoplasmic condensate 
that acts as the principle Microtubule Organising Center (MTOC) during G1 (table 
2) (Gould and Borisy, 1977; Woodruff et al., 2014; Woodruff et al., 2017; Fry et al., 
2017). In this role, the PCM acts as a scaffold for regulatory proteins and recruits ɣ 
-Tubulin ring complexes (ɣ-TuRCs) to the centrioles, which nucleate microtubules 
to form part of the cytoskeleton. During G1/S phase, the centrioles duplicate, 
mature in G2 phase, then translocate to opposite poles of the nuclear envelop 
and engage in mitotic spindle assembly (Doxsey et al., 2005). Through these 
roles, the centrosome is essential for processes such as mitosis, maintenance 
of polarity, cell migration, and organelle positioning (Chavali et al., 2014). To 
observe whether Stag3 puncta represented centrosome localisation, Stag3 was 
co-stained with ɣ-Tubulin. The nuclear periphery was also demarcated by Lamin 
B staining. Confocal analysis of these cells revealed two cytoplasmic ɣ-Tubulin 
foci close together and proximal to the nucleus in a pattern typical of interphase 
mother and daughter centrioles (figure 91a). Strikingly, every centriole was co-
localised with the dense Stag3 staining, which was significantly enriched over 
average Stag3 intensity within the cell (figure 90b) . In contrast to the ɣ-Tubulin 
‘pin-prick’ foci, Stag3 punta were much larger and appeared to envelop the 
ɣ-Tubulin signal (figure 91a). This patterning suggested Stag3 is localised to the 
PCM surrounding the centrioles. 

To assess whether Stag3 influenced centrosome maintenance, ɣ-Tubulin signal 
was measured in G1-phase cells (as identified by their DAPI stain and number 
of ɣ-Tubulin foci) under control and Stag3 KD conditions (figure 92a). As shown 
in figure 92b, Stag3 KD significantly (p=<0.00005) reduced Stag3 protein signal 
(mean reduction 41% compared to RLUC). IF of ɣ-Tubulin foci under these 
conditions revealed a striking change in ɣ-Tubulin foci that could be seen by 
eye. ImageJ quantification of masked ɣ-Tubulin foci further revealed significant 
reduction in the signal intensity of ɣ-Tubulin foci  (p=<0.00005; average 18% 
reduction). Likewise, the size of ɣ-Tubulin foci was also affected, revealing a 
significant reduction in ɣ-Tubulin masked area (p=<0.0005; mean reduction of 
58%).Strikingly, this result implies a role for Stag3 at ES (2i/LIF) centrosomes.

Aberrations to centrosomes have been associated with a range of defects, 
including mitotic arrest, aneuploidy, cilia malfunction, and developmental disease 
(eg. Bardet-Biedl syndrome and Joubert disease) (Kim et al., 2004; Valente et 
al., 2006; Chavali et al., 2014). The impact of Stag3 KD on ɣ-Tubulin signal, 
therefore, was unexpected as Stag3 KD did not reveal clear differences in cell 
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cycle or cell death, relative to the RLUC transfection control (figure 72). Further, 
reviewing the ɣ-Tubulin signal in co-IF images under control and Stag3 KD did 
not reveal obvious differences in foci number, supporting the previously observed 
equal cell cycle populations between the two conditions. Finally, the well-known 
housekeeping protein α-Tubulin was used as a loading control for all immunoblot 
experiments and no clear alterations to its abundance between control and 
knockdown conditions was observed. To verify this, UT, RLUC and Stag3 KD WCE 
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centrosomal ɣ-Tubulin. a) Maximum projection 
Z-stack images of Stag3 and ɣ-Tubulin co-
IF under control and Stag3 KD conditions. 
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material was immunoblotted for α-Tubulin and a second loading control, Histone 
H3. As shown in figure 92c, α-Tubulin signal mimicked Histone H3 abundance 
between the samples, therefore showing overall levels of α-Tubulin had not been 
affected. From these results, I did not observe Stag3 KD having overt impacts on 
centrosome functions in microtubule formation and mitosis. Nonetheless, Stag 
may still have a subtle role in these processes that was not detected by the 
methods used here.

6.6 Stag3 co-localises with Kif5b on the cytoskeleton and at centromeres 

The MS observation of Stag3 interacting with cytoskeletal motor proteins (Kif5b 
and Kif2c) was interesting as it raised the question of whether Stag3 was being 
actively translocated along the cytoskeleton, or is directly involved in mRNA 
transport functions. This notion is supported by Stag3 foci tracking along 
microtubule filaments. As discussed in sections 1.1.3 and 1.1.5, protein and RNA 
form as higher order regulatory bodies within the cytoplasm to concentrate their 
functional output (Decker and Parker 2017). Considering the pull-down of mRNA 
binding proteins in the IP-MS, this could imply Stag3 is trafficked to hubs that 
perform post-transcriptional gene expression roles, such as translation control.  
In particular, presence of Kif5b within the Stag3 interactome was of interest owing 
to its known roles in directly interacting with NUP358 at the NPC to harness 
microtubule filaments to the nucleus (Cai et al., 2001). In addition, as discussed in 
section 1.1.5 kinesin motors, such as Kif5b, are involved in anterograde transport 
and traffics cargo from the minus microtubule strands (eg. the centrosome) to 
the plus strands (e.g cellular organelles and cell membrane) (Hirokawa et al., 
2010). This cargo can include mRNPs and larger condensate transport granules 
that are transported to specific regions of the cytoplasm for localised translation. 
In this manner, motor proteins play an important role in post-transcriptional 
regulation of gene expression. Given the co-IF staining pattern of Stag3, Kif5b 
may therefore interact with Stag3: 1) along the cytoskeleton, where Stag3 could 
be actively transported, or assisting in cargo transport (such as mRNPs); 2) at the 
centrosome, where Stag3 may have a role in structuring or recruiting ɣ-Tubulin;  
and, 3) at the nuclear membrane, where Stag3 could interact with newly exported 
RBP/mRNPs, such as those detected by MS. With the caveat of no Stag3 peptides 
being detected in the IP-MS, interaction of Stag3 and Kif5b was first assessed by 
immunoblotting Stag3 IP material with a commercially available Kif5b antibody 
(figure 93). This revealed a strong enrichment for Kif5b in the Stag3 IP, thus 
indicating the motor protein interacting with Stag3 and strengthening the validity 
of the Stag3 interactome determined by IP-MS.
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Next, a co-IF was performed under control and Stag3 KD conditions to 
characterise the co-localisation of Stag3 and Kif5b. NUP358 was also stained 
to demarcate the NPC (figure 94). Notably, assessing Kif5b staining pattern 
within the cytoplasm revealed an overlap with Stag3 and NUP358 signal at the 
outer nuclear membrane, at the large Stag3 puncta proximal to the nucleus, 
and with the smaller Stag3 foci within the cytoplasm (indicated with arrows). 
Although neither ɣ- or α-Tubulin were probed for in this co-IF, the latter two Stag3 
staining profiles have been characterised as the centrosome and microtubule 
filaments. Like Stag3, centrosomal Kif5b presented a large, dense puncta, 
which was previously characterized as the centrosome in Stag3/ɣ-Tubulin co-IFs 
(figure 91a). Resultantly, Kif5b appears to co-localise with Stag3 at each of the 
cytoskeleton-associated regions (nuclear periphery, cytoskeleton, centrosome), 
suggesting either Kif5b actively transports Stag3 though the cell, or Stag3 has 
a role in contributing to transport. Unexpectedly, imaging of Kif5b also revealed 
partial localisation within the DAPI-stained nucleus. 

Given the impact loss of Stag3 had on centrosome ɣ-Tubulin signal, I questioned 
whether a similar phenotype would be observed with the Kif5b puncta at the 
centrosome. Thus, a Stag3/Kif5b co-IF was also performed under Stag3 KD 
(figure 94b). Here, in a similar observation, Kif5b density was significantly reduced 
(p=<0.00005; mean reduction 56%) within the centrosome (figure 94c). As a result, 
this could imply aberrant assembly of the centrosome and suggest Stag3 has an 
important role in maintaining the condensate structure. Interestingly, several of 
the Stag3 KD cells appeared to show an absence of Kif5b from nuclear regions 
(figure 94b). These cells were too few in the co-IF images collected to calculate 
statistical significance and so a repeat of this experiment would be important 
for validating this phenotype. Overall, I find Stag3 has a significant impact on 
Kif5b distribution within the cytoplasm, and the centrosome, and possibly in the 
nucleus. This observation reflects the ɣ-Tubulin phenotype upon loss of Stag3 
and suggests Stag3 may have a role in structuring the centrosome.

Mock IP0.5% Input Stag3 IP

Figure93 Kif5b interaction with Stag3. Kif5b immunoblot from ES(2i/LIF) WCE Stag3 co-IP#3 
material.
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6.7 Re-assessment of Stag3 IP-MS Data

The co-localised signal of Stag3/Kif5b co-IF and the strong pull-down of Kif5b 
from a Stag3 IP provides support for the caveatted Stag3 IP-MS interactor list 
representing putative Stag3 interactors. With improved confidence in the MS 
result, I re-assessed the MS protein lists detected in individual IP-MS experiments. 
As discussed in section 6.4, each of the 4 individual IP-MS was performed under 
different whole cell extraction/IP conditions, and the amount of the total IP analysed 
also varied between experiments. For example, only Coomassie-stained bands 
cut from an SDS-PAGE were prepared for MS in MS#1, while the entire IP lane 
was trypsin-digested in MS#2-4. Considering these differences, I questioned 
whether limiting Stag3 interactor list to only those proteins present in 4 out of 4 
IP-MS experiments was too stringent. Thus, from the MS proteins, I created a 
less stringent Stag3 interactor list that could be used to expand GO searches and 
identify common biological terms. To compile the less stringent list, I combined 
the 14 proteins detected in all MS experiments, those proteins present in three out 
of the four MS experiments and proteins detected in both MS#3 and MS#4 (figure 
95). For the latter case, MS#3 and MS#4 were the only IP-MS experiments where 
100% of the full elute was analysed and therefore were likely to present more 
representative interactomes. Subsequently, 68 proteins were found to be present 
in three out of four MS experiments and a further 36 were detected in MS#3 and 
MS#4. Collectively, this produced 118 potential interactors of Stag3. Using the 
online CRAPome tool, the interactor list was assessed for ‘sticky’ proteins with 
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Figure94 Stag3 co-localises with Kif5b in ES (2i/LIF) cells. a) Single plane co-IF images of Stag3, 
Kif5b, and NUP358-stained cells. Arrows indicate overlap of Kif5b and Stag3 at cytoskeletal 
regions, at patches of NUP358 staining around the outer nuclear membrane, and at the 
centrosome with NUP358. Images were taken using a 63X objective on a confocal microscope. 
b) Maximum projection co-IF images in a repeat of the staining in (a) but under control and Stag3 
KD conditions. c) ImageJ analysis of Stag3, Kif5b and NUP358 staining intensity under control 
and knockdown conditions from images in (b). Statistical significance was calculated using a two-
tailed T-Test. Number of cells measured per condition n=60.
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the arbitrary cut off of excluding proteins present in ≥75% IP-MS. 13 proteins 
met this threshold and were excluded. Finally, the remaining 105 proteins were 
classed as the 'less stringent' MS interactor list, and was analysed for structural 
features, cellular location and biological functions in a similar manner to the more 
stringent MS list.

First, proteins in the less stringent MS list were screened for Y/FxF and bZIP 
motifs. Motif-containing proteins are summarised in table 23.  Here, two Y/FxF-
containing proteins were identified (Mcm3 and Kif2a). As previously mentioned, 
Mcm3 has previously been shown to interact with Stag1 (Porter et al., 2021). As 
all Stag proteins are thought to be able to interact with Y/FxF motifs, this helps to 
support the validity of the Stag3 interactome, despite the inability to detect Stag3 
peptides. Kif2a is another kinesin motor protein and, like Stag3, is associated 
with microtubules. Given both Kif5b and Kif2c motor proteins were detected in 4 
out of 4 IP-MS, this implies Stag3 interacts with a range of kinesin proteins, and 
supports a role for Stag3 in either being transported or assisting in transporting 
cargo. Indeed, Stag3/Kif5b co-IF did not reveal signal overlap at every focus 
and this could be due to Stag3 associating with additional motor proteins. In 
screening the less stringent interactome for bZIP motifs, a further two proteins 
were identified (Lmnb1 and Psmc5), bringing the total number of bZIP-containing 
Stag3 interactors up to 6. 

Figure95 Venn diagram of protein interactome overlap 
between the four Stag3 IP-MS experiments. * indicates 
those interactor proteins taken forward as potential 
members of the Stag3 interactome.

* *

**

*

*

Table23 List of Stag3 interactors containing possible Stag3-complentary binding motifs. 
'Stickiness' of each protein was determined by the number of times each protein was detected in 
IP-MS experiments listed on the CRAPome database. Motifs were predicted using SLiM online 
tool.

Protein No. Stag3 IP-MS detected in CRAPome Score Motif of interest 
Cep290 4 6/716 bZIP 

Plec 4 233/716 bZIP 
Kif5b 4 245/716 bZIP 

Numa1 4 268/716 bZIP 
Kif2a 3 105/716 Y/FxF 
Mcm3 3 322/716 Y/FxF 
Lmnb1 2 284/716 bZIP 
Psmc5 2 293/716 bZIP 



256

Given the fractionated immunoblot and co-IFs of Stag3 in ES (2i/LIF) cells, it 
was expected most proteins in the MS would be cytoplasmic. To test this, the 
interactome list was analysed by PANTHER software (http://www.pantherdb.
org/) for statistically significant enrichment of Gene Ontology (GO) Cellular 
Component terms over a reference murine proteome (figure 96a). Accordingly, 
over-representation for several cytoplasm-associated GO terms were identified. 
In particular, many terms related to the cytoskeleton and ribosome, including 
the cytosolic ribosome (p=1.17x1011, FDR= 2.49x1012) cytoskeleton (p=0.00113, 
FDR=0.0000502), and the centrosome (p=0.00201, FDR=0.00217), supporting 
Stag3’s cytoplasmic localisation. Indeed, the latter two terms specifically 
support Stag3 co-IF images showing co-localisation at the centrosome and 
along microtubule filaments. Furthermore, terms relating to phase-separation 
(“intracellular nonmembrane-bounded organelle” (p= 2.31x1012, FDR=0.00597), 
“non-membrane-bounded organelle” (p= 2.31x1012, FDR=4.45x1012), and 
"cytoplasmic RNP granule" (p=0.002875, FDR=0.0481) were also identified, thus 
indicating Stag3 foci may indeed represent condensate structures. Interestingly, 
spliceosome-associated terms were also highly enriched, suggesting a possible 
role for Stag3 in mRNA processing. 
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Figure96 Gene Ontology analysis of Stag3 interactome. Fold enrichment barcharts of (a) Cellular 
Component, (b) Molecular Function, and (c) Biological Process Gene Ontology (GO) terms 
over-represented in the final Stag3 interactome list. Statistical significance was calculated using 
Fisher’s Exact test with Bonferroni correction for multiple testing. p-values are indicated by the 
heatmap gradient. A FDR of <0.05 was also applied to each term.
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Next, the Stag3 interactome proteins were assessed for the types of cellular 
activities they are associated with. Complementing the cellular component 
terms, PANTHER Molecular Function GO revealed over-representation of terms 
associated with cytoskeletal assembly, translation regulation activity, and mRNA 
binding (figure 96b). All associated terms had both a p-value and FDR below 
0.05, making them significantly enriched within the Stag3 interactor list. Finally, to 
evaluate the biological functions these molecular activities are associated with, the 
protein list was evaluated for Biological Processes (figure 96c). Here, GO terms 
emphasise a role for Stag3 associated proteins in mRNA processing, translation 
regulation along microtubule filaments (p=<0.05, FDR=<0.05). As discussed in 
section 1.1.3, condensate bodies of proteins exist within the cytoplasm to help 
regulate each of these processes (summarised in table 2). Thus, Stag3 may be 
interacting with these proteins in higher order cytoplasmic structures, such as the 
centrosome.

Collectively, analysis of Stag3 interacting proteins largely supported the observed 
cytoplasmic localisation. More specifically, certain specialised functions within 
the cytoplasm were highlighted. First, filamentous (Actn1, Nefh, Nefl, Neflm, Pnn, 
Plec) and motor cytoskeleton proteins (Kif5b, Kif2c) were consistently observed in 
individual MS experiments and match the observations of Stag3 foci co-localised 
on cytoskeletal filaments. Further, several proteins were attributed to centrosomal 
roles (Cep290, PCM1, Kif5b, Numa1 etc.). Many of these proteins have functions 
in both interphase cytoskeleton organisation and assembly of mitotic spindles, 
which complements co-IF images of Stag3 centrosome associations at different 
stages of the cell cycle (figures 86, 91) (Doxsey et al., 2005). In particular, Cep290 
(present in only 6/716 IPs on the CRAPome database) was consistently detected 
in all MS experiments and was predicted to contain both bZIP and F/YxF motifs, 
thus making it a strong contender for putative Stag3 interaction. Aside from 
cytoskeletal-associated roles, mRNA binding and processing functions were also 
highly enriched. Here, proteins involved in spliceosome assembly and alternative 
splicing of mRNA (DDX5, RBM15, DDX3X, Hnrnpl, RBM6, Srrm2) suggest a 
possible role in nuclear post-transcriptional regulation. However, some of these 
proteins (Hnrnpl, DDX3X) are known to remain associated with mature mRNA as 
they are transported into the cytoplasm. Furthermore, cytoplasmic mRNA binding 
proteins (CYFIP1, IGF2BP1, Fam120A, Hnrnpu, Dhx9, CNOT1, ILF3 etc.) were 
also identified. These proteins generally have roles in ribonuclear protein (mRNP) 
complex condensate formation, such as P-bodies, and regulate both mRNA 
stability and translation rate (Decker and Parker 2017). Lastly, complementing 
this observation, mRNP condensates are known to interact with translation 
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machinery and many ribosome subunits (RPL3, RPS8, RPL13A, RPL8, RPS3 
etc.) and translation initiation (Eif4a2, Eif4a1, Eif3c, Eif2S1, Eif3D) were detected.

Overall, despite the limitations to the Stag3 IP-MS, analysis of potential Stag3 
interactors provides support to the localisation observed for Stag3 in ES (2i/LIF) 
cells and hints at important post-transcriptional mechanisms that could contribute 
to cell fate decisions.

6.8 Stag3 specifically enhances Dppa3 translation rate 

Having characterised potential Stag3 cytoplasmic interactors and identified 
localisation to specific sites within the cytoplasm, such as the centrosome, I next 
questioned what functional roles Stag3 could be involved in to influence pluripotent 
fate. In addition to its roles in cytoskeleton organisation, the centrosome also 
acts as a post-transcriptional regulator of gene expression through influencing 
local translation rates (Woodruff et al., 2018). For examples, Zein-Sabatto et al., 
(2021) identify specific 3’UTR ‘zip code’ sequences that sequester mRNA to the 
centrosome for localised translation (section 1.1.5). Importantly, co-IF analysis 
reveal significant reduction in both ɣ-Tubulin and Kif5b puncta under Stag3 KD, 
suggesting a possible role for Stag3 at the centrosome. In addition Stag3 was 
found to interact with Kif5b by IP and co-localise along microtubule filaments by 
co-IF, suggesting a possible supporting role for Stag3 in Kif5b functions. Kif5b 
has an important role in the transport of cargo that includes translation/mRNA 
processing-associated complexes, such as ribosomes, mRNPs, and transport 
condensates (Knowles et al., 1996; Twelvetrees  et al., 2010; Baumann et al., 
2012; Wang et al., 2017). Thus, disruption to motor proteins has been found to 
affect post-transcriptional regulation of gene expression and impact cell fates 
(Twelvetrees  et al., 2010; Wang et al., 2017). I therefore hypothesised translation 
rates may be affected in Stag3 KD ES (2i/LIF) cells because of changes to the 
centrosome and/or re-distribution of Kif5b within the cytoplasm. 

Given the reduction in density of ɣ-Tubulin and Kif5b patches in knockdown 
conditions, Stag3 may perform a similar role at other translation regulation 
condensates, such as P-bodies. This could occur both at the centrosome and at 
discrete translation hubs around the nuclear envelop and along the cytoskeleton 
(Lashkevich and Dmitriev, 2021). Indeed, previous ES (2i/LIF) Stag3 KD 
experiments using the Dppa3-GFP cell line suggest a role for Stag3 in post-
transcriptional regulation. In the previous chapter I demonstrated that, while Stag3 
KD resulted in a significant reduction in Dppa3 mRNA expression, an opposing 
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significant increase in Dppa3 protein levels was also observed (section5; figure 
75). This disconnect between mRNA and protein output suggests Stag3 KD may 
post-transcriptionally increase Dppa3 protein expression, which in turn depletes 
the pool of Dppa3 mRNA. Combining my results together, I hypothesized that 
Stag3 may function in the cytoplasm to repress Dppa3 translation.

To verify whether Stag3 KD affects Dppa3 translation rate, a cyclohexamide 
(CHX) chase assay was performed on the Dppa3-GFP cells in three biological 
replicates (see methods section 2.32). Here, ES (2i/LIF) cells grown under 
control and Stag3 KD conditions were pulsed with a mild dose of CHX (100ug/
ml) for 4h and 8h to inhibit translation. We reasoned that, if Stag3 KD enhanced 
Dppa3 translation, inhibiting translation would recover the reduced Dppa3 mRNA 
phenotype observed in Stag3 KD cells. 

First, comparing CHX-treated cells to no CHX treatment control revealed the 
expected reduction in GFP signal, indicating translation inhibition (figure 97a). 
Importantly, no overt cell death was observed after treatment (as measured by 
DAPI staining), suggesting any phenotypes observed were not the result of stress 
or death responses. Flow cytometry also demonstrated the increased Dppa3-GFP 
signal observed in Stag3 KD was diminished over the CHX treatment course to 
levels more comparable to RLUC conditions, thus indicating reduced translation 
rates (figure 97b). Next, total RNA was extracted from the cells and Dppa3 mRNA 
level was measured by RT-qPCR (figure 97c). Here, comparison between RLUC 
and Stag3 KD no CHX (-CHX) control revealed the expected significant reduction 
in Stag3 (60% reduced, p=<0.005) and Dppa3 (51% reduced, p=<0.005). A 
similar significant reduction of Stag3 was observed in both CHX 4h and 8h Stag3 
KD conditions. Strikingly RT-qPCR analysis revealed CHX treatment of Stag3 KD 
cells caused Dppa3 mRNA expression to recover, thereby reducing the difference 
in Stag3 and RLUC Dppa3 mRNA abundance. Ultimately, this resulted in loss of 
significant difference in Dppa3 mRNA between RLUC and Stag3 KD samples 
at both 4h and 8h CHX time-points (97c), thus indicating differences in mRNA 
expression rates between RLUC and Stag3 KD conditions. Indeed, quantification 
of Dppa3 expression change between samples showed that, after 4h CHX 
treatment, average Dppa3 mRNA expression increased 1.55-fold in Stag3 KD 
over -CHX Stag3 KD. In contrast, Dppa3 levels in 4h CHX RLUC only modestly 
increased by 1.1-fold over -CHX RLUC. The difference in mRNA expression 
change was even more pronounced after 8h CHX treatment, where, compared to 
-CHX controls, Dppa3 levels were increased 3.43-fold and 1.69-fold in Stag3 KD 
and RLUC conditions, respectively. Of note, the fold-change difference in Dppa3
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within the three biological replicates did not meet a two-tailed significance threshold, 
but this is likely due to the wide variation in recovery rates between biological 
replicates. This variation can be seen in comparing individual experiments in 
figure 97d. Importantly, however, all three replicates consistently show a trend 
of increased Dppa3 mRNA in Stag3 KD upon translation inhibition and at a 
greater rate than expression changes in RLUC cells. To fully validate this result, 
further biological replicates are required. Overall, the CHX assay strengthens an 
argument that Stag3 post-transcriptionally regulates Dppa3 expression.

As discussed in section 1.1.5, mechanisms of post-transcriptional regulation can 
control translation rates either globally, within a subset of genes, or for one specific 
gene. Thus, following the Dppa3 observation, I next investigated whether Stag3 
specifically impacts Dppa3 protein output, or whether this phenotype is through 
regulation of global translation rates. To do this, nascent rate of translation in 
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ES (2i/LIF) cells was measured under control and Stag3 KD conditions using 
the previously described ClickIT assay (see methods section 2.31). Here, flow 
cytometry analysis from eight biological replicates revealed no significant change 
to global translation upon Stag3 KD (figure 98a).  In the context of the CHX assay, 
this result therefore indicates that, rather than impacting global translation, Stag3 
post-transcriptionally regulates either Dppa3 specifically or a subset of genes. 
Given the observations of increased self-renewal and reduced exit of pluripotency 
upon Stag3 KD (section 5.8), the evidence presented in this section suggests 
Stag3 acts as a pro-commitment factor though post-transcriptional repression of 
key fate markers, such as Dppa3.   

6.9 Summary of Chapter 6 results 

 1) Stag3 is predominantly cytoplasmic in pluripotent cell states, and  
 localises as puncta at the centrosome, along the cytoskeleton and   
   around the nuclear periphery. 
 2) Reduction in ɣ-Tubulin and Kif5b upon Stag3 knockdown suggests  a  
 role for Stag3 in structuring the centrosome condensate.
 3) Stag3 regulates Dppa3 protein levels through a specific post-   
 transcriptional mechanism. 

6.10 Discussion 

Since the discovery of cohesin and Stag protein roles in SCC (Michaelis et al., 
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1997; Losada et al., 2000), their known functions have expanded to include other 
such essential functions, including genome organisation, DNA replication, and 
DNA repair (Nasmyth and Haering, 2009). Always, however, these processes 
have been associated with nuclear functions in modulating chromatin topology 
and chromosome structure. This project expands the remit of the Stag3 outside 
of the nucleus and indicates novel functions in post-transcriptional regulation.  

The results presented in this chapter emphasise Stag3 as a predominantly 
cytoplasmic protein (figures 81-83). This localisation is clearly distinct from Stag1 
and Stag2 nuclear-concentrated sites, and could be partly explained by Stag3-
specific nuclear export signals (figure 84) and/or possible post-translational 
modifications (figure 81). Further, I discover that Stag3 localised to the centrosome, 
along microtubule filaments and around the nuclear periphery (figures 83, 86, 
90, 91). Preliminary results from the Stag3 MS-IP experiments support this by 
revealing potential interactions with cytoskeletal and centrosome proteins. Indeed, 
knockdown of Stag3 revealed a reduction of γ-tubulin and Kif5b foci (figures 92 
& 94), suggesting Stag3 has a role in their structure. The co-localisation of Stag3 
and Kif5b at the centrosome, along microtubules, and at the nuclear periphery 
could suggest Stag3 is either actively transported in the cytoplasm, or has a role 
in supporting cargo transport. Although by the methods I used, Stag3 appears to 
be dispensable for canonical centrosomal functions (cytoskeletal formation, cell 
cycle progression), its knockdown was found to specifically affect the translation 
rate of naïve pluripotent/PGCLC marker Dppa3 (figure 97). Thus, the preliminary 
results presented here indicate Stag3 influences pluripotent transitions by post-
transcriptionally regulating the levels of Dppa3 protein. This could be through 
Stag3's centrosome association, or a possible  role for Stag3 in active transport.  

The initial observation of Stag3’s cytoplasmic localisation was unexpected given 
that all known roles of Stag proteins involve nuclear functions. Based on the 
confocal imaging I have performed, this localisation appears to be independent 
of Rad21 and Smc3 (figures 12 & 85). More sensitive methods such as Storm 
imaging are required to confirm this. During my PhD, another group reported 
the expression of Stag3 in ES cells and the authors state (but do not show) that 
Stag3 is localised to the cytoplasm (Choi et al., 2021). The report also reveals 
Stag3 expression is necessary for Rec8 stabilisation and translocation into the 
nucleus. This supports previous observations demonstrating Stag3 is required 
for meiotic cohesin loading onto chromosomes in meiocytes (Fukuda et al., 
2014). Protein expression of Rec8 was not assessed in this project, however, 
RT-qPCR and independent RNA-seq analysis suggest Rec8 is expressed on the 
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mRNA level in ES (2i/LIF) cells before becoming rapidly down-regulated upon 
primed pluripotency transitions (figure 64). Thus, it is possible the weak nuclear 
Stag3 signal that is observed by immunoblot and co-IF is associated with Rec8. 
Nonetheless, it should be noted neither meiotic components of the cohesin 
complex (Rec8 or Smc1b) were identified in any of the Stag3 MS experiments. 
Overall, my results suggest that, if Stag3 does indeed cause Rec8 to translocate 
into the nucleus, this equates to only a very small subset of the Stag3 protein 
pool.  

Drawing on observations in developing germ cells (Fukuda et al., 2014), 
immunoblotting of fractionated material suggests the minor population of Stag3 
associated with chromatin in pluripotent cells may be the  result of post-translational 
modifications. To test the veracity of this, the chromatin lysate could be treated with 
phosphatase enzymes prior to immunoblotting, and then evaluated for shifts in 
band molecular weight. I also note in WTE testis immunoblots, canonical Stag1 and 
Stag2 proteins both display a reduction in molecular weight relative to pluripotent 
WCE. Given that Stag3 is known to be the dominant paralog associated with 
chromatin in germ cells (Ward et al., 2014), this may imply a general mechanism 
of Stag post-translational modification to regulate their cellular localisation and 
ability to associate with chromatin. Unfortunately, the authors of this report do 
not identify the kinase responsible for Stag3 phosphorylation. If, for example, the 
enzyme is only expressed in meiotic cells, it could explain the extreme difference 
in Stag3 localisation within pluripotent cells.  

Despite representing a minor population within pluripotent cells, Stag3 chromatin 
IP experiments have shown that it can associate with CTCF, mitotic cohesin 
(section 5.3, figure 66) and meiotic cohesin (Choi et al., 2021). This association 
was not specifically assessed in G1-phase cells, however CTCF disassociates 
from chromosomes upon mitosis (Oomen et al., 2019; Zhang et al., 2021), which 
suggests Stag3 co-localises at CTCF insulator sites during interphase and thus 
may contribute to TAD structuring. The putative nature of the higher molecular 
weight Stag3 band is in doubt owing to the fact it is not affected by Stag3 siRNA 
treatments. If the band is a modified form of Stag3 (such as phosphorylated), 
this could suggest the PTM results in a highly stabilised protein that is not readily 
degraded. Similarly, the reported stabilisation effect Stag3 has on Rec8 may 
be reciprocal, thus making nuclear Stag3 less prone to the effects of siRNA-
mediated knockdown (Fukuda et al., 2014; Choi et al., 2021). Indeed, despite 
mitotic cohesin displaying a chromatin residency time of ~33mins (Hansen et al., 
2017), dictyate-arrested oocytes display SCC longevity lasting weeks after birth 
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with no cohesin unloading during this time (Burkhardt et al., 2016). Thus, it is 
possible cohesin-Stag3 complexes display very different chromatin association 
and dissociation dynamics compared to cohesin-Stag1/2. Supporting this idea, 
recent evidence has shown a sub-population of Stag1 (but not Stag2) displays a 
longer (>3hr) residency time on chromatin through Esco1-mediated acetylation 
of Smc3 specifically in Stag1-bound cohesin (Wutz et al., 2020). Importantly, 
the siRNA-mediated Stag3 KD results emphasise cytoplasmic Stag3 is primarily 
affected; thereby suggesting any phenotypes associated with the loss of Stag3 
are due to its cytoplasmic functions. 

The cytoplasmic profile of Stag3 was surprisingly punctate and specifically 
localised. This staining pattern is reminiscent of higher order regulatory 
condensates that typically aggregate proteins containing IDRs into membrane-
less organelles (section 1.1.3). As shown in section 4.2, Stag1 co-localises at 
heterochromatin condensates, such as the nucleolus, and affects higher order 
chromatin topology. Based on the high level of disorder at N- and C-terminal 
ends (as assessed by PONDR), I hypothesise Stag1 has roles in structuring 
these condensates through its suspected IDRs  (Larson et al., 2017; Strom et al., 
2017). Despite the lack of sequence homology at terminal ends, all three Stag 
paralogs display similar high N- and C-terminal disorder (figure 4b). However, 
protein alignment reveals Stag3 contains an additional stretch of highly acidic 
residues at its N-terminus, which contributes to an overall greater protein disorder 
score of 0.412 compared to Stag1 and Stag2 (0.393 and 0.3668, respectively). 
As discussed in detail in chapter 1.1.3, phase separation is a biophysical 
phenomenon that creates concentrated hubs of functionally related proteins, 
enabling them to efficiently perform a variety of epigenetic, transcriptional, and 
post-transcriptional roles. In the cytoplasm, these roles include mRNA localisation, 
mRNA processing (stabilisation and destabilisation), translation regulation, and 
microtubule nucleation (Ma et al., 2018; Mateu-Regué et al., 2020). Indeed, the 
Stag3/Kif5b and Stag3/Ɣ-Tubulin co-IFs highlight Stag3 puncta representing co-
localisation at the centrosome, a known cytoplasmic condensate (Woodruff et 
al., 2019), and Stag3 KD in these assays suggest a role for Stag3 in structuring 
the condensate. Furthermore, the caveatted  Stag3 IP-MS revealed a variety of 
proteins associated with condensate regulatory  processes and known to co-
localise in several different cytoplasmic condensates (centrosome, P-bodies, 
Active translation mRNPs, Stress granules). Collectively, analysis of Stag3’s 
structure, IF staining, and mass spectroscopy made a strong case for Stag3 to 
be involved in cytoplasmic condensate biology. 
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In interrogating Stag3’s cytoplasmic condensates, I found dense puncta of Stag3 
co-localised with the centrosome while finer foci tracked cytoskeletal filaments. 
These observations were confirmed by co-IF of γ-Tubulin and α-Tubulin, 
respectively, and supported by MS detection of many proteins associated with 
the PCM and cytoskeleton that were present in all four MS experiments (Cep290, 
Kif5b, Kif2c, Plec, Numa1, Nefm). In murine oocytes, Stag3 has been shown to 
regulate microtubule stability. Knockdown of Stag3 in this environment was found 
to disrupt spindle assembly and impair kinetochore-microtubule attachment, 
leading to aneuploidy (Zhang et al., 2017). Similarly, siRNA-mediated knockdown 
of meiotic cohesin was found to increase the rate of precocious sister chromatid 
separation in ES (serum/LIF) G2-phase cells, although this was to a lesser extent 
than mitotic cohesin knockdown (Choi et al., 2021). The localisation of Stag3 
lining mitotic spindles in meiotic oocytes is consistent with my observations in 
mitotic ES (2i/LIF) cells (figure 86). It is important to note that I did not karyotype 
control and Stag3 KD cells to assess abnormal chromosome numbers. Given 
Stag3 knockdown reduced γ-Tubulin focal intensity, it could be expected that this 
would impact its role in interphase and mitotic microtubule assembly (O’Toole et 
al., 2012). However, cell cycle profiling and centrosome counting (one γ-Tubulin 
focus in G1 and 2 γ-Tubulin foci in G2/M) did not reveal any obvious impacts 
to mitosis. Possibly, there is some functional redundancy between the Stag 
paralogs and the higher Stag1/2 levels in pluripotent cells relative to oocytes may 
compensate for loss of Stag3. Equally, the siRNA-mediated Stag3 knockdown 
shown here is not complete (50-70% reduction in protein level) and so residual 
Stag3 may be sufficient to prevent cell cycle defects. Consequently, I determined 
Stag3 KD in my experiments to be dispensable for canonical MTOC functions. 
Indeed, this is supported by reports that show some functional redundancy within 
the PCM proteome, and knockdown of only a few critical proteins results in 
complete disruption to microtubule assembly (Khodjakov et al., 2000; Watanabe 
et al., 2020). To fully assess the impact of Stag3 knockdown on centrosome 
functions, closer evaluation of microtubule nucleation, spindle assembly, and 
rates of aneuploidy are required.  

It is interesting to note that nuclear Stag3 has also been indirectly associated 
with the cytoskeleton during meiotic prophase I, prior to dissolution of the nuclear 
membrane. As outlined in section 1.3.3, meiotic cohesin accumulates at telomeric 
ends to provide chromosome structural rigidity (Adelfalk et al., 2009; Shibuya 
et al., 2014). Here, cohesin-Stag3 interacts with Trf1 and provides support for 
binding of the SUN/KASH transmembrane LINC complex via the Terb1-Majin-Trf1 
complex, which connects telomeric ends to cytoskeletal motor proteins (Ding et 



267

al., 2007; Shibuya et al., 2014). The mechanotensile forces of the cytoskeleton are 
then transmitted through this complex to orchestrate chromosomal translocation 
and meiotic bouquet formation (Koszul et al., 2008; Sato et al., 2009). I note the 
LINC complex interacts with different cytosolic adapter Nesprin proteins to tether 
the nuclear membrane to different cytoskeletal filaments. This allows the LINC 
complexes to perform a multitude of functions, including positioning the nucleus, 
tethering the centrosome to the nuclear envelope, and providing docking sites for 
motor proteins to collect nuclear export cargo (Starr and Fridolfsson, 2010; Jahed 
et al., 2016). The kinesin-1 Kif5b is an important connector between Nesprin-4 
containing LINC complexes and the microtubule network, thereby positioning the 
centrosome to the nucleus (Roux et al., 2009; Rajgor and Shanahan, 2013). Kif5b 
further tethers microtubule filaments to the nuclear membrane by directly interacting 
with the outer nuclear membrane NPC filament, NUP358 (Cai et al., 2001). This 
proximal localisation enables the anterograde motor to collect nuclear export 
macromolecules (such as mRBPs and ribosomes) from the NPC and translocate 
them to specific regions of the cytoplasm (Gindhart et al., 2006; Cho et al., 2009; 
Strambio-De-Castillia et al., 2010; Jahed et al., 2016). MS assessment of Stag3 
WCE IP and co-IP immunoblotting revealed Kif5b as a putative interactor and 
the shared bZIP domains may indicate a molecular basis for this. In conjunction 
with Stag3’s previously characterised roles with LINC complexes (Shibuya et al., 
2014), these observations suggested Kif5b might be important for translocating 
Stag3 foci along the cytoskeleton. co-IF staining revealed Stag3 overlap with 
Kif5b at the outer nuclear envelope co-localised with NUP358 patches (which may 
represent NPCs), at the centrosome, and within the cytoplasm. It is interesting 
to note that the bZIP domain of Kif5b heterodimerises with the bZIP-containing 
huntingtin associated protein 1 (HAP1), which acts as an adapter to facilitate 
translocation of the GABA

A
 receptors to synaptic sites in neurons (Twelvetrees 

et al., 2010). Disruption of the Kif5b-HAP1 in mice results in deficient transport 
of GABA

A
 and results in Huntington's disease phenotypes (Twelvetrees et al., 

2010). It is possible, therefore, that Stag3 is performing a similar adapter-like 
role, for example enabling loading or stabilisation of specific cargo onto the motor 
protein for translation. Thus, Stag3 KD may be preventing the transport of specific 
proteins for localised functions, which could in turn impact cell identity. I also note 
some cytoplasmic Stag3 foci that appear to be tracking along the cytoskeleton 
(α-Tubulin was not co-stained with Stag3/Kif5b co-IF) are independent of Kif5b. 
Several other kinesins (Kif2a, Kif2c) were also identified within the final Stag3 
interactome, suggesting Stag3 associates with multiple anterograde-transporting 
microtubule motors. The retrograde dynein Dync1h1 was also detected within 
Stag3 MS#1 and Stag3 MS#4 experiments. Although Dync1h1 did not meet the 
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requirements for the less stringent interactome (see section 6.7), this may suggest 
Stag3 transport along the cytoskeleton is bidirectional. It is unfortunate that I was 
unable to isolate a Stag3mScarlet-3xHA-FKBP clone as Stag3 foci dynamics could have 
been measured in live cells co-stained with a microtubule marker by confocal 
spinning disc microscopy. As an orthogonal approach to co-IF, this would also be 
a useful tool for informing on Stag3’s specific localisation within the cytoplasm. 

I also investigated whether Stag3 could have a more specialised role with respect 
to the centrosome. Recently, it has been shown that the centrosome acts as a 
condensate hub for mRNA localisation and translation (Wooddruff et al., 2019; 
Safieddine et al., 2021; Zein-Sabatto et al., 2021). Here, mRNAs are targeted to 
the centrosome by motor-directed transport of polysomes and mRNP complexes 
via microtubules (Safieddine et al., 2021). In addition to mRNAs encoding 
centrosomal proteins, mRNA transcripts pertaining to translation regulators Eif4e 
and RPS6 have been found to locate to the PCM in a cell cycle dependant manner 
(Sepulveda et al., 2018; Chouaib et al., 2020). Here, these mRNAs are translated, 
which in turn results in a hub of translation proteins at the centrosome (section 
1.1.5). This therefore highlights the centrosome as a condensate with roles in 
translation in addition to its canonical functions. I note many translation elongation 
initiation factors (Eif4a1, Eif4a2, Eif4i, Eif2s1, Eif3d, Eif3c) were included in 
the less stringent Stag1 MS list, and have also been identified in centrosome 
mass spectroscopy (Müller et al., 2010). The wider enrichment of translational 
proteins and RBPs detected within the less stringent MS interactome, coupled 
with Stag3’s accumulation at the centrosome and co-localisation with Kif5b on 
the cytoskeleton could suggest Stag3 has a role in transporting newly exported 
mRNA transcripts from the nuclear pore complex to the centrosome as part of 
a mRNP for localised translation. Further, aberrant assembly of both Kif5b and 
γ-Tubulin at centrosomes upon Stag3 KD may reflect Stag3 has an important role 
in structuring the PCM condensate, which could lead to disrupted translation of 
the specific mRNAs that are targeted to the centrosome for translation.  

As a non-mutually exclusive alternative hypothesis, Stag3 could also be 
responsible for trafficking mRNPs to discrete regions of the cytoplasm for localised 
mRNA processing and translation regulation. This could be representative of 
Stag3 foci tracking along microtubules throughout the cytoplasm. As described 
in section 1.1.5, the cytoplasm contains a variety of mRNP condensate bodies 
that differentially influence post-transcriptional regulation (Moser and Fritzler, 
2010; Mateu-Regué et al., 2020). Disruption to any of these can be impactful to 
cell fate decisions (Cassar, P. and Stanford, 2011; Goldstrohm and McKenney, 
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2018; Badia and Bolognesi, 2021). In section 5.8 & 5.9, it was noted that 
the pluripotent/PGCLC marker Dppa3 displayed increased protein output 
concomitant with decreased mRNA levels upon Stag3 KD. This disconnect was 
suggestive of a post-transcriptional mechanism for Stag3 in regulating Dppa3 
translation. Resultantly, the preliminary evidence reported in section 6.8 shows 
CHX inhibition of translation correlates with a recovery of Dppa3 mRNA levels 
in Stag3 KD cells. Importantly, increased Dppa3 protein was not found to be 
the result of global up-regulation of translation. This feature of selective post-
transcriptional regulation is in line with RBPs specificity in modulating mRNA 
subsets that contain complementary motifs, such as 3’ UTR AREs (Otsuka et al., 
2019). In line with this, many proteins detected in the less stringent Stag3 MS 
list are associated with translationally repressive P-body condensates (DHX15, 
DHX9, HNRNPM, HNRNPU, LMNB1, NUMA1, RPS27A, RPS4X, SF3B1, SMC3, 
DDX21, IGF2BP1, MCM7, RBM15, RPS3) (Hubstenberger et al., 2017; Youn et 
al., 2018). Like several mRNP granules, P-bodies are microtubule dependant 
and accumulate in both the cytoplasm and centrosome, thus matching Stag3 foci 
localisation (Aizer et al., 2008; Moser and Fritzler, 2010). Individual knockdown of 
key P-body proteins has been shown to disrupt P-body assembly, thereby releasing 
the sequestered mRNA and making it available for translation machinery (Yang et 
al., 2004; Andrie et al. 2005; Yu et al., 2005). Importantly, Di Stefano et al., (2019) 
have recently described how disruption to P-body assembly via DDX6 KD in ES 
cells causes the release of repressed mRNA and increasing protein synthesis 
of key pluripotent genes, including Dppa3, to result in a reduced capacity to exit 
from pluripotency. Consequently, the preliminary observations made here could 
suggest Stag3 has a role in structuring repressive P-bodies containing Dppa3 
mRNA within ES (2i/LIF). Subsequent knockdown of Stag3 may result in disruption 
to condensate structure and release of Dppa3 mRNA for active translation and an 
increased pro-pluripotent phenotype. To verify this hypothesis, Stag3 localisation 
to P-bodies should first be confirmed by co-IF with P-body specific proteins, such 
as IGF2BP1. Secondly, association of Dppa3 mRNA with Stag3 condensates 
must be evaluated. To do this, Stag3 IF could be performed in conjunction with 
smFISH (single molecule fluorescent in situ hybridisation) to label Dppa3 mRNA 
and observe co-localised foci (Tutucci and Singer, 2020; Chouaib et al., 2020). If 
Dppa3 mRNA is indeed sequestered in Stag3 condensates, subsequent Stag3 
KD would be expected to reveal dissolution of the Dppa3 foci.  

Recent studies have demonstrated Stag’s direct association with RNA (Pan et al., 
2020; Porter et al., 2021).  Therefore, it is also possible Stag3 performs a more 
active role in transporting Dppa3 to repressive condensate bodies by physically 
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binding to the transcript. In order to test this, a CLiP experiment could be performed 
whereby RNA is cross-linked to protein interactors and immunoprecipitated. To 
support the direct interaction of Stag3 with Dppa3 with a P-body, this experiment 
would be performed under conditions that disassemble P-body formation, such 
as knockdown of IGF2BP1.  

Due to the multivalancy of IDR interactions, it should be noted different mRNPs 
share partially overlapping proteomes, making it challenging to determine the true 
nature of Stag3 condensates (Espinosa et al., 2020). While the Stag3 interactome 
contains proteins associated with translationally repressive condensates, it also 
contains a range of ribosome subunits and elongation initiation factors that are 
commonly found in active translation mRNPs (Hubstenberger et al., 2017; Mateu-
Regué et al., 2020). Indeed, P-bodies are generally few in number and larger 
than active translation mRNPs (Moser and Fritzler, 2010). Hence, considering 
the number of Stag3 foci observed by IF, this could suggest Stag3 associates 
with multiple types of cytoplasmic condensates. To fully characterise the Stag3 
condensates, a co-IF would be repeated using a range of proteins specific to 
different mRNPs.     

A particular drawback with the above hypothesis is the reliance on Stag3 IP-MS 
detected proteins being putative interactors, even though the MS experiments 
were heavily caveatted (section 6.4). Although the WCE resulted in a relatively 
weak co-IP, the inability to detect Stag3 peptides in all four MS experiments was 
surprising and limited the reliability of co-immunoprecipitated proteins as being 
putative Stag3 interactors. Indeed, I consulted with three separate MS experts, all 
of whom were unable to detect Stag3-specific peptides. This observation could 
raise the concern that the Stag3 antibody is not reactive to Stag3. Unfortunately, 
the lack of commercially available mouse-reactive Stag3 antibodies made it 
infeasible to test the co-IP-MS using a second independent antibody. I was also 
unable to extract a CRISPR-tagged mScarlet-3xHA-FKBP Stag3 clonal cell line 
(section 5.7). This would have been instrumental in IP-MS experiments as the tag 
provides additional epitopes, increasing the range of suitable antibodies for Stag3 
pull-down, while the acute dTAG-mediated knockdown controls for Stag3 IP-MS 
specificity. As discussed in section 3.2.3, the large size of this knock-in fragment 
is a contributing factor for reduced knock-in efficiency. Instead, by just tagging 
Stag3 with a simple V5 peptide, this could have enabled isolation of a knock-in 
clone and would still have provided an epitope for Stag3 IP. Nonetheless, we 
do believe that the Stag3 antibody available to us did detect Stag3, based on 
the reduced signal observed with Stag3 KD in both immunoblots and IF assays. 
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Moreover, testis positive control material revealed an expectantly strong Stag3 
signal, thus supporting the validity of the antibody.  Finally, co-IP of chromatin 
extract revealed a strong Stag3 IP enrichment over input and a co-IP of cohesin 
proteins. Collectively, this demonstrates antibody specificity for detecting Stag3 
and its suitability for co-IP experiments.  

A chromatin Stag3 IP was not assessed by MS. Given the difference success of 
Stag3 pull-down in chromatin verses WCE IP, running a chromatin Stag3 IP-MS 
would have been useful in indicating whether Stag3 peptides were not detected in 
WCE IP owing to poor enrichment. Indeed, considering the dominant cytoplasmic 
localisation of Stag3, the strength of Stag3 enrichment in chromatin IP compared 
to WCE was surprising. Even after several rounds of WCE IP optimisation, 
enrichment remained poor. Given that cytoplasmic Stag3 associates with the 
dense, proteinaceous centrosome, I hypothesised this condensate structure could 
obstruct the Stag3-specific antibody epitope, thereby making it more challenging 
to co-IP than chromatin-localised Stag3. Consequently, I assessed the literature 
for MS experiments performed on similar PCM-localised proteins (Müller et al., 
2010; Firat-Karalar et al., 2014). This search did not reveal specialised protocols 
required for the extraction of such proteins. Similarly, I did not find reports of 
challenges encountered in immunoprecipitating proteins from phase-separated 
condensates. Further, reviewing the position of the Stag3 antibody epitope region 
(aa 752-800) did not reveal overlap with the CES domain (aa 324-409) and bZIP 
motif (aa 801-902), which may have suggested the epitope was inaccessible 
due to protein interactions. Finally, I considered whether cytoplasm-specific 
post-translational modification of the epitope site could impact epitope binding. 
Analysis of Stag3 structure using the Prosite PTM prediction tool does reveal two 
Protein Kinase C phosphorylation sites within the Stag3 epitope (aa 780-82 and 
aa 786-788). However, it seems unlikely that PTMs are the cause of the poor 
co-IP as, first, Stag3 is predicted to be highly phosphorylated on chromatin and 
a strong co-IP was nonetheless achieved with chromatin lysate and, second, 
immunoblotting cytoplasmic Stag3 from fractionated material does not appear to 
be compromised. Equally, it is possible that, relative to the entire ES (2i/LIF) WCE 
proteome, Stag3 is very dilute and therefore there is not an optimal concentration 
in Stag3 for enrichment. To circumvent this issue, a tagged Stag3 construct could 
be over-expressed in ES (2i/LIF) cells for an IP followed by MS. With the caveat 
of this not fully representing WT ES (2i/LIF) system, this method may provide 
sufficient Stag3 enrichment for Stag3 peptide detection as well as provide a 
rudimentary interactome.  
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A second key limitation in this study has been the targeted approach to assess 
cell transition changes, such as RT-qPCR of fate markers and protein expression 
analysis of Dppa3. To fully assess the global effects of Stag3 on the pluripotent 
embryonic stem cell proteome, a future experiment would involve a quantitative 
Stable Isotope Labelling by Amino Acids in Cell Culture (SILAC) MS under 
control and Stag3 KD conditions (Ong et al., 2002). This experiment would be 
complemented with an RNA-seq analysis to identify those genes that, like Dppa3, 
diverge in mRNA and protein readout under KD conditions and hence appear to 
be post-transcriptionally influenced by Stag3. Compiling a list of these genes, 
I would first characterise their common features by gene ontology and GSEA 
to inform on whether Stag3 is regulating a particular cell process and whether  
it could be influencing a pro-pluripotent cell identity. Next, mRNA transcript 
from this list of post-transcriptionally regulated genes would be evaluated for 
a consensus sequence that hint at a common mRNA-binding or processing 
mechanism. In particular, mRNAs destined for specific localisation within the 
cytoplasm commonly present ‘zip-codes’ within their 3’UTR for RBP recognition. 
To complement this, a RNA Immunoprecipitation followed by sequencing (RIP-
seq) could also be performed. Here, suspected RBPs are cross-linked to their 
associated mRNAs and the complex is immunoprecipitated. The mRNA can then 
be extracted from the pull down and sequenced, thus enabling identification of 
Stag3-specific binding mRNAs.
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7 Conclusions and Future Perspectives 

Over the last decade, a general consensus has formed that cohesin-Stag 
complexes influence cell fate decisions by structuring chromatin through TAD-
level genome organisation. Despite this, considerable unanswered questions 
remain. For instance, it is unresolved how the ubiquitously expressed complex 
is able to calibrate genome topology for commitment towards a specific cell fate. 
A growing body of evidence suggests paralogs of cohesin regulators, such as 
Stag1, Stag2, and Stag3, non-redundantly influence cohesin functions to provide 
the required fine-tuning for cell fate decisions. However, it is unclear how such 
highly homologous proteins are able to facilitate this, and to what extent they 
impact different cell fates. Additionally, whilst several reports find Stag-related 
disease leads to TAD changes and corresponding de-regulated expression 
of cell fate genes, this has not been a universal truth. As a consequence, the 
aforementioned general consensus must be challenged to fully elucidate the 
mechanisms Stag proteins are involved in to influence cell fate decisions. 

Part of the complexity in pinning down how Stag proteins influence cell fate 
decisions is due to the range of essential processes that they are involved in. 
This list continues to grow with recent observations detailing Stag1/2 proteins 
working non-redundantly and independently of the cohesin complex to form 
R-loop structures (Pan et al., 2020; Porter et al., 2021). These new revelations 
emphasise a need to widen our exploration into Stag functions in cell biology 
so that we are able to address the outstanding questions of how individual Stag 
paralogs influence cell fate decisions. 

This project has contributed to answering some of the above-mentioned gaps 
in our knowledge. It has also opened up previously unexplored avenues for the 
roles of Stag proteins in regulating cell fate decisions outside of TAD chromatin 
organisation. The principle findings of the work presented here are:  

 1) Stag1 maintains naïve pluripotency, possibly by supporting genome  
 compartmentalisation.   
 2) Stag1 protein variants are expressed in pluripotent cells with distinct   
 impacts on cell fate. 
 3) Stag3 is expressed in ES cells and, in contrast to canonical  Stag1,  
 promotes exit from pluripotency towards commitment.  
 4) Stag3 is localised to specific condensates in the cytoplasm where  
 it may perform a role in post-transcriptional regulation of cell fate markers. 
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Whilst this project has uncovered novel findings, certain interesting lines of 
enquiry lay outside the remit of my PhD. Equally, time constraints prevented 
further follow-up experiments that would be beneficial to shoring up some of my 
more burgeoning results. Several higher-level future perspectives are detailed 
below. 

Do Stag proteins function as part of the cohesin complex to influence cell fate? 

An important question that arises from this work is whether Stag paralogs regulate 
pluripotent transitions in complex with cohesin or independently of it.  While it is 
clear that the cohesin complex is the strongest Stag protein interactor, several 
lines of evidence point to Stag proteins having cohesin-independent roles.  First, 
Stag1 is enriched at telomeric regions without cohesin and directly associates 
with chromatin at these sites through its AT-hook domain, facilitating cohesin-
independent cohesion (Bisht et al., 2013).  Second, Stag proteins have been 
shown to remain associated with chromatin even when cells are acutely depleted 
of cohesin.  In this context, they interact with RNA and RNA binding proteins to 
facilitate the re-loading of cohesin onto chromatin (Porter et al., 2021).  Finally, my 
observations of Stag3 localisation to discrete cytoplasmic regions (cytoskeleton, 
centrosome, nuclear periphery) appear to also be independent of at least Rad21-
containing cohesin. Together, these examples reveal that Stag proteins do 
perform cohesin-independent roles and also highlight the diversity of biological 
processes that Stag proteins may be involved in.  

Further adding to this, mass spectroscopy of Stag1 and Stag3 interactors reveal a 
variety of proteins that are associated with essential functions in cell fate decisions. 
In particular, gene ontology analysis of the Stag1 interactome highlighted 
enrichment of chromatin re-modelling terms while the (albeit caveatted) Stag3 
IP-MS showed an enrichment of translation-associated proteins. These results 
have in part formulated my conclusions that Stag1 contributes to heterochromatin 
condensates and nucleolar structuring while Stag3 is involved in cytoplasmic 
condensate and post-transcriptional control. Given that Stag1’s AT-hook is able 
to associate with AT-rich telomeric regions independently of cohesin (Bisht et al., 
2013), it seems feasible Stag1 could likewise bind to AT-rich heterochromatic 
chromocenters and NADs without the need of cohesin. Nonetheless, from my 
current results, it is unclear whether Stag proteins interact with heterochromatin 
and centrosome proteins independently of cohesin. Additionally, both Stag1 and 
Stag3 mass spectroscopy experiments are limited by the lack of an IP-MS under 
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Stag1 or Stag3 degradation conditions to fully control for sticky non-specific 
interactors. An important experiment to address these issues would be to repeat 
Stag1 and Stag3 MS using the CRISPR-Cas9 inducible Stag degradation cell 
line under cohesin knockdown conditions. For example, to elucidate a true Stag1 
cohesin dependant and independent interactome, IP-MS would be performed 
under the following conditions:  

 1) Stag1mNG-V5-FKBP ES (2i/LIF) + DMSO + control siRNA  
 2) Stag1mNG-V5-FKBP ES (2i/LIF) + dTAG + control siRNA  
 3) Stag1mNG-V5-FKBP ES (2i/LIF) + DMSO + Rad21 siRNA  
 4) Stag1mNG-V5-FKBP ES (2i/LIF) + dTAG + Rad21 siRNA  
 5) WT ES (2i/LIF) + control siRNA  
 6) WT ES (2i/LIF) + Rad21 siRNA 
 
From these conditions, a putative cohesin-dependant and cohesin-independent 
Stag1 interactome could be determined by respectively comparing co-IP 
proteins present in (1) and absent in (2) and present in (3) and absent in (4). 
Importantly, conditions (5) and (6) should be included to validate any cohesin-
dependant and independent Stag1 interactors, respectively. This will ensure a 
protein interaction is not the result of binding to the mNG-V5-FKBP construct. 
Overall, this experiment would help inform on whether Stag1 is able to contribute 
to structuring heterochromatin condensates and influence cell fate in the absence 
of cohesin.  

Clearly, to achieve this for Stag3, generation of an inducible knockdown cell line 
is still required. Stag3 also presents the additional challenge of being able to 
interact with mitotic and meiotic cohesin complexes. As demonstrated by co-IP in 
this project, Stag3 is able to interact with the mitotic Rad21 cohesin subunit in ES 
cells. Additionally, while RT-qPCR and RNA-seq datasets analysed in this thesis 
suggest meiotic cohesin components (Smc1b, Rec8 and Rad21L) are only lowly 
expressed relative to Stag3, Choi et al., (2021) recently showed Stag3 is able to 
interact with meiotic α-kleisin subunits in pluripotent cells to perform roles in SCC. 
Thus, to untangle cohesin-independent Stag3, mitotic cohesin-dependant Stag3, 
and meiotic cohesin-dependent Stag3 interactomes, the following conditions 
would be required:  

 1) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + DMSO + control siRNA  
 2) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + dTAG + control siRNA  
 3) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + DMSO + Rad21 siRNA  
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 4) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + dTAG + Rad21 siRNA  
 5) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + DMSO + Rec8 siRNA 
 6) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + dTAG + Rec8 siRNA 
 7) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + DMSO + Rad21L siRNA 
 8) Stag3mScarlet-3xHA-FKBP ES (2i/LIF) + dTAG + Rad21L siRNA 
 9) WT ES (2i/LIF) + control siRNA  
 10) WT ES (2i/LIF) + Rad21 siRNA 
 11) WT ES (2i/LIF) + Rec8 siRNA  
 12) WT ES (2i/LIF) + Rad21L siRNA 
 
Whilst the size of this proposed experiment would be technically challenging, it 
would nonetheless help to elucidate whether Stag3 alone is able to interact with 
proteins associated with processes such as post-transcriptional regulation and 
centrosome structuring. Furthermore, considering the non-overlapping meiotic 
functions of Rec8 and Rad21L cohesins that cannot be compensated for by mitotic 
Rad21 cohesin (discussed in section 1.3.3), it is possible different cohesin-Stag3 
combinations perform non-redundant roles in pluripotent cell fate decisions. 
Thus, comparing Stag3 interactomes under different α-kleisin knockdowns would 
inform on overlapping and non-overlapping protein interactors that may highlight 
distinct roles for mitotic and meiotic cohesin-Stag3 complexes. 

Overall, while additional mass spectroscopy alone may not provide a definitive 
mechanism for how Stag paralogs influence cell fate, the above experiment layout 
would inform on whether cohesin is required for Stag1 and Stag3 to interact with 
a network of heterochromatin and centrosome organising proteins, respectively. 
Importantly, a central theme in this thesis is understanding how chromatin topology 
can be fine-tuned to a level required for specific cell fate commitment. While part 
of this answer may lay in non-redundant paralogs and Stag1 variants, a further 
level of fine-tuning may be through cohesin-dependant and cohesin-independent 
Stag functions, which the above experiment would help to elucidate. 

A role for Stag proteins in condensate biology 

It has long been known that nuclei have discrete functional domains.  For 
example, rDNA clustering within the nucleolus and RNA Pol II clusters at super 
enhancers (Posey et al., 2018).  In this context, it is interesting to consider that 
I observed both Stag1 and Stag3 forming distinct puncta in the nucleus and 
the cytoplasm, respectively. Stag1 puncta co-localised with Hoechst-dense 
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chromatin (including at the nucleolar periphery) while Stag3 puncta were clearly 
co-localised with centrosomes in the cytoplasm.  Beyond this co-localisation, 
Stag proteins evidently play a role in the structure of these puncta.  Loss of Stag1 
led to the disruption of nucleolar structure and function while loss of Stag3 led 
to changes in ɣ-Tubulin foci volume.  My results suggest that Stag proteins have 
important roles in the structure of functional condensates in cells. This challenges 
our current opinion that Stag proteins are solely involved in chromatin-related 
functions, and that these are limited to TAD-level organisation. Furthermore, the 
discovery that Stag proteins co-localised not only to chromatin condensates but 
also to cytoplasmic regulatory bodies opens up an avenue for as yet unexplored 
roles of Stag proteins outside of the nucleus. 

Stag1 in heterochromatin condensate formation and structure 

In assessing Stag1’s impact on genome organisation, live cell imaging and SPRITE 
provided strong evidence for Stag1’s role in structuring both TAD and higher order 
heterochromatin topologies, something that has not been clearly reported on 
before. Specifically, Stag1 degradation resulted in enhanced chromatin contacts 
across both levels of organisation, indicating a general condensing of chromatin 
compartments. Coupled with co-IF analysis of nucleolar structure, these results 
demonstrate Stag1 impacts heterochromatin condensates. 

Despite this exciting finding, I acknowledge only a single time point (18h post-
dTAG treatment) was recorded for all of the above experiments. Consequently, 
I cannot determine whether the immediate impact of Stag1 degradation occurs 
at the level of TADs or at heterochromatin condensate organisation. Equally, it is 
unclear whether a change to one directly informs on re-structuring of the other, 
or whether other factors, such as gene expression and cell fate change, first 
take place. This is important to unravel as it will indicate which initial chromatin 
re-organisation event drives the observed transition from naïve to primed 
pluripotency. To test this, an acute time-course of Stag1 degradation should be 
assessed by SPRITE. Identifying whether changes to contact frequency occur 
first in smaller (2-10) or larger (101-1000) fragment cluster sizes (representing 
TAD and heterochromatin contacts, respectively), will reveal whether increased 
contact frequency first begins at the level of TAD or compartment organisation. 
Complementing this, a continuous dTAG treatment time-course would be setup 
for live cell imaging. Here, the Stag1mNG-V5-FKBP cells would be transfected with an 
H3K9Me3 reporter and assessed for changes to heterochromatin foci in real 
time. This would help to provide insight on the dynamics of the re-organisation 
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of heterochromatin condensates as long-range contact topology changes. In the 
absence of these experiments, I predict heterochromatin re-organisation is not 
merely a secondary event upon Stag1 degradation; this is due to the fact that live 
cell imaging, Stag1 mass spectroscopy, and Stag1 co-IP with heterochromatin 
markers strongly suggest Stag1 is predominantly localised at heterochromatin 
condensate bodies, implying it performs a function at these sites.   

While I did not formally show that Stag proteins contribute to liquid-liquid phase 
separation or condensate formation, several pieces of evidence strongly suggest 
that this may indeed be the case. For example, Stag proteins have intrinsically 
disordered regions (IDRs) within their terminal ends and pluripotent cells are 
sensitive to both the amount of Stag1 protein and the availability of the terminal 
ends (as in the Stag1 variants).  These features are common in proteins involved 
in condensate structures (section 1.1.3). This, together with the observations of 
changes to nucleoli and centrosomes in Stag knockdown conditions, support 
our hypothesis. It is therefore particularly interesting to consider whether the 
ΔNterm and ΔCterm Stag1 variants with differing IDRs exist in equilibrium to 
regulate heterochromatin condensate formation. Indeed, Dr Dubravka Pezic 
demonstrated over-expression of individual Stag1 variant constructs led to 
disruption of chromocenters, suggesting ES cells require a balance of Stag1 
variants to regulate nuclear condensate bodies. Of note, Dr Dubravka Pezic 
found specific knockdown of N-terminal containing Stag1 led to de-repression 
of retroviral elements associated with the 2C-L state and increased totipotent 
potential (as measured by an up-regulation of Dux-GFP) within the ES (2i/LIF) 
population. In contrast, RNA-seq and AP staining reveals degradation of canonical 
and C-terminal containing Stag1 promoted transitions to primed pluripotency. 
2C-L state is associated with a relaxing of the genome topology (Percharde et al., 
2018) leading to reduced long-range heterochromatin contacts (as demonstrated 
by SPRITE analysis of Dox-induced Dux cells). Given that live cell imaging and 
SPRITE analysis from dTAG degradation of C-terminal containing Stag1 caused 
increased heterochromatin contact frequency, this suggests ΔNterm and ΔCterm 
Stag1 variants constrict and relax the pluripotent genome, respectively. To test 
this hypothesis, a follow up SPRITE analysis of long-range chromatin contact 
frequencies would be performed under 5’ and 3’ Stag1-targeting siRNA knockdown 
conditions. From this, I would expect to find reduced contact frequency upon 5’ 
siRNA KD, mimicking the Dox-induced Dux cells and representing conversion 
to 2C-L state. In contrast, I predict increased contact frequency upon 3’ siRNA 
KD, mimicking dTAG-treated cells and representing an exit of ground state 
pluripotency. In collaboration with the SP, 5’ and 3’ RNA-seq data sets, the live cell 
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imaging, and the observation of increased 2C-L state in 5’ knockdown, this follow 
up SPRITE would provide compelling evidence for Stag1 variants with different 
IDRs driving opposing cell fate transitions through regulation of heterochromatin 
condensates.  

 
Stag3 in cytoplasmic condensate formation and structure 

The discovery of Stag3 expression in pluripotent states and within the cytoplasm 
was an unexpected result. This surprise was further heightened by finding Stag3 
co-localises as dense puncta at the centrosome, around the nuclear envelope 
periphery, and along microtubule filaments. Here, co-IF assays using commercially 
available antibodies for Stag3 and the centrosome marker ɣ-Tubulin (table 6) 
were integral for developing the hypothesis that Stag3 contributes to centrosome 
structuring. However, as noted from the discrepancy of Stag1 staining pattern 
displayed by co-IF assays compared to live cell images, protein localisation can 
be affected by cell fixation and protein precipitation. To enhance confidence in the 
above findings, a Stag3mScarlet-3xHA-FKBP cell line would be highly beneficial. With 
this tool, live cell imaging could be performed to verify Stag3 cytoplasmic puncta. 
Importantly, by co-staining the cells with a live cell mask for ɣ-Tubulin, alterations 
to centrosome condensates upon acute Stag3 degradation could be measured. 
Equally, staining with a α-Tubulin mask would be extremely insightful for 1) 
investigating whether Stag3 actively tracks along microtubules (as suggested by 
the Stag3/α-Tubulin co-IFs), and 2) assessing if cytoskeletal structure is affected 
as a knock-on impact of centrosome alterations caused by Stag3 degradation. 
Whilst as of yet I have been unable to generate a Stag3mScarlet-3xHA-FKBP cell line, 
these downstream applications would make repeating the CRISPR-Cas9 attempt 
worthwhile. To improve the likelihood of a successful Stag3 knock-in, I would trial 
transfecting the ES cells with an HDR enhancer drug (discussed in section 5.12).  

While I did not directly investigate whether embryonic stem cells also express 
Stag3 protein variants, I did consistently observe discrete non-canonical bands 
on immunoblots that changed in expression in the same way as Stag3 during 
differentiation. This raises the interesting possibility that Stag protein diversity 
is a common mechanism for how Stag proteins fine-tune cellular functions. As 
discussed in section 1.3.1, Stag3 is the paralog with the highest scoring intrinsic 
disorder at both its N- and C-terminal regions (figure 4). This could imply it is 
the Stag protein that most readily undergoes LLPS to contribute to condensate 
formation. Thus, a diversity of N- and C-terminal truncated Stag3 variants 
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could act as an important regulator for cytoplasmic condensate structuring, as 
hypothesised for Stag1 variants. To initially test this, putative Stag3 variants 
would be mined for through 5’ and 3’ RACE experiments as well as analysis 
of RNA-seq using VAST tools and Pac-Bio. If a diversity of Stag3 variants are 
discovered, it would be interesting to perform selective knockdown (such as 5’ 
and 3’ siRNAs) to investigate whether variants with different IDRs differentially 
impact cytoplasmic condensates and cell fate decisions.   

Novel roles for Stag paralogs influencing cell fate through post-transcriptional 
control 

Over recent years, post-transcriptional regulation of gene expression has emerged 
as an important driver of cell fate decisions (Sampath et al., 2009).  Until now, 
a role for cohesin complexes in general and Stag proteins specifically in post-
transcriptional regulation has not been considered. My results reveal two distinct 
ways that Stag proteins could contribute to cell fate by regulating mRNA post-
transcriptionally.  We show a role for Stag1 in nucleolar structure and function, 
both in terms of rRNA expression and global changes to translation, suggesting 
Stag1 is required for ribosome homoeostasis.  Further, Stag3 is localised to the 
centrosome and directly interacts with proteins known to associate with translation 
control and mRNA shuttling along cytoskeleton networks. Thus, while Stag 
proteins clearly have some affect on genome organisation and TAD structure, my 
results make it possible that their main functions in cell fate decisions are in post-
transcriptional regulation and translation control.   

It is particularly interesting that disruption to p-body condensates in ES cells has 
recently been found to increase protein output of several key pluripotent markers 
that were translationally repressed, including Dppa3; this resulted in an enhanced 
pluripotent state (Di Stefano et al., 2019). This observation closely resembles 
my own findings that Stag3 knockdown disrupts cytoplasmic condensates, 
causes post-transcriptional up-regulation of Dppa3, and ultimately increases 
pluripotent potential. While large Stag3 puncta clearly overlap with ɣ-Tubulin, 
indicating centrosome co-localisation, smaller discrete Stag3 foci are observed 
throughout the cytoplasm, which could be indicative of p-bodies. Supporting this, 
several known p-body proteins were detected in the Stag3 IP-MS. To test this, 
further co-IF using a marker for p-bodies, such as DDX6, should be performed 
to assess Stag3’s co-localisation at these condensates. Observing if these 
condensate structures are disrupted under Stag3 knockdown conditions would 
also be informative as it could suggest that Stag3 functions through the same 



281

mechanism as set out by Di Stefano et al. (2019) to impact post-transcriptional 
gene expression of specific proteins. 

Finally, the observation that Stag3 affects protein translation rate of Dppa3 
but does not impact global translation rates was made by using a Dppa3-GFP 
cell line. Here, RT-qPCR and flow cytometry identified the disconnect between 
Dppa3 mRNA and protein expression levels under Stag3 KD conditions. To gain a 
more global perspective on which genes are post-transcriptionally controlled, an 
important follow up investigation would involve a Stag3 KD comparing changes to 
gene expression on the mRNA level by RNA-seq with changes to the proteome by 
quantitative mass spectroscopy. Through this, a compendium of genes showing 
similar disconnects in the mRNA and protein expression could be identified as 
being likely post-transcriptionally regulated by Stag3. By analysing the function 
of these genes in pluripotent cells through gene ontology, this experiment could 
explain how Stag3’s post-transcriptional functions result in a pro-commitment 
phenotype. 

Stag impacts on cell fate in the context of disease

As discussed in sections 1.2 and 1.3, a clear mechanism for how Stag proteins 
contribute to developmental disease and pan-cancers remains disputed. For 
example, some reports find Stag mutations dive SCC defects that promotes 
aneuploidy and genome instability (Solomon et al., 2011), whilst others posit 
changes to chromatin contact frequencies result in aberrant gene expression 
(Viny et al., 2019). It is possible that different cell types are more vulnerable to 
different Stag-related functions and so the mechanism that drives disease in Stag 
mutated cells is context dependant. Nonetheless, it is imperative to understand 
how Stag proteins contribute to cell fate decisions in each disease setting so that 
we are able to exploit therapeutic targets. 

The observations made in this project that Stag paralogs have roles in structuring 
higher order condensates and post-transcription gene expression regulation adds 
additional dimensions to how Stag mutations may result in loss of cell identity and 
lead to disease. To explore this further, future investigations into how condensates 
and translation control are affected in patient-derived Stag1 and Stag3 mutant 
cancer cell lines could help to elucidate the pathophysiology driving cancer 
phenotypes. Likewise, given its mutational frequency in pan-cancers, determining 
whether Stag2 also has roles in these processes would be particularly beneficial. 
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Whilst the role of Stag1 and Stag2 in disease have been extensively studied, 
investigations into Stag3's contribution to disease phenotypes are relatively limited. 
Primarily, Stag3-/- mouse models and siRNA-mediated knockdown of Stag3 
in spermatocytes demonstrate infertility and have provided evidence for Stag3 
being essential in germ cell development during meiosis I (Hopkins et al., 2014; 
Llano et al., 2014; Fukuda et al., 2014; Winters et al., 2014). My results implicate 
Stag3's role in germ cell development occurs at an earlier stage of commitment. 
Specifically, knockdown of Stag3 in pluripotent fates results in downregulation 
of germ cell commitment genes, thus suggesting Stag3 contributes to germ cell 
development prior to the later meiosis I stage in spermatocyte maturation. To 
explore when Stag3 is required for germ cell commitment, a Stag3 inducible 
degradation mouse model (such as using the FKBP-dTAG system) could be 
engineered. This would enable assessment at which initial developmental time 
point Stag3 expression is essential for germ cell development. 

Stag3 re-expression has also been reported in pan-cancers (Feichtinger et al., 
2012). Importantly, a recent study revealed Stag3 expression in patient-derived 
colorectal cancer cell lines conferred an increased risk of cell migration and 
metastasis, suggesting this is not merely a passenger event of aberrant gene 
expression (Sasaki et al., 2021). In light of my findings, Stag3's expression is 
important for cell fate commitment. It is therefore possible that Stag3 up-regulation 
in cancer settings promotes commitment to different cell fates that may enable 
cells to occupy new niches and metastasise. Thus, therapeutic targeting of Stag3 
in 'Stag3-high' cancers could reduce the risk of secondary tumours and confer 
to improved survival. Given that Stag3 is the least homologous Stag paralog, 
designing a drug to specifically target Stag3 may be less challenging than 
targeting only Stag1 in Stag2-related cancers. 
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