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Abstract 
 

In preimplantation development, the pluripotent epiblast is the precursor of all 

foetal tissues and of human embryonic stem cells (hESCs). Investigating the 

regulatory mechanisms that underpin human pluripotency is therefore vital to 

understand human embryogenesis and to improve in vitro models of human 

pluripotency. However, our current knowledge of the transcriptional regulation of 

human pluripotency is incomplete. In particular, various regulators identified 

through studies in the mouse display non-conserved expression or function in 

the human embryo. To explore how such proteins might be involved in the 

regulation of human pluripotency, I identified a number of transcription factors 

that are enriched in the human epiblast and expressed specifically in hESCs 

cultured under naïve, but not primed, pluripotency conditions. Through analysis 

of expression in both naïve hESCs and the developing human blastocyst, I 

determined that KLF17 is a promising candidate pluripotency regulator. I 

therefore performed gain- and loss-of-function analyses to elucidate the 

function of KLF17 in hESCs. Through ectopic expression of KLF17, I found that 

it is sufficient to upregulate the expression of a number of naïve hESC-

associated genes in primed conditions and to drive transgene-mediated 

resetting of primed to naïve pluripotency under appropriate culture conditions. 

However, a CRISPR-Cas9-mediated null mutation of KLF17 revealed that it is 

not required for naïve pluripotency acquisition or maintenance in vitro. By 

transcriptome analysis of KLF17-null mutant hESCs during resetting, I identified 

possible compensatory mechanisms including upregulated expression of 

paralogous genes and the impact of exogenous WNT inhibition. In all, this work 

shows a role for KLF17 in establishing naïve pluripotency, but that it is not 

strictly necessary for generating naïve hESCs. I therefore suggest that the 

function of KLF17 is to promote a naïve pluripotent phenotype but that under 

standard conditions, parallel mechanisms exist and are able to compensate in 

the absence of KLF17. 
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Impact Statement 
 

In this thesis, I describe the investigations undertaken to determine the role of 

the protein KLF17, which I hypothesised is a critical regulator of pluripotency in 

both human embryos and human pluripotent stem cells (hPSCs). This work 

therefore increases our understanding of the basic biology of hPSCs. The field 

of hPSC biology is a very active area of research, with a recent study finding 

that ~1600 hPSC-related publications were released in 2017 alone (Ludwig et 

al., 2018). Therefore, any insight can potentially impact on a huge number of 

scientific studies that rely on hPSCs. 

 

For basic science, hPSCs offer tremendous insight into the mechanisms acting 

during human embryogenesis. For applied science, however, the applications of 

hPSCs are even more far-reaching, given their capacity to differentiate into any 

cell-type of the body. This opens up the possibility to investigate human tissues 

and cell-types that are otherwise inaccessible. Additionally, induced pluripotent 

stem cells (iPSCs) (Takahashi and Yamanaka, 2006) paved the way for 

generating patient-specific cell-types, which can be used for disease modelling 

or testing therapeutics. The differentiated products of hPSCs can also act as 

therapeutics themselves, such as in the ongoing clinical trials to treat age-

related macular degeneration using iPSC-derived retinal pigmented epithelium 

(da Cruz et al., 2018). 

 

Given the tremendous potential of hPSCs, it is vital that we understand the 

basic biology underlying their pluripotency. This is particularly important in light 

of known issues surrounding current hPSCs, such as the substantial 

heterogeneity that exists among hPSC lines and how this can lead to significant 

bias in their differentiation potential (Kim et al., 2007; Osafune et al., 2008; 

Keller et al., 2018). For clinical applications, issues with hPSC differentiation are 

particularly troublesome. 
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Investigating the function of KLF17 sheds some light on pluripotency regulation. 

In particular, KLF17 expression is associated with the “naïve” pluripotency. 

Interestingly, naïve hPSCs have been suggested as a better starting material 

for differentiation protocols, as they represent a developmentally earlier, and 

therefore less biased, cell state. Therefore, by impacting upon our 

understanding of naïve human pluripotency, the work described herein may 

someday make a small contribution toward developing optimised naïve hPSCs, 

with widespread applications in biomedical science. 

 

In order for such impact to come about, this work must be disseminated. 

Currently, a scientific manuscript based on the work presented here is available 

on the pre-print server BioRxiv (https://www.biorxiv.org/) and is under review at 

the journal Development. The findings of this work are therefore freely available 

to any person who might wish to access them. Additionally, throughout the 

course of my PhD, I have given talks and presented posters at a number of 

local and international conferences. I therefore hope that, by taking into account 

and perhaps building upon the foundation of the results described herein, both 

this lab and others will be able to progress future strands of research to 

gradually increase our understanding of hPSCs and pave the way for future 

advances in exciting clinical applications. 
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Chapter 1 – Introduction 
 

1.1 Models of mammalian preimplantation development 
 

Preimplantation development describes the period of early embryogenesis 

beginning with fertilisation of an oocyte by sperm to form a single-celled zygote 

and ending with formation of the blastocyst (Wang and Dey, 2006). The zygote 

is totipotent, in that it has the potential to differentiate into all embryonic and 

extraembryonic cell-types that are required to sustain development, thus 

enabling generation of an adult organism capable of reproduction (Edwards and 

Beard, 1997; Condic, 2014). Following fertilisation, the zygote undergoes a 

series of cleavage divisions, in which the cells replicate and divide without 

growth, to form increasingly smaller cells known as blastomeres. While there is 

some contention about whether cells can already start to specialise during the 

cleavage stages (Piotrowska-Nitsche et al., 2005), most evidence suggests that 

the blastomeres are still equivalent until at least the 4-cell stage. For instance, 

individual blastomeres of bovine 4-cell stage embryos can develop into four 

genetically identical calves (Johnson et al., 1995), while it has been reported 

that a human 4-cell stage embryo with only one surviving blastomere was able 

to generate a pregnancy and birth following assisted reproduction (Veiga et al., 

1987) and the individual blastomeres at the 4-cell stage can also develop until 

at least the blastocyst stage in vitro (Van de Velde et al., 2008). 

 

Following the cleavage divisions, mammalian embryos undergo a process of 

compaction (White et al., 2016), in which cell-cell contacts are tightened and a 

ball of cells with no discernible boundaries is formed, called the morula. Finally, 

through a process of cavity formation and expansion, the morula progresses 

into a blastocyst, which matures to contain three distinct cell types (White and 

Plachta, 2019). These consist of two extraembryonic cell types, the 

trophoectoderm (TE), which contributes the foetal portion of the placenta, and 
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the primitive endoderm (PrE), which gives rise to the yolk sac, and the 

embryonic epiblast (EPI), the pluripotent population that is the precursor of all 

tissues of the embryo proper. In most mammals, a fully formed blastocyst marks 

the end of the preimplantation stage of development, as the blastocyst will go 

on to implant into the maternal endometrium and undergo all further stages of 

growth and specialisation. 

 

Historically, mammalian preimplantation development has been investigated 

using the mouse as an accessible and experimentally amenable proxy for all 

species, including human (Cockburn and Rossant, 2010). Indeed, the 

landmarks of preimplantation development are largely similar between human 

and mouse (Fig.I1) (Niakan et al., 2012). While advances in reproductive 

technologies and techniques for in vitro culture have made it possible to 

investigate the human embryo directly, the mouse remains a popular and vital 

model organism for many reasons, including limiting the use of the precious 

resource of surplus human pre-implantation embryos from in vitro fertilisation 

(IVF) and other assisted reproductive techniques (ARTs). Furthermore, the 

range of precise genetic manipulations that can be performed with mouse 

embryos opens up a huge array of experiments that are not feasible with the 

human, at least at the present time. 

 

However, there are a number of notable features of mouse preimplantation 

development that are not universally applicable to all mammals. For instance, 

rodent embryos are capable of entering a state of diapause prior to implantation 

(Kirkham, 1916), wherein embryos developed until the blastocyst stage are able 

to temporarily suspend growth and development. This occurs when the 

conditions are not immediately suitable for maintaining a pregnancy, e.g. when 

the mother is still nursing a litter of pups. In this case, to conserve energy for 

continued nursing, a new pregnancy is delayed following fertilisation until the 

existing pups are weaned. In a similar phenomenon, mouse embryos show 

enormous flexibility for temporal “mis-matching” between embryo stage and 
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maternal environment (Bermejo-Alvarez et al., 2014). This is observed when 

embryos from a donor mouse are introduced into pseudo-pregnant female 

surrogates, where the developmental stage of the embryo does not match up 

with the days post-coitum (d.p.c.) of the surrogate mouse. For instance, 0.5 

d.p.c. pseudo-pregnant females are suitable recipients for embryos at any 

stage, even including blastocysts at embryonic day (E)3.5-4.0. 

 

 
Figure I1 The events, but not the timing, of mouse and human preimplantation 
embryogenesis are highly conserved 

Schematic representation of (top) mouse and (bottom) human preimplantation and early post-
implantation embryo development. The end of the preimplantation period is signalled by 
formation of a fully mature blastocyst at about embryonic day (E)4.0 in mouse and E6.0 in 
human. The blastocyst is composed of three cell types, the extraembryonic trophoectoderm 
(TE, blue) and primitive endoderm (PrE, red) and the pluripotent epiblast (EPI, green). Embryo 
morphology diverges considerably between species following implantation. (Adapted from 
(Niakan et al., 2012)). 

 

A further significant difference between mouse and human is the increased 

fecundity and litter size of mouse pregnancies. This is important because in the 

mouse, any single embryo is dispensable and relatively few safeguards are 

needed to ensure the survival of an embryo, provided that the litter at large 

would remain healthy. Indeed, this is evident in the prevalence of reabsorbed 

decidua (Drews et al., 2020). This is not the case in the human, where singlet 
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pregnancies are the norm. Despite this, human embryos are much less robust 

than their mouse counterparts, and pregnancy failure is very common at many 

stages in the human (Jarvis, 2016). First, there is a bottleneck at the time of 

embryonic genome activation (EGA), which occurs at the 4- to 8-cell stage in 

humans (Artley et al., 1992; Braude et al., 1988; Vassena et al., 2011). 

Secondly, many human embryos fail at the blastocyst stage, being incapable of 

completing full blastocyst development, hatching from a glycoprotein shell 

called the zona pellucida and/or implanting into the maternal uterine 

endometrium (Hertig et al., 1959; Hardy et al., 1989; Cohen et al., 1990; 

Boomsma et al., 2009; Koot et al., 2012). Even of embryos that successfully 

implant, only ~47.7% of those pregnancies continue past the third month of 

gestation (Boomsma et al., 2009). Therefore, there is significant rationale for 

understanding the specific details of human embryogenesis, which may help to 

improve pregnancy outcomes, particularly following ART. 

 

Furthermore, despite the morphological similarities of preimplantation 

development (Fig.I1), evidence has amassed over recent years to reveal some 

species-specific mechanisms of regulation (Cockburn and Rossant, 2010; 

Rossant and Tam, 2017), encompassing the timing of important developmental 

events, and molecular differences in gene expression dynamics (Niakan and 

Eggan, 2013), transcription factor function (Fogarty et al., 2017) and chromatin 

accessibility (Gao et al., 2018). 

 

A major landmark of the preimplantation stage, EGA occurs early in the mouse, 

at the 2-cell stage (Flach et al., 1982), compared to the 4- to 8-cell stage in 

human embryos (Braude et al., 1988; Vassena et al., 2011), such that the 

earliest stages of human development are more reliant on maternally deposited 

factors. The early timing of EGA in the mouse may be linked to the rapid pace 

of preimplantation development, as controlled transcription from the embryonic 

genome facilitates the earliest cell fate decisions that distinguish the outer TE 

cells from the ICM, and subsequently specialise cells of the ICM into the 
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extraembryonic PrE and pluripotent EPI. In the mouse, a mature blastocyst is 

formed and ready to implant by E4.5, whereas human preimplantation 

development is protracted and implantation is delayed until ~7 days post-

fertilisation (d.p.f.) (Fig.I1). 

 

At the molecular level, previous work has identified key transcriptome-wide 

differences between mouse and human embryos (Blakeley et al., 2015), with a 

lack of conservation in the human EPI, for instance, of many key markers 

identified in the mouse, including Klf2 and Nr0b1. Additionally, despite 

conservation of the role of cell polarity in determining the first cell fate decision 

in mouse, human and bovine embryos, the expression patterns of the TE 

marker CDX2 and the pluripotency factors SOX2 and OCT4 are much more 

similar in human and bovine, and divergent from that of the mouse (Niakan and 

Eggan, 2013; Gerri et al., 2020). 

 

Indeed, as it becomes more widely accepted that aspects of rodent 

embryogenesis might not be representative of all mammals in general, interest 

in other models is growing and work has been undertaken to understand 

pluripotency and developmental progression in a variety of alternative 

mammalian systems, including bovine (Kuijk et al., 2012; Wei et al., 2017; 

Daigneault et al., 2018; Lavagi et al., 2018; Gerri et al., 2020), porcine (Fujii et 

al., 2013; Fujishiro et al., 2013; Cao et al., 2014; Ramos-Ibeas et al., 2019; Choi 

et al., 2020), rabbit (Graves and Moreadith, 1993; Piliszek et al., 2017) and, 

perhaps most interestingly, non-human primate embryogenesis (Boroviak et al., 

2015; Nakamura et al., 2016; Sasaki et al., 2016; Wang et al., 2017; Boroviak et 

al., 2018; Liu et al., 2018; Ma et al., 2019). As a wider variety of mammalian 

species are investigated, it is becoming clearer that aspects of rodent 

embryogenesis may be quite unique and that features of human embryogenesis 

may be well conserved among other mammals. This is clear even at the level of 

morphology when observing the embryo immediately following implantation. In 

rodents, the pluripotent EPI transitions to a cup-like egg cylinder upon 
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implantation into the maternal tissue. Conversely, a number of other mammals, 

including humans and non-human primates, exhibit a flattened epithelial-like 

disc of post-implantation EPI cells, which opens up to surround an amniotic 

cavity with columnar and squamous epithelium on opposite sides (Rossant, 

2015; Nakamura et al., 2016; Boroviak and Nichols, 2017) (Fig.I1). Therefore, 

the mouse post-implantation embryo may not allow for the modelling and 

understanding of all aspects of the progression of human EPI development. 

 

There are also further similarities between human and non-human primate 

embryogenesis. Intriguingly, there are differences in the expression of 

numerous factors identified in the mouse preimplantation epiblast, such that 

genes including KLF2, ESRRB and BMP4 are absent from the pluripotent cells 

of both human and non-human primate embryos (Boroviak et al., 2015; 

Blakeley et al., 2015). Meanwhile, primate embryos display upregulation of 

genes not identified in the mouse EPI, including components of the TGFβ 

signalling pathway and numerous transcriptional regulators (Boroviak et al., 

2015; Petropoulos et al., 2016; Blakeley et al., 2015). Additionally, ICM cells of 

human and marmoset preimplantation blastocysts have been found to express 

high levels of the cell cycle inhibitor WEE1, in contrast to mouse embryonic 

stem cells (mESCs) that constitutively express high levels of Cdk2 (Boroviak 

and Nichols, 2017). Therefore, primate pluripotent cells have considerably 

longer doubling times than their mouse counterparts. Alongside the 

morphological differences described above, this further cements the idea that 

aspects of the regulation and progression of pluripotency may not be entirely 

conserved between human and mouse embryogenesis. 

 

While studies in alternative organisms provide incredible insight into conserved 

and divergent features of embryogenesis, the use of large animals is limited by 

the requirement for specialised animal facilities and greater regulatory 

limitations. Additionally, in the case of non-human primates, in vitro culture of 

embryonic stem cells is typically hampered by the same limitations as human 
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(h)ESCs, including developmental priming, reduced similarity to the in vivo EPI 

compared to mouse (m)ESCs and heterogeneity among lines and limiting the 

utility of in vitro models (Pau and Wolf, 2004; Bavister et al., 2005; Byrne et al., 

2006; Nakamura et al., 2016). Moreover, while comparative studies in model 

organisms will continue to be informative, it is still possible that humans have 

evolved unique mechanisms that are absent in other organisms. Thus, it is vital 

to carry out investigations into human development in the most directly relevant 

context, that is, hESCs and the human embryo itself. 

 

Recent technological advances have made it easier to glean important 

information directly from the scarce and precious resource of human embryos. 

First and foremost, the advent of single cell sequencing technologies (Tang et 

al., 2009) paved the way for in-depth transcriptomic analysis throughout 

preimplantation development (Xue et al., 2013; Yan et al., 2013; Blakeley et al., 

2015; Petropoulos et al., 2016). Subsequently, a number of combined 

technologies have been developed allowing concomitant profiling of 

transcriptome and genome sequence (Macaulay et al., 2015), DNA methylation 

(Clark et al., 2018) and chromatin accessibility (Liu et al., 2019a). The former of 

these combined omics techniques, G&T-seq (Macaulay et al., 2015), enabled 

the first description of transcription factor function directly in the human embryo 

using CRISPR-Cas9-mediated knockout (Fogarty et al., 2017). 

 

Improvements in culture conditions for human embryos, including use of an 

EmbryoScope time-lapse system (Vitrolife) designed for ART, are enabling 

better, more stable development of embryos in a research setting, while 

methods for extended culture are opening up the “black box” of human 

development, allowing approximation of peri- and early post-implantation 

development (Deglincerti et al., 2016; Shahbazi et al., 2016; Xiang et al., 2020), 

within the bounds of legal and ethical restrictions. Meanwhile, advances in live 

embryo imaging with fluorescent markers on platforms including light-sheet and 

spinning disc microscopes are poised to reveal powerful insight into human 
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embryogenesis at both the molecular and morphological levels (Nowotschin and 

Hadjantonakis, 2014; de Medeiros et al., 2016; Yao et al., 2018; Reichmann et 

al., 2018). 

 

Mammalian embryogenesis is a fascinating and highly complex process, which 

serves as a powerful tool to understand not only embryo development itself, but 

also the role of transcriptional regulation and signalling cascades in cell fate 

decisions; the establishment of and response to cell polarity; and, the 

establishment and dismantling of the unique states of totipotency and 

pluripotency. 

 
 

1.2 Models of pluripotency 
 

Understanding pluripotency, especially in the human context, is fundamentally 

important. The pluripotent cells of the EPI go on to form all of the tissues of the 

fully developed organism, creating progeny cells that are maintained throughout 

adult life and forming the basis of the heritable germline. Investigating 

pluripotency in this context is therefore crucial to inform our understanding of 

embryo development. However, a basic understanding of the pluripotent state is 

also required to unlock the full potential of human pluripotent stem cells 

(hPSCs), including hESCs and human induced PSCs (hiPSCs), which 

represent an essentially infinite source of human cells of any type, provided the 

right differentiation protocol is available. This not only aids research into 

typically inaccessible tissues and cell-types, but also offers enormous promise 

in regenerative medicine. 

 

For this reason, many decades of work have gone into establishing and 

investigating models of pluripotency. The earliest in vitro models of pluripotency 

were embryonal carcinoma cells (ECCs) (Martin and Evans, 1975), derived 

from teratocarcinomas, which were noted to undergo differentiation events 
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similar to those observed in early mouse embryos. Subsequently, the first 

mESCs were derived from mouse ICMs in vitro using teratocarcinoma-

conditioned medium (Martin, 1981) or FBS-containing medium on a supportive 

layer of mouse embryonic fibroblast (MEF) feeder cells (Evans and Kaufman, 

1981). These initial studies paved the way for intensive investigation of 

mammalian pluripotency, noticeably leading to stepwise improvements in 

mESC culture conditions. 

 

From the initial serum/MEFs condition, which was only applicable to mESC 

derivation from the 129 mouse strain, it was discovered that a single factor 

secreted by the feeder layer could compensate when included as an exogenous 

protein in the culture media – leukaemia inhibitory factor (LIF) (Smith et al., 

1988; Smith and Hooper, 1987; Williams et al., 1988). This serum/LIF condition 

allowed the derivation of feeder-free mESCs, though still limited to the 129 

strain (Nichols et al., 1990; Pease et al., 1990; Pease and Williams, 1990). 

Through further investigation, signalling downstream of FGF/ERK was identified 

as a driver of mESC differentiation (Kunath et al., 2007), though its inhibition 

also limited self-renewal. Instead, it was found that promoting proliferation 

alongside inhibiting differentiation by providing the small molecule inhibitors 

CHIR99021 (GSK3β inhibitor) and PD032590 (MEK/ERK inhibitor), in particular 

in combination with the cytokine LIF (2iLIF), was sufficient to derive and 

maintain mESCs from a variety of strains in a so-called “ground state” of 

pluripotency (Ying et al., 2008; Nichols et al., 2009; Kiyonari et al., 2010; 

Yamagata et al., 2010; Wray et al., 2010). 

 

This ground state or naïve pluripotency is defined as the ability of cells to 

maintain a state of self-renewal and unbiased differentiation potential with 

minimal exogenous influence (Wray et al., 2010). While earlier cells grown in 

serum/LIF conditions displayed heterogeneous expression of pluripotency 

factors, noticeably NANOG and REX1, mESCs cultured in 2iLIF are 

homogeneous (Wray et al., 2010). Furthermore, subsequent analysis shows 
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2iLIF mESCs to be similar to the preimplantation pluripotent EPI of the mouse 

embryo, in terms of signalling requirements, metabolism, epigenetic state, 

transcriptional identity and their ability to colonise early mouse embryos and 

give rise to germline-competent chimaeras (Hackett and Surani, 2014). 

 

Progress in generating mESCs led to hope for deriving human equivalents. 

Initial hESC-like cells were derived by plating human embryos onto a feeder 

layer of human oviduct epithelial cells with medium containing human serum 

and LIF (Bongso et al., 1994) but they could not be maintained in the long-term, 

thus lacking the crucial ESC criterion of self-renewal. Through work in non-

human primates (Thomson et al., 1995; Thomson et al., 1996), it was 

determined that LIF was dispensable for hESC derivation and subsequently, the 

first bona fide hESCs were derived from immunosurgically-isolated human ICMs 

in serum, on a MEF feeder layer (Thomson et al., 1998). The pluripotency of 

these cells was defined on the basis of expression of pluripotency-related cell 

surface markers (e.g. SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81), positive 

staining for alkaline phosphatase, and trilineage differentiation potential in 

teratoma formation assays (Thomson et al., 1998). Furthermore, later studies 

identified expression of the conserved pluripotency marker OCT4, but also 

confirmed LIF-independence (Reubinoff et al., 2001), highlighting a 

considerable disparity between human and mouse ESCs. The ability to derive 

ESC lines from both human and non-human primate embryos under conditions 

and with features distinct from those of the mouse was widely considered to 

represent a species-specific phenomenon (Ginis et al., 2004; Schnerch et al., 

2010), possibly related to molecular and functional differences of primate and 

rodent embryogenesis, including the capacity for diapause (Nichols and Smith, 

2009). 

 

Indeed, work to refine hESC culture conditions found divergent signalling 

pathway requirements for human pluripotency. In place of variable and poorly 

defined serum, knockout serum replacement (KSR) was found to support hESC 
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survival on MEFs alongside exogenous FGF2 supplementation, with this more 

defined culture condition enabling clonal propagation of hESCs (Amit et al., 

2000). This is in direct contrast to the role of FGF signalling in promoting 

differentiation of mESCs (Ying et al., 2008). Unlike the role of LIF stimulation in 

mESCs, FGF2 treatment was insufficient to maintain undifferentiated hESCs 

without a feeder layer. Rather, to facilitate feeder-free culture, hESCs were first 

maintained in MEF-conditioned medium with additional FGF2, with support from 

laminin or the various basement membrane components present in Matrigel (Xu 

et al., 2001). However, it remained unclear what was the component secreted 

by MEFs that was necessary for hESC maintenance and whether potential 

carryover of other signalling factors in animal-derived basement membranes 

may impact upon hESCs. 

 

Ultimately, ACTIVIN/NODAL signalling was identified as a core regulator of 

human pluripotency in vitro, such that NODAL-overexpressing hESCs showed 

much less propensity to differentiation and increased proliferation (Vallier et al., 

2005). Indeed, the paralogous ligands ACTIVIN and TGFβ1 are expressed by 

MEFs and present in conditioned medium (Vallier et al., 2005; Beattie et al., 

2005). Thus, combining exogenous stimulation of both FGF and 

ACTIVIN/NODAL signalling pathways was found to be sufficient to maintain 

hESCs in feeder-free culture conditions and has been the basis of most popular 

media for hESC maintenance ever since (Ludwig et al., 2006a; Ludwig et al., 

2006b). 

 

On the basis of these defined hESC culture conditions, it was investigated 

whether stimulation of these same signalling pathways could support mouse 

pluripotency in vitro. Performing stem cell derivations from mouse under 

conditions containing FGF and TGFβ led to the identification of a new 

pluripotent stem cell type, called epiblast-derived stem cells (EpiSCs), which 

were generated from post-implantation stage mouse blastocysts (Brons et al., 

2007; Tesar et al., 2007). These cells differ from mouse ESCs but share a 
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number of features with human ESCs (discussed below), disputing the notion 

that human and mouse ESCs differed due only to species of origin. Importantly, 

they were found to represent a developmentally advanced, “primed” state of 

pluripotency, such that they have increased expression of early lineage 

differentiation markers and are molecularly similar to the late gastrulating EPI of 

the mouse embryo (Kojima et al., 2014). In light of these observations, hESCs 

are also suggested to represent a primed state of pluripotency, wherein it is 

thought that conventional culture conditions used for hESC derivation might 

promote developmental progression of the isolated epiblast (Nichols and Smith, 

2009). In fact, formation of a structure known as the post-inner cell mass 

intermediate (PICMI) has been shown to be necessary for standard hESC 

derivation and PICMI formation strongly mimics self-organisation and 

epithelialisation of the peri-implantation epiblast (O'Leary et al., 2012). 

 

Interestingly, preimplantation mouse blastocysts can be encouraged to yield 

mEpiSCs in vitro when derivation is performed under modified conditions (Najm 

et al., 2011). mESCs can also be primed in vitro by ACTIVIN and FGF2, giving 

rise to mEpiSC-like cells (Guo et al., 2009). And, vice versa, mEpiSCs can be 

reverted back to a naïve mESC-like state, though this non-physiological 

reversal of developmental stage requires the use of transgenes alongside 2iLIF 

culture (Guo et al., 2009; Hanna et al., 2009; Silva et al., 2009). These 

observations of distinct and interchangeable pluripotent cell types derived from 

mouse embryos gave rise to the concept of a pluripotency continuum (Morgani 

et al., 2017; Smith, 2017). 

 
 

1.3 The pluripotency continuum 
 

In vivo, during all mammalian development, pluripotency is maintained in the 

cells of the EPI from its first emergence in the preimplantation ICM until the 

early post-implantation stage, just prior to gastrulation. By definition, the cells of 
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the EPI remain pluripotent for as long as they maintain the potential to 

differentiate into derivatives of all three germ layers – endoderm, ectoderm and 

mesoderm. However, that does not suggest that the state of pluripotent EPI 

cells is static throughout the transition from pre- to post-implantation. This 

developmental progression is represented in culture in the differences between 

naïve and primed embryo-derived stem cells. 

 

In the mouse, where it is possible to perform chimaera experiments, this 

relationship is best exemplified by the in vivo potency of either mESCs or 

mEpiSCs when introduced back into the embryo. Naïve mESCs can be 

introduced into preimplantation mouse embryos, commonly at the morula or 

early blastocyst stage, and subsequently colonise the pluripotent EPI 

(Robertson et al., 1986). When these mESC-chimaeric embryos are allowed to 

develop further, it is found that the in vivo progeny of naïve mESCs are capable 

of giving rise to tissues of all three germ layers, as well as germline cells (sperm 

or ova) that can produce healthy pups. In contrast, mEpiSCs are unable to 

colonise the preimplantation mouse embryo, but can be introduced into peri- 

and post-implantation stages and incorporate into the EPI (Kojima et al., 2014; 

Huang et al., 2012). This suggests a requirement for developmental synchrony 

for successful mEpiSC incorporation. From here, they are also able to 

differentiate into derivatives of all three germ layers, but robust germline 

contribution of mEpiSCs has not been demonstrated (Ohtsuka et al., 2012; Joo 

et al., 2014; Tsukiyama and Ohinata, 2014), even if they are incorporated into 

the EPI prior to allocation of the primordial germ cells (PGCs) at about E6.25 

(Ohinata et al., 2009). Therefore, one of the most stringent criteria for 

distinguishing naïve and primed pluripotency is the ability for germline 

transmission. However, due to legal and ethical restrictions in the use of human 

embryos, such chimaera experiments are not possible to perform in order to 

test the status of hESCs. Formation of interspecies chimaeras with hESCs has 

been attempted, with limited success (James et al., 2006; Theunissen et al., 

2014; Mascetti and Pedersen, 2016; Wu et al., 2017). However, the similarities 
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between conventional hESCs and mEpiSCs suggest that the same definitions 

regarding germline competency would apply. Furthermore, attempts to produce 

human PGCs in vitro appear to rely on a more naïve, rather than primed, hESC 

starting population (Irie et al., 2015), suggesting conserved restrictions in 

differentiation competency. 

 

In the mouse embryo, naïve mESCs are generally derived from E3.5-4.5 

blastocysts, whereas primed mEpiSCs can be generated from embryos 

anywhere between E5.5 to E8.0 (Brons et al., 2007; Tesar et al., 2007; Osorno 

et al., 2012; Kojima et al., 2014), a difference of up to 4.5 embryonic days. 

Furthermore, in primates, the developmental window from naïve to primed 

pluripotency is estimated to be up to ten days (Nakamura et al., 2016). It is 

therefore unfeasible that the change from naïve to primed is simply a binary 

switch. Rather, it is likely that cells of the EPI, regardless of species, undergo a 

number of subtle changes during the peri-implantation period, which take them 

from a fully pluripotent, unbiased ground-state, to a state where they are 

immediately responsive to differentiation cues provided during gastrulation. 

Indeed, there is increasing interest in capturing these intermediate pluripotent 

states as stable cell lines in vitro. The intermediate, or “formative” (Smith, 2017), 

state is captured transiently in mouse epiblast-like cells (mEpiLCs), that form 

during the mESC to mEpiSC transition. mEpiLCs, in contrast to mEpiSCs, 

express neither naïve or lineage markers, retain capacity to differentiate into in 

vitro PGCs and resemble the early post-implantation EPI (Hayashi et al., 2011; 

Hayashi et al., 2012). Additionally, formative stem cells (FSCs) derived directly 

from the E5.5-E6.0 pre-streak mouse embryo have been described (Kinoshita 

et al., 2020). Like EpiLCs, these mFSCs are able to differentiate into PGC-like 

cells and can also be derived from early-differentiating mESCs. Unlike 

mEpiLCs, however, they represent a stable in vitro state of formative 

pluripotency (Kinoshita et al., 2020). Interestingly, differentiation of mFSCs to 

somatic lineages proceeds in a similar manner to, but more slowly than, that of 
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mEpiSCs, suggesting that the FSCs follow a developmental trajectory towards 

primed pluripotency prior to lineage commitment (Kinoshita et al., 2020). 

 

Recently, a fourth pluripotency state, known as rosette pluripotency, has been 

suggested to reside within the peri-implantation EPI (Neagu et al., 2020). In 

vitro rosette-like stem cells (RSCs) are LIF-dependent and maintained by dual 

WNT and MEK inhibition. They display largely primed morphology and 

chromatin state, but maintain naïve marker expression, suggesting that they 

predate formative pluripotency. Further, RSCs can be converted to either a 

mESC- or mEpiSC-like state with great flexibility (Neagu et al., 2020). There 

has therefore been considerable progress in investigating various intermediate 

states of mouse EPI progression via in vitro stem cell derivations (Fig.I2). 

 

 
Figure I2 The various states of pluripotency in the mouse embryo that have been 
captured in vitro 

(Legend continues on next page) 
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(Figure I2 cont.) The defining features of a number of distinct stem cells derived from the 
mouse pre-, peri- or post-implantation embryo are listed. (E, embryonic day; OxPhos, oxidative 
phosphorylation; XCI, X chromosome inactivation; Xa, active X chromosome; Xi, inactive X 

chromosome; DNAme, methylated DNA; N/S, not studied). 

 

In contrast, our understanding of human pluripotency is much more limited. This 

is in part due to the scarcity of human embryos, as well as the technical and 

ethical limitations of working with them, especially at post-implantation stages. 

However, it is also compounded by the primed nature of conventional hESCs, 

which have been the major model system of human pluripotency for two 

decades. As mentioned above, hESCs were initially classified as “primed”, 

despite their preimplantation origin, on the basis of their similarity to mEpiSCs. 

hESCs and mEpiSCs share a number of characteristics including: lack of 

expression of naïve-associated genes and upregulation of markers of early 

differentiation; DNA CpG methylation at levels roughly equivalent to somatic 

cells; primary energy production through glycolysis, a phenomenon resembling 

the Warburg effect of cancer cells (Vander Heiden et al., 2009; Shyh-Chang 

and Ng, 2017); a flat and epithelial-like colony morphology; X chromosome 

inactivation in female cells (discussed further below), and; dependency on 

MEK/ERK and TGFβ signalling activation. 

 

While it is known that primed hESCs do not closely resemble the 

preimplantation EPI, comparisons to the post-implantation human EPI are 

challenging. Extended culture of human embryos to supposed post-implantation 

stages may not represent in vivo development (Pera, 2017), while recent work 

that made use of aborted tissue at 16-19 d.p.f. suggests some transcriptional 

overlap with primed hESCs, but could not determine whether there may be 

increased similarity with earlier stages (Tyser et al., 2020). Rather, using the 

cynomolgus monkey as a surrogate, it appears that hESCs transcriptionally 

resemble the late post-implantation EPI, which has not yet fully progressed to 

gastrulation (Nakamura et al., 2016). This is an interesting difference compared 

to primed mEpiSCs, which resemble a later stage of gastrulating mouse EPI 
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(Kojima et al., 2014), suggesting that conventional hESCs are not as 

developmentally advanced as mEpiSCs. 

 

Efforts in the last decade have therefore focussed on capturing naïve human 

pluripotency in vitro (discussed below), to more closely recapitulate 2iLIF 

mESCs and the preimplantation human EPI itself (Wang and Gao, 2016; Ware, 

2017). Additionally, intermediate states, including formative pluripotency, which 

in primates may represent a significant length of developmental time between 

the bona fide naïve EPI and the primed state at the onset of gastrulation, is an 

ongoing field of interest, with putative intermediate hESCs described in recent 

years (Cornacchia et al., 2019; Rostovskaya et al., 2019; Kinoshita et al., 2020; 

Yamauchi et al., 2020). 

 

Initially, Cornacchia and colleagues reported that lipid-free culture of hESCs via 

the widely used Essential 8 (E8) medium induces a state of pluripotency with 

characteristics intermediate to those of primed and naïve ESCs (Cornacchia et 

al., 2019). Naïve-like features of E8-grown hPSCs included upregulated 

expression of naïve-associated proteins, increased clonogenicity, homogeneity 

of NANOG expression, immature mitochondrial morphology and increased 

histone acetylation (Cornacchia et al., 2019). However, consistent with an 

intermediate state, E8-grown hPSCs still contained considerable levels of 

genome-wide DNA methylation and histone methylation, suggesting a relatively 

heterochromatic genome configuration (Cornacchia et al., 2019). Furthermore, 

they lacked expression of most naïve-associated genes including TFCP2L1 and 

DPPA3 (Cornacchia et al., 2019). This study therefore implies that a common 

culture condition for conventional or primed hPSCs may in fact represent an 

earlier stage of pluripotency, with important implications for interpreting any 

work performed with E8-grown hPSCs. 

 

As discussed above, Kinoshita and colleagues defined a stable, self-renewing 

in vitro state of formative pluripotency in the mouse (Kinoshita et al., 2020). 



 35 

They also describe that culture of naïve hESCs in the formative stem cell 

conditions induces a stable naïve to formative transition, yielding flattened 

hESC colonies, with downregulation of naïve markers but little or no 

upregulation of the primed markers TBXT or FOXA2 (Kinoshita et al., 2020). 

These hFSC-like cells also clustered transcriptionally with late post-implantation 

EPI of the cynomolgus monkey (Nakamura et al., 2016), as well as primed 

hESCs. Thus, it appears that similar in vitro conditions might be suitable for 

propagating an intermediate or formative pluripotent state of both mouse and 

human in vitro. 

 

Finally, Yamauchi and colleagues describe an alternative route to achieving 

intermediate pluripotency from primed hESCs (Yamauchi et al., 2020). By 

continuous overexpression of NR5A1, hESCs in primed conditions upregulated 

the naïve markers KLF4, NANOG, TFCP2L1 and PRDM14 and showed 

increased clonogenicity, although proliferation was negatively impacted 

(Yamauchi et al., 2020). Instead, growing NR5A1-expressing hESCs in TGFβ- 

and FGF2-lacking medium supplemented with CHIR99021 yielded pluripotent 

cells with rescued proliferation and some naïve gene expression. Global 

expression analysis of such cells revealed a state intermediate to naïve and 

primed pluripotency (Yamauchi et al., 2020). 

 

Despite these recent developments in identifying potential intermediate states 

of human pluripotency, the exact definition of naïve human pluripotency and the 

culture conditions required to capture it are still under debate. 

 

 

1.4 Naïve human embryonic stem cells 

 

1.4.1 Uncovering naïve human pluripotency in vitro 

While there have been multiple attempts to reset hESCs to a more naïve state, 

as well as to bypass in vitro priming and directly derive hESCs that closely 
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resemble the pre-implantation EPI (Table 1.1.1), limited knowledge about the 

signalling environment and regulatory networks important during human pre-

implantation development remains an obstacle. Additionally, it has been 

suggested that human naïve pluripotency is intrinsically unstable in comparison 

to mouse naivety. The suggestion is that the ability of mouse embryos to 

undergo diapause, as discussed above, adds robustness to the naïve 

pluripotent state (Nichols et al., 2009). Indeed, the main difference between 

pluripotent cells of the EPI and in vitro ESCs is the ability of ESCs to self-renew 

without progressing to lineage priming or differentiation. This state is at least 

partially reflected when mouse blastocysts are in diapause, as it has been 

shown that though the rate is greatly decreased, cell division continues within 

the EPI while overall embryo development is paused (Nichols et al., 2001). 

Additionally, some of the earliest studies reporting mESC derivation made use 

of embryos in diapause (Evans and Kaufman, 1981; Brook and Gardner, 1997). 

Consistent with this, it has been shown that like mESCs, the maintenance of the 

EPI in an embryo undergoing diapause depends on LIF signalling (Nichols et 

al., 2001). Therefore, the existence of naïve human pluripotency as a stable 

state has in fact been contested. 

 

Nonetheless, many groups have investigated the ability of various cell culture 

conditions to reconstitute a naïve human pluripotent state in vitro (Table 1.1.1). 

Thus far, methods for naïve-like hESC generation have mostly relied on large-

scale inhibitor screens, rather than hypothesis-driven approaches, resulting in 

varied conditions in which the precise effects of inhibitor and/or agonist 

treatment on signalling and regulatory networks are not clearly defined. There is 

increasingly a general consensus regarding some hallmarks of naïve human 

pluripotency (Theunissen et al., 2016; Boroviak and Nichols, 2017; Ware, 2017; 

Dong et al., 2019) (Fig.I3), but many studies continue to use “gold-standard” 

2iLIF mESCs as a benchmark for naivety. These ground-state mESCs may not 

completely reflect the characteristics of naïve pluripotency in other species, 



 37 

including humans, given species-specific differences during development, 

including in gene expression and regulation (Huang et al., 2014). 

 

 
Figure I3 A comparison of naïve and primed human embryonic stem cells 

The defining features and morphology of naïve and primed human embryonic stem cells are 
shown. (OxPhos, oxidative phosphorylation; XCI, X chromosome inactivation; Xa, active X 
chromosome; Xe, eroded X chromosome; Xi, inactive X chromosome; DNAme, methylated 

DNA; Imprints, genomic loci with imprinted DNAme; H3K27me3, trimethylated histone H3 lysine 
27. Brightfield images are at 5x magnification). 
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(Table 1.1.1, cont.) A summary of selected media conditions, including the pharmacological 
inhibitors, cytokines/growth factors (agonists) and transgenes, used to establish and maintain 
so-called “naïve” human embryonic stem cells. (bFGF, basic fibroblast growth factor (FGF2); 

BMPi, bone morphogenic protein signalling inhibitor, Dorsomorphin; BRAFi, B-RAF inhibitor, 
SB590885; FGFRi, FGF receptor inhibitor, PD173074; GSK3i, glycogen synthase kinase 3 
inhibitor, BIO or CHIR99021; HDACi, histone deacetylase inhibitor, sodium butyrate+SAHA or 
valproic acid; hLIF, human leukaemia inhibitory factor; JNKi, c-Jun N-terminal kinase inhibitor, 
SP600125; MEKi, MEK inhibitor, PD0329501; p38i, p38 mitogen-activated protein kinase 
(MAPK) inhibitor, SB203580; PKCi, protein kinase C inhibitor, Gö6983; ROCKi, Rho-associated 
protein kinase inhibitor, Y-27632; SRCi, SRC inhibitor, WH-4-023; TGFβ, transforming growth 
factor β; WNTi, WNT inhibitor, XAV939 or IWP-2) *Pre-treatment with HDACi or purmorphamine 
(hedgehog pathway agonist) and forskolin (cyclic AMP pathway agonist) enables the early 
stages of resetting; **Exogenous FGF apparently improves, but is not required for, resetting, but 
bFGF is likely to be present in the culture milieu due to the MEF feeder layer; ***These inducible 
transgenes were used in initial screening stages, but are dispensable for culture in the finalised 
conditions. ****These transgenes are required to facilitate the early stages of resetting. 
(Adapted from (Theunissen et al., 2014) and (Ware, 2017)). 

 

The first report of “naïve” hESCs followed this paradigm (Hanna et al., 2010), 

relying on a 2iLIF-based culture regime and the exogenous or chemically 

induced overexpression of three genes, OCT4, KLF4 and KLF2, the latter of 

which is actually absent from the human EPI (Blakeley et al., 2015). In this way, 

this initial study essentially translated methods for mEpiSC to mESC reversal to 

human pluripotency. Transgene-independent methods soon followed, using 

media of differing levels of complexity (Table 1.1.1), with or without pre-

treatments to enable primed to naïve resetting (Chan et al., 2013; Gafni et al., 

2013; Ware et al., 2014). While displaying some similarity to naïve mESCs, the 

putative naïve hESCs generated in these studies largely failed to recapitulate 

expected properties of naïve human pluripotency (Huang et al., 2014; Boroviak 

and Nichols, 2017). 

 

In more recent years, a number of groups have undertaken independent 

comparative analyses of naïve hESC culture conditions, to determine 

phenotypic traits such as karyotypic stability, cross-species chimaera 
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competence, transcriptomic and epigenomic similarity to the human pre-

implantation epiblast (Huang et al., 2014; Liu et al., 2017b; Warrier et al., 2017; 

Stirparo et al., 2018), and cell-surface marker expression (Collier et al., 2017; 

Collier and Rugg-Gunn, 2018; Goodwin et al., 2020). 

 

Time and again, such studies highlight two culture regimes in particular as the 

nearest “gold-standard” for naïve human pluripotency – 5iL(F)A medium 

(Theunissen et al., 2014), and (t)t2iL+Gö medium (Takashima et al., 2014; Guo 

et al., 2017; Guo et al., 2016). Importantly, both media compositions have been 

shown to be permissive for de novo naïve hESC derivation from blastocysts, 

suggesting robustness and compatibility with bona fide in vivo preimplantation 

pluripotency. Independent transcriptomic (Huang et al., 2014; Nakamura et al., 

2016; Stirparo et al., 2018) and epigenomic (Liu et al., 2017b) analyses also 

showed significant similarity of these two cell-types to each other, to the pre-

implantation human embryo and to naïve mESCs. These cell-types also 

showed the greatest similarity to the human blastocyst in terms of cell-surface 

marker expression (Collier et al., 2017), although the functional relevance of this 

latter comparison is unclear. 

 

Interestingly, the studies defining these media (Theunissen et al., 2014; 

Takashima et al., 2014) both initially relied on overexpression of NANOG and 

KLF2 in 2iLIF conditions to allow identification of further compounds that would 

support transgene-free propagation of naïve hESCs, again relying on the 

paradigm of mouse resetting (Hall et al., 2009; Silva et al., 2009). However, 

transgene overexpression was found to be completely dispensable for 5iL(F)A, 

with primed to naïve resetting able to proceed by a relatively simple switch in 

culture conditions (Theunissen et al., 2014). Meanwhile, the (t)t2iL+Gö-related 

conditions remain dependent on an initial phase of facilitation, provided either 

by NANOG and KLF2 overexpression or treatment with histone deacetylase 

(HDAC) inhibitor, that helps hESCs to overcome the hurdle to naïve 
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pluripotency, prior to stabilisation in the maintenance media (Takashima et al., 

2014; Guo et al., 2016). 

 

While these two culture conditions are still largely regarded as the gold-

standard (Dong et al., 2019), there has been more recent work to identify further 

conditions for inducing or propagating human naïve-like pluripotency. Recent 

iterations of (t)t2iL+Gö-based media have highlighted an important role for WNT 

signalling inhibition in stabilisation of the naïve state (Guo et al., 2017; 

Bredenkamp et al., 2019b). Initially employed only in the early stages of 

chemical epigenetic resetting to suppress naïve hESC differentiation and re-

priming (Guo et al., 2017), inhibition of WNT signalling via the tankyrase 

inhibitor XAV939 has also been shown to promote somatic cell to naïve hiPSC 

reprogramming (Bredenkamp et al., 2019b). Indeed, it appears that omitting the 

indirect WNT activation via CHIR99021 altogether from (t)t2iL+Gö-based media 

and instead supplementing cells with XAV939 enables the capture of hESCs in 

an equivalent, if not improved, state of naïve pluripotency (Bredenkamp et al., 

2019b; Bredenkamp et al., 2019a). This newer medium formulation, termed 

PXGL for its components (PD032590 (MEK/ERK inhibitor), XAV939 (tankyrase 

inhibitor), Gö6983 (PKC inhibitor) and LIF), has been validated in comparison to 

various other naïve media compositions (Bredenkamp et al., 2019b) and used 

in further studies of naïve hPSC differentiation competence (Dong et al., 2020; 

Guo et al., 2020). 

 

Interestingly, a role for WNT inhibition in stabilising naïve pluripotency had been 

suggested previously in an alternative culture condition consisting of canonical 

2iLIF plus XAV939, termed LIF-3i (Zimmerlin et al., 2016). LIF-3i-reverted 

hPSCs differed from other well-validated models of naïve pluripotency in 

showing immediate trilineage differentiation potential (Park et al., 2018), 

maintenance of methylated imprints and continued expression of the cell 

surface protein SSEA4 (Zimmerlin et al., 2016), which has been shown to mark 

primed and incompletely reset hESCs (Pastor et al., 2016). In characterising 
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LIF-3i-reverted hPSCs, Zimmerlin and colleagues did not perform direct 

comparisons to the human embryo, focussing instead on similarity to naïve 

mESCs and the expression of many common naïve hESC-associated genes 

was lacking in LIF-3i conditions (Zimmerlin et al., 2016). Thus, while providing 

further evidence for a role of XAV939 supplementation in manipulating hESC 

pluripotency, this study appears to generate a more intermediate or mESC-like 

state of hESCs, rather than true naïve human pluripotency. 

 

Combining both WNT activation (through GSK3β inhibition) and WNT inhibition 

(through tankyrase inhibition) in order to stabilise the naïve hESC state appears 

counterintuitive. The role of WNT signalling in hESCs has historically been 

unclear, with evidence for and against a role in promoting differentiation (Sato 

et al., 2004; Dravid et al., 2005; Cai et al., 2007; Ullmann et al., 2008; 

Blauwkamp et al., 2012; Davidson et al., 2012; Kurek et al., 2015; Mathieu et 

al., 2019). While the role of WNT inhibition was confirmed through the use of 

alternative inhibitors (Guo et al., 2017), it is possible that inhibition of GSK3β by 

CHIR99021 may have effects outside of WNT signalling activation. Indeed, 

decreasing the concentration of CHIR99021 was already shown to be beneficial 

to naïve hESCs (Guo et al., 2017; Takashima et al., 2014), and in naïve culture 

of mESCs, CHIR99021 can be omitted, though its presence promotes survival 

and self-renewal (Ying et al., 2008). Furthermore, there is evidence that both 

CHIR99021 and XAV939 can synergise to increase overall WNT signalling 

activation in primed hESCs and mEpiSCs (Kim et al., 2013; Schmitz et al., 

2013) and it was suggested to do so in LIF-3i hPSCs (Zimmerlin et al., 2016). 

Thus, it appears that hESCs cultured under different conditions might display 

different responses to WNT modulation, but there is increasingly more direct 

evidence for a role of WNT inhibition in promoting both primed and naïve 

pluripotency. For instance, WNT and FGF signalling have been shown to drive 

lineage segregation in the marmoset blastocyst (Boroviak et al., 2015) and 

combined blockade of these signalling pathways promotes in vitro naïve 

pluripotency in human and non-human primate ESCs (De Los Angeles, 2019). 
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Combined activation of WNT and ACTIVIN/NODAL signalling in naïve hESCs 

also appears to drive them to an in vitro PrE-like state (Linneberg-Agerholm et 

al., 2019) and signalling downstream of both WNT and SRC has been 

suggested to drive hESC priming (Bayerl et al., 2020). 

 

Some further recent adaptations of naïve culture conditions include replacing 

PD032590 and Gö6983 in t2iL+Gö medium with just the FGF receptor inhibitor 

PD173074 (Linneberg-Agerholm et al., 2019), termed h2iL. Adapting chemically 

reset naïve hESCs (Guo et al., 2017) to h2iL did not dramatically affect their 

phenotype in terms of morphology, growth and transcriptome (Linneberg-

Agerholm et al., 2019), suggesting that this more minimal medium still supports 

naïve pluripotency. But, resetting of primed to naïve pluripotency, or direct naïve 

hESC derivation from the human embryo, has not been demonstrated in h2iL 

(Linneberg-Agerholm et al., 2019). 

 

Additionally, building on their previous work (Hanna et al., 2010; Gafni et al., 

2013), Bayerl and colleagues recently reported separate conditions for culturing 

hESCs in alternative pluripotency states, using various criteria of mouse naïve 

pluripotency to assess the resulting hESCs (Bayerl et al., 2020). Human 

Enhanced Naïve Stem Cell Medium (HENSM), incorporating LIF and inhibitors 

of MEK/ERK, WNT/tankyrase, p38/JNK, PKC, ROCK and SRC, enabled 

derivation of mESC-like hPSCs in feeder-free conditions, with the cells 

displaying direct differentiation competence, independence from DNA and RNA 

methylation and independence from TGFβ/ACTIVIN signalling, as expected for 

mESCs (Bayerl et al., 2020). Conversely, alternative (a)HENSM was developed 

with NOTCH inhibition replacing MEK/ERK blockade. aHENSM yielded naïve-

like hESCs without global DNA hypomethylation, thus protecting imprinted 

regions (Bayerl et al., 2020). Transcriptionally and epigenomically, HENSM-

hESCs appear to resemble other well-validated naïve hESCs, e.g. in 5iLA 

(Theunissen et al., 2014) and tt2iL+Gö (Guo et al., 2017), as well as the human 

morula or early EPI (Bayerl et al., 2020). 
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With so many varied methods of naïve or naïve-like hESC culture (Zimmerlin et 

al., 2017; Hassani et al., 2018; Taei et al., 2020), it is difficult to interpret the 

core signalling requirements of human naïve pluripotency, particularly when in 

vivo studies are scarce. Recent reanalysis of transcriptome datasets from 

hESCs cultured under various “naïve” conditions reinforced the notion that 

methods based on 5iL(F)A (Theunissen et al., 2014) and (t)t2iL+Gö (Takashima 

et al., 2014; Guo et al., 2017; Guo et al., 2016) converge on a highly similar 

naïve pluripotent state, leading the authors to dub these cell-types “bona fide 

naïve pluripotent cells” (Taei et al., 2020). In contrast, all other conditions 

considered (Chan et al., 2013; Gafni et al., 2013; Ware et al., 2014; Chen et al., 

2015; Duggal et al., 2015; Qin et al., 2016; Zimmerlin et al., 2016) were named 

“intermediate naïve cells” (Taei et al., 2020). 

 

Like most alternative or intermediate states of hESCs, the bona fide naïve 

hESCs depend on a core medium composition based on dual GSK3β and 

MEK/ERK inhibition (Ying et al., 2008). Interestingly, 5iL(F)A medium contains 

additional inhibitors of MAPK signalling aside from the MEK/ERK inhibitor 

PD032590, with direct inhibition of JNK and p38 pathways (Theunissen et al., 

2014). Meanwhile, (t)t2iL+Gö methods use only PD032590 (Takashima et al., 

2014; Guo et al., 2017; Guo et al., 2016). One could speculate that the 

additional reinforcement of MAPK signalling inhibition in 5iL(F)A allows the 

seemingly straightforward resetting of primed to naïve pluripotency via a change 

in medium (Theunissen et al., 2014). This contrasts the more limited signalling 

inhibition of tt2iL+Gö, which requires either NANOG and KLF2 overexpression 

or initial HDAC inhibition in order to facilitate resetting (Guo et al., 2017). 

Indeed, JNK inhibition in 5iL(F)A hESCs leads to increased expression of both 

KLF2 and KLF4 (Theunissen et al., 2014), lending weight to this hypothesis. 

Even without reinforced MAPK blockade, there are a number of naïve-

associated factors in both human and mouse that may act to negatively 

regulate MAPK signalling (Taei et al., 2020), including KLF5 (Azami et al., 2017; 

Azami et al., 2018) and the long non-coding RNA LincU (Jiapaer et al., 2018). 



 45 

Thus, it appears that MEK/ERK inhibition specifically, and perhaps MAPK 

signalling inhibition in general, is crucial for both mouse and human naïve 

pluripotency. 

 

GSK3β inhibition is also common to bona fide naïve hPSCs, barring the more 

recently-developed PXGL condition (Bredenkamp et al., 2019a; Bredenkamp et 

al., 2019b), which was not assessed in the above comparison (Taei et al., 

2020). As discussed earlier, it is unclear how exactly GSK3β modulation 

impacts upon the naïve hESC phenotype, but genes associated with WNT 

signalling are upregulated in intermediate naïve hESCs (Taei et al., 2020). This 

reinforces the notion that WNT signalling inhibition is beneficial for true naïve 

pluripotency. Therefore, non-canonical effects of GSK3β inhibition may be the 

more important impact in naïve hESCs. 

 

Finally, the role of LIF in bona fide naïve pluripotency is also unclear. Treatment 

with LIF, even in primed cells, promotes upregulation of the LIF receptor 

(LIFR/GP130) (Chan et al., 2013), but the in vivo pluripotent EPI is devoid of 

LIFR expression (Blakeley et al., 2015). Thus, the requirement for LIF 

supplementation in naïve hPSC culture cocktails may be an artefact of in vitro 

culture. Nevertheless, upregulation of STAT3, the downstream effector of LIF 

signalling, in alternative naïve-like conditions does impact upon naïve gene 

expression (Chen et al., 2015). It is feasible that to maintain a stable pluripotent 

state in vitro, in contrast to the transient nature of naïve pluripotency in vivo, 

additional extrinsic signalling regulators are required to reinforce naïve 

pluripotency. 

 

Aside from the 2iLIF conditions, the role of PKC inhibition in naïve hESCs is of 

interest. The PKC inhibitor Gö6983 was initially tested for its ability to stabilise 

naïve human pluripotency because of its ability to suppress mESC 

differentiation (Dutta et al., 2011; Takashima et al., 2014). PKC inhibition in 

mESCs achieves this effect by impacting on NF-𝜅B activity (Dutta et al., 2011), 
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but its interaction with the PAR polarity complex has also been implicated in 

naïve mouse pluripotency in vivo (Plusa et al., 2005). Given that the naïve to 

primed transition of the in vivo EPI is strongly coordinated with a shift from an 

apolar state to a polarised epithelium (Shahbazi et al., 2017), as also observed 

in vitro in naïve and primed hESCs (Fig.I3), the relationship between PKC and 

cell polarity is intriguing. While there is no direct PKC inhibition in 5iL(F)A cells, 

there is constitutive treatment with a ROCK inhibitor, and ROCK has also been 

implicated in regulating cell polarity (Amano et al., 2010). Thus, it is tempting to 

speculate that an important function of either Gö6983 in tt2iL+Gö-based 

conditions (Takashima et al., 2014; Guo et al., 2016; Guo et al., 2017; 

Bredenkamp et al., 2019a; Bredenkamp et al., 2019b) or ROCK inhibition in 

5iL(F)A (Theunissen et al., 2014) is to modulate hESC polarity and facilitate 

naïve conversion or maintenance. 

 

Finally, the optional addition of exogenous FGF to 5iL(F)A, or the potential 

source of FGF ligands provided by a MEF feeder layer or heterogeneous 

source of basement membrane components, e.g. Matrigel, under various naïve-

like hESC conditions, raises an important question about the role of FGF 

signalling in primed versus naïve hPSCs. Recent work has shown that primed 

and naïve hESCs are resistant to treatment with FGF inhibition by either 

PD173074 or PD032590 and rather rely on signalling through the 

Insulin/IGF/PI3K pathway (Wamaitha et al., 2020). Furthermore, it was 

previously suggested that FGF supplementation in primed hESC culture 

medium acts indirectly by stimulating MEFs or differentiated cells within the 

hESC population to produce other supportive factors, such as IGF2 (Bendall et 

al., 2007; Greber et al., 2007). Therefore, it appears that FGF signalling may not 

be directly required in any state of human pluripotency. Instead, insulin present 

in basal media might facilitate the proliferation of hESCs, irrespective of their 

cellular state. 
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While advances in human naïve ESC culture are promising and pave the way 

for new insights into the regulation of different human pluripotent states, the 

derivation, resetting and maintenance methods based on 5iL(F)A (Theunissen 

et al., 2014) or (t)t2iL+Gö (Takashima et al., 2014; Guo et al., 2017; Guo et al., 

2016) remain the best-studied and most thoroughly validated. Despite the 

differing media requirements, cells cultured in 5iL(F)A or (t)2iL+Gö appear to 

have converged on a similar state of naïve-like pluripotency. However, they also 

share many of the same caveats, which are discussed in detail below. 

 

1.4.2 Limitations of naïve human embryonic stem cells 

Foremost of the issues observed in naïve hESCs is the loss of DNA methylation 

at imprinted regions, which appears to coincide with global hypomethylation 

(Pastor et al., 2016). While low levels of genome-wide DNA methylation are a 

bona fide hallmark of naïve pluripotency, being present also in the human ICM 

(Smith et al., 2014), imprinted differentially methylated regions (DMRs) are 

usually protected from demethylation. This is because DMRs can regulate 

important cellular and developmental functions, with the IGF2/H19 locus being 

a primary example (Hur et al., 2016), and there are many human diseases 

associated with improper imprinting (Eggermann et al., 2015; Mackay and 

Temple, 2017). It is still unclear precisely how and why imprinted DMRs lose 

DNA methylation during hESC resetting to naïve pluripotency, but interestingly, 

aberrant methylation patterns at imprinted regions have previously been 

reported in mESCs and in entirely mESC-derived foetuses, correlating with 

issues in growth and development (Dean et al., 1998; Humpherys et al., 2001). 

This suggests that aberrant imprint methylation is not a unique feature of 

human in vitro pluripotency, though it does seem to be particularly exacerbated 

in naïve hESCs. 

 

Related to this, a second caveat of naïve hESCs is their karyotypic instability, 

which is particularly evident for cells cultured in 5iL(F)A (Theunissen et al., 

2014; Pastor et al., 2016). This may in fact be a consequence of global 
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hypomethylation, which has been linked to genomic instability (Haaf, 1995; 

Pastor et al., 2016). Karyotypic instability presents a problem for long-term 

culture of naïve hESCs and genomic aberrations might impinge upon cellular 

phenotype, therefore making functional studies with naïve hESCs more difficult 

to interpret. However, such genomic instability is also not a uniquely human 

phenomenon. It appears that the use of MEK inhibition in mouse 2iLIF culture, 

and therefore in human 2iLIF-based naïve conditions, promotes karyotypic 

abnormalities (Choi et al., 2017; Yagi et al., 2017). In-keeping with this, titrated 

levels of MEK inhibition have been shown to help preserve genomic integrity in 

naïve hESCs cultured in 5iLAF (Di Stefano et al., 2018). This provides direct 

evidence that the current naïve hESC culture conditions can still be further 

refined to yield more reliable models of naïve pluripotency. 

 

It has also been observed that female naïve hESCs display non-random X 

chromosome inactivation (XCI) upon re-priming or differentiation (Sahakyan et 

al., 2017). In contrast to the progression of X chromosome dosage 

compensation in the in vitro-cultured human embryo, whereby the X 

chromosomes are biallelically expressed in the pluripotent EPI prior to 

undergoing random XCI around the time of implantation (Zhou et al., 2019), 

naïve hESCs appear to harbour a “memory” of which parental X chromosome 

was previously inactivated in the primed state. It thus appears that the 

epigenetic erasure and reversal of XCI that are hallmarks of resetting to naïve 

pluripotency (Fig.I2) are incomplete in naïve hESCs. This poses a particular 

problem for using naïve hESCs in fundamental studies of human embryo 

biology, as aspects of random XCI may be difficult to study. 

 

Finally, naïve hPSCs have been shown to be largely refractory to differentiation 

cues, unless first adapted to primed culture conditions (Takashima et al., 2014; 

Liu et al., 2017b; Guo et al., 2017; Lee et al., 2017). Although hESCs cultured in 

some alternative conditions appear capable of facile direct differentiation (Park 

et al., 2018), it is more commonly observed that naïve hESCs differentiate with 
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significantly lower efficiency than their primed counterparts (Rostovskaya et al., 

2019). For instance, flow cytometry analysis of primed and naïve hESCs 

following 10 days of dual-SMAD inhibition revealed ~90% efficiency in 

generating neural lineage cells from a primed starting population and only 

~0.4% efficiency from naïve (Rostovskaya et al., 2019). Elsewhere, naïve 

hPSCs grown under alternative conditions have been suggested to only 

efficiently give rise to differentiated neural cell-types, with a bias against 

endodermal and mesodermal differentiation (Lee et al., 2017), although the 

widespread use of N2B27-based basal medium for naïve hPSC culture might 

contribute to a bias toward neural lineages. 

 

One possible explanation for poor differentiation is that current protocols for 

hESC differentiation were designed and optimised for starting material in the 

primed pluripotent state. The specific culture regimes and combinations of 

signalling pathway activation or suppression used in existing differentiation 

protocols may therefore not be suited to naïve hESCs, which have differing 

signal requirements for maintenance and express different complements of 

factors involved in interpreting the external environment, e.g. basal membrane 

components and cell surface receptors. 

 

An alternative, though somewhat related, hypothesis refers back to the 

pluripotency continuum, in particular the idea that EPI cells pass from naïve to 

primed pluripotency via a formative phase (Smith, 2017). During this 

intermediate stage, pluripotent cells are thought to shut down the circuits of self-

maintaining naïve pluripotency and enter a state of receptivity to differentiation-

promoting signals. Thus, as discussed in more detail below (Section 1.4.3), the 

difficulty of differentiating naïve hESCs may reflect a biologically relevant 

phenotype, such that the naïve cells must first be progressed to a formative 

state of pluripotency, prior to initiation of differentiation (Guo et al., 2017; Liu et 

al., 2017b; Rostovskaya et al., 2019). 
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However, regardless of the mechanisms underlying the poor differentiation 

potential of naïve hESCs, it raises questions about whether these in vitro 

models truly represent pluripotent cells. The strict definition of pluripotency is 

the ability of a single cell to give rise to specialised cell types of all three 

embryonic germ layers – endoderm, ectoderm and mesoderm – with naïve 

pluripotency further requiring the ability to contribute to germ cells. Given that 

directed differentiation of naïve hESCs has not been sufficiently demonstrated 

in vitro, their pluripotent state can be called into question. If it were possible to 

generate chimaeras of sufficient quality using naïve hESCs, this assay would 

resolve the disparity, as the germline-competence of 2iLIF mESCs in chimaeric 

embryos is the gold-standard definition for naïve pluripotency. This debate has 

been framed as the difference between “molecular” and “functional” 

pluripotency (Zimmerlin et al., 2017). In principle, the transcriptome of naïve 

hESCs, particularly their similarity to the in vivo EPI, constitutes molecular 

pluripotency, but their functional pluripotency, that is, capacity for directed 

differentiation or trilineage potential in embryoid bodies or teratomas, is still an 

area of investigation. 

 

If naïve hESCs are to be used in clinical applications in the future, these issues 

present considerable roadblocks, particularly for safety upon transfer into 

human recipients. Furthermore, they limit the utility of the cells for 

understanding the fundamental biology of naïve human pluripotency. 

 

It is also still unclear to which degree the various states of naïve hESCs 

represent the human embryo and to which stage of embryogenesis they are 

most similar. Some published culture conditions, including a commercially 

available medium RSeT (Stem Cell Technologies) (Gafni et al., 2013), 

repeatedly fall short of the naïve pluripotency benchmark when compared to 

hESCs in 5iL(F)A or (t)t2iL+Gö. Transcriptomically, earlier iterations of naïve 

hESCs (Hanna et al., 2010; Wang et al., 2011; Chan et al., 2013; Gafni et al., 

2013) have little to no concordance with the primate preimplantation EPI, 
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instead resembling their primed hESC counterparts in similarity to the later post-

implantation or even gastrulating EPI (Huang et al., 2014; Blakeley et al., 2015; 

Nakamura et al., 2016; Stirparo et al., 2018). 

 

Intriguingly, while only the 5iL(F)A and t2iL+Gö cell-types appear to truly 

approximate the naïve human EPI in these studies, 5iL(F)A cells also 

significantly correlate with the pre-implantation progenitor of the yolk sac, the 

primitive endoderm (PrE), when compared to (t)t2iL+Gö, suggesting some 

spurious expression of extraembryonic-related genes (Stirparo et al., 2018). 

This may suggest that cells grown in 5iL(F)A have a more intermediate 

phenotype between EPI and PrE, perhaps more similar to the unsegregated 

ICM. However, by transcriptome correlation, 5iL(F)A cells do not appear more 

similar to the ICM compared to cells grown in most (t)t2iL+Gö-based culture 

conditions (Nakamura et al., 2016; Stirparo et al., 2018). 

 

There are therefore still questions regarding the utility of all human naïve 

hESCs as models of in vivo pluripotency. Nevertheless, their tractability for 

direct manipulation and the ability to generate large amounts of material in a 

short time makes them a useful proxy for pluripotency in the epiblast. 

 

1.4.3 Insights from naïve human embryonic stem cells 

The ability to recapitulate the earliest stage of human pluripotency in vitro 

enables unprecedented access to the process of pre- to post-implantation 

pluripotency progression. The peri- and post-implantation stages of human 

embryogenesis are relatively inaccessible, barring the use of recent methods for 

extended in vitro culture of human embryos (Shahbazi et al., 2016; Deglincerti 

et al., 2016). However, even such methods present the issue of limited 

availability of material and amenability to experimental manipulation, reducing 

the scope of functional investigations. Therefore, despite the caveats 

associated with in vitro cell line models, tracking the progression of naïve to 
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primed pluripotency in hESCs provides a window into this poorly understood 

stage of human development. 

 

One recent study has particularly focussed on this transition and looked to 

address the lack of immediate response of naïve hESCs to differentiation 

protocols (Rostovskaya et al., 2019). Initiating differentiation, either directed or 

via embryoid body formation, of naïve hESCs resulted in a prominent 

population of cells expressing low levels of both naïve and primed EPI markers, 

e.g. TFCP2L1 and SOX11, respectively (Rostovskaya et al., 2019). This 

suggests that rather than differentiating, the cells were instead shifting between 

ends of the pluripotency spectrum. Meanwhile, a short “re-priming” of naïve 

hESCs by 7 days culture in conventional conditions was sufficient for only low 

efficiency of directed differentiation, suggesting insufficient conversion 

(Rostovskaya et al., 2019). Given that the progression from naïve to primed EPI 

in primate embryogenesis takes about 7-10 days (Nakamura et al., 2016), 

Rostovskaya and colleagues set out to identify conditions that would allow for 

naïve hPSCs to acquire complete differentiation competence within this 

timeframe, a process they termed “capacitation” (Rostovskaya et al., 2019). 

Ultimately, they determined that inhibition of WNT signalling for 10 days via 

XAV939, a tankyrase inhibitor also utilised in naïve resetting (Bredenkamp et 

al., 2019a; Bredenkamp et al., 2019b; Guo et al., 2017), in the context of N2B27 

basal medium is sufficient to endow naïve hESCs with defining features (e.g. 

morphology and transcriptome) and trilineage differentiation potential equivalent 

to that of primed hPSCs (Rostovskaya et al., 2019). Furthermore, they suggest 

that this process of 10-day capacitation closely tracks the in vivo progression of 

primate EPI from pre- to post-implantation (Nakamura et al., 2016; Rostovskaya 

et al., 2019), thus providing a tractable in vitro system to study regulation of this 

cell state transition. 

 

One benefit of having naïve hESCs as a starting material for differentiation lies 

in their ability to reset XCI. Female conventional primed hESCs often display 
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unstable XCI, such that they transition from a normal state containing one active 

X chromosome (Xa) and one XIST-coated inactive X chromosome (Xi) to an 

“eroded” state of XaXe, where the eroded X chromosome (Xe) has lost XIST 

expression and the repressive epigenetic state conferred by H3K27me3 histone 

modifications (Vallot et al., 2015). In turn, this eroded state of XCI leads to a 

degree of X chromosome reactivation (XCR) and therefore improper dosage 

compensation. This presents a particular problem when primed hESCs are 

differentiated, e.g. for disease modelling or therapeutic purposes, as the eroded 

XCI state is maintained (Mekhoubad et al., 2012; Patel et al., 2017). Instead, it 

has been shown that resetting of primed to naïve hPSCs results in XCR, with 

biallelic expression of both parental X chromosomes, similar to the chromosome 

configuration observed in the human EPI (Sahakyan et al., 2017; Guo et al., 

2017). Thus, resetting XaXe primed hPSCs to a naïve state reverses the 

process of XCI erosion. In addition, differentiation of XaXa naïve hESCs (likely 

via a capacitated or primed intermediate) results in specialised cell-types with 

correct, though non-random, XCI (Sahakyan et al., 2017). Transiently resetting 

primed hESCs with XCI erosion to a naïve state can therefore yield a population 

of differentiation-competent hESCs with proper XCI, as a starting material for 

producing relevant cell-types. 

 

Furthermore, the XCR that occurs upon resetting primed to naïve hESCs, or the 

XaXa status of naïve hESCs derived directly from the human embryo 

(Sahakyan et al., 2017), has enabled investigation of the basic biology of 

human XCI. In this way, evidence in-keeping with a gradual mode of dosage 

compensation that was suggested through single-cell RNA-sequencing of 

human embryos (Petropoulos et al., 2016) has been uncovered (Sahakyan et 

al., 2017). However, these findings have subsequently been called into question 

(Saiba et al., 2018; Kaur et al., 2020) and further investigation is required. 

 

It is also hoped that resetting naïve to primed hPSCs may be a means to 

bypass the apparent lineage bias of current hESC and hiPSC lines, and there is 
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evidence for this in some naïve conditions (Park et al., 2018). Primed hiPSCs 

seem to retain some memory of their pre-reprogramming somatic identity and 

more easily differentiate towards this same fate (Kim et al., 2011a; Ohi et al., 

2011; Hu et al., 2016). Meanwhile, perhaps through a combination of genetic, 

epigenetic and signalling variations, different primed hESC lines consistently 

show variable ability to differentiate into progeny of the three germ layers (Kim 

et al., 2007; Osafune et al., 2008; Bock et al., 2011; Blauwkamp et al., 2012; 

Keller et al., 2018). By resetting primed hPSCs to a more epigenetically “open” 

naïve state, with culture conditions that may more closely resemble the mouse 

ground state that is free from exogenous signalling requirements, naïve hPSCs 

have the potential to more readily differentiate into any downstream lineage. 

However, the lack of direct differentiation from the naïve state discussed above 

has so far hindered comparisons of naïve and primed hPSC differentiation 

capacity. It is not yet clear if this hope of bias-free differentiation has been 

achieved with current widely used naïve hPSC cultures. 

 

Functional studies with naïve hPSCs are also starting to identify unique aspects 

of the transcriptional regulation of human pluripotency. Notably, using cells in 

5iLFA and t2iL+Gö, Pastor and colleagues identified a crucial role of the naïve-

enriched transcription factor TFAP2C in promoting human naïve pluripotency 

(Pastor et al., 2018). Having identified an enrichment of AP2-binding motifs 

within open chromatin regions of naïve versus primed hESCs, Pastor et al 

performed CRISPR-Cas9-mediated knockout of TFAP2C, the only AP2 factor 

highly expressed in both naïve hESCs and the human EPI (Blakeley et al., 

2015), prior to subjecting primed cells to resetting (Pastor et al., 2018). 

Interestingly, a strong phenotype was observed when hESCs were reset using 

5iLFA under normoxia, whereas hypoxic conditions, as used in the original 

study (Theunissen et al., 2014), partially rescued the phenotype (Pastor et al., 

2018). Under normoxic conditions, TFAP2C-/- hESCs failed to reset, with 

formation of small clusters of cells that were lost after the first passage. In the 

first five days of resetting, it was noted that a number of enhancers with AP2-
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binding motif enrichment were unable to open in TFAP2C-/- hESCs, implicating 

TFAP2C function in the relatively early opening of naïve-specific enhancers 

during 5iLFA-mediated resetting (Pastor et al., 2018). In-keeping with this, the 

TFAP2C-null hESCs quickly lost expression of pluripotency-related genes under 

normoxia (Pastor et al., 2018). 

 

Under physiological oxygen levels (5% O2), TFAP2C-/- hESCs also showed 

some deficiency in resetting. However, it was possible to generate self-

renewing colonies with naïve-like morphology in 5iLFA at 5% O2 (Pastor et al., 

2018). Despite the naïve-promoting culture conditions and the dome-shaped 

morphology of 5% O2-reset TFAP2C-/- hESCs, analysis of the transcriptome and 

chromatin accessibility showed them to be more similar to primed rather than 

naïve hESCs (Pastor et al., 2018). This observation serves as an important 

caution against judging the pluripotency state of hESCs based only upon their 

morphology. 

 

Through further analysis, Pastor and colleagues also determined that TFAP2C 

is likely important for activating a human naïve-specific enhancer of POUF51 

(also known as OCT4) (Pastor et al., 2018). Importantly, this human naïve-

specific POU5F1 enhancer, which appears to be conserved in the human 

blastocyst (Pastor et al., 2018; Gao et al., 2018), differs from the naïve-specific 

“distal” enhancer in mouse embryos and ESCs (Yeom et al., 1996), which has 

also been used as a naïve marker in hESCs (Gafni et al., 2013; Theunissen et 

al., 2014; Collier and Rugg-Gunn, 2018). Therefore, this study into 

transcriptional regulators of the human naïve state revealed important insights 

into non-conserved mechanisms of naïve pluripotency regulation. 

 

Finally, a number of recent studies have suggested a commonality between the 

routes to naïve human pluripotency and a trophoectoderm-like fate (Liu et al., 

2020; Guo et al., 2020; Castel et al., 2020; Cinkornpumin et al., 2020; Dong et 

al., 2020). This is particularly interesting in light of the suggestions of relatively 
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late lineage commitment during human blastocyst development. For instance, it 

has been suggested by scRNA-seq that co-expression of ICM and TE marker 

genes is maintained in the pluripotent compartment of the early human 

blastocyst to which naïve hPSCs are similar (Petropoulos et al., 2016), although 

it is important to note that reanalysis of this data revealed significant 

contamination of supposed ICM and EPI populations with TE cells (Stirparo et 

al., 2018), calling into question the conclusion of simultaneous trilineage 

specification in the blastocyst. Flexibility of fate decisions in the human 

blastocyst has also been suggested by disaggregation studies, whereby outer 

and TE cells from human embryos between 4 to 6 d.p.f. were found to be 

capable of generating ICM-like cells as well as TE when reconstituted into 

empty zona pellucidae (De Paepe et al., 2013). Additionally, explants of isolated 

ICM or EPI can upregulate markers of TE in vitro (Guo et al., 2020), though the 

in vivo relevance of this phenomenon is unknown. While a recent functional 

analysis of the mechanism of first lineage decision-making in the human 

embryo suggests an earlier initiation of TE, it does not rule out continued 

malleability prior to a later commitment stage (Gerri et al., 2020). Furthermore, 

there is also work suggesting a capacity of naïve hPSCs to transition to a PrE-

like fate in vitro (Linneberg-Agerholm et al., 2019). It is therefore possible, 

though requiring further investigation, that human embryonic cells maintain 

more flexibility for switching cell identity than their mouse counterparts, which 

may be reflected by naïve hPSCs in vitro. 

 

Despite their evident utility for understanding human preimplantation 

development, it is still unclear whether any proposed culture conditions truly 

immortalise a stable state of bona fide human embryonic pluripotency in vitro. 

Thus, further study is needed to identify the factors underlying human naïve 

pluripotency and embryogenesis to enable informed modification of culture 

conditions to support the appropriate regulatory networks. 
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1.5 The pluripotency gene regulatory network 
 

In seminal work in the mouse, pluripotency-regulating transcription factors were 

identified through combinatorial loss- and gain-of-function studies both in vitro 

and in vivo (Nichols et al., 1998; Niwa et al., 2000; Avilion et al., 2003; Mitsui et 

al., 2003; Chambers et al., 2003; Ivanova et al., 2006). Typically, pluripotency 

factor knockout leads to mESC differentiation (assessed morphologically and 

transcriptomically), defects in ICM/epiblast maintenance or formation (leading to 

embryonic lethality), and failure to derive ESCs from null blastocysts. 

Conversely, overexpression can limit differentiation towards one or more cell-

type, or promote differentiation. Thus, a pluripotency factor should largely be 

defined by its necessity to maintain cellular and embryonic pluripotency, 

encompassing both self-renewal and differentiation capacity. Determining the 

context in which novel factors act with or alongside proven pluripotency factors 

like NANOG, OCT4 and SOX2 is also crucial to understanding their function as 

either master regulators or lesser coordinators. 

 

Below, I discuss in detail the history of major studies to investigate the 

pluripotency gene regulatory network (GRN) in mouse embryos and ESCs. 

Subsequently, I compare this to what is known about pluripotency regulation in 

the human, highlighting similarities and differences, and the obstacles that 

hinder in-depth investigation of human pluripotency. 

 

1.5.1 Mouse 

The transcriptional regulatory network underlying naïve pluripotency in the 

mouse has been defined through a rich history of embryological and mESC-

based studies (Nichols and Smith, 2012; Martello and Smith, 2014; Posfai et al., 

2014). Perhaps the most important pluripotency factor, the POU-domain 

containing DNA-binding protein OCT4 (Pou5f1) was also the first to be 

unequivocally identified and characterised (Okamoto et al., 1990; Scholer et al., 

1990a; Scholer et al., 1990b). The importance of OCT4 in mouse pluripotency is 
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revealed by its loss of function phenotypes. In the mouse, Pou5f1-/- embryos are 

unable to establish pluripotency, such that while cells of the ICM are formed and 

initiate expression of Nanog, they instead divert to a TE-like state (Nichols et al., 

1998; Frum et al., 2013; Stirparo et al., 2021). Additionally, when Pou5f1-/- 

embryos are explanted for mESC derivation, they fail to form ICM outgrowths 

and yield only trophoblast stem cells (TSCs), which are derivatives of the TE 

(Nichols et al., 1998). Therefore, OCT4 is vital for establishing pluripotency in 

the mouse blastocyst. Similarly, Pou5f1 deletion in mESCs causes loss of self-

renewal and differentiation to trophoblast cells, suggesting that OCT4 is also 

required for pluripotency maintenance (Niwa et al., 2000). 

 

However, more finessed adjustments of OCT4 expression levels have 

unexpected results. Partial downregulation of Pou5f1 expression in mESCs 

actually impedes their ability to differentiate without negatively impacting upon 

mESC self-renewal, suggesting that decreasing OCT4 can stabilise the 

pluripotent state (Karwacki-Neisius et al., 2013; Radzisheuskaya et al., 2013). 

In contrast, however, recent work in Pouf51+/- mouse embryos found only 

negligible transcriptional impacts of reduced OCT4 expression compared to 

wild-type littermates (Stirparo et al., 2021). Meanwhile, Pou5f1 overexpression 

induces mESC differentiation (Niwa et al., 2000). These studies therefore point 

to a dual role of OCT4. First and foremost, a finely tuned level of OCT4 is 

absolutely required for pluripotency, but as the context of pluripotent cells 

adjusts, OCT4 also becomes important for differentiation. Given that a defining 

characteristic of pluripotency is the ability to readily differentiate, it is perhaps 

not surprising that core regulators of pluripotency can also harbour the ability to 

promote differentiation. 

 

The other central regulator of pluripotency is the SRY-box transcription factor 

SOX2. SOX2 acts together with OCT4 (Rizzino, 2013) by binding alongside it at 

combined OCT/SOX elements throughout the genome (Botquin et al., 1998; 

Nishimoto et al., 1999; Yuan et al., 1995; Chen et al., 2008; Chambers and 
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Tomlinson, 2009), binding directly to OCT4 protein (Pardo et al., 2010; van den 

Berg et al., 2010), and additionally promoting POU5F1 expression (Masui et al., 

2007). In-keeping with this deeply interconnected role of SOX2 and OCT4, 

Sox2 knockout and overexpression largely phenocopies that of Pou5f1 in 

mESCs (Zhao et al., 2004; Masui et al., 2007; Kopp et al., 2008). Importantly, 

Sox2-/- mESCs can be rescued by ectopic expression of OCT4 (Masui et al., 

2007), highlighting that the predominant function of SOX2 in mouse 

pluripotency is to promote Pou5f1 expression. Additionally, zygotic deletion of 

Sox2 is embryonic lethal, as like OCT4, it is required to establish the pluripotent 

EPI (Avilion et al., 2003). 

 

There is a third particularly important pluripotency factor, the homeodomain 

transcription factor NANOG, which is in fact coregulated by OCT4 and SOX2 

(Rodda et al., 2005). The Nanog gene was concomitantly identified and 

characterised by two groups separately (Chambers et al., 2003; Mitsui et al., 

2003), who both discovered that, unlike OCT4 and SOX2, Nanog 

overexpression is sufficient to enable mESC self-renewal in the absence of LIF. 

Thus, increased levels of NANOG stabilise pluripotency and, indeed, NANOG is 

more abundant and homogenously expressed in the ground state of mESCs 

(Hastreiter et al., 2018). As expected, Nanog-/- mESCs tend to lose pluripotency 

and colony-forming capacity under standard conditions, (Chambers et al., 2003; 

Mitsui et al., 2003), while Nanog-null embryos also cannot maintain an ICM or 

form the pluripotent EPI (Mitsui et al., 2003; Silva et al., 2009). But, under more 

stringent conditions, Nanog expression is not essential for mESC maintenance, 

with only an increased propensity for differentiation observed, and these 

Nanog-null mESCs can still contribute to chimaeras (Chambers et al., 2007; 

Silva et al., 2009). 

 

This ability to maintain mESCs without NANOG expression therefore highlights 

its lesser role in pluripotency regulation, leading to the concept of a mouse 

pluripotency GRN that is segregated into two interacting modules (Nichols and 
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Smith, 2012). This GRN consists of a set of indispensable core factors, made 

up of OCT4 and SOX2, that act upon and in tandem with peripheral factors to 

establish and maintain pluripotency (Nichols and Smith, 2012) (Fig.I4i). Like 

NANOG, the peripheral factors are not strictly required individually, but together 

act to stabilise the pluripotent state. By examining the difference between naïve 

and primed pluripotency in the mouse (Marks et al., 2012), a number of 

peripheral regulators have been identified. These peripheral factors are largely 

restricted in their expression to the preimplantation EPI and naïve mESCs, and 

rapidly downregulated during the mESC to mEpiSC transition or the peri-

implantation period in vivo. Instead, expression of the core factors is conserved 

to maintain pluripotency until gastrulation and in primed stem cells (Thomson et 

al., 2011; Trott and Martinez Arias, 2013), but they form a new network of 

interactions with alternative peripheral regulators that aid in the transition to 

lineage priming (Adachi et al., 2013; Yang et al., 2014; Buecker et al., 2014). 

 

 
Figure I4 The regulatory logic of pluripotency in the mouse 

A schematic representation of the (i) proteins and (ii) signalling pathways underpinning the 
pluripotency gene regulatory network (GRN) in mouse embryos and embryonic stem cells. 
(Legend continues on next page) 
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(Figure I4 cont.) (i) The mouse pluripotency GRN is composed of the “core” components, 
OCT4 and SOX2, and a “peripheral” network, including but not limited to TFCP2L1, KLF4, 
NANOG, ESRRβ and KLF2. (ii) The components of 2iLIF (PD03, MEK/ERK inhibitor; CHIR, 

GSK3β inhibitor; LIF, leukaemia inhibitory factor) medium for supporting mouse “ground state” 
pluripotency feed into the GRN as shown. Continuous arrows indicate direct positive regulation, 
while dashed arrows indicate indirect regulation. (Adapted from (Nichols and Smith, 2012)). 

 

Embryos null for either of the peripheral pluripotency regulators Klf2 or Klf4 are 

viable through gastrulation (Jiang et al., 2008) and even double knockout 

mESCs retain pluripotency (Yamane et al., 2018). Nevertheless, KLF4 

overexpression was found to induce partial LIF-independence of mESCs (Niwa 

et al., 2009), which likely reflects its direct regulation by LIF/STAT3 signalling (Li 

et al., 2005; Bourillot et al., 2009; Hall et al., 2009). Intriguingly, though KLF2 is 

not a LIF target, it is also able to support LIF-independent self-renewal (Hall et 

al., 2009). This suggests an overlap of function between these two Krüppel-like 

transcription factors and indeed it has been shown that expression of any one 

of the three mESC-associated Krüppel-like factors (KLF2, KLF4 and KLF5) can 

individually compensate for a triple knockout of the endogenous genes and 

maintain self-renewal (Yamane et al., 2018). Further investigation shows that 

KLF5 might be the more important factor for mESC maintenance. Klf5-/- mESCs 

exhibit slower proliferation and poor self-renewal compared to wild-type (Ema et 

al., 2008; Yamane et al., 2018) and while even Klf2/Klf4-null mESCs were able 

to contribute to chimaeric embryos, equivalent injection of single Klf5-null 

mESCs into blastocysts never yielded such chimaeras (Yamane et al., 2018). 

Therefore, the pluripotency associated Krüppel-like factors have both 

overlapping and distinct functions in promoting pluripotency and self-renewal. 

 

Another naïve-associated peripheral factor, ESRRβ was initially identified for its 

requirement in placenta formation and not in the embryo proper, with 

homozygous null embryos surviving past preimplantation development until 

10.5 d.p.c. (Luo et al., 1997). Nevertheless, knockdown screening of mESCs 

identified Esrrβ as a factor involved in maintaining pluripotency (Ivanova et al., 
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2006) and it was subsequently shown that Esrrβ overexpression could maintain 

self-renewal and pluripotency in LIF-free culture (Zhang et al., 2008; Martello et 

al., 2012), though it is dispensable when LIF is present (Martello et al., 2012). 

ESRRβ also interacts with both OCT4 and NANOG and promotes Nanog and 

Pou5f1 transcription (van den Berg et al., 2008; Zhang et al., 2008). 

 

TFCP2L1 was uncovered as a downstream target of LIF/STAT3 regulation in 

mESCs (Martello et al., 2013; Ye et al., 2013). Therefore, similar to the genes 

described above, TFCP2L1 overexpression compensates for the removal of LIF 

from mESC culture, maintaining self-renewal and pluripotency (Martello et al., 

2013; Ye et al., 2013). Conversely, the Tfcp2l1 knockdown phenotype cannot 

be entirely rescued by LIF signalling (Martello et al., 2013), suggesting that 

regulation of Tfcp2l1 expression is a major function through which LIF promotes 

mESC self-renewal. TFCP2L1 upregulates expression of other members of the 

peripheral GRN including Nanog (Ye et al., 2013) and Esrrβ (Wang et al., 2019) 

and has been suggested to act partially through repressing multiple lineage 

commitment pathways (Liu et al., 2017a). 

 

Crucially, further work has delineated the signalling pathways that feed into this 

transcriptional regulatory circuitry, allowing clear rationalisation of the ability of 

2iLIF medium to maintain mESCs in a pluripotent ground-state (Fig.I4ii). A 

major benefit of studying pluripotency regulation in a model organism like the 

mouse is the amenability of both mESCs and the mouse embryo to genetic 

manipulation. For instance, classical gene targeting strategies along with 

performing selected crosses of lines can yield mutant embryos with highly 

precise genetic changes. Alternatively, the ability to perform mESC blastocyst 

complementation or to produce entirely mESC-derived foetuses means that 

gene targeting can be controlled even more carefully by working in vitro with 

mESCs, prior to generating mutant animals or embryos. The mouse therefore 

remains an incredibly powerful system for functional gene studies, where 
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phenotypes can be assessed both in vivo and in vitro to truly understand the 

composition of the pluripotency GRN. 

 

However, while many of the components of this GRN are also present in human 

EPI (Fig.I5i) and ESCs, not all are conserved (Fig.I5ii). It therefore seems likely 

that there are human-specific peripheral factors replacing those absent from 

human pluripotent cells, and this may account, at least in part, for disparities 

between mouse and human naïve pluripotency. This also necessitates 

functional studies directly in the human context, as discussed below. 
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Figure I5 Components of the mouse pluripotency GRN show both conserved and 
divergent expression patterns in the human embryo 

The expression patterns of the mouse pluripotency regulators (Fig.I4) in the different cell types 
of the (left) mouse and (right) human embryo, by single-cell RNA-seq. (i) Five members of the 

mouse GRN have conserved, restricted or enriched expression to the pluripotent compartment 
(inner cell mass for mouse, epiblast for human), while other factors (ii) differ. Boxes represent 
the first and third quartiles of RPKM (reads per kilobase per million mapped reads), the central 
horizontal line the median, and whiskers extend to 1.5 times the interquartile range, with outliers 
as dots. (ICM, inner cell mass, yellow; TE, trophoectoderm, blue; EPI, epiblast, green; PrE, 
primitive endoderm, red). Data and analysis are from Blakeley et al, 2015. Mouse blastocysts 
(Deng et al, 2014) were at a slightly earlier stage than human blastocysts, prior to complete 
divergence of the EPI and PrE lineages. 
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1.5.2 Human 

Studies of the human pluripotency GRN have been hampered by both the 

limited suite of experimental techniques that can be applied to the human 

embryo and the historic difficulty of conventional gene targeting in primed 

hPSCs (Hockemeyer and Jaenisch, 2010). Early work to investigate the 

mechanisms of human pluripotency regulation therefore primarily used 

knockdown techniques, rather than genetic null mutation. The conclusions of 

these studies therefore come with certain caveats, such as potential toxicity of 

RNA species used for knockdown (Grimm et al., 2006) and the observation that 

knockdown models often do not phenocopy subsequent genetic null mutations 

(De Souza et al., 2006; Blij et al., 2012; Kok et al., 2015), through the combined 

impact of off-target gene modulation (Jackson et al., 2003; Jackson and Linsley, 

2004; Scacheri et al., 2004; Fedorov et al., 2006), activation of the p53 DNA 

damage response (Robu et al., 2007), incomplete silencing of gene expression 

and compensation by redundant genes (Rossi et al., 2015). Additionally, 

designing molecules for RNA interference remains challenging, often 

necessitating the use of more than one RNA species to induce sufficient 

knockdown of gene expression (Moore et al., 2010). This might increase the 

likelihood of off-target effects. 

 

The functions of the core pluripotency regulators OCT4 and SOX2 have been 

investigated in hESCs through both knockdown and overexpression 

experiments. In one of the earliest studies, Rodriguez and colleagues 

investigated the effects of both up- and downregulation of POU5F1 expression 

in hESCs (Rodriguez et al., 2007). In a similar manner to the equivalent 

experiments in mESCs, they found that manipulating OCT4 levels in either 

direction promotes hESC differentiation. However, unlike the propensity for 

Pou5f1-/- mESCs to differentiate toward TSCs, hESCs alternatively upregulated 

markers of mesoderm and endoderm fates upon POU5F1 downregulation by 

small interfering RNA (siRNA) and markers of endoderm in response to 

overexpression (Rodriguez et al., 2007). A later study using inducible short 
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hairpin RNA (shRNA)-mediated POU5F1 knockdown also found upregulated 

expression of transcripts associated with extraembryonic endoderm and 

mesoderm (Zafarana et al., 2009). However, Zafarana and colleagues also 

suggested that especially low levels of POU5F1 expression resulted in 

increased expression of trophoblast-associated factors, namely GCM1, CDX2 

and HCGβ (Zafarana et al., 2009), more in-keeping with the mouse. This 

disparity may result either from the different knockdown strategies or the use of 

genetically distinct hESC lines, which, as mentioned earlier, often display 

different capacities for differentiation down individual cell fates (Kim et al., 2007; 

Osafune et al., 2008; Bock et al., 2011; Blauwkamp et al., 2012; Keller et al., 

2018). Nevertheless, this work confirmed the expectation that OCT4 would 

regulate pluripotency in hESCs, similar to mESCs, such that modulating its 

expression destabilises pluripotency. 

 

Given the primed, post-implantation-like state of conventional hESCs, their 

apparent differentiation toward trophoectoderm-like cells upon pluripotency 

factor manipulation is perhaps surprising. BMP4 treatment of primed hESCs is 

often used to induce a trophoectoderm-like fate (Xu et al., 2002). Thus, it is 

possible that destabilisation of the pluripotency GRN allows hESCs to respond 

to either extrinsic or intrinsic cues to follow a similar trajectory to that of BMP4-

treated hESCs. However, the identity of these BMP4-treated hESCs has been 

called into question. BMP4 treatment induces expression of genes that have 

been associated with human placental mesenchyme, rather than the 

trophoblast itself, including GCM1 (Bernardo et al., 2011). Even expression of 

CDX2 itself, commonly thought of as a canonical TE marker, is also associated 

with mesoderm (Bernardo et al., 2011). Therefore, it may be more likely that, 

like BMP4-treated hESCs, the observed differentiation of POU5F1-knockdown 

hESCs (Zafarana et al., 2009) is towards an extraembryonic mesoderm, rather 

than TE, identity (Bernardo et al., 2011; Yu et al., 2011). 

 



 67 

More recently, OCT4 function has been assessed with more complex models, 

including an inducible CRISPR-Cas9 knockout system in hESCs (Bertero et al., 

2016; Fogarty et al., 2017). Transcriptionally, POU5F1-/- hESCs were found to 

downregulate markers of pluripotency including NANOG and DPPA3, while 

upregulating markers of various differentiated lineages, e.g. SOX17, PAX6, 

GATA2 and SOX9 (Fogarty et al., 2017). This more complete inhibition of OCT4 

in hESCs therefore seems to suggest that the function of OCT4 is in 

maintaining pluripotency and inhibiting general differentiation. 

 

The OCT4-binding partner SOX2 was similarly investigated through a 

combination of siRNA-mediated knockdown and inducible overexpression 

(Adachi et al., 2010). In this study, SOX2 downregulation was again suggested 

to induce gene expression indicative of differentiation toward TE and, to a 

lesser extent, endoderm, whereas SOX2 upregulation seemed to induce a late 

trophoblast-like phenotype (Adachi et al., 2010). However, more recent studies 

have again reached different conclusions about SOX2 function (Zhang et al., 

2019; Zhou et al., 2016). In one case, SOX2 is suggested to specifically inhibit 

non-neural differentiation of hESCs by inhibition of WNT signalling, while also 

promoting expression of other pluripotency-related factors (Zhou et al., 2016). 

Meanwhile, a recent study employing shRNA-mediated knockdown of SOX2 

determined that SOX2 loss of function leads to endodermal differentiation 

(Zhang et al., 2019). Therefore, it is again unclear precisely what role SOX2 

plays in the human pluripotency GRN. 

 

An early study of NANOG function in hESCs determined that NANOG 

overexpression enables feeder-free (or MEF-conditioned medium-independent) 

maintenance of pluripotency and self-renewal (Darr et al., 2006). However, in 

stark contrast to the role of NANOG in mESCs, it was also suggested that 

NANOG overexpression in hESCs induces a more developmentally primed 

state, with upregulation of genes associated with early differentiating embryoid 

bodies (Darr et al., 2006). Given the primed nature of hESCs, which equates to 
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the pre-gastrulation EPI (Nakamura et al., 2016), and the re-expression of 

Nanog that occurs in the gastrulating primitive streak of the mouse embryo, this 

might indicate that increasing levels of NANOG expression in hESCs do indeed 

induce a developmental progression toward a more differentiated state. 

Meanwhile, shRNA-mediated knockdown of NANOG in hESCs was shown to 

upregulate markers of neuroectodermal differentiation, although it did not result 

in loss of hESC self-renewal (Vallier et al., 2009). This suggests that, as in the 

mouse, NANOG occupies a position on the periphery of the human pluripotency 

GRN. 

 

To further confound results, a more systematic analysis of known pluripotency 

factor function in hESCs highlighted considerable caveats of such work, 

describing a differential requirement of various hESC lines for the expression of 

individual components of the pluripotency GRN (Wang et al., 2012). By 

overexpression and shRNA-mediated knockdown, Wang and colleagues 

determined that the impact of POU5F1 modulation is dependent on the levels of 

BMP signalling, which differ between hESC lines (Wang et al., 2012). This is 

interesting in light of the connection between POU5F1 downregulation and the 

expression of TE markers (Zafarana et al., 2009), and the finding that BMP-

mediated differentiation of hESCs is further impacted by variable FGF signalling 

(Bernardo et al., 2011; Yu et al., 2011). They suggest that OCT4 prevents both 

embryonic and extraembryonic lineage differentiation of hESCs and that 

upregulation of POU5F1 expression can indeed promote self-renewal in the 

absence of BMP signalling, as opposed to the uniform differentiation 

phenotypes observed in earlier studies (Wang et al., 2012). They also suggest 

a previously unappreciated compensatory role of SOX3 for SOX2 knockdown, 

such that SOX2 itself is largely dispensable for hESC self-renewal (Wang et al., 

2012). Finally, in-keeping with previous data (Vallier et al., 2009), they highlight 

a role for NANOG in specifically constraining hESC differentiation toward neural 

lineages (Wang et al., 2012). 
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Therefore, functional analysis of the pluripotency GRN in hESCs has so far 

yielded conflicting results. A number of factors could underly this, including the 

considerable difference in culture conditions employed by different labs, as well 

as possible genetic contributions across the cohort of hESC lines. Unlike the 

more homogenous inbred populations of laboratory mouse models used for 

mESC derivation, which enable consistency between experiments, hESCs 

essentially represent a cross-section of the “outbred” human population. 

 

Aside from functional gain and loss of function experiments, occupancy profiling 

has also been used to investigate the pluripotency GRN of hESCs. Notably, the 

genome-scale binding profiles of the central pluripotency regulators OCT4, 

SOX2 and NANOG were investigated in hESCs grown under FGF/KSR 

conditions on MEFs, the first study of its kind in hESCs (Boyer et al., 2005). 

Using chromatin immunoprecipitation (ChIP) and microarray technology, Boyer 

and colleagues investigated the binding of these pluripotency regulators to 

known transcription start sites (TSSs) representing nearly 18,000 genes (Boyer 

et al., 2005). Therefore, this early study did not investigate the possibility of 

transcriptional regulation at distal cis-regulatory regions. Still, Boyer et al made 

the interesting observation that many (~350) of the identified TSS-proximal 

binding sites of OCT4, SOX2 and NANOG in hESCs were in fact shared 

between all three proteins, suggesting the existence of a core regulatory 

network, where the expression of associated genes may be under tripartite 

control in order to ensure stable regulation (Boyer et al., 2005). 

 

Of these putative co-regulated genes, approximately half were transcriptionally 

active in hESCs, including transcription factors with known roles in pluripotency 

(e.g. POU5F1, SOX2 and NANOG themselves, as well as STAT3, PRDM14 

and DPPA4) and factors involved in the TGFβ, FGF and WNT signalling 

pathways (Boyer et al., 2005). Conversely, the transcriptionally silenced set of 

suggested targets included a significant number of transcriptional regulators 

associated with developmental progression and differentiation, e.g. HOX genes, 
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NEUROG1, OLIG3 and OTX1 (Boyer et al., 2005). This suggested that OCT4, 

SOX2 and NANOG promote pluripotency of hESCs through shared general 

roles in positive regulation of pluripotency-stabilising genes and negative 

regulation of differentiation-associated transcriptional circuits. 

 

However, a considerable caveat of all ChIP analyses is that binding of any 

factor near to a gene regulatory region is not definitive proof of control of gene 

expression by that factor. For instance, the observation in both mouse and 

human ESCs that overexpression of OCT4 or SOX2 can induce differentiation 

might suggest an alternative model. It is possible that other factors are 

important for the repression of genes associated with developmental 

progression and the binding of these core pluripotency factors could instead 

place the genes in a poised state, ready to be activated if conditions result in a 

decrease in the levels of peripheral members of the pluripotency GRN. 

Therefore, the results of occupancy analysis can only be meaningfully 

interpreted in the light of functional data. 

 

One limitation of the studies discussed so far is that they were performed in 

conventional hESCs, which represent a primed state of pluripotency that is 

already moving towards differentiation. Therefore, it is unclear whether any 

insights gained from these studies translate to either naïve hESCs or the pre-

implantation human embryo itself. As discussed in Section 1.4.3, there has so 

far been limited investigation of transcription factor function directly in the naïve 

human pluripotent state in vitro. The first study of this kind identified TFAP2C, a 

factor that is associated with TE in the mouse, as a crucial regulator of naïve 

hPSCs, thus highlighting important species-specific and context-dependent 

functions of certain transcriptional regulators (Pastor et al., 2018). 

 

More recently, CRISPR-Cas9-mediated mutagenesis has been used to 

investigate the roles of the pluripotency regulators OCT4, SOX2 and NANOG in 

naïve hESCs cultured in PXGL (Guo et al., 2020). Following targeting of each of 
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these genes, respectively, naïve hESCs formed fewer naïve colonies and 

displayed upregulation of GATA3, a TE marker, whether maintained in 

pluripotency (PXGL) or differentiation-promoting (N2B27) medium (Guo et al., 

2020). While a shift towards TE fate in response to OCT4 or SOX2 

downregulation is consistent with the phenotypes of mESCs (Nichols et al., 

1998; Niwa et al., 2000; Zhao et al., 2004; Masui et al., 2007; Kopp et al., 

2008), this work suggested a specific role for human NANOG in preventing TE 

differentiation (Guo et al., 2020). Indeed, NANOG overexpression suppressed 

the differentiation of naïve hESCs towards TE (Guo et al., 2020). Finally, while 

generation of TFAP2C-/- naïve hESCs in PXGL confirmed its requirement for the 

naïve state (Pastor et al., 2018), as the targeted cells generated fewer naïve 

colonies, TFAP2C loss of function also inhibited TE differentiation (Guo et al., 

2020). In contrast to the mouse, this study therefore implicates a role for 

NANOG in repressing TE and a dual role of TFAP2C in both maintaining naïve 

hESC self-renewal and TE differentiation capacity (Guo et al., 2020). 

 

In recent years, many groups have used genome-wide transcriptomics to begin 

to characterise human embryogenesis and pluripotency (Reijo Pera et al., 2009; 

Xue et al., 2013; Yan et al., 2013; Piras et al., 2014; Blakeley et al., 2015; 

Petropoulos et al., 2016), producing information-rich datasets that have yielded 

novel insight. For instance, through analysis of transcriptional variation, 

Hasegawa and colleagues identified novel validated stage-specific markers of 

human development and a novel pluripotency factor in hPSCs, HDDC2, 

highlighting the power of mining such transcriptomic datasets (Hasegawa et al., 

2015). 

 

Thus far, there has been very limited investigation of pluripotency factor function 

in the human embryo. Although initial CRISPR-Cas9-mediated knockout of 

POU5F1 yielded human blastocysts with only mosaic targeting, an unexpected 

function of OCT4 in maintaining the integrity of all three cell lineages of the 

blastocyst was uncovered (Fogarty et al., 2017). Rather than only affecting the 
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pluripotent EPI, which might be expected for OCT4 as a pluripotency factor, 

there was also a particular deficit in TE formation and proper blastocyst 

development (Fogarty et al., 2017). These observations have also been 

independently confirmed (Stamatiadis et al., 2021). Additionally, through both 

these knockout studies and independent POU5F1 knockdown, an early role for 

OCT4 has been suggested, since high rates of POU5F1 mutation or 

downregulation appear to preclude development past the cleavage stage 

(Fogarty et al., 2017; Gao et al., 2018; Stamatiadis et al., 2021). This suggests 

that OCT4 has a much broader role in human preimplantation development 

compared to the mouse, where Pou5f1-null embryos do not immediately lose 

NANOG expression in the ICM and are still capable of forming functional TE 

(Nichols et al., 1998; Frum et al., 2013). Importantly, the observations of OCT4 

function in human embryogenesis have since been corroborated in the bovine 

embryo (Daigneault et al., 2018), reinforcing the importance of comparative 

studies in organisms other than the mouse. 

 

The differences observed between hESC loss-of-function and the POU5F1-

mosaic null human embryos calls into question our interpretation of hESC-

based studies. In the future, it will be important to know whether naïve hESCs 

more closely recapitulate any phenotypes observed in the human embryo, 

necessitating an understanding of TFAP2C function in the EPI (Pastor et al., 

2018) and of the precise role of OCT4 in naïve hPSCs. 

 

Given the considerable lack of conservation of developmental timing and key 

regulatory modules between the mouse and human embryo, I hypothesise that 

there are as-yet-uncharacterised regulators of the human pluripotent state to be 

discovered by data-driven functional studies. 
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1.6 Summary 
 

Pluripotency is the ability of a single cell to give rise to all specialised cell types 

of a fully formed organism. Understanding this is vital to understanding the 

earliest stages of human development and to allow us to make use of the full 

potential, in both research and medicine, of ESCs and iPSCs. However, as 

discussed, research into the mechanisms underlying human development has 

significantly lagged behind studies using model organisms. In addition, the 

standard in vitro model of hESCs does not successfully recapitulate all aspects 

of in vivo pluripotency. As such, with this project, I aimed to identify and 

characterise novel regulators of human pluripotency and embryogenesis. 

 

To achieve this goal, I set out to address the following questions: 

 

Q1) Can information-rich transcriptomic datasets inform functional studies to 

define novel regulators of human pluripotency? 

 

Q2) Are the identified candidate pluripotency factors sufficient to induce or 

enhance pluripotency in vitro? 

 

Q3) Are these candidates functionally required for maintaining in vitro 

human pluripotency? 

 

Q4) How do these factors fit into our current knowledge of the human 

pluripotency regulatory network? 

 

Q5) Are these putative regulators involved in establishing pluripotency? 

 

To address these questions, I employed a data-driven approach using existing 

datasets of gene expression in human preimplantation embryos and leveraged 

a combination of loss and gain of function experiments in hESCs, the most 
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tractable model for human pluripotency. In particular, recently described 

methods for “naïve” hESC culture allowed the expansion of my investigations 

into an in vitro system most similar to the human embryo. 

 

As described in detail in the results chapters, I first identified three human EPI-

enriched transcription factors – ARGFX, KLF17 and VENTX – from single-cell 

RNA-seq data of human embryogenesis (Yan et al., 2013; Blakeley et al., 

2015). These genes represented promising candidates for in-depth functional 

investigation. By first attempting to assess the expression patterns of these 

proteins in human embryos, I determined to limit my investigations to the 

Krüppel-like family factor KLF17. To elucidate possible functional requirement 

or sufficiency for in vitro human pluripotency of KLF17, I performed CRISPR-

Cas9-mediated mutagenesis and doxycycline (Dox)-inducible overexpression, 

respectively, in both primed and naïve conditions. In this way, I determined that 

expression of KLF17 is sufficient for the induction of naïve pluripotency in vitro, 

but apparently not essential for primed to naïve resetting. 
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Chapter 2 – Materials and Methods 
 

2.1 Human Embryo and Embryonic Stem Cell Culture 

 

2.1.1 Human embryo thaw and culture conditions 

Human embryos at various developmental stages that were surplus to family 

building desires were donated to the Francis Crick Institute for use in research 

projects under the UK Human Fertilisation and Embryology Authority License 

number R0162. 

Slow-frozen blastocysts (5 and 6 d.p.f.) were thawed using the BlastThaw kit 

(Origio; 10542010A) following the manufacturer’s instructions. Vitrified 

blastocysts (day 5 and day 6) were thawed using the vitrification thaw kit (Irvine 

Scientific; 90137-SO) following the manufacturer’s instructions.  

Human embryos were cultured in pre-equilibrated Global Media (Life Global) 

supplemented with 5 mg/ml Life Global HSA (LifeGlobal; LGPS-605) and 

overlaid with mineral oil (Origio; ART-4008-5P). Human embryos were placed 

inside EmbryoSlide+ culture dishes (Vitrolife) and incubated in a humidified 

Embryoscope+ time lapse incubator (Vitrolife) maintained at 37°C, 5% CO2. 

Following development to the desired stage, human embryos were retrieved 

from the EmbryoSlide+ culture dishes using a STRIPPER pipette 

(CooperSurgical) and fixed in 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS) at 4°C for one hour. 

These stages of embryo culture and handling were all performed in conjunction 

with Afshan McCarthy, a senior laboratory research scientist in the Niakan lab. 

 

2.1.2 Maintenance of standard hESC cultures 
H1 and H9 (WiCell) human embryonic stem cells were routinely cultured in 

mTeSR1 medium (STEMCELL Technologies) with 1% penicillin/streptomycin 

(Pen/Strep) on growth factor-reduced Matrigel-coated dishes (BD Biosciences) 

and passaged as clumps at ~1:20 ratio using ReLeSR (STEMCELL 
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Technologies). In brief, 1 ml ReLeSR was added to individual wells of 6-well 

plates for 30 seconds, then removed before incubating cells for 4-5 minutes at 

37°C. Cells were dissociated by addition of mTeSR1 medium and the plate 

tapped gently to release clumps of the desired size, which were transferred to 

fresh Matrigel-coated dishes. Conventional hESCs were maintained in 

humidified incubators at 37°C, 5% CO2. 

 

2.1.3 Naïve hESC establishment and culture 

All naïve hESCs were cultured under hypoxia (5% O2, 5% CO2), according to 

recently-published protocols (Takashima et al., 2014; Theunissen et al., 2014; 

Collier et al., 2017; Guo et al., 2017; Bredenkamp et al., 2019b) on mitotically-

inactivated DR4 MEFs (prepared in-house). Plates of feeders were prepared by 

thawing MEFs and plating at a density of 1x106 per well of a 6-well plate 12-

16hrs prior to hESC seeding. Naïve hESCs were passaged as single cells by 4 

minutes treatment with Accutase (Thermo Fisher) at 37°C, at split ratios 

between 1:3 and 1:6, every 3 to 6 days. For culture in (t)t2iL+Gö or PXGL, 10 

μM ROCK inhibitor (Y-27632, Tocris Bioscience) was added overnight before 

and after passaging, to aid survival. 

For resetting of primed to naïve hESCs in 5iL(F)A (Theunissen et al., 2014), H9 

hESCs were dissociated to a single-cell suspension by 5min incubation with 

Accutase at 37°C. Cells were quenched and collected in mTeSR1 

supplemented with 10 μM ROCK inhibitor, then counted using an automated 

cell counter (NucleoCounter® NC-200TM, Chemometec) using the Cell Count 

and Viability Assay. 2x105 hESCs were plated per well of a 6-well plate in 

mTeSR+10 μM ROCK inhibitor and left overnight in hypoxia (37°C, 5% O2, 5% 

CO2). The following day, the medium was exchanged for 5iL(F)A. Cells were 

first passaged at day 6 (5iLA) or day 9 (5iLFA) (Collier et al., 2017) and domed-

shape naïve colonies first appeared around day 10 (5iLA) or day 14 (5iLFA). 

5iL(F)A medium was made up as follows: 500 ml NDiff227 (Takara) basal 

medium was supplemented with 5 ml (1%) Pen/Strep, 2.5 ml (0.5%) Knockout 

Serum Replacement (KSR), 20 ng/ml recombinant human LIF (hLIF, 



 77 

PeproTech), 20 ng/ml Activin A (Bio-Techne), 1 μM PD0325901 (Cambridge 

Bioscience), 1 μM IM-12 (Cambridge Bioscience), 1 μM WH-4-023 (Cambridge 

Bioscience), 0.5 μM SB590885 (Cambridge Bioscience), 10 μM Y-27632 

(Tocris Bioscience) and optional addition of 8 ng/ml FGF2 (Tebu-Bio) for 5iLFA. 

For chemical resetting (Guo et al., 2017), H9 hESCs were similarly dissociated 

and counted as above. 1x105 hESCs were plated per well of a 6-well plate, pre-

coated with DR4 MEFs. The following day (day -1), medium was exchanged for 

mTeSR1 to remove the ROCKi. On day 0, cells were exchanged into cRM-1 

[NDiff227 (Takara) supplemented with 1% Pen/Strep, 1 μM PD0325901 

(Cambridge Bioscience), 10 ng/ml hLIF (PeproTech) and 1 mM valproic acid 

(VPA, Cayman Chemical Company)]. A half-medium change with cRM-1 was 

performed on day 2 and cells exchanged into cRM-2 [NDiff277 (Takara) 

supplemented with 1% Pen/Strep, 1 μM PD032590 (Cambridge Bioscience), 2 

μM Gö6983 (Bio-Techne), 10 ng/ml hLIF (PeproTech) and 2 μM XAV939 

(Cambridge Bioscience)] on day 3. Over the next 5 days, there was extensive 

cell death, and colony edges became raised and refractile. Cells were 

passaged on day 8 or 9 and plated into tt2iL+Gö with continued 

supplementation with 2 μM XAV939 until naïve passage 5. Subsequently, in-

house generated, chemically-reset naïve H9 cells were maintained in tt2iL+Gö, 

made up as follows: 500 ml NDiff227 (Takara) basal medium was 

supplemented with 5 ml (1%) Pen/Strep, 1 μM PD0325901 (Cambridge 

Bioscience), 0.3 μM CHIR99021 (Cambridge Bioscience), 2 μM Gö6983 (Bio-

Techne) and 10 ng/ml hLIF (PeproTech). 

For KLF17-driven naïve cell culture, hESCs were reset and maintained in PXGL 

(Bredenkamp et al., 2019b), made up as follows: 500 ml NDiff227 (Takara) 

basal medium was supplemented with 5 ml (1%) Pen/Strep, 1 μM PD0325901 

(Cambridge Bioscience), 2 μM XAV939 (Cambridge Bioscience), 2 μM Gö6983 

(Bio-Techne) and 10 ng/ml hLIF (PeproTech). 
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2.1.4 Cryopreservation of hESCs 

All hESCs, naïve or primed, were frozen down in 1 ml freezing medium 

consisting of 10% DMSO in foetal bovine serum (FBS) inside cryovials. 

Cryovials were placed into Mr FrostyTM containers in a -80°C freezer before 

transferral to liquid nitrogen (LN2) for long-term storage. 

For recovery of frozen hESCs, cells were briefly placed in a 37°C water bath, 

then resuspended in appropriate culture medium and pelleted. The supernatant 

was aspirated to remove all traces of freezing medium and the cell pellet 

resuspended in fresh culture medium prior to plating onto Matrigel- or MEF-

coated wells, as appropriate. 

 

2.1.5 Generation and culture of overexpression hESC lines 

Doxycycline-inducible overexpression of HA-tagged proteins was achieved 

using the Lenti-X Tet-On 3G Inducible Expression System (Clontech) following 

the manufacturer’s protocol, and as outlined previously (Wamaitha et al., 2015). 

HEK293T cells were provided by the Cell Services team at the Francis Crick 

Institute for lentiviral packaging, which was achieved using 7 μg of transgene-

containing plasmid and the Lenti-X Packaging Single Shot reagents. Lentiviral 

supernatant was harvested after 48hrs and concentration by ultracentrifugation 

was performed in conjunction with Sissy Wamaitha, a former PhD student of the 

Niakan lab. To produce stably transduced cells, H9 hESCs that had previously 

been modified to contain the Tet-On-3G protein expression vector were plated 

under standard conditions and changed into fresh medium the following 

morning. 24hrs post-plating, 10 μl concentrated virus was added to hESCs for 

transduction overnight (~16hrs). hESCs were dual selected with 100 μg/ml 

G418 and 0.5 μg/ml puromycin 48hrs post-transduction. For induction of 

transgene expression, doxycycline was added to mTeSR1 medium at 1 μg/ml. 

For the RNA-seq experiments, KLF17-inducible hESCs were plated as normal 

and induction initiated after 24 hours by addition of 1 μg/ml Dox to the culture 

medium (mTeSR1). At ~30 hours, a day 0 (pre-induction) control sample was 

collected, then both induced (+Dox) and uninduced (UI) samples were collected 
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at 24hr intervals from 48hrs (day 1 post-induction) until 144hrs (day 5 post-

induction). RNA was extracted from the samples and subjected to bulk RNA 

sequencing. 

 

2.1.6 KLF17-driven resetting of primed to naïve hESCs 

H9 KLF17-HA inducible hESCs were pre-treated overnight with 10 μM ROCKi, 

then harvested from standard culture (mTeSR1 on Matrigel) by 5 minutes 

incubation at 37°C with accutase, resuspended in culture medium 

supplemented with 10 μM ROCKi and counted. 2x105 hESCs were plated per 

6-well pre-coated in DR4 MEFs and the cells placed at hypoxia (5% O2, 5% 

CO2, 37ºC) for ~24hrs. The following day (day 0), medium was changed to 

PXGL supplemented with 1 μg/ml Dox. From day 2, medium was replenished 

each day with PXGL freshly supplemented with 1 μg/ml Dox. On day 5, cells 

were passaged by 4min incubation in accutase and plated in PXGL with 10 μM 

ROCKi at a split ratio between 1:5 and 1:20, dependent upon density. Within 

24hrs, the cells adopted a domed morphology with highly-refractile colony 

edges. Cells were passaged again on day 7 or 8 and could subsequently be 

maintained similarly to chemically reset cells described above, with passaging 

every 3-4 days at split ratios of between 1:3 and 1:6. 

 

2.1.7 Transient nucleofection of hESCs 

For cell line testing of CRISPR-Cas9 efficiency, gRNAs were individually cloned 

into pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid #62988) (Ran et 

al., 2013), using the BbsI restriction sites. Nucleofection was carried out on an 

Amaxa 4D-Nucleofector (Lonza) with 4 μg plasmid. 24 hours prior to 

nucleofection, H9 hESCs were treated with 10 μM Y-27632 (Tocris Bioscience). 

hESCs were harvested as single cells by Accutase treatment (5min, 37°C) and 

counted with an automatic cell counter (Nucleocounter NC-200, ChemoMetec). 

For each condition/gRNA, 2x106 cells were resuspended in 100 μl P3 Primary 

Cell 4D-Nucleofector X Solution and transferred to nucleocuvettes with 4 μg 

plasmid. Nucleofection was performed with the pre-set H9 hESC programme 
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(CB-150), then cells resuspended in antibiotic-free mTeSR1 medium 

supplemented with 10 μM Y-27632 and plated across half of a 6-well plate 

coated with DR4 MEFs to aid attachment and survival. After 24hrs, medium was 

changed to mTeSR1 supplemented with puromycin at concentrations between 

0.375 and 0.5 μg/ml for 48hrs. Cells were allowed to recover for 8 days prior to 

harvesting for DNA extraction and assessment of CRISPR-Cas9 editing 

efficiency by T7 endonuclease assay or MiSeq sequencing analysis. 

 

2.1.8 Generation of clonal knockout hESCs 

H9 hESCs were first nucleofected with 4 μg pSpCas9(BB)-2A-Puro (PX459) 

V2.0 containing the gRNA KLF17(3_1) as described above. Following 48hrs 

treatment with 0.5 μg/ml puromycin, cells were allowed to recover on DR4 

MEFs for ~10 days, then manually passaged as single cells following treatment 

with Accutase (5 minutes, 37°C) or Accumax (10 minutes, 37°C; Sigma Aldrich) 

at clonal density into Matrigel-coated 24-well tissue culture plates (Corning). 

Cells were sub-cloned once more by manual picking and single-cell dissociation 

into 12-well plates, then 24 clones passaged in duplicate and assessed for 

KLF17 mutation by on-target Sanger sequencing and MiSeq analysis. 

 

 

2.2 Molecular Analyses 
 

2.2.1 Immunofluorescence 

Cultured cells were fixed with 4% PFA in PBS for 1hr at 4°C, then 

permeabilised in PBS containing 0.5% Tween-20 (PBS-T(0.5%)) for 20 minutes 

at room temperature. Blocking was carried out for 1hr at room temperature in 

PBS-T(0.1%) with 10% donkey serum. Primary antibodies were diluted as listed 

in 2.4.2 in blocking solution, and incubated overnight at 4°C on a rocking 

platform. Cells were washed several times in PBS-T(0.1%), then incubated in 

secondary antibodies in PBS-T(0.1%) or blocking solution for 1hr at room 

temperature. Following repeated washing, cells were treated with DAPI-
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Vectashield mounting medium (Vector Labs) at 1 in 30 in PBS-T(0.1%), prior to 

imaging on an Olympus IX73 (Olympus Corporation). 

For human embryos, fixation was performed in 4% PFA in PBS for 1hr at 4°C in 

4-well dishes. Initially, embryos were permeabilised in PBS-T(0.5%) for 20 

minutes at RT, then blocking was performed for 1hr at room temperature in 

PBS-T(0.1%) containing 10% donkey serum. Primary antibodies were diluted as 

listed in 2.4.2 in blocking solution, and incubated overnight at 4°C. Embryos 

were washed several times in PBS-T(0.1%), then incubated in secondary 

antibodies in blocking solution for 1hr at room temperature. Following repeated 

washing with PBS-T(0.1%), embryos were transferred into DAPI-Vectashield 

mounting medium (Vector Labs) at 1 in 30 in PBS-T(0.1%) on coverslip dishes 

(MatTek), and imaged on a Leica SP5 inverted confocal microscope (Leica 

Microsystems). 

For optimised immunofluorescence analysis, human embryos in 4-well dishes 

were permeabilised in PBS containing 0.5% Triton-X100 (PBS-Tx(0.5%)) for 

20min at room temperature, then blocked in PBS-Tx(0.2%) containing 10% 

donkey serum and 3% bovine serum albumin (BSA). All remaining steps were 

identical, with PBS-Tx(0.2%) replacing PBS-T(0.1%) to increase the stringency 

of wash steps. 

 

2.2.2 RNA isolation from hESCs and qRT-PCR 

For RNA isolation, hESCs were harvested by applying TRI reagent (Sigma) 

directly onto cells attached to culture plates, scraping and collecting the 

supernatant. RNA was extracted through chloroform and ethanol-based 

precipitation and DNase I-treated (Ambion) to yield pure RNA. cDNA was 

synthesised using the Maxima first strand cDNA synthesis kit (Fermentas). 

qRT-PCR was performed using SensiMix SYBR low-ROX kit (Bioline) on a 

QuantStudio5 machine (Thermo Fisher). Primers pairs used are listed in 2.4.3. 

Each sample was run in triplicate. Gene expression was normalised using 

GAPDH as the housekeeping gene, and the results analysed using the ΔΔCt 

method. 
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2.2.3 RNA-sequencing 

For RNA-seq, RNA was isolated and DNase-treated as above. RNA was then 

submitted to the Crick’s Advance Sequencing Facility (ASF) for further 

processing. In the ASF, libraries were prepared using the polyA KAPA mRNA 

HyperPrep Kit (Roche). The quality of submitted RNA samples and the resulting 

cDNA libraries was determined by a ScreenTape Assay on a 4200 TapeStation 

(Agilent). Prepared libraries were submitted for single-ended 75 bp sequencing 

on an Illumina HiSeq 4000 (Illumina), with average read number per sample of 

25,000,000. 

 

2.2.4 Amplification and in vitro testing of gRNAs 

Prior to nucleofection, all gRNAs were assessed using an in vitro cleavage 

assay (IVC). To generate purified gRNA, the 20 bp guide sequences were 

ordered as complementary oligonucleotides (oligos) with BbsI-compatible 

overhangs and simultaneously annealed and treated with T4 polynucleotide 

kinase (PNK, NEB #M0201). The pX330-U6-Chimeric_BB-CBh-

hSpCas9 (Addgene plasmid #42230) (Cong et al., 2013) plasmid was cleaved 

at the BbsI restriction sites within its multiple cloning site (MCS) and 

phosphatase-treated (rAPID alkaline phosphatase, Merck). The processed 

oligos and plasmid were ligated and transformed into Subcloning Efficiency 

DH5αTM Competent E. coli, allowing for amplification and purification. From the 

gRNA-containing plasmid, in vitro-transcribed RNA was produced using the 

MEGAshortscript T7 Transcription kit (ThermoFisher) and purified with the 

RNeasy MinElute Cleanup kit (QIAGEN). Alternatively, exon 1-targeting gRNAs 

were produced using the EnGen sgRNA Synthesis Kit (NEB). 

For the IVC reaction, 500 ng in vitro-transcribed gRNA was complexed with 

1000 ng Cas9 protein (ToolGen) and mixed with 50 ng of a PCR product 

encompassing the on-target cut site. Cleavage was allowed to proceed for 1hr 

at 37°C, and the resultant cleavage products resolved by agarose gel 

electrophoresis. 
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2.2.5 Genomic DNA extraction 

Total genomic DNA was extracted from hESCs using the DNeasy Blood and 

Tissue Kit (QIAGEN) following manufacturer’s instructions, or via phenol-

chloroform and ethanol precipitation for hESCs grown on MEF feeders. For 

EtOH precipitation, hESC colonies were manually scraped to separate from the 

MEF layer, then collected into 500 μl lysis buffer containing 100 mM Tris-HCL 

pH8.5, 5mM EDTA, 0.2% SDS, 200 mM NaCl and Proteinase K added fresh 

(made in-house). Lysis was allowed to proceed at 56°C for between 9 to 16 

hours. DNA was precipitated overnight at -20°C following addition of ammonium 

acetate and EtOH. DNA was pelleted and resuspended in nuclease-free TE 

buffer. The concentration and purity of extracted DNA was measured using a 

DS-11 spectrophotometer/fluorometer (DeNovix). 

 

2.2.6 Assessment of gRNA efficiency 

CRISPR-Cas9 editing efficiency in nucleofected hESCs was determined first 

using the T7 endonuclease I (T7E1) assay, as published (Piganeau et al., 

2016). Briefly, the on-target editing site was amplified from extracted DNA and 

the dsDNA melted and reannealed by incubating as follows: 95°C for 5 min, 

95°C to 25°C at −0.5°C/sec, and 15 min at 4°C. The reannealed products, 

including heteroduplexes, were incubated with T7E1 enzyme (NEB) at 37°C for 

40min and the resultant cleaved products separated by agarose gel 

electrophoresis. Gel images were analysed with ImageJ to quantify an 

estimated CRISPR-Cas9 editing efficiency. 

Subsequently, on-target editing was assessed by next-generation sequencing 

on the MiSeq platform (Illumina). A ~250 bp region surrounding the on-target 

site of each gRNA was amplified using primers with MiSeq adapter overhangs 

(Fwd: 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’; Rev: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’) and purified using 

AMPure XP magnetic beads (Beckman Coulter). The resulting products were 

submitted to the ASF for further processing and sequencing. 
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2.2.7 Protein extraction and quantification 

Whole cell protein was extracted from hESCs by addition of CelLytic M lysis 

buffer (Merck), freshly supplemented with protease inhibitors (PIC, cOmplete, 

EDTA-free protease inhibitor cocktail, Roche) and phosphatase inhibitors (PhIC, 

phosSTOP phosphatase inhibitor, Roche), directly onto plated cells. Cells were 

scraped, then incubated in lysis buffer for 15min at 4°C. The lysate was 

collected and clarified by centrifugation at 20,000xg for 15min at 4°C. Protein 

concentration in the lysates was determined using the BCA assay, then proteins 

denatured by addition of 4x Laemmli sample buffer (Thermo Fisher) with 1-in-4 

beta-mercaptoethanol and heating at 90°C for 5 minutes. 

 

2.2.8 Protein detection by western blotting 

Denatured proteins were thawed at 65°C for 5 minutes and vortexed to ensure 

homogeneity. 20 μg protein per lane was loaded onto 10% Mini-PROTEAN 

TGX Stain-free protein gels (BIORAD), alongside 5 μl PageRuler Prestained 

Protein Ladder (Thermo Scientific), and electrophoresed at 100-200 V for one 

to two hours in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BIORAD). 

Proteins were transferred onto PVDF membranes (TransBlot Turbo Mini PVDF 

Transfer Packs, BIORAD) using a Trans-Blot Turbo Transfer System (BIORAD) 

on the Mixed MW programme. PVDF membranes were blocked for one hour in 

TBS-T(0.1%) containing 5% non-fat milk and incubated with primary antibodies 

diluted in either 5% milk or 5% BSA in TBST-T(0.1%) as shown in 2.4.4 

overnight at 4°C. Following washes with TBS-T(0.1%), membranes were 

incubated with HRP-conjugated secondary antibodies in 5% milk for one hour at 

room temperature. Proteins of interest were visualised using the SuperSignal 

West Dura Extended Duration Substrate or SuperSignal West Femto Maximum 

Sensitivity Substrate (Thermo Scientific) and imaged on an Amersham Imager 

600RGB (GE Healthcare). 
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2.2.9 Karyotype analysis 

For karyotypic analysis, hESCs in the exponential growth phase were sent to 

Cell Guidance Systems (Cambridge, UK) and subjected to G-banding. 

Additionally, low-pass DNA sequencing was performed in-house by the ASF. 

Whole genomic DNA was extracted as described above and provided to the 

ASF. In the ASF, samples were prepared using the Nextera Flex protocol and 

subjected to whole-genome sequencing at 0.1x coverage. 

 
 

2.3 In silico Techniques 
 

2.3.1 Design and in vitro testing of gRNAs 

Guide RNAs (gRNAs) were designed in a non-biased manner against the whole 

cDNA sequence using a standard design tool (Hsu et al., 2013). For initial 

screening, gRNAs were selected on the following criteria: (i) in silico score is 

≥60; (ii) identified off-target sites have ≥3 mismatches; (iii) there are no (or very 

low frequency, ≤0.1%) single nucleotide polymorphisms (SNPs) occurring in the 

target sequence; (iv) the gRNA target site falls across an annotated DNA-

binding domain. An initial set of 4 gRNAs were designed to target the zinc finger 

domains of KLF17 and produced following cloning into pX330-U6-Chimeric_BB-

CBh-hSpCas9 (Addgene plasmid #42230) (Cong et al., 2013) as described 

above. An alternative gRNA was subsequently chosen against the 5’ end of 

KLF17 and produced for in vitro cleavage testing using the EnGen sgRNA 

Synthesis Kit (NEB). 

 

2.3.2 Bioinformatic assessment of gRNA efficiency 

FASTQ files containing the sequencing information from CRISPR-Cas9-edited 

H9 hESCs were provided by the ASF. Analysis was subsequently performed by 

me using both the Cas-Analyzer tool from CRISPR RGEN Tools (Park et al., 

2017) and the CrispRVariants package in R (Lindsay et al., 2016). 
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2.3.3 RNA-sequencing analysis 

Data produced from RNA-seq studies was processed and analysed by Stefan 

Boeing in the Francis Crick Institute’s Bioinformatics and Biostatistics Service 

(BABS) team, as follows. The ‘Trim Galore!’ utility version 0.4.2 was used to 

remove sequencing adaptors and to quality trim individual reads with the q-

parameter set to 20 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/ (retrieved 03-

05-2017)). Then sequencing reads were aligned to the human genome and 

transcriptome (Ensembl GRCh38 release-89) using RSEM version 1.3.0 (Li and 

Dewey, 2011) in conjunction with the STAR aligner version 2.5.2 (Dobin et al., 

2013). Sequencing quality of individual samples was assessed using FASTQC 

version 0.11.5 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (retrieved 03-05-

2017)) and RNA-SeQC version 1.1.8 (DeLuca et al., 2012). Differential gene 

expression was determined using the R-bioconductor package DESeq2 version 

1.24.0 (Love et al., 2014). Within the DESeq2 package, adjusted p values for 

log-fold changes were calculated using the Benjamini-Hochberg method and 

the betaPrior parameter was set to “TRUE”.  For the KLF17-/- hESCs in naïve 

conditions, each timepoint was normalised individually, to account for the 

significant cell-state changes occurring across the extended time course of the 

experiment (~60 days). For integration of published data (Collier et al., 2017), 

batch correction was performed via the ComBat-seq method (Zhang et al., 

2020) using the ComBat_seq function of the R-package sva. 

Figures were generated with the desired samples, datapoints, titles (etc) in R 

Studio, by modifying scripts provided by Stefan Boeing. 

Enrichment analysis was performed using the online EnrichR tool 

(https://maayanlab.cloud/Enrichr/) (Chen et al., 2013; Kuleshov et al., 2016). 

 

2.3.4 Karyotype analysis 

Full analysis of low-pass WGS karyotype data was performed by Gregorio 

Alanis-Lobato, a previous postdoc in the Niakan lab, using custom scripts. In 
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brief, fastq files were trimmed to remove low quality bases and mapped to the 

human genome (hg19) using BWA. Digital karyotypes were generated with the 

R package QDNAseq. 

 

2.3.5 Image adjustments for figure clarity 

To improve figure quality, immunofluorescence images of hESCs and images of 

western blot membranes were adjusted within Adobe Photoshop. The shadow 

and highlight sliders were adjusted to the start and end positions of the data 

recorded on the histogram. The histogram value adjustments were then applied 

consistently to all images within the data set. 

For immunofluorescence images of human embryos, brightness of each 

channel was adjusted within Volocity, as follow: 488 nm = 2x, 594 nm = 2x, 647 

nm = 2.5x. These adjustments were made uniformly across all image sets and 

did not impact upon the raw data used for quantification. 

 

 

2.4 Reagents 

 

2.4.1 MEF medium (500 ml) 

 
Component Supplier Catalogue 

Number 
Stock 

Concentration 
Final 

Concentration 
Volume 

Advanced 
DMEM/F12 

Invitrogen 12634-010 - 88% 440 ml 

Foetal bovine 
serum (FBS) 

Bioserum S1818 - 10% 50 ml 

GlutaMAX Thermo 
Fisher 

35050038 200 mM 2 mM (1%) 5 ml 

β-
mercaptoethanol 

Sigma M6250 14.3 M 0.1 mM 3.5 μl 

Penicillin/ 
streptomycin 

Sigma 15140-122 100% 1% 5 ml 
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2.4.2 Primary and secondary antibodies used in immunofluorescence 

 
Target Species Dilution Supplier Catalogue 

Number 
Anti-DNMT3L Mouse 1 in 500 Abcam ab93613 

Anti-DPPA5 Rabbit 1 in 250 Sigma Aldrich D2569 

Anti-GP130 Rabbit 1 in 250 Thermo Fisher PA5-80735 
Anti-HA (3F10) Rat 1 in 500 Sigma Aldrich 

(Roche) 
11867423001 

Anti-KLF5 Rabbit 1 in 500 Abcam ab137676 

Anti-KLF17 Rabbit 1 in 500 (hESCs) 
1 in 200 (embryo) 

Atlas Antibodies HPA024629 

Anti-NANOG Goat 1 in 200 R&D Systems AF1997 

Anti-OCT4 Mouse 1 in 100 Santa Cruz 
Biotechnology 

SC-5279 

Anti-SOX2 Rat 1 in 100 Invitrogen 14-9811-82 

Anti-SUSD2 Mouse 1 in 250 Biolegend 327401 

Anti-TFAP2C Goat 
Mouse 

1 in 200 
1 in 250 

R&D Systems 
Santa Cruz 

AF5059 
sc-12762 

Anti-VENTX Rabbit 1 in 500 Cambridge 
Bioscience 

HPA050955 

Alexa Fluor 
anti-mouse IgG 

Donkey 1 in 300 Invitrogen A21202 (488 nm) 
A21203 (594 nm) 
A31571 (647 nm) 

Alexa Fluor 
anti-rabbit IgG 

Donkey 1 in 300 Invitrogen A21206 (488 nm) 
A21207 (594 nm) 
A31573 (647 nm) 

Alexa Fluor 

anti-goat IgG 

Donkey 1 in 300 Invitrogen A11055 (488 nm) 

A11058 (594 nm) 
A21447 (647 nm) 

Alexa Fluor 
anti-rat IgG 

Donkey 1 in 300 Invitrogen A21208 (488 nm) 
A21209 (594 nm) 
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2.4.3 Primers used for qRT-PCR 

 
Target Forward primer sequence Reverse primer sequence 

ARGFX CCAGTTTCACTCTGTTATCCAAG CGTTCTTTATGCCTTCTCCG 

DNMT3L GGACCCTTCGATCTTGTGTA ACCAGATTGTCCACGAACAT 

DPPA3 TCTCAAATCTCCTCCGAGAC CTCTCTGCACAGACAGCAAT 

DPPA5 GTGGTTTACGGCTCCTATTT TCATCCAAGGGCCTAGTT 

FLT1 CCCTCAACCTACAATCAAGTG TGCTCTCAATTCTGTTTCCC 

GAPDH GATGACATCAAGAAGGTGGTG GTCTACATGGCAACTGTGAGG 

GATA6 TCCACTCGTGTCTGCTTTTG TCCTAGTCCTGGCTTCTGGA 

KLF2 GCACGCACACAGGTGAGAAG CTACACCAAGAGTTCGCATC 

KLF4 GATGGGGTCTGTGACTGGAT CCCCAACTCACGGATATAA 

KLF5 CAATAGAAGGAGTAACCCCG TCCCAGGTACACTTGTATGG 

enKLF17 ACCCAGTCTTCATGTACGGC GCACTCCAGAGCTTCCAGAA 

KLF17_HA ACACCAGAAGACTCATCGGC ACATCGTATGGGTAAGGACCAG 

NANOG CATGAGTGTGGATCCAGCTTG CCTGAATAAGCAGATCCATGG 

NODAL TGAGCCAACAAGAGGATCTG TGGAAAATCTCAATGGCAAG 

OTX2 TGTGAAGACCTGTAGAACCTC GGTTTGTAGGCCCCTCTAAG 

PAX6 CTTTGCTTGGGAAATCCGAG AGCCAGGTTGCGAAGAACTC 

POU5F1 TATGGGAGCCCTCACTTCAC CAAAAACCCTGGCACAAACT 

PRDM14 TCACACAAGGAGGATGATGG CTCCTGGACTTGAGTGATCC 

REX1/ZFP42 GGAATGTGGGAAAGCGTTCGT CCGTGTGGATGCGCACGT 

TFAP2C GACTCTCCTGACATCCTTAGT CCTAGCTGCCATCTCATTTC 

TFCP2L1 AGCACATCCACCGAGTCTAC TGAGGACAAAACAGGATTCATCT 

VENTX CAGCTCTCAGAGGTCCAGATA AGACGTTGAGTAGAAAGCTGG 
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2.4.4 Primary and secondary antibodies used in western blot 

 

 

 

 

 

 

 

 

 

 

 

Target Species Dilution Supplier Catalogue 
Number 

Anti-alpha tubulin Mouse 1 in 1000 Sigma Aldrich T9026 

Anti-pan AKT Rabbit 1 in 1000 Cell Signaling 
Technologies 

9272 

Anti-phospho AKT 
(Ser473) 

Rabbit 1 in 1000 Cell Signaling 
Technologies 

9271 

Anti-KLF17 Rabbit 1 in 500 Atlas Antibodies HPA024629 

Anti-pan S6 Mouse 1 in 1000 Cell Signaling 
Technologies 

(54D2) #2317 

Anti-phospho S6 Rabbit 1 in 1000 Cell Signaling 
Technologies 

#2211 

Anti-mouse IgG (H+L), 
HRP-conjugated 

Goat 1 in 20000 Cell Signaling 
Technologies 

7076 

Anti-rabbit IgG (H+L), 
HRP-conjugated 

Goat 1 in 20000 Cell Signaling 
Technologies 

7074 

Anti-goat IgG (H+L), 
HRP-conjugated  

Donkey 1 in 20000 Santa Cruz 
Biotechnology 

SC-2020 

Anti-rat IgG (H+L), HRP-
conjugated 

Goat 1 in 20000 Cell Signaling 
Technologies 

7077 
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Chapter 3 – Results 

Chapter 3.1 – Identification of potential primate-specific 

pluripotency factors 
 

Given the many molecular differences observed between human pre-

implantation embryogenesis and that of the most common mammalian model 

organism, the mouse, I determined to identify, and test the function of, putative 

human-specific pluripotency factors. As described in detail in the Introduction, 

Section 1.5, there is mounting evidence that even factors sharing pre-

implantation expression across species can differ in their functionality. For 

instance, the expression patterns of the regulators OCT4 and CDX2 were 

shown to be poorly conserved between early mouse and human 

embryogenesis (Niakan and Eggan, 2013). 

 

Furthermore, recent work in our lab identified that the canonical pluripotency 

factor OCT4 has more widespread functions in human pre-implantation 

development, such that even mosaic mutation of POU5F1 in human embryos 

leads to dysregulated formulation of the blastocyst and its three associated cell 

types, while higher rates of POU5F1 mutation appeared to preclude 

development past the cleavage stage (Fogarty et al., 2017). Similar 

observations have also been made following POU5F1 knockdown in human 

embryos, with a specific role for OCT4 in human EGA (Gao et al., 2018). This 

differs from the Pou5f1-null phenotype of mouse embryos, wherein OCT4 

expression is not required during early development, pre-blastocyst, or for 

initiation of the pluripotent state, but is vital for ICM/EPI maintenance and 

continued development past the blastocyst stage (Frum et al., 2013). In the 

mouse, Pou5f1-/- ICM cells upregulate markers of the TE, including Hand1 and 

Gata3, and downregulate components of the JAK/STAT signalling pathway, 

leading to adoption of a TE-like fate, although expression of most pluripotency 
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markers is not significantly impacted until at least the mid-blastocyst (Nichols et 

al., 1998; Stirparo et al., 2021). This suggests that the requirement for OCT4 

function initiates earlier in preimplantation development of the human than the 

mouse. 

 

In order to identify putative regulators of human pluripotency and pre-

implantation development, I determined to focus on genes with identified 

expression in the human EPI (Blakeley et al., 2015) but no equivalent 

expression in the mouse pluripotent ICM (Deng et al., 2014). Furthermore, I 

limited the list of human EPI-specific factors to those with annotated DNA-

binding domains to investigate putative transcriptional regulators. This is 

because transcription factors, as opposed to for instance signalling molecules, 

directly impinge upon gene expression and are furthermore known to be vital for 

pluripotency regulation, including the switch between different states of 

pluripotency. In particular, in mouse embryogenesis, transcription factors 

including NANOG, KLF2, KLF4 and REX1 are enriched in the naïve pre-

implantation EPI, while there is a peri-implantation switch in expression 

involving downregulation of these genes and upregulation of other factors 

including SOX3, SALL2 and OCT6 (Buecker et al., 2014; Boroviak et al., 2015; 

Kalkan et al., 2017; Acampora et al., 2016). Furthermore, the transcription 

factor OCT4 works alongside differing partners during the progression of 

development, switching from primarily complexing with SOX2 to the post-

implantation pluripotency regulator OTX2 (Acampora et al., 2013; Yang et al., 

2014). 

 

Given the lack of conserved expression of some canonical mouse pluripotency 

regulators in the human pre-implantation EPI, I set out to identify putative 

human-specific pluripotency factors using a data-driven approach of mining 

previous single-cell RNA-seq analysis (Yan et al., 2013; Blakeley et al., 2015), 

followed by in-depth literature searching and validation of targets in vitro and in 

vivo. 
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3.1.1 Mining single-cell transcriptomics data of human pre-implantation 

development 
 

In the lab’s previous work (Blakeley et al., 2015), global gene expression 

patterns were compared between human and mouse pre-implantation embryos 

both temporally (from zygote to blastocyst) and in a lineage-specific manner (at 

the blastocyst stage). I was interested in the latter and specifically in the 

comparison of genes expressed in the human EPI and the mouse ICM 

(Blakeley et al., 2015). By NOIseq analysis (Tarazona et al., 2011), differential 

gene expression across the scRNA-seq data from the human blastocyst stage 

was identified, allowing for production of a list of 1431 specifically EPI-enriched 

genes (Table 3.1.1). Similarly, a list was compiled of genes specifically enriched 

in the pluripotent ICM (pre-EPI specification) of the mouse embryos, containing 

354 genes (Blakeley et al., 2015) (Fig.1Ai). Of these, only 54 genes were 

consistently expressed between species (Fig.1Ai). This highlighted considerable 

inter-species deviation, with a caveat that the earlier, pre-commitment stage of 

the analysed mouse embryos may somewhat confound the analysis, by 

including transcripts expressed in the PrE precursors as well as the future EPI 

cells. 
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Table 3.1.1 The top 50 genes most strongly enriched in the human pluripotent epiblast 

The list is taken from differential gene expression analysis between human epiblast and 
trophoectoderm performed previously (Blakeley et al, 2015). 

 

From this list of human-specific EPI-enriched factors, I identified a number of 

genes with previously annotated DNA-binding domains (DBDs), which satisfied 

the following criteria: 

(i) highly enriched in human pluripotent epiblast compared to other 

embryonic lineages; 

(ii) absent from mouse pluripotent ICM; and, 

(iii) reported to have potential links to development and/or pluripotency in 

the literature. 

 

This analysis converged on three promising candidate pluripotency factors: the 

PRD-like homeodomain protein ARGFX, the NKL-class homeodomain 

transcription factor VENTX and the Krüppel-like family factor KLF17. 

 

Rank Gene Rank Gene Rank Gene
1 NODAL 19 LIMCH1 37 BMP2
2 MAN1C1 20 SAT1 38 FOLR3
3 MT1H 21 MT1E 39 AIM1
4 GYPC 22 MT1G 40 TDGF3
5 GPRC5C 23 SCARA5 41 FZD8
6 PSORS1C2 24 GDF3 42 C5orf13
7 SLC16A9 25 KLF17 43 SUSD3
8 FBP1 26 VCAN 44 PHLDA1
9 CEACAM6 27 TRIM14 45 MT2A
10 GPRC5B 28 IFI16 46 BAMBI
11 NANOG 29 VENTX 47 IFITM1
12 GPX2 30 SFRP1 48 CDHR1
13 PXDN 31 ZNF18 49 VIL1
14 LIM2 32 LGALS2 50 APOC2
15 PRDM14 33 IER3
16 TDGF1 34 IL6R
17 SOX2 35 OTX2
18 CYP2E1 36 ETV4
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Figure 1A Identifying putative regulators of human pluripotency from single-cell RNA-seq 
analysis of human preimplantation embryogenesis 

(i) A Venn diagram representing the numbers of orthologous genes identified as either specific 
to the mouse ICM or human EPI, or with expression in both species. (Adapted from (Blakeley et 

al., 2015)). (ii-iv) The expression dynamics of three potential human-specific pluripotency 
regulators, (ii) ARGFX, (iii) VENTX, (iv) KLF17, (left) across time in human preimplantation 
development and (right) between the three cell types of the human blastocyst (epiblast, EPI, 
green; primitive endoderm, PrE, red; trophoectoderm, TE, blue). Expression is displayed as 
RPKM (reads per kilobase per million mapped reads). Boxes represent the first and third 
quartiles, the central horizontal line the median, and whiskers extend to 1.5 times the 
interquartile range. Dots represent individual outliers. (Legend continues on next page) 
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(Figure 1A cont.) (v-vi) The expression dynamics of (v) Klf2 and (vi) Klf17 in mouse single-cell 
RNA-seq, (left) across time and (right) between the inner cell mass (ICM, yellow) and 
trophoectoderm (TE, blue) at the blastocyst stage. Expression is displayed as RPKM (reads per 

kilobase per million mapped reads). Boxes represent the first and third quartiles, the central 
horizontal line the median, and whiskers extend to 1.5 times the interquartile range. Dots 
represent individual outliers. 

 
3.1.1.1 – ARGFX 

ARGFX and related transcription factors have been implicated in human pre-

implantation development, especially embryonic genome activation. ARGFX 

expression begins in the eight-cell embryo, coinciding with human EGA, but 

diminishes following compaction (Tohonen et al., 2015; Maeso et al., 2016). 

Interestingly, its expression is reportedly highly variable amongst cells of 8-cell 

stage embryos (Madissoon et al., 2016), raising the possibility that rather than 

having a universal role in regulating EGA, ARGFX could be an early marker of a 

specific subset of cells, i.e. the ICM or EPI progenitors. Indeed, ARGFX has 

recently been identified as a marker of early EPI, and a factor able to 

distinguish EPI from PrE (Stirparo et al., 2018), and it maintains considerable 

RNA expression in pluripotent cells between 5 and 7 d.p.f. (Blakeley et al., 

2015; Petropoulos et al., 2016) (Fig.1Aii). 

 

3.1.1.2 – VENTX 

VENTX is a homeobox transcription factor of the same sub-family as NANOG. 

Ventx1/2 protects Xenopus blastulae from pro-differentiation cues, and its 

knockdown can be substituted by mouse Nanog to allow successful completion 

of Xenopus development (Scerbo et al., 2012). Xenopus Ventxs and 

mammalian NANOG share many features, including regulation by the same 

signalling pathways and transcription factors (Scerbo et al., 2012) (e.g. the 

NODAL/ACTIVIN pathway), while in human embryonal carcinoma cells, VENTX 

is co-expressed with NANOG and OCT4 (Korkola et al., 2006), two conserved 

regulators of pluripotency. VENTX has been described as a “late ICM” marker, 
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as part of a Pearson correlation-defined epiblast network (Stirparo et al., 2018) 

(Fig.1Aiii). 

 

3.1.1.3 – KLF17 

KLF17 is one of 11 human paralogues of the Krüppel-like transcription factor 

family involved in development. This family includes KLF4, a commonly-used 

reprogramming factor (Takahashi and Yamanaka, 2006), and KLF2, a known 

regulator of pluripotency in the mouse (Hall et al., 2009). It is interesting to 

speculate that KLF17 might compensate for the lack of KLF2 expression in 

human embryos, especially since robust KLF17 protein expression in the EPI 

was first validated in our lab (Blakeley et al., 2015) and subsequently by others 

(Kilens et al., 2018). The human KLF17 and KLF2 sequences share ~60% 

homology across the C-terminal region containing the functional C2H2-type zinc-

finger domains, while KLF17 and mouse KLF2 also have additional homologous 

regions (~50%) throughout the protein, including part of a region in mouse KLF2 

annotated as a protein-protein interaction domain. Additionally, in mESCs, triple 

knockout of Klf2, Klf4 and Klf5 can be rescued by ectopic expression of human 

KLF17 (Yamane et al., 2018). 

 

The temporal and lineage-restricted patterns of KLF17 expression in human 

pre-implantation development (Fig.1Aiv) are very similar to those of Klf2 in the 

mouse embryo (Fig.1Av), where KLF2 has a known role in pluripotency and 

embryogenesis (Hall et al., 2009; Jiang et al., 2008; Wani et al., 1998). 

Furthermore, this similar dynamic of KLF17/Klf2 expression is the diametric 

opposite to that of human KLF2 and mouse Klf17 (Yan et al., 2013; Blakeley et 

al., 2015). Interestingly, the human and mouse KLF17 protein sequences have 

less similarity overall than other pairs of KLF orthologues (van Vliet et al., 2006). 

This is all suggestive of rapid, divergent evolution of the human and mouse KLF 

genes and a potential switching of their function between species. 
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KLF17 has also been confirmed as a preimplantation epiblast marker gene 

(Xiang et al., 2020), and a gene able to distinguish EPI from PrE (Stirparo et al., 

2018). Of the three candidates identified herein, only KLF17 has an orthologue 

that is appreciably expressed during mouse pre-implantation development 

(Deng et al., 2014; Blakeley et al., 2015). However, the temporal expression 

pattern of Klf17 is the opposite of that of KLF17. In the mouse, Klf17 transcripts 

appear to be maternally deposited in the zygote and persist only until around 

the 4-cell stage, shortly after mouse EGA, while there is no detectable 

expression in the blastocyst (Fig.1Avi). Therefore, any potential role for KLF17 

in human pluripotency would not be conserved in the mouse. 

 

 

3.1.2 Identified putative pluripotency factors are enriched in naïve hESCs 
 

Interestingly, these three candidate pluripotency factors are generally absent or 

lowly expressed in most standard primed hESCs (Yan et al., 2013), but a 

previous analysis showed that they are considerably upregulated under most 

naïve culture conditions (Blakeley et al., 2015; Chan et al., 2013; Theunissen et 

al., 2014; Takashima et al., 2014) (Fig.1Bi). Given that naïve hESCs more 

closely resemble the bona fide pluripotency of the pre-implantation EPI (Huang 

et al., 2014; Theunissen et al., 2016; Stirparo et al., 2018), this pattern of 

expression further suggests that ARGFX, KLF17 and VENTX might have roles 

in the regulation of pluripotency. Interestingly, the reported expression is 

generally less robust in 5iLA cells compared to t2iL+Gö, which is perhaps a 

reflection of the opposing EPI and PrE networks active under 5iLA conditions 

(Stirparo et al., 2018). Only VENTX is appreciably expressed under 

conventional primed culture conditions, but it is not detectable at the protein 

level by immunofluorescence (IF) analysis. 
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Figure 1B Putative regulators of human pluripotency are enriched in naïve human 
embryonic stem cells 

(i) Expression of the candidate pluripotency factors, and two validated pluripotency factors as 
reference, in various cellular contexts (epiblast, EPI; naïve(-like) hESCs, Chan 3iL, Takashima 

t2iL+Gö, Theunissen 5iLA; primed hESCs, Chan mTeSR, Takashima KSR/MEF). Expression is 
plotted as log2(fold change) relative to primed “late hESCs” maintained on MEFs (Yan et al, 
2013). The integrated expression analysis was performed previously (Blakeley et al, 2015). (ii) 
Brightfield images of in-house reset naïve H9 hESCs cultured in (left) 5iLA and (right) 5iLFA, 
showing typical domed and highly refractile colony morphology. (5x magnification). (Legend 
continues on next page) 
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(Figure 1B cont.) (iii) qRT-PCR analysis of common, naïve-enriched and primed-enriched 
hESC markers in in-house reset naïve H9 hESCs in 5iLA (orange) and 5iLFA (blue) relative to 
primed control hESCs (mTeSR, grey). Relative expression was calculated using the ΔΔCt 

method, with GAPDH expression as an internal control. (n=2; **, p < 0.005; ***, p < 0.001; ****, 
p < 0.0001). (iv-v) Immunofluorescence analysis of the putative human-specific pluripotency 
factors (iv) KLF17 and (v) VENTX in in-house reset naïve hESCs grown in (left) 5iLA or (right) 
5iLFA. The common hESC markers (iv) OCT4 and (v) NANOG were included as control, with 
DAPI (blue) as a nuclear marker. (20x magnification, scale bars = 50 μm). 

 
Since the factors of interest are expressed primarily in naïve-like hESCs, it was 

crucial that a robust method for naïve culture was established in-house in order 

to test their function in this context. At the onset of this project, one of the best 

methods for transgene-free induction of naïve pluripotency was culture in 

5iL(F)A medium (Theunissen et al., 2014). Therefore, I attempted resetting of 

wild-type H9 hESCs following published protocols (Collier et al., 2017). H9 

hESCs were successfully reset in 5iL(F)A media over a period of ~14 days and 

maintained for at least 15 passages, with consistent naïve morphology 

appearing from passage 3 (Fig.1Bii). The morphology of 5iLA cells showed 

consistently more uniform colonies compared to 5iLFA, as well as higher 

density. Given that exogenous bFGF is not required due to secretion by the 

MEF feeder layer, and that it is mostly reported to aid in the initial resetting to 

naivety, this suggested that long-term culture in 5iLA would be preferable and 

that perhaps bFGF supplementation had a negative effect on self-renewal of 

naïve hESCs. Indeed, the inclusion of the MEK/ERK inhibitor PD0325901 in 

5iL(F)A conditions should block the primary signal transduction pathway 

downstream of bFGF stimulation and we have shown that under t2iL+Gö 

conditions, direct blockade of FGF signalling is not detrimental (Wamaitha et al., 

2020). 

 

To further characterise the naïve hESCs, I performed qRT-PCR for a number of 

naïve and primed marker genes, identified from published transcriptomics 

analysis (Theunissen et al., 2014; Takashima et al., 2014; Messmer et al., 

2019; Stirparo et al., 2018), of hESCs grown in 5iL(F)A and mTeSR1 media 
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(Fig.1Biii). Indeed, this confirmed successful resetting of the H9 hESCs, with 

significant upregulation of all naïve marker genes investigated and 

downregulation of the primed markers FLT1 and OTX2. 

 

Interestingly there is considerably greater upregulation of ARGFX, VENTX and 

KLF17 (~500-, ~80- and ~1000-fold, respectively) versus primed conditions, 

compared to published data (Fig.1Bi) (Theunissen et al., 2014). This difference 

could arise from differences between cell lines (as variability has been 

documented (Bock et al., 2011)), conventional culture conditions (as most 

published studies compare to primed cells grown in KSR and on MEFs, 

whereas the present baseline is mTeSR on Matrigel), or the method of analysis 

(as previous studies used microarray profiling or RNA-seq, as opposed to qRT-

PCR). Furthermore, the reported primed marker GATA6 was induced in 5iL(F)A 

hESCs in my hands (Fig.1Biii), although this induction might correspond to the 

PrE-like profile of 5iL(F)A cells (Stirparo et al., 2018).  

 

Consistent with published data (Collier et al., 2017), KLF17 was detectable at 

the protein level in 5iL(F)A reset H9 hESCs (Fig.1Biv). I was further able to 

validate an antibody for IF detection of VENTX (Fig.1Bv), as well as confirming 

homogenous expression of OCT4 and NANOG in the 5iL(F)A hESCs (Fig.1Biv-

v). However, I and others have been unable to find an antibody suitable for IF 

detection of ARGFX. 

 

I was therefore able to confirm the establishment of naïve-like hESCs, which 

would be a suitable model for me to investigate the function of the putative 

pluripotency regulators. However, it suggested that ARGFX should perhaps be 

approached with caution, as it would not be possible to confirm its protein 

expression either in vitro or in vivo. 
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3.1.3 Identified putative pluripotency factors are conserved in other 

mammalian embryogenesis 
 

Given that both ARGFX and VENTX do not have identified orthologues in the 

mouse (Mus musculus) genome, while KLF17 is not expressed in the mouse 

blastocyst, I mined published RNA-seq data of pre-implantation development of 

other species. Interestingly, I found that these candidates have conserved 

expression patterns in pre-implantation embryos of non-human primates, 

including rhesus monkey (Macaca mulatta) (Wang et al., 2017), cynomolgus 

monkey, (Macaca fascicularis) (Nakamura et al., 2016) and marmoset, 

(Callithrix jacchus) (Boroviak et al., 2015), although VENTX was not detected in 

the latter study (Fig.1C). Several lines of evidence suggest primate 

embryogenesis as a suitable proxy for human. Indeed, the majority of human 

EPI-specific factors identified in our lab (Blakeley et al., 2015), including 

LEFTY1, NODAL and KLF17, are expressed in the late marmoset ICM 

(Boroviak et al., 2015), and responses to signalling modulation are similarly 

divergent compared to rodent. Furthermore, protein expression of core lineage 

markers, e.g. OCT4, NANOG and CDX2, in cynomolgus monkey recapitulates 

human, rather than mouse, patterns (Nakamura et al., 2016). It is therefore 

possible that the putative novel pluripotency regulators are conserved in 

primates due to a necessary function in the pluripotent ICM or EPI. 
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Figure 1C Putative regulators of human pluripotency have conserved expression 
patterns throughout non-human primate preimplantation embryogenesis 

Relative expression of the identified candidate human pluripotency factors in preimplantation 
embryos of the non-human primate species (top) cynomolgus monkey (Macaca fascicularis, 
Nakamura et al, 2016), (middle) rhesus monkey (Macaca mulatta, Wang et al, 2017), and 
(bottom) common marmoset (Callithrix jacchus, Boroviak et al, 2015), across different 
developmental stages. Expression of each of the factors is detected in the defined pluripotent 
compartments (inner cell mass (ICM) or epiblast (EPI), depending on the study), and initiated 
around the 8-cell to morula stage, as observed in human (Fig.1Aiv). Box plots were created in 
Prism according to the Tukey method. (RPM, reads per million mapped reads; FPKM, 
fragments per kilobase per million mapped reads). 

 

Further investigation revealed that some of the candidate genes are also 

expressed in other mammalian species. In particular, in the late blastocyst 

stage of pig embryogenesis, KLF17 is expressed ~7-fold more strongly in the 
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epiblast than the PrE (hypoblast), while ARGFX has a peak of expression in the 

morula stage (Ramos-Ibeas et al., 2019). Similar to human embryos (Blakeley 

et al., 2015; Kilens et al., 2018), KLF17 is detected in the pig embryo as early 

as the morula stage and appears to be expressed equivalently between the 

ICM and TE cells of the early blastocyst stage embryo (Ramos-Ibeas et al., 

2019). KLF17 restriction to the pluripotent EPI is then completed in the late 

blastocyst, before its mRNA is no longer detected as porcine embryogenesis 

proceeds to the “spherical” phase, which corresponds to a more primed state of 

pluripotency (Ramos-Ibeas et al., 2019; Bernardo et al., 2018). KLF17 is thus a 

putative naïve marker during pig embryogenesis. 

 

 

3.1.4 Potential links to the known pluripotency network 
 

Pluripotency in hESCs and the embryo depends on the expression of core 

pluripotency factors, at least partly driven by TGFβ-family signalling. Numerous 

groups have investigated the in vitro pluripotency network via ChIP-seq. 

Intriguingly, two independent studies (Brown et al., 2011; Kim et al., 2011b) 

identified both KLF17 and VENTX as binding targets of the TGFβ effectors 

SMAD2/3 and SMAD4 in hESCs, and VENTX expression specifically decreased 

upon ACTIVIN/NODAL signalling inhibition by SB-431542. The SMAD2/3/4 

binding sites also showed overlap with NANOG binding (Brown et al., 2011). 

Additionally, analysis of binding of the pluripotency triumvirate in HUES64 

hESCs (Gifford et al., 2013) revealed overlapping binding sites of OCT4 and 

SOX2 near the transcription start site (TSS) of ARGFX, and OCT4, SOX2 and 

NANOG near TSSs of KLF17 and VENTX. Although not necessarily indicative 

of direct regulation, this provides further support for the notion that these 

transcription factors interact with the core pluripotency regulatory network.  
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3.1.5 KLF17 is a robust marker of naïve human pluripotency in vivo 
 

While RNA-seq analysis indicates that transcripts for ARGFX, VENTX and 

KLF17 are enriched in the EPI of the blastocyst stage embryo, the expression 

dynamics of the encoded proteins have not been fully characterised. To further 

investigate the expression of ARGFX, VENTX and KLF17 during human pre-

implantation development, I attempted to perform immunofluorescence analysis 

for each factor at the early blastocyst stage (5 d.p.f.), when cells of the epiblast 

would be expected to exhibit a naïve pluripotent state. As in naïve hESCs, it 

was not possible to find an antibody against human ARGFX that was able to 

detect protein expression in the human embryo. For VENTX, the antibody that 

was successfully used in naïve hESCs (Fig.1Bv) did not detect VENTX protein 

in the human 5 d.p.f. blastocyst. Given that I had validated this antibody in the 

in vitro context, this could indicate that VENTX expression is a marker of the 

late human blastocyst, especially given that its mRNA expression is only 

initiated in the blastocyst stage (Fig.1Aiii), whereas both ARGFX and KLF17 

expression are initiated at EGA. Exact staging of previously cryo-preserved 

human embryos is difficult, due to uncertainty about the length of culture prior to 

freezing. Furthermore, there is a variable delay between initiation of mRNA 

expression and initiation of protein expression, due to the time required for 

mRNA processing and translation. Both of these factors may have contributed 

to a lack of VENTX protein in 5 d.p.f. human blastocysts. I therefore performed 

further immunostaining with the validated VENTX antibody on human embryos 

as late as 7 d.p.f., but it was still impossible to detect VENTX protein. This 

suggests instead that the VENTX antibody used in naïve hESCs is incompatible 

with IF analysis of human embryos, or that the levels of VENTX protein are 

below the level of detection. 

 

In contrast, KLF17 protein expression had already been demonstrated to 

colocalise with the pluripotency factor NANOG in the ICM of expanded human 

blastocysts (Blakeley et al., 2015). I was able to confirm this pattern of 
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expression in 5 d.p.f. human embryos, though it was notable that the overlap 

between NANOG and KLF17 was not perfect and I could often observe ICM 

cells that were positive for just one or the other factor (Fig.1D). Indeed, KLF17 

was often detectable in the outer cells of the presumptive TE (Fig.1D, white 

arrows), as has been shown independently (Kilens et al., 2018). To investigate 

the expression pattern of KLF17 in more detail and to understand when it may 

become restricted to the pluripotent NANOG-positive population, I determined 

to perform a time course IF analysis. However, staining under the lab’s standard 

conditions (see Methods 2.2.1) often led to non-specific signal, particularly for 

KLF17 (Fig.1D). I therefore implemented a stronger permeabilisation and more 

stringent blocking step in the IF protocol and was able to improve the quality of 

the subsequent images (see Methods 2.2.1). 

 

 
Figure 1D Confirming KLF17 protein expression in the human blastocyst 

(Legend continues on next page) 
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(Figure 1D cont.) Three representative examples of day 5 post-fertilisation human embryos 
assessed for KLF17 (green) and NANOG (red) protein expression, with DAPI (blue) as nuclear 
marker. Different patterns of expression are detected: KLF17 and NANOG are colocalised in 

some cells of the EPI (white arrowheads), KLF17 is expressed in some apparent TE cells in the 
absence of NANOG protein (white arrows) and NANOG is expressed in some EPI cells in the 
absence of KLF17 (yellow arrows). (Images have been cropped for clarity; scale bars = 50 μm). 

 

With this improved protocol, I analysed the expression patterns of KLF17, SOX2 

and NANOG across development of the human blastocyst, from early 5 d.p.f. 

through to early 7 d.p.f. (Fig.1E). These two canonical pluripotency factors were 

chosen alongside KLF17 because NANOG is the earliest known factor that 

delineates the human EPI (Kimber et al., 2008; Niakan and Eggan, 2013), 

whereas the SOX2 mRNA expression pattern is very similar to that of KLF17 

(Blakeley et al., 2015) and its protein is similarly detected in all cells of the 

human morula (Kilens et al., 2018; Gerri et al., 2020). 

 

As anticipated, in early 5 d.p.f. embryos, NANOG expression was present in 

relatively few cells (the emerging EPI), all of which were coincidentally 

expressing both KLF17 and SOX2 (Fig.1E, early day 5). However, KLF17 and 

SOX2 were also strongly expressed in the outer cells of the TE at this stage. 

Therefore, neither KLF17 nor the known pluripotency factor SOX2 is restricted 

to the pluripotent NANOG-positive cells at early 5 d.p.f. in the human embryo. 

 

At late 5 d.p.f. (Fig.1E, late day 5), the NANOG-positive EPI had expanded and 

there were more cells with robustly detectable NANOG expression. Both KLF17 

and SOX2 were still present across all cells (TE and ICM), although there was 

clear enrichment of the SOX2 expression in the EPI at this stage. 
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Figure 1E KLF17 expression is gradually restricted to the pluripotent human epiblast 
during blastocyst development 

Human embryos were analysed by immunofluorescence at the indicated stages for the 
expression of KLF17 (green), SOX2 (red) and NANOG (magenta), with DAPI (blue) as a 

nuclear marker. (Images have been cropped for clarity; scale bars = 50 μm). 

 
Across both early and late 6 d.p.f. embryos, there was considerable variability in 

the degree of restriction of both KLF17 and SOX2. Both proteins were clearly 
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enriched in NANOG-positive cells from early 6 d.p.f. (Fig.1E, early day 6), 

supporting their putative and known roles in pluripotency, respectively. 

However, across nine early 6 d.p.f. embryos, seven had convincing KLF17 

signal in the outer TE cells, while six blastocysts had fully EPI-restricted staining 

of SOX2 (Fig.1E, early day 6). In five late 6 d.p.f. embryos (Fig.1E, late day 6), 

three had evidence of KLF17 persistence in the TE, with only two showing full 

KLF17 restriction to the EPI. Meanwhile, only two of five embryos had some 

faint SOX2 signal in some TE cells. It therefore appears that while there may be 

some variability in the timing across human embryos, SOX2 is largely restricted 

to the pluripotent population prior to KLF17. Given that neither KLF17 nor SOX2 

mRNA is detected in human trophoectoderm cells of 6 d.p.f. blastocyst-stage 

embryos (Blakeley et al., 2015), this suggests that the half-life of KLF17 protein 

may be longer than that of SOX2, such that it is cleared more slowly from the 

outer TE cells following cessation of transcription. 

 

Finally, in fully expanded blastocysts by early 7 d.p.f., KLF17 and SOX2 were 

both entirely restricted to the NANOG-positive EPI (Fig.1E, early day 7). There 

was only faint KLF17 signal across some cells of the TE in a single, less 

expanded embryo out of five embryos analysed at this stage. 

 

The expression dynamic of KLF17 during pre-implantation development is 

therefore very similar to that of the core pluripotency factor SOX2, with 

widespread expression at the onset of blastulation leading to gradual restriction 

to the NANOG-positive EPI. This specific retention of KLF17 in the pluripotent 

compartment of the human embryo is suggestive of a functional role in the EPI 

cells and therefore in the regulation of pluripotency. 
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3.1.6 Discussion 
 

Here I have described the process by which three putative transcriptional 

regulators with potential links to human pluripotency were identified through a 

data-driven investigation. By taking advantage of the power of single cell RNA-

sequencing of pre-implantation embryos, I was able to identify genes whose 

expression and function had not previously been explored in detail due in part 

to a lack of conservation in the mouse embryo. By searching multiple datasets, I 

was able to confirm that these putative regulators of human pluripotency are 

absent or very lowly expressed from conventional, primed hESCs, but enriched 

in their naïve counterparts. Furthermore, I confirmed this pattern of expression 

myself at both the gene and protein level, following in-house establishment of 

techniques for naïve hESC culture, thus providing confirmation that naïve 

hESCs could be used to investigate the function of these factors. 

 

However, despite multiple attempts, it proved impossible to investigate the 

exact nature of expression of ARGFX and VENTX in the human embryo. Given 

the success in characterising KLF17 expression across blastocyst maturation 

and additionally the mounting interest in KLF17 as a marker of naïve human 

pluripotency (Guo et al., 2016; Guo et al., 2017; Liu et al., 2017b; Shahbazi et 

al., 2017; Kilens et al., 2018), I decided to focus all further experiments on 

elucidating the potential role of KLF17 in naïve pluripotency. 

 

As alluded to earlier, the dynamics of KLF17 expression across human pre-

implantation embryogenesis are very similar to those of Klf2 expression in the 

mouse. Given the fact that there is an apparent mutual exclusivity between 

KLF17 and KLF2 expression in the mouse and human blastocysts, it seems 

plausible that KLF17 acts as a peripheral regulator of pluripotency in the human 

embryo in much the same way that KLF2 acts to support the core pluripotency 

network in the mouse (Nichols and Smith, 2012). I devised a series of 
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experiments using both primed and naïve hESCs to investigate this hypothesis, 

as described in the subsequent chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 112 

Chapter 3.2 – Inducible overexpression of KLF17 
 

In this chapter, I describe the experiments performed to understand the 

immediate functions of KLF17 following initiation of its expression. In order to 

address these questions, I designed a system whereby a KLF17 transgene 

could be inducibly expressed in primed hESCs. Given that KLF17 is expressed 

in the human epiblast at the optimal time for hESC derivation (6 d.p.f.), it is 

interesting to consider how and why its expression might be lost during this in 

vitro process. It is therefore also of interest to understand how its forced 

expression in the primed state might impact on the hESC phenotype. 

 

Gain-of-function experiments such as those described below are used to 

understand the “sufficiency” of genes for performing particular functions. 

Indeed, as discussed earlier, the human KLF17 gene was shown to be 

sufficient to compensate for the lack of all three pluripotency-related KLF factors 

in mESCs (Yamane et al., 2018), through its ectopic expression in the triple-

knockout background. 

 

However, a further purpose behind generating a KLF17-overexpression system 

was as a means to perform testing and quality control of various reagents, 

including antibodies and primers for qRT-PCR. This allowed me to apply these 

reagents with confidence to profile KLF17 expression in the human embryo and 

in wild-type naïve hESCs, as described in Chapter 3.1. The benefit of using 

such a system for validation, rather than testing reagents in either naïve hESCs 

or the human embryo itself, is firstly the ready availability of material. 

Cryopreserved human embryos are a scarce resource and since they are 

generously donated by patients following treatment for infertility, we have a duty 

to use them in the most productive and efficient ways for our research. Provided 

that other options are available, antibody testing does not always fall into this 

category. Additionally, the limited material can pose a particular challenge for 

qRT-PCR, especially as KLF17 is expressed in only a subset of cells. 
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Regarding naïve hESCs, the methods for their stable culture were still relatively 

new at the onset of this project and establishing cultures in-house was not 

trivial. Conversely, primed hESCs have always been grown routinely in the lab 

and there was expertise available in generating overexpression cell lines. 

Furthermore, the inducible overexpression system provided the ideal isogenic 

negative control to assess background detection in both IF and qRT-PCR by 

testing uninduced cells. 

 

Overall, these experiments reveal the sufficiency of KLF17 for inducing a more 

naïve phenotype in hESCs under primed conditions and for driving primed-to-

naïve reversion of hESCs when KLF17 overexpression is combined with naïve 

culture conditions. Therefore, it appears that KLF17 is capable of regulating a 

number of naïve pluripotency-associated genes. 

 

 

3.2.1 Establishing and validating overexpression in hESCs 
 

In order to establish a system in which KLF17 was known to be expressed at a 

high level, I employed the Lenti-X Tet-On 3G Inducible Expression System from 

Clontech. This kit comprises a two-vector system. One vector encodes for the 

Tet-On-3G protein, which is the transcriptional activator that can interact with 

Dox-responsive promoter elements when bound with doxycycline, alongside a 

neomycin-resistance cassette for selection with geneticin (G418) (Fig.2Ai). 

Standard H1 and H9 hESCs were previously transduced with this vector (pLVX-

EF1α-TET3G) for past projects in the lab. These stable EF1α hESCs were 

available to me as a starting material for introduction of a KLF17 transgene. For 

this purpose, the second vector carries a multiple cloning site (MCS) 

downstream of the Dox-responsive PTRE3G promoter, allowing the gene of 

interest to be inserted. This vector additionally carries a puromycin-resistance 

gene for selection (Fig.2Aii). 
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(Figure 2A cont.) (i-ii) Schematic representations of the vectors used to generate hESCs 
harbouring a Dox-inducible KLF17_HA transgene. hESCs with stable integration of the pLVX-
EF1α-TET3G construct (i) were already generated in the lab. Commercial KLF17 cDNA (green 

arrow, right) was amplified with primers containing hexanucleotide overhangs (magenta), 
appropriate restriction enzyme sites (BamHI, red; NotI, blue) and an HA tag sequence (purple) 
and cloned into the multiple cloning site of the pLVX-TRE3G construct (ii). (iii) The sequence of 
the 5’ and 3’ ends of the commercial KLF17 cDNA template used for generation of a KLF17_HA 
sequence. The sequences of the forward and reverse primers are indicated, with additional 
sequences coloured as in (ii). 

 

With a commercially generated cDNA template of the KLF17 mRNA sequence, I 

designed PCR primers to allow for amplification of only the coding sequence, 

while simultaneously introducing appropriate restriction enzyme recognition 

sites at each end of the cDNA, to facilitate insertion in the right orientation into 

the lentiviral vector. At the 3’ end of the cDNA sequence, I also incorporated a 

HA tag to enable detection of transgene expression by IF analysis (Fig.2Aiii). 

The HA tag was chosen because it is a small moiety, consisting of only 9 amino 

acids, and so is unlikely to interfere with any aspect of protein folding or 

function. Furthermore, detection of exogenous protein by HA-targeted IF had 

been previously demonstrated in the lab (Wamaitha et al., 2015), and many 

high-quality antibodies suitable for chromatin immunoprecipitation exist for the 

HA tag. I subsequently cloned the amplified fragment into the MCS of the pLVX-

TRE3G vector included in the kit. 

 

Lentivirus containing the pLVX-KLF17_HA vector was generated with the help 

of Norah Fogarty and Sissy Wamaitha (see Methods 2.1.5). 10 μl of virus, 

concentrated by ultracentrifugation from HEK293T supernatant, was applied to 

EF1α hESCs alongside 8 μg/ml of polybrene, which increases the efficiency of 

viral infection (Davis et al., 2002). Transduction was allowed to occur overnight 

for 16 hours, at which point the medium was changed to remove any residual 

virus and polybrene. After recovering for a total of 48 hours, positive 

transductants were selected with a combination of 100 μg/ml G418 and 0.5 
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μg/ml puromycin. G418 selects for the presence of the pre-existing EF1α-Tet3G 

element, while puromycin selects for the KLF17_HA transgene driven by the 

TRE3G promoter (Fig.2B). 

 

 
Figure 2B Generating Dox-inducible KLF17-overexpression hESCs by lentiviral 
transduction 

A schematic showing the process of introducing a Dox-inducible KLF17_HA transgene into 
hESCs harbouring the pLVX-EF1α-TET3G construct (Fig.2Ai). Lentivirus carrying the pLVX-
TRE3G-KLF17_HA construct were allowed to transduce EF1α hESCs overnight and integration 
selected for by dual treatment with puromycin and G418. This yielded a stable, heterogeneous 
population of hESCs capable of Dox-inducible KLF17_HA expression. Following addition of 
doxycycline (yellow triangle), the TetOn protein is able to bind to tetracycline response elements 
(TRE) in the promoter upstream of the KLF17_HA transgene sequence, leading to ectopic 
KLF17_HA expression. 

 

The initial purpose of establishing these cell lines was to engineer a system in 

which KLF17 was known to be expressed, therefore providing a positive control 

for antibody and qPCR primer testing. I determined to use an inducible 

overexpression system for this purpose, since the working hypothesis is that 
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KLF17 acts as a pluripotency factor. In other cases where pluripotency factors 

have been overexpressed in hESCs, the result is often differentiation. For 

instance, POU5F1 overexpression promotes differentiation of hESCs towards 

endoderm (Rodriguez et al., 2007) and SOX2 overexpression can drive the 

expression of TE markers (Adachi et al., 2010). Since I could not know the 

effect of KLF17 overexpression a priori, I could not be sure that hESCs 

constitutively overexpressing KLF17 would be stable under standard culture 

conditions. The Dox-inducible system also ultimately provided a greater degree 

of control over KLF17 expression, allowing for the later instigation of more 

complicated experiments, as discussed below. 

 

I chose the approach of lentiviral transduction, as opposed to other methods of 

transgene integration such as homology-dependent recombination, as it is 

known to work efficiently and had been previously applied with success in the 

lab (Wamaitha et al., 2015). However, lentiviral transduction has a number of 

caveats. Firstly, the transgene is integrated into a random position in the 

genome of each cell, with lentiviruses having a particular bias for actively 

transcribed regions (Schroder et al., 2002; LaFave et al., 2014). This means 

that it is more likely that the insertion of the transgene will disrupt expression of 

an endogenously expressed gene, which may be a gene that is required for 

hESC survival. However, the benefit of this integration bias is that the transgene 

is placed within a region of open chromatin and therefore should itself be freely 

expressed upon addition of doxycycline. 

 

Another potential issue is the lack of homogeneity in bulk populations of 

transduced cells. For instance, integration of the transgene is not limited to one 

event per genome, and so within a population, there will be cells capable of 

expressing multiple copies of KLF17 alongside cells activating only a single 

transgene. However, clonal populations also have their downsides. Firstly, 

hESCs are not very permissive to single-cell amplification and require the 

addition of Rho-associated kinase inhibitor (ROCKi, Y-27632, or similar 
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compounds) in order to survive clonal passaging. Enzymatic passaging as a 

single-cell suspension has been shown to increase the likelihood of genetic 

aberrations (Garitaonandia et al., 2015), while ROCK inhibition itself can enrich 

for genetically abnormal cells by increasing their chance of survival (Weissbein 

et al., 2019). Such abnormalities can exacerbate the existing issue of clonal 

variation, whereby the stress placed upon the cells by single-cell passaging can 

bring about changes in behaviour. Alongside the random genomic positioning of 

the KLF17 transgene, this could lead to a high degree of phenotypic variation 

between clonal lines. Thus, multiple clones must be assessed in order to ensure 

that any observations are consistent and due to expression of the transgene 

itself, rather than any off-target effect. However, if all clones have undergone 

some sort of adaptation to stress, they may all behave abnormally in 

comparison to a bulk population. With this in mind, and given that the initial 

purpose of KLF17-inducible hESCs was primarily for quality control of reagents, 

I decided to proceed with a bulk population approach, simply enriching for 

positive transductants through dual selection of hESCs with G418 and 

puromycin. 

 

Having generated stably selected hESC lines carrying the Dox-inducible 

KLF17_HA transgene, I needed to determine the optimum parameters for 

transgene expression. To assess KLF17 expression, both uninduced (UI) and 

induced (+Dox) samples were fixed after 5 days and assessed by IF for the 

presence of the HA tag (Fig.2Ci). Evidently, 5 days treatment with Dox was 

sufficient for induction of KLF17 expression in a very high proportion of 

transduced hESCs, though the levels of expression were variable, as expected 

within a bulk population. Furthermore, co-staining with the general pluripotency-

associated transcription factor OCT4, as well as morphological assessment at 

day 5 (data not shown), indicated that the induction of KLF17 did not 

dramatically disrupt the normal growth and pluripotent status of the cells. 

Having validated transgene upregulation by immunostaining for the HA tag, I 

was further able to validate the specificity of an antibody against native KLF17 



 119 

protein (Fig.2Cii) and confirm continued expression of the pluripotency marker 

NANOG. 

 

Having generated hESCs capable of inducibly expressing KLF17 to a high 

level, I finally checked the overall quality of these cell lines by karyotypic 

analysis. H9 and H1 pLVX-KLF17_HA were initially assessed by G-banding. At 

passage 65, H1 pLVX-KLF17_HA was found to have a normal male karyotype 

(46,XY), while at passage 125, H9 pLVX-KLF17_HA was determined to have a 

45,XO karyotype. Given that H9 is a female cell line (Thomson et al., 1998), this 

indicated a normal complement of autosomes, but monosomy of the X 

chromosome (Fig.2Ciii). The X chromosome is commonly subject to copy 

number changes in hESCs (McIntire et al., 2020). I determined to continue with 

this line, however, due to its very robust Dox-inducible expression of KLF17 and 

the fact that all experiments described below are normalised to the uninduced 

control cells, so any potential impact of X monosomy is not wrongly attributed to 

the effect of KLF17. 

 

Subsequently, the H1 cell line was found to be very prone to differentiation and 

to gradual reduction in its induction efficiency (Fig.2Civ). I therefore generated a 

second H1 pLVX-KLF17_HA line exactly as described above, through lentiviral 

transduction of H1 EF1α cells. After further confirmation of efficient induction in 

this newly generated cell line, I subjected both H1 and H9 lines to karyotyping 

by low-pass whole genome sequencing, providing purified genomic DNA from a 

bulk population of the hESCs to the advanced sequencing facility (ASF) for 

processing (see Methods 2.2.9). At p54, the new H1 pLVX-KLF17_HA line 

again returned a normal karyotype while assessment of H9 pLVX-KLF17_HA at 

p123 confirmed the G-banding result of a 45,XO karyotype, with loss of one X 

chromosome, providing confidence in these results (Fig.2Cv). 
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(Figure 2C cont.) (i-ii) Immunofluorescence analysis of uninduced (UI) and induced (+Dox) H9 
KLF17-overexpression hESCs at day 5, showing robust detection of transgene expression and 
maintained expression of hESC markers, respectively, via staining for (i) the HA tag (green) and 

OCT4 (red) or (ii) KLF17 protein (green) and NANOG (red), with DAPI (blue) as nuclear marker. 
(40x magnification, scale bar = 20 μm). (iii) Mitotic spreads of H1 and H9 KLF17-overexpression 
hESCs for karyotype analysis by G-banding. (iv) Immunofluorescence analysis of uninduced 
(UI) and induced (+Dox) H1 KLF17-overexpression hESCs at day 5. Amongst one population of 
+Dox hESCs, some cells respond to Dox and express ectopic KLF17_HA. However, the 
majority of cells have no detectable transgene expression. KLF17 protein (green) and HA tag 
(red), with DAPI (blue) as nuclear marker. (20x magnification, scale bar = 50 μm). (v) The 
results of karyotyping analysis by low-pass whole-genome sequencing of DNA extracted from 
H1 and H9 KLF17-overexpression hESCs at the indicated passage (p) number. Dots represent 
the coverage within individual reads, the red line indicates the average detected coverage. A 
log2Ratio of zero indicates detection of 2 alleles. The H1 line shows a normal male 46,XY 
karyotype, while the H9 line has X monosomy and a 45,XO genotype. 

 

 

3.2.2 KLF17 induction is sufficient to upregulate the expression of naïve 

pluripotency-enriched genes 
 

Given that the expression of KLF17 is restricted to the human embryo, lost 

during the process of standard hESC derivation, but reactivated in resetting to a 

naïve hESC state, I wondered whether forced expression of KLF17 would 

impact on the expression of naïve and primed markers. While one possible 

approach to identify the transcriptional targets of KLF17 would be to 

overexpress it in any standard cell line into which transgene introduction is 

simple, e.g. human fibroblasts, I favoured analysis in a primed hESC 

background since I was primarily interested in understanding the effect of 

KLF17 on genes associated with a pluripotent phenotype. In other standard 

cells, it is possible that these genes are strongly “switched off”, e.g. through the 

addition of repressive epigenetic marks or through chromatin closing, since the 

epigenome is known to differ between pluripotent stem cells and their 

differentiated derivatives (Atlasi and Stunnenberg, 2017). If this was the case, 
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unless KLF17 is able to act as a pioneer factor, it may not be able to induce the 

activation of many of its targets in a non-pluripotent cell type. 

 

Having observed that 5 days of induction with Dox led to strong upregulation of 

KLF17 as assessed by IF, I repeated this induction regime and collected RNA 

from both UI and +Dox samples at day 5. After cDNA conversion, I assayed the 

relative expression of a number of naïve and primed marker genes compiled 

from published microarray and RNA-seq studies (Theunissen et al., 2014; 

Takashima et al., 2014; Stirparo et al., 2018; Messmer et al., 2019) and 

previously confirmed in in-house 5iLA-reset H9 hESCs (Fig.1Biii), by qRT-PCR 

with cDNA-specific primers targeting either the 3’UTR or an exon-exon 

boundary of the genes of interest (Fig.2D). Firstly, this data showed that in H9 

pLVX-KLF17_HA cells induced for 5 days, the ectopic KLF17 mRNA was highly 

expressed, with detection at roughly 50-fold higher levels compared to the 

uninduced control cells. This provided further confirmation of robust expression 

in response to Dox. Interestingly, using a primer targeted against the 3’ UTR of 

KLF17 mRNA, which is absent from the inducible transgene sequence, 

revealed no change in expression of endogenous KLF17 in response to 

transgene expression. This suggests that either KLF17 does not readily self-

regulate in a feed-forward loop, or that the endogenous KLF17 sequence is 

actively repressed under primed conditions. Indeed, there is some evidence 

that the transcription start site of KLF17 in primed hESCs is enriched for DNA 

methylation and the histone modification H3K27me3, both epigenetic markers 

of repressed genes (Roadmap Epigenomics et al., 2015). 
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Figure 2D Ectopic expression of KLF17 induces naïve marker expression in primed 
hESCs 

qRT-PCR analysis of selected primed and naïve hESC marker genes in Dox-induced versus 
uninduced (UI) KLF17-overexpression hESCs. Relative expression was calculated using the 
ΔΔCt method, normalised to the average expression of each gene in UI hESCs and using 
GAPDH expression as the internal control. Bars represent the mean expression level and the 
error bars display standard error of the mean (SEM). Statistical significance was calculated 
using the Welch’s t test (n = 3; *, p < 0.05; ***, p < 0.005). 

 

Furthermore, while most genes assayed in the panel did not differ significantly 

between the uninduced and induced samples, five naïve markers were 

significantly upregulated – ARGFX (p = 0.03), REX1/ZFP42 (p = 0.02), DPPA5 

(p = 0.04), DNMT3L (p = 0.003) and TFAP2C (p = 0.03). As discussed in 

Section 3.1.1.1, ARGFX is among the candidate pluripotency factors with 

enriched expression in the human EPI (Blakeley et al., 2015; Stirparo et al., 

2018) and has been suggested to play a role in regulating EGA during early 

human pre-implantation embryogenesis (Tohonen et al., 2015; Maeso et al., 

2016; Madissoon et al., 2016). Meanwhile, REX1/ZFP42 was identified as a 

highly specific marker of pluripotency in mESCs (Masui et al., 2008; Toyooka et 
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al., 2008), with particular enrichment in the naïve state. REX1/ZFP42 is 

expressed at a baseline level in standard primed hESCs, but it is considerably 

upregulated upon conversion to a naïve state (Fig.1Biii). DPPA5 has been 

directly implicated in the regulation of pluripotency in hPSCs, with 

overexpression of DPPA5 post-transcriptionally boosting NANOG levels (Qian 

et al., 2016). Additionally, DNMT3L is commonly used as a naïve hESC marker 

(Ware, 2017) and is also highly expressed in mESCs (Neri et al., 2013). 

DNMT3L is typically thought of as a non-catalytic cofactor of de novo DNA 

methylation, particularly by DNMT3A (Chedin et al., 2002). However, given the 

global loss of DNA methylation observed in naïve hESCs (Pastor et al., 2016), it 

is unclear how upregulation of DNMT3L might contribute to naïve human 

pluripotency. Indeed, DNMT3A has recently been suggested to act 

independently of DNMT3L during the primed-to-naïve transition (Patani et al., 

2020), although in mESCs, DNMT3L appears to be important for maintaining 

the bivalent state of developmental gene promoters (Neri et al., 2013). Finally, 

TFAP2C is particularly interesting given its role in naïve hESCs (Pastor et al., 

2018). While TFAP2C-/- primed hESCs show no apparent deficit, they cannot be 

reset to naïve pluripotency, nor maintained, under 5iLA conditions (Pastor et al., 

2018). ARGFX was induced ~65-fold, REX1/ZFP42 by ~180-fold, DPPA5 by 

~4-fold, DNMT3L by ~290-fold and TFPA2C by ~2-fold. Induction was 

confirmed at the protein level by IF for VENTX, TFAP2C and DNMT3L (Fig.2Ei-

iii). 
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Figure 2E Immunofluorescence analysis of H9 KLF17-inducible hESCs at day 5 post-
induction 

Immunofluorescence analysis confirms upregulation at the protein level of naïve hESC marker 
genes identified as putative KLF17 targets by qRT-PCR (Fig.2D), including (i) DNMT3L, (ii) 
VENTX and (iii) TFAP2C. (40x magnification, scale bar = 20 μm). 

 

This significant upregulation suggested that the individual overexpression of 

KLF17, even under potentially non-permissive primed conditions (mTeSR1 

medium), is sufficient to dramatically affect the expression of genes that are 

otherwise lowly- or not expressed in standard hESCs. In light of this, I 
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determined to investigate the KLF17 overexpression phenotype further, 

throughout a 5-day induction time course. 

 

 

3.2.3 Putative KLF17 target genes respond with variable dynamics 
 

Firstly, I investigated the expression dynamics of the transgene itself, using the 

qRT-PCR primer that overlapped both the 3’ end of the KLF17 sequence and 

the HA tag. Interestingly, the KLF17_HA mRNA level peaked after 3 days of 

induction, rather than increasing consistently (Fig.2Fi). This may indicate a 

downstream feedback mechanism or gradual silencing of the transgene, which 

is a known phenomenon (Xia et al., 2007; Alhaji et al., 2019). I then proceeded 

to analyse the genes that were clearly upregulated following KLF17 induction. 

While ARGFX (Fig.2Fii), REX1/ZFP42 (Fig.2Fiii) and DNMT3L (Fig.2Fiv) were 

all induced with an exponential increase, they showed a different lag time prior 

to significant upregulation versus the uninduced control. ARGFX was rapidly 

upregulated, with significant induction even after 24 hours, whereas 

REX1/ZFP42 induction began between days 2 and 3 and the major increase in 

DNMT3L expression did not occur until day 4 (although it was significantly 

upregulated from day 2). For the smaller increases in expression of DPPA5 

(Fig.2Fv) and TFAP2C (Fig.2Fvi), the mRNA levels also rapidly changed 

significantly versus control (within 24 hours), but there was also considerable 

change in expression in the uninduced control cells. 

 

As a control, the dynamics of genes that were not significantly changed at the 

day 5 timepoint were also investigated. The pluripotency factor NANOG 

(Fig.2Fvii) and the endogenous KLF17 gene (Fig.2Fviii) showed very minor 

changes in expression level across the time course and additionally between 

the uninduced and induced cells, as expected. 

 



 127 

While after 5 days of induction, VENTX was not significantly upregulated 

compared to control cells, there was an overall increase in its expression level 

across time (Fig.2Fix), which was also confirmed by protein IF (Fig.2Eii). When 

looking at this gene in detail across the time course, I found that while its fold 

change was considerably lower, the expression of VENTX mRNA very closely 

mimicked that of the KLF17_HA transgene itself (Fig.2Fi). Despite some degree 

of variability between replicates, VENTX was clearly upregulated compared to 

the uninduced control, with statistical significance between days 1 and 4. 

 

The variable expression dynamics of genes apparently upregulated 

downstream of KLF17 suggests a hierarchy of regulation. VENTX may be a 

direct target of KLF17 transcriptional activation, since its levels mirror those of 

KLF17 so closely. Similarly, ARGFX might also be rapidly induced by KLF17 

itself, given its upregulation at day 1. But the fact that its expression continues 

to increase as KLF17 levels drop may suggest that it is maintained by itself or 

some other factor. Then, both REX1/ZFP42 and DNMT3L appear more likely to 

be indirect targets of KLF17. There are a number of possible explanations for 

the lag in their expression, including that another factor induced more directly 

by KLF17 is responsible for their regulation (either directly or indirectly) or that 

another factor is required to bind alongside KLF17 for their expression and this 

factor may also be downstream of the transgene overexpression. Alternatively, 

for DNMT3L, which is absent from primed hESCs, it may be that the gene 

cannot be expressed until chromatin or epigenetic remodelling has occurred 

and the expression of KLF17 may bring about this remodelling through other 

downstream factors. 
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Figure 2F Putative KLF17 target genes respond with variable dynamics 

qRT-PCR analysis of putative KLF17 target genes (i-vi, ix) and control genes (vii-viii) in 
uninduced (UI, black) and induced (+Dox, red) H9 KLF17-inducible hESCs across time. 
Relative expression was calculated using the ΔΔCt method, normalised to the average 
expression of each gene in “Day 0” (pre-induction) hESCs and using GAPDH expression as the 
internal control. Points represent the mean expression level and the error bars display the SEM. 
Statistical significance was calculated using the Welch’s t test (n = 3; *, p < 0.05; **, p < 0.01; 

***, p < 0.005; ****, p < 0.001). 
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3.2.4 Genome-wide transcriptome profiling reveals that KLF17 is 

sufficient to bring about broad transcriptional change in primed hESCs 
 

With this data to hand, it was clear that overexpression of KLF17 alone is 

sufficient to induce the expression of genes that are otherwise downregulated 

or silenced in primed hESCs. Therefore, to understand the full extent to which 

KLF17 impinges upon the hESC transcriptome, I collected further RNA samples 

at 24-hour intervals across a 5-day induction time course and submitted them 

for genome-wide RNA-seq. Initially, RNA was collected from a time course 

consisting of the day 0 absolute control, the 5-day time course of +Dox 

samples, and a final uninduced control at Day 5. This array of samples was 

submitted for RNA-seq, but with initial analysis, it became immediately clear 

that this experimental design precluded the possibility of distinguishing general 

time-related changes in transcription from KLF17-induced changes. For 

instance, of 6519 differentially expressed genes (DEGs) identified between the 

initial Day 5 +Dox and Day 0 samples, 4438 (68%) were conserved in the DEG 

analysis of Day 5 UI and Day 0, revealing that they were not specific to KLF17 

expression. 

 

Therefore, I subsequently performed collections for RNA-seq of an uninduced 

time course, with replicated samples of Day 0 and Day 5 UI to ensure similarity 

to the original data. While this likely introduced some batch effects, these were 

accounted for in the subsequent analysis. And since these batch effects largely 

separate the UI samples from their +Dox counterparts, it has less of an impact 

on the downstream results. 

 

Inspecting the expression levels (TPM, transcripts per million mapped reads) of 

some of the previously identified genes of interest showed a high degree of 

concordance with the results of qRT-PCR analysis from previous time courses 

(Fig.2Gi-iv). KLF17 itself was again rapidly upregulated in the +Dox samples, 

with a general plateau of expression around the day 3 timepoint (Fig.2Gi). 
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Similarly, the dynamics of upregulation of REX1/ZFP42 and TFAP2C were 

conserved (Fig.2Gii-iii). However, in this analysis, the dynamic of VENTX 

expression was noticeably different, with a more consistent upward pattern of 

expression than previously observed (Fig.2Giv). This could be due to a 

difference in the way that the two methods (qRT-PCR and RNA-seq) detect and 

quantify the transcript, or VENTX expression may be more variable given that it 

is only present at a low level. 

 

 
Figure 2G RNA-sequencing confirms the induction of putative KLF17 target genes 

Expression traces of (i) KLF17 and (ii-iv) three putative KLF17 target genes across a 5-day time 
course in uninduced (UI, blue) and Dox-induced (+Dox, green) KLF17-overexpression hESCs. 
Expression level is displayed as transcripts per million mapped reads (TPM) from RNA-seq. 
Dots represent the expression in individual samples and the line traces the median. 

 

At a global level, clear differences were apparent between the uninduced and 

induced cells. Dimensionality reduction by principal component analysis (PCA) 

clearly separated the samples by treatment (UI or +Dox), as well as by 

timepoint (Fig.2Hi). Interestingly, while gene expression changes across time 

were observed even in the control cells, this time-dependent variability occupied 
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a much smaller proportion of the total variability (66%) represented in the first 

principal component, with the effect of KLF17 expression in the +Dox cells 

reflected in their occupation of the more positive end of PC1 (Fig.2Hi). From this 

initial analysis, it was immediately obvious that induction of KLF17 in hESCs 

causes significant transcriptomic change, beyond that observed with qRT-PCR. 

 

With the help of a member of the Francis Crick Institute’s Bioinformatics and 

Biostatistics Service (BABS), I therefore performed differential gene expression 

analysis to determine the transcriptional changes occurring at each individual 

time point as a comparison between UI and +Dox. At day 5, where the induced 

cells have been exposed to high levels of KLF17 for the longest time, 1760 

genes were significantly upregulated in +Dox cells and 1315 genes were 

downregulated (padj < 0.05) (Fig.2Hii). Performing enrichment analysis (Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) and Reactome 2016 

databases) on these lists of DEGs suggested an overall upregulation of genes 

related to oxidative metabolism, cytoskeletal and ECM remodelling and muscle 

contraction (Table 3.2.1). The first two of these terms are interesting in the 

context of the morphological and metabolic changes that can distinguish primed 

and naïve hESCs. Meanwhile, there were only five significantly enriched terms 

in the KEGG database for the 1315 downregulated genes, including 

dopaminergic and glutamatergic synapses, focal adhesion and ECM-receptor 

interaction (Table 3.2.2). This suggests that the downregulated genes at day 5 

do not fall into concordant modules. This observation is not surprising given that 

throughout the time course experiments, the H9 pLVX-KLF17_HA cells were 

maintained in standard mTeSR1 medium, which is optimised to maintain hESCs 

in an undifferentiated, but primed, pluripotent state. Therefore, any cells 

undergoing significant changes in the core processes that underlie this state 

may be selected against. While perhaps not revealing the full extent of the 

impact of KLF17 overexpression, this experiment has the benefit of precluding 

too many indirect or off-target effects, likely revealing changes only in those 

genes that are strongly up- or downregulated in response to KLF17 expression. 
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Figure 2H Ectopic KLF17 expression induces transcriptome-wide changes in primed 
hESCs 

(Legend continues on next page) 
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(Figure 2H cont.) (i) Principal component analysis of uninduced (UI, blue) and Dox-induced 
(+Dox, green) KLF17-overexpression hESCs over the 5-day time course of induction. (ii) A 2D 
scatterplot representing differential gene expression between UI and +Dox hESCs at day 5 

post-induction. The red dotted line marks the significance cut-off (padj < 0.05), the y-axis 
displays significance as -log10(padj) and the x-axis plots the log(fold-change) of expression 
between +Dox and UI cells. Genes are plotted as grey dots, with individual genes of interest 
highlighted in black and labelled. (iii-iv) Examples of two of the most significantly upregulated 
genes in +Dox versus UI KLF17-inducible hESCs. Top – Expression of the genes of interest in 
the human embryo, from single-cell RNA-sequencing. Expression is displayed as RPKM (reads 
per kilobase per million mapped reads). Boxes represent the first and third quartiles, the central 
horizontal line the median, and whiskers extend to 1.5 times the interquartile range. Dots 
represent individual outliers. Bottom – Expression traces in UI (blue) and +Dox (green) hESCs 
across the 5-day time course of induction, showing consistent and rapid upregulation of (iii) 
SCARA5 and (iv) CALB1. Expression level is displayed as transcripts per million mapped reads 
(TPM) from RNA-seq. Dots represent the expression in individual samples and the line traces 
the median. (v-vi) Expression traces of two of the most significantly downregulated genes, (v) 
IDO1 and (vi) SORBS2, in +Dox (green) versus UI (blue) hESCs over the 5-day time course of 
induction. Expression level is displayed as transcripts per million mapped reads (TPM) from 
RNA-seq. Dots represent the expression in individual samples and the line traces the median. 

 

At day 5, the most strongly differentially expressed genes included the 

upregulated genes SCARA5, CALB1, REX1/ZFP42 and TREML2, and the 

downregulated genes IDO1, SORBS2 and LHX4 (Fig.2Hii). 

SCARA5 encodes a ferritin receptor involved in the non-transferrin-dependent 

delivery of iron (Jiang et al., 2006; Li et al., 2009). While unclear what role this 

may play in a cell culture setting, this gene has been demonstrated to be 

enriched in naïve versus primed hESCs (Messmer et al., 2019) and additionally 

is expressed from the zygote stage in human embryos and significantly 

enriched in the pluripotent epiblast versus the trophoectoderm (Fig.2Hiii; Table 

3.1.1) (Blakeley et al., 2015). 
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Table 3.2.2 Enrichment analysis of significantly downregulated genes at day 5 in Dox-
induced versus controlled hESCs 

 

Similarly, CALB1 is expressed in the human embryo. Though RNA levels are 

low and decrease further between zygote and morula, CALB1 is upregulated at 

the blastocyst stage and this expression is strongly enriched in the EPI 

(Fig.2Hiv) (Blakeley et al., 2015). 

 

As mentioned earlier, REX1/ZFP42 is a known marker of naïve human 

pluripotency (Messmer et al., 2019; Stirparo et al., 2018). REX1/ZFP42 is 

strongly upregulated following EGA in the human embryo, with equivalent 

expression amongst the three cell-types of the blastocyst (Blakeley et al., 2015). 

This is overall similar to the expression pattern observed in mouse pre-

implantation embryos. In mESCs, REX1/ZFP42 is not required for maintenance 

of pluripotency (Masui et al., 2008), but it is suggested to protect against 

differentiation cues, regulating genes involved in differentiation and cell cycle 

progression (Scotland et al., 2009). Meanwhile, in hESCs, knockdown of 

REX1/ZFP42 increases background differentiation and limits self-renewal in 

primed cultures, as well as reducing glycolytic flux and gene expression (e.g. 

HK2, LDHA, PGK1 and ENO1) (Son et al., 2013; Son et al., 2015). 

Furthermore, REX1/ZFP42 was found to be required for reprogramming of 

human foetal fibroblasts to iPSCs (Son et al., 2013). Its upregulation may 

therefore be functionally important for regulating pluripotency. 

 

Finally, TREML2 is consistently one of the most strongly upregulated genes 

between days 2 and 5 following KLF17 induction. This gene encodes a cell 

surface receptor that is suggested to play a role in the innate and adaptive 

KEGG_2019_Human
Term Overlap P-value Adjusted P-value Odds Ratio Combined Score
Glutamatergic synapse 21/114 1.50E-05 4.16E-03 3.25 36.07
Dopaminergic synapse 21/131 1.25E-04 1.73E-02 2.74 24.65
Focal adhesion 27/199 2.69E-04 2.20E-02 2.26 18.56
Proteoglycans in cancer 27/201 3.17E-04 2.20E-02 2.23 17.98
ECM-receptor interaction 14/82 8.50E-04 4.71E-02 2.95 20.85
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immune responses (Allcock et al., 2003; King et al., 2006), and so it is again 

unclear what role it might play in vitro in hESCs. TREML2 is not appreciably 

expressed throughout human preimplantation development, nor is it known to 

be differentially expressed between primed and naïve hESCs (Messmer et al., 

2019; Stirparo et al., 2018). This may, therefore, be an indication of a role for 

KLF17 outside of embryo development and pluripotency. 

 

The downregulated gene IDO1 (Fig.2Hv) encodes the enzyme indoleamine 2,3-

dioxygenase, which is responsible for the rate-limiting step of tryptophan 

catabolism (Lob et al., 2009) and has been implicated in the protection of a 

foetus from the maternal immune response (Sedlmayr et al., 2014). 

Unsurprisingly therefore, IDO1 is not appreciably expressed during human 

preimplantation development, but it is specifically enriched in primed hESCs 

compared to naïve (Messmer et al., 2019; Sperber et al., 2015; Stirparo et al., 

2018). In fact, tryptophan is essential for primed hESC growth (Shiraki et al., 

2014), while IDO1 maintains primed hESC pluripotency through promotion of 

glycolysis (Liu et al., 2019b). A decrease in the activity of kynurenine-mediated 

tryptophan metabolism, with concomitant decreased expression of IDO1, has 

previously been suggested as a marker of naïve versus primed pluripotency in 

hESCs (Yousefi et al., 2019). Downregulation of IDO1 in response to KLF17 

overexpression is therefore consistent with a putative role for KLF17 in driving 

naïve hESC gene expression. 

 

The gene SORBS2 (Fig.2Hvi) codes for an adapter protein for assembly of 

signalling complexes, particularly between ABL1/CBL and the actin 

cytoskeleton (Wang et al., 1997; Kioka et al., 2002). Expression of this gene is 

also absent throughout human preimplantation development (Blakeley et al., 

2015), but again is enriched upon derivation of primed hESCs from the human 

blastocyst (Messmer et al., 2019; Stirparo et al., 2018). 
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Finally, LHX4 is a transcriptional regulator that plays a role in pituitary gland 

development (Li et al., 1994; Sheng et al., 1997b). This gene is also not 

expressed in the human preimplantation embryo, nor is it enriched in either 

primed or naïve hESCs. While strongly downregulated, LHX4, like TREML2, 

may reflect non-pluripotency-related targets of KLF17. 

 

Nonetheless, this analysis suggests an overall trend whereby the 

overexpression of KLF17 induces upregulation of genes involved in early 

human embryo development and/or naïve hESCs, alongside downregulation of 

genes with no significant association to these processes. 

 

In order to gain insight into which genes might respond most directly to KLF17, I 

also investigated those that arose as DEGs after only 24 hours of KLF17 

induction. This list included 1558 positive and 1711 negative responders (padj < 

0.05) (Fig.2Ii). One of the most significantly downregulated terms in the 

Reactome database for these 1711 genes was “Developmental Biology”, a 

category that includes a number of genes associated with differentiation and 

later stages of embryonic and foetal development (Table 3.2.3). Additionally, 

both the Reactome and KEGG databases identified strong negative enrichment 

of factors related to WNT signalling (Table 3.2.3), which is suggested to 

promote hESC differentiation (Singh et al., 2012; Davidson et al., 2012; Guo et 

al., 2017). Indeed, there were 50 genes associated with WNT signalling that 

were downregulated after just 24 hours of KLF17 expression, including ligands, 

receptors, GSK3β and β-catenin themselves, and downstream effectors of the 

TCF/LEF family. It therefore appears that KLF17 induction in primed hESCs 

leads to the rapid and significant downregulation of factors associated with 

development and differentiation. Conversely, upregulated terms among the day 

1 DEGs included many related to general processes like metabolism and ECM 

components (as observed at day 5), as well as mRNA translation (Table 3.2.4). 
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Figure 2I Identifying potential direct target genes of KLF17 

(Legend continues on next page) 
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(Figure 2I cont.) (i) A 2D scatterplot representing differential gene expression between UI and 
+Dox hESCs at day 1 post-induction. The red dotted line marks the significance cut-off (padj < 
0.05), the y-axis displays significance as -log10(padj) and the x-axis plots the log(fold-change) of 

expression between +Dox and UI cells. Genes are plotted as grey dots, with individual genes of 
interest highlighted in black and labelled. These rapidly responsive genes are potential targets 
of KLF17. (ii-iv) Expression traces in uninduced (UI, blue) and induced (+Dox, green) KLF17-
overexpression hESCs of (ii) TSC2, the most significantly upregulated gene at day 1 post-
induction; (iii) COL6A2, a gene with a Spearmann correlation coefficient of expression of ~0.7 
compared to KLF17; and, (iv) ELF4, a gene with a Spearmann correlation coefficient of 
expression of 0.85 compared to KLF17. Expression level is displayed as transcripts per million 
mapped reads (TPM) from RNA-seq. Dots represent the expression in individual samples and 
the line traces the median. (v) A 2D scatterplot representing differential gene expression 
between UI and +Dox hESCs at day 2 post-induction, with those genes with a Spearmann 
correlation coefficient of expression ≥ 0.85 compared to KLF17 highlighted in black. The red 
dotted line marks the significance cut-off (padj < 0.05), the y-axis displays significance as -
log10(padj) and the x-axis plots the log(fold-change) of expression between +Dox and UI cells. 
(vi) A heatmap of relative expression clustered by sample group (treatment and timepoint) of 
selected genes associated with the PI3K-AKT signalling pathway and the KLF17_HA transgene 
in uninduced (UI, blue) and induced (+Dox, green) hESCs. (vii) Western blot analysis of KLF17-
inducible cells after 5 days with (+) or without (-) Dox treatment. (n = 4 independent inductions; 
membrane images were cropped to remove the final two lanes displaying a technical replicate). 
(viii) Expression trace in uninduced (UI, blue) and induced (+Dox, green) KLF17-overexpression 
hESCs of LINC-ROR, whose expression is one of the most highly correlated with KLF17 
(Spearmann correlation coefficient = 0.921). Expression level is displayed as transcripts per 
million mapped reads (TPM) from RNA-seq. Dots represent the expression in individual 
samples and the line traces the median. 

 



 140 
 KE

G
G
_2
01
9_
Hu
m
an

Te
rm

O
ve

rla
p

P-
va

lu
e

A
dj

us
te

d 
P-

va
lu

e
O

dd
s 

R
at

io
C

om
bi

ne
d 

Sc
or

e
H

ip
po

 s
ig

na
lin

g 
pa

th
w

ay
38

/1
60

5.
16

E-
09

1.
42

E-
06

3.
38

64
.5

4
Ax

on
 g

ui
da

nc
e

38
/1

81
1.

72
E-

07
2.

36
E-

05
2.

88
44

.8
9

Ad
he

re
ns

 ju
nc

tio
n

21
/7

2
3.

62
E-

07
2.

75
E-

05
4.

44
65

.9
1

Pr
ot

ei
n 

pr
oc

es
si

ng
 in

 e
nd

op
la

sm
ic

 re
tic

ul
um

35
/1

65
4.

01
E-

07
2.

75
E-

05
2.

92
42

.9
6

Pr
ot

eo
gl

yc
an

s 
in

 c
an

ce
r

39
/2

01
1.

00
E-

06
5.

50
E-

05
2.

61
36

.0
5

Fo
ca

l a
dh

es
io

n
38

/1
99

2.
06

E-
06

9.
42

E-
05

2.
56

33
.4

8
W

nt
 s

ig
na

lin
g 

pa
th

w
ay

32
/1

58
3.

55
E-

06
1.

39
E-

04
2.

75
34

.4
8

C
el

l c
yc

le
27

/1
24

4.
89

E-
06

1.
68

E-
04

3.
01

36
.7

7

Re
ac
to
m
e_
20
16

Te
rm

O
ve

rla
p

P-
va

lu
e

A
dj

us
te

d 
P-

va
lu

e
O

dd
s 

R
at

io
C

om
bi

ne
d 

Sc
or

e
G

en
e 

Ex
pr

es
si

on
 H

om
o 

sa
pi

en
s 

R
-H

SA
-7

41
60

24
0/

16
31

6.
63

E-
18

8.
03

E-
15

1.
98

78
.4

0
C

el
l C

yc
le

 H
om

o 
sa

pi
en

s 
R

-H
SA

-1
64

01
70

94
/5

66
2.

74
E-

10
1.

66
E-

07
2.

19
48

.3
1

D
ev

el
op

m
en

ta
l B

io
lo

gy
 H

om
o 

sa
pi

en
s 

R
-H

SA
-1

26
67

38
11

9/
78

6
4.

67
E-

10
1.

89
E-

07
1.

97
42

.4
3

C
el

l C
yc

le
, M

ito
tic

 H
om

o 
sa

pi
en

s 
R

-H
SA

-6
92

78
78

/4
62

4.
36

E-
09

1.
31

E-
06

2.
23

42
.8

8
Ax

on
 g

ui
da

nc
e 

H
om

o 
sa

pi
en

s 
R

-H
SA

-4
22

47
5

84
/5

15
5.

90
E-

09
1.

31
E-

06
2.

14
40

.5
3

Si
gn

al
in

g 
by

 H
ip

po
 H

om
o 

sa
pi

en
s 

R
-H

SA
-2

02
82

69
10

/2
0

1.
70

E-
06

2.
57

E-
04

10
.7

5
14

2.
78

Si
gn

al
in

g 
by

 W
nt

 H
om

o 
sa

pi
en

s 
R

-H
SA

-1
95

72
1

50
/2

95
2.

27
E-

06
3.

06
E-

04
2.

22
28

.8
1

M
AP

K 
fa

m
ily

 s
ig

na
lin

g 
ca

sc
ad

es
 H

om
o 

sa
pi

en
s 

R
-H

SA
-5

68
30

57
48

/2
84

3.
89

E-
06

3.
93

E-
04

2.
21

27
.5

0
M

AP
K6

/M
AP

K4
 s

ig
na

lin
g 

H
om

o 
sa

pi
en

s 
R

-H
SA

-5
68

71
28

22
/9

2
7.

43
E-

06
6.

92
E-

04
3.

39
40

.0
4

EP
H

-E
ph

rin
 s

ig
na

lin
g 

H
om

o 
sa

pi
en

s 
R

-H
SA

-2
68

23
34

22
/9

5
1.

29
E-

05
1.

04
E-

03
3.

25
36

.6
0

R
H

O
 G

TP
as

e 
Ef

fe
ct

or
s 

H
om

o 
sa

pi
en

s 
R

-H
SA

-1
95

25
8

43
/2

55
1.

29
E-

05
1.

04
E-

03
2.

20
24

.7
5

TC
F 

de
pe

nd
en

t s
ig

na
lin

g 
in

 re
sp

on
se

 to
 W

N
T 

H
om

o 
sa

pi
en

s 
R

-H
SA

-2
01

68
1

34
/1

99
7.

64
E-

05
3.

06
E-

03
2.

23
21

.1
1

Si
gn

al
in

g 
by

 W
N

T 
in

 c
an

ce
r H

om
o 

sa
pi

en
s 

R
-H

SA
-4

79
12

75
11

/3
4

7.
81

E-
05

3.
06

E-
03

5.
14

48
.6

0

Ta
bl

e 
3.

2.
3 

En
ric

hm
en

t a
na

ly
si

s 
of

 s
ig

ni
fic

an
tly

 d
ow

nr
eg

ul
at

ed
 g

en
es

 a
t d

ay
 1

 in
 D

ox
-in

du
ce

d 
ve

rs
us

 c
on

tr
ol

le
d 

hE
SC

s 



 141 
 KE

G
G
_2
01
9_
Hu
m
an

Te
rm

O
ve

rla
p

P-
va

lu
e

A
dj

us
te

d 
P-

va
lu

e
O

dd
s 

R
at

io
C

om
bi

ne
d 

Sc
or

e
R

ib
os

om
e

45
/1

53
2.

23
E-

15
6.

49
E-

13
5.

05
17

0.
34

Al
zh

ei
m

er
 d

is
ea

se
28

/1
71

1.
39

E-
04

2.
03

E-
02

2.
34

20
.7

9
VE

G
F 

si
gn

al
in

g 
pa

th
w

ay
13

/5
9

5.
05

E-
04

3.
56

E-
02

3.
36

25
.5

4
Th

er
m

og
en

es
is

33
/2

31
5.

16
E-

04
3.

56
E-

02
1.

99
15

.0
9

H
um

an
 p

ap
ill

om
av

iru
s 

in
fe

ct
io

n
43

/3
30

6.
12

E-
04

3.
56

E-
02

1.
80

13
.2

8

Re
ac
to
m
e_
20
16

Te
rm

O
ve

rla
p

P-
va

lu
e

A
dj

us
te

d 
P-

va
lu

e
O

dd
s 

R
at

io
C

om
bi

ne
d 

Sc
or

e
Eu

ka
ry

ot
ic

 T
ra

ns
la

tio
n 

El
on

ga
tio

n 
H

om
o 

sa
pi

en
s 

R
-H

SA
-1

56
84

2
42

/8
9

2.
01

E-
23

2.
44

E-
20

10
.8

4
56

6.
65

Pe
pt

id
e 

ch
ai

n 
el

on
ga

tio
n 

H
om

o 
sa

pi
en

s 
R

-H
SA

-1
56

90
2

40
/8

4
1.

48
E-

22
8.

96
E-

20
11

.0
2

55
3.

84
Eu

ka
ry

ot
ic

 T
ra

ns
la

tio
n 

Te
rm

in
at

io
n 

H
om

o 
sa

pi
en

s 
R

-H
SA

-7
27

64
40

/8
7

7.
67

E-
22

3.
10

E-
19

10
.3

1
50

1.
42

Fo
rm

at
io

n 
of

 a
 p

oo
l o

f f
re

e 
40

S 
su

bu
ni

ts
 H

om
o 

sa
pi

en
s 

R
-H

SA
-7

26
89

40
/9

6
6.

56
E-

20
1.

14
E-

17
8.

65
38

2.
14

3'
 -U

TR
-m

ed
ia

te
d 

tra
ns

la
tio

na
l r

eg
ul

at
io

n 
H

om
o 

sa
pi

en
s 

R
-H

SA
-1

57
27

9
40

/1
06

4.
58

E-
18

5.
56

E-
16

7.
34

29
2.

91
C

ap
-d

ep
en

de
nt

 T
ra

ns
la

tio
n 

In
iti

at
io

n 
H

om
o 

sa
pi

en
s 

R
-H

SA
-7

27
37

41
/1

14
1.

34
E-

17
1.

16
E-

15
6.

80
26

4.
23

Eu
ka

ry
ot

ic
 T

ra
ns

la
tio

n 
In

iti
at

io
n 

H
om

o 
sa

pi
en

s 
R

-H
SA

-7
26

13
41

/1
14

1.
34

E-
17

1.
16

E-
15

6.
80

26
4.

23
Tr

an
sl

at
io

n 
H

om
o 

sa
pi

en
s 

R
-H

SA
-7

27
66

46
/1

51
2.

44
E-

16
1.

74
E-

14
5.

31
19

1.
00

M
aj

or
 p

at
hw

ay
 o

f r
R

N
A 

pr
oc

es
si

ng
 in

 th
e 

nu
cl

eo
lu

s 
H

om
o 

sa
pi

en
s 

R
-H

SA
-6

79
12

26
45

/1
66

6.
01

E-
14

3.
47

E-
12

4.
50

13
7.

09
rR

N
A 

pr
oc

es
si

ng
 H

om
o 

sa
pi

en
s 

R
-H

SA
-7

23
12

47
/1

80
7.

70
E-

14
4.

25
E-

12
4.

28
12

9.
30

M
et

ab
ol

is
m

 H
om

o 
sa

pi
en

s 
R

-H
SA

-1
43

07
28

23
3/

19
08

7.
62

E-
13

4.
02

E-
11

1.
76

49
.1

2
M

et
ab

ol
is

m
 o

f a
m

in
o 

ac
id

s 
an

d 
de

riv
at

iv
es

 H
om

o 
sa

pi
en

s 
R

-H
SA

-7
12

91
64

/3
35

1.
52

E-
11

7.
38

E-
10

2.
87

71
.5

5
R

ib
os

om
al

 s
ca

nn
in

g 
an

d 
st

ar
t c

od
on

 re
co

gn
iti

on
 H

om
o 

sa
pi

en
s 

R
-H

SA
-7

27
02

22
/5

7
8.

67
E-

11
3.

76
E-

09
7.

53
17

4.
52

Tr
an

sl
at

io
n 

in
iti

at
io

n 
co

m
pl

ex
 fo

rm
at

io
n 

H
om

o 
sa

pi
en

s 
R

-H
SA

-7
26

49
22

/5
7

8.
67

E-
11

3.
76

E-
09

7.
53

17
4.

52
La

m
in

in
 in

te
ra

ct
io

ns
 H

om
o 

sa
pi

en
s 

R
-H

SA
-3

00
01

57
8/

23
2.

26
E-

04
8.

30
E-

03
6.

34
53

.2
4

Ex
tra

ce
llu

la
r m

at
rix

 o
rg

an
iz

at
io

n 
H

om
o 

sa
pi

en
s 

R
-H

SA
-1

47
42

44
39

/2
83

3.
56

E-
04

1.
27

E-
02

1.
91

15
.2

0
R

es
pi

ra
to

ry
 e

le
ct

ro
n 

tra
ns

po
rt 

H
om

o 
sa

pi
en

s 
R

-H
SA

-6
11

10
5

17
/8

8
3.

96
E-

04
1.

37
E-

02
2.

85
22

.3
6

M
et

ab
ol

is
m

 o
f c

ar
bo

hy
dr

at
es

 H
om

o 
sa

pi
en

s 
R

-H
SA

-7
13

87
38

/2
82

6.
53

E-
04

2.
20

E-
02

1.
86

13
.6

8
As

se
m

bl
y 

of
 c

ol
la

ge
n 

fib
ril

s 
an

d 
ot

he
r m

ul
tim

er
ic

 s
tru

ct
ur

es
 H

om
o 

sa
pi

en
s 

R
-H

SA
-2

02
20

90
12

/5
4

7.
57

E-
04

2.
44

E-
02

3.
40

24
.4

3
Th

e 
ci

tri
c 

ac
id

 (T
C

A)
 c

yc
le

 a
nd

 re
sp

ira
to

ry
 e

le
ct

ro
n 

tra
ns

po
rt 

H
om

o 
sa

pi
en

s 
R

-H
SA

-1
42

85
17

24
/1

53
7.

64
E-

04
2.

44
E-

02
2.

22
15

.9
4

D
eg

ra
da

tio
n 

of
 th

e 
ex

tra
ce

llu
la

r m
at

rix
 H

om
o 

sa
pi

en
s 

R
-H

SA
-1

47
42

28
18

/1
06

1.
33

E-
03

4.
05

E-
02

2.
44

16
.1

4

Ta
bl

e 
3.

2.
4 

En
ric

hm
en

t a
na

ly
si

s 
of

 s
ig

ni
fic

an
tly

 u
pr

eg
ul

at
ed

 g
en

es
 a

t d
ay

 1
 in

 D
ox

-in
du

ce
d 

ve
rs

us
 c

on
tr

ol
le

d 
hE

SC
s 



 142 

Among the most significantly upregulated genes was Tuberous Sclerosis 2 

(TSC2) (Fig.2Iii), a gene involved in the negative regulation of the mTORC1 

signalling pathway (Inoki et al., 2002). While already appreciably expressed in 

conventional hESCs, TSC2 was very rapidly upregulated and maintained a 

trajectory similar to that of KLF17 (Fig.2Gi). The possibility of direct positive 

regulation of TSC2 by KLF17 is intriguing, given that IGF/Insulin-dependent 

signalling through mTORC is necessary for primed, but not naïve, hESC 

maintenance (Wamaitha et al., 2020) and that TSC2 is also significantly 

upregulated in naïve hESCs compared to primed (Messmer et al., 2019). 

Further, two studies using high-throughput screening have identified a 

requirement for mTOR in primed hESCs, but not the naïve state (Mathieu et al., 

2019; Yilmaz et al., 2018), whereby small molecule inhibition or genetic 

knockouts reducing the activity of both mTORC1 and mTORC2 specifically 

reduce conventional hESC viability. In this way, increased expression of TSC2 

may promote mTORC inhibition, as observed in naïve hESCs. 

 

In fact, a large number of genes displayed a very similar pattern of expression 

across the 5-day time course when compared to the KLF17 transgene itself. 

When the correlation coefficient relative to KLF17 was computed for all genes in 

the experiment, an initial cut-off of 0.7 highlighted 369 genes that closely 

correlated with KLF17. However, visually inspecting the expression patterns of 

the genes with coefficients of ~0.7 (e.g. COL6A2) showed that the overall 

patterns were not as similar as expected (Fig.2Iiii). Instead, using a more 

stringent cut-off of 0.85 yielded a list of 70 genes (Fig.2J; Table 3.2.5), where 

even the lowest-ranking genes (e.g. ELF4) displayed expression dynamics that 

much more closely resembled that of KLF17_HA (Fig.2Iiv). Cross-referencing 

this list of 70 highly correlated genes with the list of early DEGs revealed that 

two-thirds (47 out of 70) were statistically significantly upregulated after just 24 

hours, while almost all (69 out of 70) were upregulated by day 2 (Fig.2Iv). 

Therefore, the overall rapid and consistent upregulation of these 70 genes 
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strongly suggests that they could be immediate downstream targets of the 

transcriptional regulation ability of KLF17. 

 

 
Figure 2J 70 genes display highly correlated expression dynamics compared to the 
KLF17 transgene 

A heatmap of relative expression clustered by sample group (treatment and timepoint) of 70 
genes with highly correlated (Spearmann correlation coefficient ≥ 0.85) expression dynamics in 
comparison to the KLF17_HA transgene in uninduced (UI, blue) and induced (+Dox, green) 
hESCs. 

 

Of these 70 genes, 10% had annotated relationships with the PI3K-AKT 

signalling pathway category from the KEGG database (Fig.2Ivi). Again, given 

the recently described role of this pathway in hESC maintenance (Wamaitha et 

al., 2020), this is an interesting observation. The genes included encode for 

both ligands and receptors feeding in to PI3K and the downstream components 

NOS3 and TSC2. Intriguingly, all seven genes have at least mildly enriched 
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expression in the human epiblast compared to conventional hESCs in mTeSR1 

on Matrigel (Wamaitha et al., 2020), as used in the current experiment. This 

suggests that the signalling through PI3K could be being rewired to a more EPI-

like state in response to KLF17 overexpression. 

 

To determine whether the observed changes in gene expression correspond to 

a change in signalling pathway activity, I investigated the PI3K pathway by 

western blot in both uninduced and induced hESCs at day 5 (Fig.2Ivii). This 

revealed a specific loss of phosphorylation at Serine 473 of AKT, a modification 

that is downstream of mTOR activity and stimulates the full activity of AKT 

(Alessi et al., 1996; Sarbassov et al., 2005). In turn, active AKT is involved in 

regulating various functions including metabolism, growth and proliferation. 

Loss of AKT-Ser473 phosphorylation would therefore be expected to reduce 

AKT activity, which may be a form of negative feedback in response to the 

increased expression of PI3K-AKT-mTOR signalling components. As described 

earlier, significant changes in core processes and signalling pathways in 

response to KLF17 overexpression might be limited by the culture in 

conventional mTeSR1 medium. An external factor present in the medium could 

also be involved in limiting AKT activity following KLF17-induced 

overexpression. Nevertheless, this analysis confirmed that the induction of 

KLF17 specifically modulates activity of the PI3K-AKT signalling pathway. 
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Other genes of particular interest from the correlation analysis include the long-

intergenic RNA LINC-ROR, the signalling components LEFTY2, TGFB1I1, 

FGFRL1, TNFRSF8 and JAKMIP2, and the cytoskeleton and cell adhesion-

related genes LAMC2, MUC4, COL5A1, ITGB7 and MXRA5. In general, these 

genes suggest at least a subtle rewiring of cell identity in response to KLF17 

expression, through changes in signalling pathways and the interaction of cells 

with their neighbours and environment. These sorts of changes are known to be 

crucial in the switch between naïve and primed pluripotent states, and indeed 

the following genes are specifically upregulated in naïve hESCs – LEFTY2 

(Messmer et al., 2019), TNFRSF8 (Messmer et al., 2019; Stirparo et al., 2018), 

LAMC2 (Messmer et al., 2019) and MUC4 (Messmer et al., 2019; Stirparo et al., 

2018), with TNFRSF8 and MUC4 additionally enriched in the human epiblast 

(Blakeley et al., 2015). Conversely, JAKMIP2 was identified as a conserved 

primed-associated gene in murine, bovine and porcine embryos (Bernardo et 

al., 2018). 

 

However, LINC-ROR, with a correlation coefficient 0.921, is an especially 

interesting hit (Fig.2Iviii). This non-coding RNA has been implicated in 

pluripotency regulation, in particular through a feedforward loop whereby its 

expression is activated by OCT4 (POU5F1) and it in turn upregulates 

pluripotency-associated genes (Wang et al., 2013). Intriguingly, LINC-ROR 

overexpression in hESCs directly inhibits differentiation by promoting mRNA 

stability of POU5F1, NANOG and SOX2. LINC-ROR achieves this effect by 

acting as a sink for the pluripotency-destabilising microRNA, miR-145 (Wang et 

al., 2013). Furthermore, LINC-ROR knockdown in hESCs and hiPSCs inhibits 

growth and promotes apoptosis, whereas LINC-ROR overexpression during 

reprogramming significantly increases iPSC derivation efficiency (Loewer et al., 

2010). LINC-ROR therefore has well-established roles in human pluripotency 

and its upregulation upon ectopic KLF17 expression may result in a stabilisation 

of the hESC pluripotent state. 
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Aside from the rapidly upregulated genes, it is also interesting to consider the 

most rapidly downregulated genes, which may be directly repressed by KLF17. 

The most strongly downregulated genes after 24 hours of KLF17 induction 

include the previously mentioned SORBS2, as well as FGFBP3, LGI1 and 

LHX5 (Fig.2Ii). 

 

FGFBP3 (Fig.2Ki) promotes FGF signalling by preventing the interaction 

between FGF ligands and heparin, thereby specifically impacting on metabolism 

(Tassi et al., 2018). This gene is not appreciably expressed in the 

preimplantation human embryo (Blakeley et al., 2015) and has enriched 

expression in primed hESCs versus naïve (Messmer et al., 2019; Stirparo et al., 

2018). 

 

LGI1 encodes a secreted protein that has been linked to neuronal growth and 

survival (Thomas et al., 2010; Su et al., 2015) as well as an interaction with the 

PI3K and ERK pathways (Kunapuli et al., 2004). LGI1 is also not expressed in 

the human embryo (Blakeley et al., 2015) and has increased expression in 

primed hESCs (Stirparo et al., 2018). The lack of association with naïve 

pluripotency is particularly interesting given its complete lack of appreciable 

expression in Dox-induced H9 pLVX-KLF17_HA (considering a cut-off of TPM > 

5 to represent bona fide mRNA expression) (Fig.2Kii), as it suggests active 

repression of this putative primed marker following KLF17 induction. 

 

Finally, LHX5 expression (Fig.2Kiii) is similarly absent from preimplantation 

human development (Blakeley et al., 2015), but enriched in primed hESCs 

(Stirparo et al., 2018), and is not appreciably expressed in KLF17-induced 

hESCs. LHX5 codes for a transcriptional regulator of forebrain development 

(Sheng et al., 1997a; Zhao et al., 1999). 

 

For both LHX5 and LGI1, their association with the neural lineage is significant, 

as this is often considered to be the “default” differentiation pathway for hESCs 
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(Reubinoff et al., 2001; Hornstein and Benvenisty, 2004). Many neural-related 

genes are upregulated in primed hESCs, as a precursor to differentiation, and 

the inhibition of lineage priming genes is a hallmark of the naïve pluripotent 

state (Weinberger et al., 2016). 

 

Overall, this investigation suggests that many genes are differentially regulated 

in conventional primed hESCs in response to KLF17 expression and that there 

is some bias for upregulated genes to be associated with early embryogenesis 

and/or pluripotency. 

 

 
Figure 2K Genes enriched in primed hESCs are rapidly downregulated in response to 
ectopic KLF17 expression 

Expression traces of three of the most significantly downregulated genes at day 1 post-
induction, (i) FGFBP3, (ii) LGI1 and (iii) LHX5, in +Dox (green) versus UI (blue) hESCs over the 
5-day time course of induction. Expression level is displayed as transcripts per million mapped 
reads (TPM) from RNA-seq. Dots represent the expression in individual samples and the line 
traces the median. 
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3.2.5 Induction of KLF17 expression is sufficient to drive primed hESCs 

into naïve pluripotency under permissive culture conditions 
 

Given that the ectopic expression of a single factor, KLF17, in primed hESCs is 

sufficient to induce significant upregulation of a number of genes associated 

with naïve pluripotency, I hypothesised that KLF17 overexpression might be a 

means to revert or reset primed hESCs to a naïve pluripotent phenotype. 

 

As discussed in the Introduction, Section 1.4, the two most thoroughly validated 

culture conditions for naïve hESC culture initially relied on screening for 

compounds that would enable the survival of naïve-like hESCs following the 

dual induction of NANOG and KLF2 (NK2) (Theunissen et al., 2014; Takashima 

et al., 2014). Thus, there is a precedent for the ability of pluripotency factors to 

be capable of driving primed hESC resetting when their induction is combined 

with the correct culture conditions. 

 

Indeed, integrating the transcriptome profiling data of induced and uninduced 

H9 pLVX-KLF17_HA cells with previously published data spanning the course 

of transgene-mediated resetting facilitated by NK2 (Collier et al., 2017) revealed 

that KLF17-induced hESCs are globally more similar to resetting intermediates 

than their uninduced counterparts (Fig.2Li). 
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Figure 2L KLF17 overexpression induces a naïve-like transcriptome in primed hESCs 

(i) Dimensionality reduction by principal component analysis of RNA-seq data from uninduced 
(UI) and induced (+Dox) KLF17-overexpression H9 hESCs across time and from a time course 
of H9 primed-to-naïve resetting (Collier et al., 2017). (ii) Expression dynamics from single-cell 
RNA-seq of the naïve cell surface marker SUSD2 in human preimplantation embryogenesis. 
Left – expression delineated by developmental stage from zygote to blastocyst. Right – 
expression delineated by cell type (epiblast, EPI, green; primitive endoderm, PrE, red; 
trophoectoderm, TE, blue) in the human blastocyst. Expression is displayed as RPKM (reads 
per kilobase per million mapped reads). Boxes represent the first and third quartiles, the central 
horizontal line the median, and whiskers extend to 1.5 times the interquartile range. Dots 
represent individual outliers. (iii) Expression dynamic of SUSD2 during a 5-day time course in 
uninduced (UI, blue) and induced (+Dox, green) H9 KLF17-inducible hESCs. Expression level is 
displayed as transcripts per million mapped reads (TPM) from RNA-seq. Dots represent the 
expression in individual samples and the line traces the median. 

 

The first principal component separates primed control cells from the published 

study (Collier et al., 2017) and the uninduced cells from this project, at the 

negative end of PC1, from established naïve hESCs (p+5 naïve, p+10 naïve 

and naïve (Collier et al., 2017)) and KLF17-overexpressing cells, at positive 
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values (Fig.2Li). In contrast, PC2 appears to largely separate cells by timepoint. 

Interestingly, cells induced to express KLF17 for only one to two days cluster 

closely with the Nmin and N4+ populations of resetting intermediates, as well as 

some of the earlier established naïve cells (p+5 and p+10) (Collier et al., 2017) 

(Fig.2Li). This strongly suggests that the immediate function of KLF17 is to 

induce naïve hESC-associated gene expression. However, for these hESCs 

grown in conventional medium, the similarity to naïve hESCs is gradually lost, 

likely due to the incompatible culture conditions. 

 

Further proof to support the likely sufficiency of KLF17 to drive resetting was 

found in the upregulation of the gene SUSD2, which encodes a cell surface 

marker that has been shown to be highly specific to naïve hESCs (Bredenkamp 

et al., 2019a), as well as being significantly enriched in the preimplantation 

human epiblast (Fig.2Lii) (Blakeley et al., 2015). SUSD2 was significantly 

upregulated from 48 hours following Dox induction in the primed state, whereas 

in the uninduced control cells, it maintained an RNA level below the threshold of 

expression (Fig.2Liii). 

 

To investigate the possibility of KLF17-driven resetting, I first set out to 

determine the optimal culture conditions for promoting this transition. Given that 

the t2iL+Gö-based methods (Takashima et al., 2014; Guo et al., 2017), unlike 

the 5iLA method (Theunissen et al., 2014), require an initial step of either NK2 

overexpression or epigenetic remodelling in order to overcome the hurdle 

between primed and naïve pluripotency, I focused on media incorporating 

aPKC inhibition (Gö6983). I therefore set up a side-by-side comparison of H9 

pLVX-KLF17_HA Dox induction in three conditions – standard mTeSR1, PXGL 

and tt2iL+Gö. The uninduced hESCs were harvested as single cells and plated 

onto a supportive MEF feeder layer at a density typically used for resetting 

experiments. After 24 hours in the primed mTeSR1 condition (day 0), naïve 

medium was introduced to the appropriate wells and half of the cells in each 

condition treated with doxycycline to begin a 5-day induction, with fresh media 
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replenishment every day (Fig.2Mi). The mTeSR1 condition was included as a 

negative control to ensure that any changes observed were not simply due to 

the change in culture regime, that is, single-cell passaging onto MEFs and 

culture in low oxygen. The naïve tt2iL+Gö medium was used since it has been 

well-validated (Guo et al., 2017) and is additionally supportive of naïve hESC 

derivation directly from the human blastocyst (Guo et al., 2016). Finally, the 

alternative PXGL medium was also used since it has recently been suggested 

as a potentially better alternative to tt2iL+Gö (Bredenkamp et al., 2019a; 

Bredenkamp et al., 2019b) and furthermore it is equivalent to cRM-2 (chemical 

resetting medium 2), which supports hESCs through the early stages of naïve 

resetting following HDAC inhibition (Guo et al., 2017). I therefore considered 

that PXGL may be more capable of aiding KLF17-driven resetting than the 

typical tt2iL+Gö maintenance medium. 

 

IF analysis of the cells at the day 5 timepoint revealed that this may, in fact, be 

the case. The naïve hESC marker SUSD2 showed widespread and strong 

expression around the cell boundaries of H9 pLVX-KLF17_HA cells induced in 

naïve conditions, but not in uninduced controls (Fig.2Mii). However, this 

upregulation was even more pronounced in the PXGL condition than in 

tt2iL+Gö. Furthermore, in comparison to the upregulation in response to KLF17 

that was observed in primed cells (Fig.2Ei), DNMT3L protein expression was 

further induced under the naïve-permissive conditions (Fig.2Miii). 
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Figure 2M KLF17 expression in primed hESCs exposed to naïve growth media induces 
robust expression of naïve hESC markers 

(i) A schematic representation of the culture regime used to test the impact of naïve media 
conditions on KLF17-induced and uninduced hESCs. Primed KLF17-inducible hESCs were 
plated at a density of 2x105 single cells per well of a 6-well plate in mTeSR1 with ROCK 
inhibition and placed in a 5% O2 incubator overnight. The following day (day 0), cells were 
replenished with fresh media, either primed-supporting mTeSR1 or naïve-supporting PXGL or 
tt2iL+Gö. Half of the cells in each condition were additionally supplemented with 1 μg/ml 
doxycycline to induce expression of KLF17_HA. Uninduced (UI) and induced (+Dox) cells were 
fixed and analysed on day 5. (ii-iii) Immunofluorescence analysis of UI and +Dox cells after 5 
days’ culture in naïve-promoting conditions, either (top) PXGL or (bottom) tt2iL+Gö. Both naïve 
markers, (ii) SUSD2 and (iii) DNMT3L, are robustly upregulated in response to KLF17 
expression in naïve culture conditions. Specifically, induction of DNMT3L (iii) in PXGL is 
stronger and more widespread than in mTeSR (Fig.2Ei). (40x magnification, scale bar = 20 μm) 
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With this data to hand, I repeated the experiment using both PXGL and 

tt2iL+Gö (Fig.2Ni). Despite the fact that PXGL seemed to support stronger 

upregulation of naïve markers, the inclusion of CHIR99021 in tt2iL+Gö is 

suggested to support continued proliferation based on work in mESCs (Ying et 

al., 2008) and so it remained possible that this medium would perform better in 

the long-term. I found that constant daily media changes seemed to induce 

some stress in the cells. Therefore, I adjusted the induction protocol to skip 

feeding on day 1, 24hrs after the start of induction and switch to naïve culture 

conditions. Following this adapted protocol, the UI and +Dox cells in both 

conditions were passaged at day 5 as per standard protocols for naïve hESCs. 

After two days continued culture, the cells in tt2iL+Gö either had typical hESC 

morphology or were beginning to differentiate, irrespective of KLF17 expression 

status, although there was increased cell death in the UI cells (Fig.2Nii). 

However, strikingly, widespread cell death had begun in the uninduced cells in 

PXGL, whereas the Dox-induced counterparts continued to grow and were in 

the early stages of taking on a naïve colony morphology (Fig.2Nii). This change 

in morphology could only occur with the updated induction regime, and not 

when the cells were fed with fresh medium at every day including day 1. 

Therefore, limiting the manipulation of the cells at this early timepoint facilitated 

KLF17-driven resetting in PXGL. Meanwhile, both induced and uninduced cells 

grown in mTeSR1 maintained typical primed morphology (Fig.2Nii). 

 

This experiment suggested that PXGL medium provided the optimum condition 

for hESCs to take on a naïve phenotype. Next, I wished to determine whether 

PXGL was sufficient in the long-term and whether the induction for only 5 days 

was in fact providing the best results. I therefore performed another experiment 

with H9 pLVX-KLF17_HA, wherein half of the cells passaged at the day 5 

timepoint were maintained under Dox induction and half removed as before. 

Then, at the subsequent passage (to naïve passage p+2), the cells were again 

either maintained or removed from induction at a 50:50 ratio and, further, half of 

all cells were switched into the potentially more supportive tt2iL+Gö (Fig.2Oi). 
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Figure 2N The naïve hESC medium PXGL appears to support primed-to-naïve resetting of 
KLF17-overexpressing hESCs 

(i) A schematic representation of the culture regime used to investigate the sufficiency of ectopic 
KLF17 expression for resetting of primed hESCs to naïve pluripotency. (ii) Brightfield images of 

uninduced (UI) and induced (+Dox) KLF17-overexpression hESCs after culture for 7 days in the 
given conditions (left, mTeSR1; middle, PXGL; right, tt2iL+Gö) using the culture regime 
indicated in (i). Left – neither UI nor +Dox hESCs showed any overt phenotype in mTeSR1. 
Middle – whereas UI cells showed widespread death 2 days after passaging in PXGL, +Dox 
hESCs began to adopt a naïve hESC-like morphology. Right – UI hESCs in tt2iL+Gö died or 
differentiated by day 7, while +Dox cells showed a differentiated or primed morphology. (5x 
magnification). 

 

At p+3, there were obvious differences between the various conditions 

(Fig.2Oii). Increasing the length of Dox induction seemed detrimental to cell 

quality, with less cells surviving to this point when induced for 8 days in total 

and a very high proportion of differentiation when Dox was maintained 

continuously, both in PXGL and tt2iL+Gö. At p+3, it appeared that the switch 

from PXGL to tt2iL+Gö may also be disadvantageous, as even with the optimal 

5-day induction, there was a lower hESC density in tt2iL+Gö. However, when 
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both PXGL (+Dox, 5d) and PXGL➞tt2iL+Gö (+Dox, 5d) were cultured further 

until p+5, this difference seemed less obvious. Nevertheless, there was 

evidence of a somewhat greater proportion of differentiation in the tt2iL+Gö 

condition, perhaps due to the lack of the WNT inhibitor XAV939, which is 

reported to suppress differentiation (Guo et al., 2017; Bredenkamp et al., 

2019b; Rostovskaya et al., 2019). 

 

Ultimately, H9 pLVX-KLF17_HA cells could be maintained in PXGL medium for 

at least 5 passages, following an initial period of 5 days Dox induction. Profiling 

the cells at this stage by IF analysis revealed robust expression of a number of 

known naïve hESC markers, including KLF17, DNMT3L (Fig.2Pi), DPPA5, 

OCT4 (Fig.2Pii), KLF5 and TFAP2C (Fig.2Piii). This therefore suggests that 

KLF17 induction in conjunction with PXGL medium is sufficient to reset primed 

to naïve pluripotency in hESCs. 

 

In comparison to the published method of resetting dependent on 

overexpression of both NANOG and KLF2 in typical 2iLIF, followed by transfer 

to t2iL+Gö (Takashima et al., 2014), KLF17-driven resetting appears to occur 

more quickly and with only a single factor (Fig.2Oiii). However, it is possible that 

the initial induction of NK2 for 8 days in 2iLIF medium, in contrast to the 

continued use of PXGL in the KLF17-driven regime, drives this difference in 

timing and transgene requirement. Nonetheless, the use of a single medium 

alongside a single transgene further simplifies this novel method of resetting. 
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Figure 2O Determining the optimum conditions for KLF17-driven primed-to-naïve 
resetting 

 (i) A schematic representation of the various culture regimes tested for their ability to support 
the generation of stable, KLF17-dependent, transgene-driven naïve hESCs. The parameters 
tested included increased length of KLF17 induction (5 days versus 8 days versus continuous 
induction) and naïve medium used for maintenance (PXGL versus tt2iL+Gö). (ii) Brightfield 
images of KLF17-overexpression hESCs at naïve passage 3 (p+3) and 5 (p+5) in the indicated 
conditions, relating to the schematic in (i). “(+Dox, Xd)” indicates withdrawal of Dox induction 

after X days in PXGL; “+Dox” indicates continuous Dox induction throughout the experiment. 

“PXGL➨tt2iL+Gö” indicates a transition in culture medium at day 8, as shown in (i). (5x 

magnification). (iii) A comparison of the NANOG+KLF2 (NK2)-dependent resetting regime 
published previously (Takashima et al, 2014) and the optimised conditions for KLF17-driven 
resetting as determined in the prior experiments. 
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Figure 2P KLF17-driven naïve hESCs express markers of naïve human pluripotency 

Immunofluorescence analysis of KLF17-driven naïve hESCs at naïve passage 5 (p+5) in PXGL, 
with DAPI (blue) as a nuclear marker. The cells robustly express the naïve markers (i) KLF17 

and DNMT3L, (ii) DPPA5 and (iii) KLF5 and TFAP2C, as well as the generic pluripotency 
marker (ii) OCT4. (40x magnification, scale bar = 20 μm) 

 

 

3.2.6 Discussion 
 

In this chapter, I describe the generation and validation of lentivirally-transduced 

Dox-inducible KLF17-overexpression hESCs. Furthermore, I analyse in detail 

the phenotype of primed hESCs upon ectopic expression of KLF17, a naïve 

pluripotency-specific factor. In this way, I provide evidence that ectopic 

expression of KLF17 is sufficient to induce the expression of a number of naïve 

pluripotency-associated genes in primed hESCs. Furthermore, combining 

ectopic KLF17 with conditions permissive for naïve culture (PXGL (Guo et al., 

2017)) enabled transgene-mediated resetting of primed to naïve hESCs, akin to 

that previously performed with dual induction of NANOG and KLF2 (NK2) 

(Takashima et al., 2014). 
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It is intriguing that this KLF17-driven resetting was not able to proceed in 

tt2iL+Gö medium, which differs from PXGL in relation to its effect on WNT 

signalling. While tt2iL+Gö contains CHIR99021, which acts as an agonist of 

WNT signalling, PXGL instead contains XAV939, an antagonist thereof. 

Perhaps supplementing tt2iL+Gö with additional WNT inhibition, as performed 

in the early stages of chemical resetting (Guo et al., 2017), would have enabled 

this transition in response to KLF17 induction. 

 

Nonetheless, this disparity between the two naïve hESC culture conditions 

implies that despite the rapid downregulation of WNT signalling components 

observed in KLF17-expressing primed hESCs, exogenous WNT inhibition is 

crucial to enable the cells to achieve naïve pluripotency. This could be 

explained in two ways. Firstly, I have not directly investigated the status of WNT 

signalling in KLF17-overexpressing primed hESCs. Therefore, it is possible that 

the changes observed in gene expression are not reflected at the level of signal 

transduction, necessitating exogenous WNT inhibition of the hESCs 

themselves. Secondly, WNT ligands might be expressed by the MEFs on which 

hESCs are cultured during KLF17-driven resetting (Xie et al., 2004). The 

presence of MEFs during culture in PXGL is a critical difference between the 

primed hESCs that were transcriptionally profiled, highlighting the impact on 

WNT factors, and the cells undergoing resetting, which have yet to be assessed 

transcriptionally. Regardless of whether endogenous WNT signalling might be 

dampened in KLF17-expressing hESCs, the presence of secreted WNT in the 

environment during resetting might drive sufficient WNT signalling activity to 

abrogate the acquisition of naïve pluripotency. 

 

It is also interesting to compare the method of KLF17-driven resetting described 

herein with other published regimes wherein the NANOG and KLF2 used 

initially (Takashima et al., 2014) have been substituted by other factors 

(Durruthy-Durruthy et al., 2016; Liu et al., 2017b). As in the present study, 

Durruthy-Durruthy, Wossidlo and colleagues used a data-driven approach 
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based on RNA-sequencing analysis of human embryos to inform studies of 

hESC biology (Durruthy-Durruthy et al., 2016). In this way, they identified that a 

combination of three transgenes, MCRS1, TET1 and THAP11, can induce 

naïve pluripotency in vitro in combination with conventional 2iLIF medium 

(Durruthy-Durruthy et al., 2016), as performed in the initial stages of NK2-driven 

resetting (Takashima et al., 2014). Like KLF17, these three genes were chosen 

on the basis of their strongly upregulated expression in early EPI cells of the 

human blastocyst (Durruthy-Durruthy et al., 2016). On the other hand, Liu et al 

determined that primed hESCs could be reset to a naïve state through induction 

of either the reprogramming cocktail of POU5F1 (OCT4), SOX2, KLF4 and 

MYC (OSKM) or KLF4 alone in combination with t2iL+Gö medium (Liu et al., 

2017b). Interestingly, however, they note that resetting with KLF4 alone is 2-3-

fold less efficient than resetting with OSKM (Liu et al., 2017b). Given that 

induction of KLF4 alone is sufficient for primed-to-naïve hESC resetting without 

exogenous WNT inhibition, this suggests that KLF4 might be a more potent 

driver of the human naïve pluripotent state than KLF17. 

 

Regardless, the experiments described herein clearly show that KLF17 is 

capable of regulating the transcription of a large number of genes, either 

directly or indirectly. In particular, the upregulation of naïve hESC- and human 

EPI-associated genes in response to KLF17 induction is highly suggestive that 

the native expression of KLF17 in naïve human pluripotency in vitro and in vivo 

is important for establishing or maintaining the appropriate transcriptional state. 

This would imply that KLF17 is a powerful regulator of human naïve 

pluripotency. 
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Chapter 3.3 – KLF17 loss of function 
 

While the overexpression experiments described above are informative and 

reveal the sufficiency of KLF17 to drive the conversion of primed to naïve 

hESCs, they do not determine the function of KLF17 in an endogenous setting. 

Rather, the gold-standard practice for determining gene function is to induce a 

null mutation of the gene of interest and to assess the loss-of-function 

phenotype. With this in mind, I determined to perform CRISPR-Cas9-mediated 

mutation of KLF17 in hESCs. I reasoned that the lack of KLF17 expression 

above background detection levels in the primed state would allow for efficient 

loss of function without bringing about negative selection of the genome-edited 

cells. This is in contrast to the recent study in our lab wherein the loss of 

POU5F1 in hESCs is known to bring about differentiation (Fogarty et al., 2017). 

To circumvent this issue, an inducible CRISPR-Cas9 system was engineered in 

H9 hESCs, allowing for the maintenance of a stable uninduced line. In the case 

of this present work, such a system was not required on the assumption that the 

extremely low expression of KLF17 in conventional hESCs suggests that it has 

no functional role in this context. In this chapter, I describe the process of gRNA 

selection and efficiency testing, KLF17-/- hESC generation, naïve resetting of 

hESCs with wild-type and null KLF17 status and the phenotypic analysis of 

these cells. 

 

It is worth noting that given the uncertain resemblance of naïve hESCs to any 

human embryo stage or cell-type (Huang et al., 2014; Theunissen et al., 2016; 

Nakamura et al., 2016; Zimmerlin et al., 2017), the role of KLF17 in vitro will not 

necessarily reflect its role in vivo during preimplantation embryogenesis. While 

the use of CRISPR-Cas9 to assess gene function in human embryos has been 

performed successfully (Fogarty et al., 2017), this is a new technology and 

questions remain about the efficiency of editing and additionally the physical 

outcomes of Cas9-mediated DSBs on the embryonic genome (Alanis-Lobato et 

al., 2020; Zuccaro et al., 2020). Also, extensive validation of a gene editing 
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strategy is required prior to experiments in the human embryo, in order to 

maximise the informativeness of the experiment. Therefore, the experiments 

described below not only shed light on the role of KLF17 in naïve hESCs but 

would also be required prior to initiating any genome editing experiment directly 

in the developing human embryo. 

 

 

3.3.1 Designing guide RNAs to generate a KLF17 null mutation 
 

In order to induce loss-of-function indels in the KLF17 gene sequence, I 

employed two approaches. In the first instance, I designed gRNAs targeted 

against the first coding exon, near to the initiating ATG “start” codon, since 

disrupting the coding sequence here could introduce a very early “stop” codon, 

resulting in truncated translation of only a small amino acid chain. However, I 

found that the sequence at the 5’ end of the KLF17 locus was quite difficult to 

target, with most in silico-derived gRNAs displaying low quality scores and not 

excluding the possibility of translation from a downstream ATG. 

 

Complementary to this, I therefore also designed gRNAs targeting the second 

and third exons of KLF17, which contain the sequence coding for its annotated 

DNA-binding zinc-finger domains (Fig.3Ai). The rationale for this is that directly 

disrupting the sequence of the functional domains of KLF17 could result in a 

loss of DNA-binding activity, and thus prevent its transcriptional regulation 

activity. Other regions of KLF17 have not been well-characterised, although 

KLF family proteins typically contain interaction domains for other binding 

partners within their variable N-terminal regions (Kaczynski et al., 2003; 

McConnell and Yang, 2010). This would be a concern if a truncated protein was 

formed by premature termination in the zinc finger domains, as this protein may 

still be able to interact with unknown KLF17 binding partners and perhaps 

induce a dominant-negative effect on their function. 
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In all, five gRNAs were designed and tested, one targeting the first exon and 

four targeting the DNA-binding domains (Fig.3Aii). Initially, an in vitro cleavage 

(IVC) assay was used to determine the ability of these sequences to complex 

with Cas9 protein and bring about cleavage of the on-target region of genomic 

DNA isolated from hESCs. For KLF17(1_1), I generated gRNA directly using an 

sgRNA synthesis kit (EnGen). For the remaining sequences, I first cloned the 

20 bp gRNA sequences into the pX330-U6-Chimeric_BB-CBh-hSpCas9 

plasmid (Addgene plasmid #42230) (Cong et al., 2013), using the BbsI 

restriction sites downstream of the U6 promoter. This plasmid contains the 

generic gRNA scaffold sequence (related to the tracrRNA), used to anchor the 

gRNA to Cas9 protein (Jinek et al., 2012), downstream of the BbsI restriction 

site. This allowed for amplification of the full, functional gRNA sequence from 

the plasmid. PCR amplification using a forward primer incorporating the T7 

promoter sequence yielded a product suitable for in vitro transcription (IVT). 

Following IVT, each purified gRNA was incubated with Cas9 protein and a 

PCR-amplified DNA fragment spanning the on-target site, then the resulting 

products electrophoresed on agarose gels with ethidium bromide (Fig.3B). 

 

 
Figure 3B In vitro cleavage testing of KLF17-targeting gRNAs 

An ethidium bromide agarose gel showing the results of in vitro cleavage using the indicated 
gRNAs targeted against KLF17. The on-target sequences were incubated either with (+) or 
without (-) Cas9 protein and the appropriate in vitro transcribed gRNA and the existence of 
cleavage products assessed by the presence of smaller bands following electrophoresis. 
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gRNA KLF17(2_1) did not show any evidence of cleavage in the IVC assay. By 

contrast, the remaining four gRNAs were able to bring about cleavage of the 

on-target DNA (Fig.3B). Given that this is a completely in vitro reaction involving 

cleavage of purified, chromatin-free DNA, I did not attempt to interpret relative 

efficiencies of gRNA-induced Cas9 cleavage. This experiment was simply used 

to assess the ability, or lack thereof, for a gRNA sequence to activate Cas9 

cleavage, with a binary yes or no answer. The four gRNAs that gave a positive 

result (KLF17(1_1), KLF17(3_1), KLF17(3_2) and KLF17(3_4)) were therefore 

carried forward to test their efficiency in hESCs. 

 

 

3.3.2 Efficiency testing of gRNAs in hESCs 
 

In order to test the ability of the selected gRNAs to induce cleavage of 

chromatinised DNA, I introduced the gRNAs into hESCs via nucleofection of the 

pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid (Addgene plasmid #62988) (Ran 

et al., 2013) (FIG.3Ci). This plasmid contains all of the necessary components 

for producing the functional gRNA and Cas9 protein within cells, alongside a 

puromycin-resistance cassette for efficient selection of successfully transfected 

cells. H9 hESCs were nucleofected with PX459 V2.0 containing each gRNA in 

turn and plated onto three wells of a 6-well plate coated with DR4 MEFs. After 

~30 hours, puromycin selection was applied for 48hrs, then the cells allowed to 

recover for roughly 10 days (Fig.3Cii). At this point, hESC colonies from each 

well were pooled independently, their DNA extracted and the on-target site 

within KLF17 amplified with specific primers. 

 

As an initial proof-of-concept and to determine the optimum concentration of 

puromycin for selection, I assessed the mutation efficiency of a number of 

guides using the T7 endonuclease I (T7E1) assay (Mashal et al., 1995) 

(Fig.3Ciii). This early experiment included both a KLF17-targeting gRNA, 
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KLF17(3_1), as well as similarly designed gRNAs against the two other factors 

introduced in Chapter 3.1, VENTX and ARGFX. 

 

 
Figure 3C Testing gRNA efficiency in human embryonic stem cells 

(i) A schematic of the important components of the PX459 v2.0 plasmid. The U6 promoter 
(grey) drives expression of the gRNA inserted at the BbsI recognition site and transcription 
continues through the gRNA scaffold (dark blue) to produce the complete gRNA structure 
capable of complexing with Cas9 protein. Humanised Cas9 from Streptococcus pyogenes (light 
blue), with appended nuclear localisation sequences (NLS, black), is expressed from the CBh 
promoter concomitant with a puromycin resistance cassette (red) to allow for positive selection 
of transfectants. (ii) A schematic timeline of genome editing experiments in hESCs. To initiate 
genome editing, 2 million H9 hESCs per experiment were harvested as single cells and 
nucleofected with 4 μg PX459 v2.0 plasmid containing the appropriate gRNA sequence. 

Approximately 30 hours after plating onto multi-drug resistant DR4 MEFs, puromycin selection 
was applied at 0.5 μg/ml for 48 hours to deplete any non-nucleofected cells. (Legend continues 
on next page)  
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(Figure 3C cont.) The nucleofected hESCs were then allowed to recover for about 10 days. To 
determine gRNA efficiency, hESC colonies were scraped in PBS, leaving behind the MEF layer 
and processed for DNA extraction. This DNA was then used for estimation of the CRISPR/Cas9 

editing efficiency by the T7 endonuclease I (T7E1) assay and MiSeq analysis. (iii) Ethidium 
bromide agarose gels showing the results of the T7E1 assay for three gRNAs – KLF17(3_1), 
ARGFX(3_1) and VENTX(2_1) – following nucleofection of PX459 v2.0 into hESCs and 
selection at two puromycin concentrations – 0.4 μg/ml and 0.5 μg/ml. Genomic DNA 
surrounding the expected CRISPR/Cas9 cut site was incubated either with (+) or without (-) the 
T7E1 enzyme, with the proportion of cleavage products indicating the proportion of indel 
mutations in the genomic DNA. (iv)An ethidium bromide agarose gel showing the results of the 
IVC assay with gRNAs VENTX(2_1) and VENTX(2_3). In contrast to the absence of detectable 
indel mutations in hESCs as assessed by the T7E1 assay (iii), gRNA VENTX(2_1) appeared to 
cleave DNA efficiently in vitro. 

 

The T7E1 enzyme recognises and cleaves regions of mismatched base-pairing 

within DNA. By amplifying the CRISPR-Cas9 on-target site, heating to denature 

the resultant dsDNA and slowly cooling to allow reannealing, strands of DNA 

with different indel mutations can come together to form imperfect DNA 

heteroduplexes. Upon incubation of the reannealed dsDNA with T7E1, DNA 

cleavage occurs at a rate proportionate to the amount of mismatched 

heteroduplexes formed and this proportion can be estimated by electrophoresis 

of the products and a comparison of the amounts of cleaved to intact DNA. 

However, the T7E1 assay necessarily underrepresents mutagenesis 

efficiencies for the following reasons (Sentmanat et al., 2018) – 1) Indel 

mutations resulting from CRISPR-Cas9 mutagenesis are often stereotypic, that 

is, within a pool of targeted gDNA, there will be many on-target sites with the 

same mutation. If two identically mutated ssDNAs come together during 

reannealing, the resulting homoduplex will not be cleaved by the T7E1 enzyme; 

2) The T7E1 enzyme is not 100% efficient, particularly in detecting single-

nucleotide polymorphisms (SNPs). Therefore, where there is a bias for small 

indels, these may rarely be detected by the T7E1 assay; 3) The T7E1 assay is 

reported to have a limit of detection of ~37% (Vouillot et al., 2015). For these 

reasons, the assay was used only as a preliminary analysis to confirm the 
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presence of indels in a single experiment and to check for optimisation of the 

targeting protocol. Furthermore, the difference in efficiency between hESCs 

selected with lower or higher concentrations of puromycin was stark, revealing 

that a concentration of at least 0.5 μg/ml puromycin was required to minimise 

the prevalence of “escaper cells”, which survive selection despite not taking up 

the plasmid (Fig.3Ciii). This test also nicely exemplified the difference between 

the IVC assay and a test directly in cells, as the VENTX(2_1) gRNA, which 

appeared to yield almost complete cleavage of the on-target amplicon in the 

IVC assay (Fig.3Civ), was completely ineffective in hESCs. 

 

While the T7E1 assay provides a quick method to estimate the efficiency of 

indel formation, a much more powerful method to determine the optimal gRNA 

for inducing functional knockout is high-throughput on-target sequencing. For 

this reason, I performed multiple tests of the KLF17-targeting guides in hESCs 

and subjected the on-target genomic DNA from each well of nucleofected 

hESCs to MiSeq analysis. 

 

Multiple tools exist for analysing high-throughput sequencing data like that 

generated from MiSeq, including online and command-line programmes. To get 

the most out of my data, I endeavoured to compare the results of two such 

programmes – the Cas-Analyzer web-tool (Park et al., 2017) and the 

CrispRVariants R package (Lindsay et al., 2016). 

 

With paired-end MiSeq reads, Cas-Analyzer (Park et al., 2017) requires input of 

the individual forward and reverse ‘.fastq’ files for a single sample, the full 

reference sequence of the targeted region, the target DNA sequence (i.e. the 

20 bp gRNA sequence) and a choice of various parameters for analysis. Each 

run generates for a single sample: 1) graphs demonstrating the size and 

position, relative to the input sequence of the targeted region, of all insertions 

and deletions detected within the ‘.fastq’ files; 2) the overall indel frequency, 

also displayed as the number of insertions and deletions, respectively; and 3) a 
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table of every sequence detected aligned to the provided reference sequence, 

classified as either WT or sub (i.e. no changes or only single base changes 

outside the expected on-target site), Del (i.e. deletions at the on-target site), Ins 

(i.e. insertions at the on-target site) and HDR (homology-directed repair) if 

applicable. This tool is therefore useful for assessing the overall mutation 

efficiency of a gRNA, as well as the most frequent types of indels and the 

maximum size of indels detected in a single sample. However, analysing each 

sample in turn is a very lengthy process. 

 

Instead, CrispRVariants (Lindsay et al., 2016) enables similar analysis to be 

performed on multiple samples in tandem, making use of high-performance 

computing and command-line architecture. The input for CrispRVariants 

includes the forward and reverse ‘.fastq’ files and a metadata table that gives 

details of all samples to be analysed, including unique sample IDs, the target 

DNA sequence, the targeted chromosome, and the coordinates and size of the 

region to be analysed for mutations. The first step of the package maps MiSeq 

reads to the appropriate reference genome, generating ‘.bam’ files that can be 

viewed on any genome browser. This is a useful quality check, to ensure 

mapping to the correct region, and allows immediate examination of the 

presence of indels. Secondly, further analysis generates a number of outputs, 

including graphics showing all sequence variants, a chart of mutation 

proportions broken down into frameshift or non-frameshift indels, and an overall 

indel efficiency. In this way, in-depth data for all samples from an experiment 

can be generated at once. 

 

As mentioned, I had generated gRNAs targeting either the start codon or the 

functional exon of KLF17, with a single gRNA against exon 1 and three against 

exon 3. Global analysis of indel formation by the two methods revealed a high 

concordance of efficiency estimation and immediately allowed me to rule out 

gRNA KLF17(3_3), as having a consistently lower indel formation efficiency 

than the remaining exon 3-targeting gRNAs (Fig.3Di). However, gRNAs (3_1) 
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and (3_2) each gave around 60% efficiency, though with a greater variation for 

the latter. To distinguish between these guides, it was necessary to investigate 

the types of mutations being generated by each. This was best represented by 

the output from the CrispRVariants analysis. Excluding single nucleotide 

variants (SNVs) called by the CrispRVariants package, i.e. considering only 

indel mutations, KLF17(3_1) gave a higher overall mean efficiency (51.25% 

indels versus 45.96% indels for KLF17(3_1) and KLF17(3_2), respectively). 

Furthermore, KLF17(3_1) on average produced a higher proportion of longer 

(>10 bp) frameshift mutations compared to KLF17(3_2) (15.63% versus 

10.83%, respectively) (Fig.3Dii). Since larger frameshift mutations within the 

region encoding the zinc finger domains are more likely to lead to loss-of-

function, KLF17(3_1) would be the preferred gRNA. 

 

However, targeting the middle of a gene sequence could lead to unintended 

products, an issue which may be bypassed by targeting close to the initiating 

methionine. Therefore, to determine whether to proceed with an exon 1- or 

exon 3-targeting gRNA, I investigated the sequence surrounding the ATG start 

codon in more detail. The target of KLF17(1_1) is centred on the initiating 

methionine, but closer inspection revealed the presence of a further in-frame 

ATG 21 bp downstream of this site, providing a potential alternative start site. In 

this case, KLF17(1_1) would need to produce a high proportion of large 

deletions in order to remove this alternative start site and bring about a full 

knockout. Using the readout from the Cas-Analyzer tool, it was clear that the 

vast majority of deletions generated were below 10 bp in size (Fig.3Diii). This 

ruled out the use of the exon 1-targeting gRNA. 

 

MiSeq analysis of the gRNA screening in hESCs therefore determined 

KLF17(3_1) to be the optimal gRNA for bringing about targeted KLF17 

mutagenesis. 
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Figure 3D MiSeq analysis of gRNA efficiency in hESCs 

(i) A graph showing the proportion of indel mutations (% Mutant Reads) detected in genomic 
DNA from hESCs following CRISPR-Cas9 gene editing of KLF17 with different gRNAs. The % 
Mutant Reads was calculated from MiSeq high-throughput sequencing, analysed by two 
independent and complementary methods – the online tool Cas-Analyzer (red circles) and the R 
programme CrispRVariants (black diamonds). Multiple experiments were performed per gRNA 
[(1_1), n = 3; (3_1), n = 2; (3_2), n = 3; (3_3), n = 3]. (Legend continues on next page) 
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(Figure 3D cont.) (ii) Pie charts displaying the mean proportion of each type of indel mutation 
detected by CrispRVariants across all experiments of CRISPR-Cas9 gene editing with 
KLF17(3_1) and KLF17(3_2). (iii) An example summary output of the CasAnalyzer tool for the 

most efficient instance of CRISPR-Cas9 targeting with the gRNA KLF17(1_1). The vast majority 
of deletions produced by KLF17(1_1) are only 1 or 2 bp in size, and therefore insufficiently large 
to delete the potential downstream initiation codon. 

 

 

3.3.3 Establishing and validating stable KLF17-/- hESC lines 
 

With the optimal gRNA identified, it was possible to move forward with 

generating KLF17-null hESCs. Using the same nucleofection procedure with 

PX459 V2.0, I targeted 2 million H9 hESCs, selected with puromycin for 48hrs 

and then allowed the cells to recover for ~10 days until colonies with typical 

hESC morphology, that is, smooth and refractile colony edges and well-

condensed colony centres, had formed. At this point, a total of 36 colonies were 

manually selected over two days, dissociated to single cells and transferred to 

duplicate 24 or 12-well plates coated with either DR4 MEFs or Corning 

Matrigel. After 7 days, the single cells picked into 12-well plates had grown to 

form high-quality colonies. These colonies were subcloned and seeded onto 

duplicate 24-well Matrigel-coated plates. Assuming clonality after these two 

single-cell passaging steps, the targeted hESCs were now bulk passaged in 

duplicate, with one well subsequently used for DNA extraction and genotyping. 

 

Firstly, I amplified a 229 bp region flanking the expected cut site of gRNA 

KLF17(3_1) for each of the 24 clones and subjected this to Sanger sequencing 

(Fig.3Ei, short-range genotyping). While most clones had maintained a wild-

type genotype, 9 clones showed evidence of mutation at the on-target site, all 

but one of which could be parsed directly from the Sanger chromatogram trace, 

as harbouring one or two indels (Fig.3Eii-iii). However, to fully distinguish 

whether the 4 mixed traces were due to mixed clonality or true heterozygous 

indels, the extracted genomic DNA was also subjected to high-throughput 
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MiSeq analysis of this same 229 bp region. In performing the necessary PCR 

amplification, it became evident that clone #9, apparently a Δ9 homozygote, 

consistently yielded two PCR products – one of the expected length and one 

shorter running at ~150 bp (Fig.3Eiv). This apparent contaminant was initially 

removed by gel extraction, and the purified samples submitted to MiSeq. Based 

on the proportions of individual reads, it was possible to determine an initial 

genotype of each clone (Fig.3Eii, short-range genotype). The precise proportion 

of reads from MiSeq further revealed clone #20 to be a mixed sample, 

consisting of one compound mutant (Δ21/Δ16) and one heterozygote 

(WT/Δ23), so this sample was excluded from further analysis. 

 

As suggested by bulk testing in hESCs (Fig.3Dii), CRISPR-Cas9 targeting with 

gRNA KLF17(3_1) had given rise to a high proportion of frameshift mutations 

(Fig.3Eii, 3Fi), with only 3 of 10 mutant lines containing in-frame deletions. 

Nevertheless, due to the position of the mutations within the DNA-binding 

domain of KLF17, it was possible that these in-frame deletions would still lead 

to a functional knockout (Fig.3Fii). This is because the expected cut site of 

KLF17(3_1) falls within the sequence encoding an HXnH motif. This motif forms 

the latter part of the conserved sequences of a C2H2-type Zn finger, involved in 

coordinating the required zinc ions, and therefore vital for DNA binding (Iuchi, 

2005; Fedotova et al., 2017). 
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Figure 3E Determining the genotype of KLF17-targeted hESC clones 

(i) Schematic of the PCR genotyping strategies used on hESCs following CRISPR-Cas9 
targeting with gRNA KLF17(3_1). Initial genotyping was performed by MiSeq and Sanger 

sequencing across a 229 bp amplicon spanning the KLF17(3_1) cut site (Short-range 
genotyping). This revealed the presence of short indel mutations. Subsequently, targeted 
hESCs with detected mutations (and three wild-type controls) were subjected to additional 
genotyping across a 947 bp amplicon (Long-range genotyping). (Legend continues on next 
page) 
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(Figure 3E cont.) This strategy amplifies across two common structural polymorphisms 
(frequency ≥ 1%), rs35084281 located 262 bp upstream of the KLF17(3_1) cut site and 
rs34057178 located 123 bp downstream. Genotyping of the 947 bp region was performed by TA 

cloning and Sanger sequencing. (ii) A table displaying the results of short- and long-range 
genotyping of 12 lines of KLF17-targeted H9 hESCs, including all mutant clones and three wild-
type controls. Short-range genotyping revealed line #20 to be of mixed clonality and so it was 
not processed further. The remaining 11 clonal lines were carried forwards. Clones #18 and #19 
were verified as full KLF17-null mutants. (iii) Example Sanger sequencing chromatograms from 
short-range genotyping. Top – the wild-type trace returned from clone #7, with the KLF17(3_1) 
gRNA recognition sequence outlined in black, the protospacer adjacent motif (PAM) underlined 
in black, the expected KLF17(3_1)-Cas9 cut site (-3 from the PAM) indicated with a vertical line 
and the commonly detected Δ8 mutation highlighted in yellow. Bottom – the mutant trace 
returned from clone #11, showing deletion of the 8 base pair stretch spanning positions 0 to +8 
relative to the PAM site (Δ8 mutation). (iv) An ethidium bromide agarose gel showing resolution 
of the short-range amplicon generated for MiSeq sequencing, with the major bands falling at the 
expected size. Only when amplifying from clone #9 is a short (~150 bp) product detected (black 
dashed box), which could be the result of primer-dimer formation, non-specific amplification or 
the presence of a large deletion within the amplified region. 

 

In silico translation of the generated mutant alleles revealed varying degrees of 

modification to the KLF17 protein sequence (Fig.3Fii). All frameshift mutations 

led to disruption of the third zinc finger of KLF17, either by the introduction of 

premature termination codons in the reading frame, which would prevent further 

translation, or by shifting the reading frame to induce missense mutations; the 

in-frame deletions instead led to destruction of the HXnH motif at the end of the 

second zinc finger (Fig.3Fii). In other contexts, it has been shown that the 

second and third zinc fingers of pluripotency-related KLF family proteins are the 

most important for imparting specificity (Yamane et al., 2018). Thus, it could be 

expected that in all cases of bi-allelic editing, KLF17 function would be severely 

compromised in the targeted clones. 
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Figure 3F Further investigation of KLF17(3_1)-Cas9-induced mutations 

(i) Alignment of the detected sequences bearing indel mutations to the wild-type KLF17 gene 
sequence. In total, 6 different mutations were detected in the hESC lines analysed. These 
mutant sequences were aligned to the wild-type reference sequence using ApE (A plasmid 
Editor), with deletions or insertions relative to the reference highlighted in red. The position of 
the KLF17(3_1) gRNA is shown as a red line, with the adjacent PAM in green, above each 
alignment. (Legend continues on next page) 
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(Figure 3F cont.) (ii) In silico translation of the sequences detected in KLF17-targeted hESC 
lines was performed using the JustBio TRANSLATOR tool 
(https://www.justbio.com/index.php?page=translator). Top – Translation of the KLF17 reference 

sequence spanning the KLF17(3_1) cut site. Sequences encoding the second and third zinc 
fingers are highlighted in yellow and the HXnH motif (within which the KLF17(3_1) cut site lies) 
at the end of the second zinc finger is underlined. Below – Translation of the indel-harbouring 
sequences shown in (i). The effect on the HXnH motif is indicated and the presence of 
premature termination codons is highlighted in red. (iii) A table displaying the results of SNP 
analysis using the long-range genotyping strategy (Fig.3Ei). The proportion of each SNP-type 
(rs35084281/rs34057178) is displayed as the frequency at which they were detected (as a 
percentage of the useable reads). The absence of the C/CAA SNP-type in the apparent 
homozygous clones #1, #8, #10 and #11 indicates a loss of heterozygosity event following 
CRISPR-Cas9 targeting. 

 

The most common indel mutation amongst the clones was an 8 bp deletion 

(Δ8), which was found in exactly the same position in five of the eight mutant 

clones. Indel mutations are typically thought to be the result of non-homologous 

end joining (NHEJ) (Moore and Haber, 1996), which is the most common form 

of DSB repair in mammalian cells. Looking closely at the sequence surrounding 

this 8 bp deletion, however, it became evident that this outcome was likely due 

to microhomology-mediated end joining (MMEJ), an alternative form of DSB 

repair (Bennardo et al., 2008; Sharma et al., 2015). This mechanism follows the 

same initial step of end resection as occurs in homology-directed repair (Truong 

et al., 2013), but on a much shorter scale. MMEJ then takes advantage of 

exposed short regions of sequence homology, typically 2-6 bp in length 

(Ghezraoui et al., 2014), in order to anneal the DSB ends through sequence 

complementarity. Once annealed, the process resembles typical NHEJ, with 

removal of any overhanging nucleotide “flaps” by nucleases and ligation of the 

two blunt ends (Seol et al., 2018). In the case of the Δ8 mutation in KLF17, the 

expected Cas9 cut site would leave a “TA” motif at the 3’ end of the DSB 

(Fig.3Eiii). This appears to have been matched up with the “TA” motif in 

positions +7/+8 from the cut site, allowing for MMEJ-mediated removal of an 8 

bp motif. 
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However, two things were unusual within this data. First was the persistent 

short product amplified from clone #9. While this was initially assumed to be a 

contaminant, e.g. a primer-dimer, it was also possible that it resulted from a 

specific, but much shorter, amplification, perhaps due to the presence of a large 

deletion within one allele of clone #9. This feeds into the second irregularity, 

which is that roughly 50% of edited clones apparently harboured identical 

mutations on both KLF17 alleles. Since repair following a Cas9-driven DSB 

occurs randomly and independently on both alleles, the chance of finding 

identical indels is low. Unexpected repair events, e.g. large deletions, 

transversions and translocations, following CRISPR-Cas9 targeting have been 

reported to be widespread and much more common than currently appreciated 

due to the nature of common small amplicon genotyping strategies (Shin et al., 

2017; Adikusuma et al., 2018; Kosicki et al., 2018; Cullot et al., 2019; Owens et 

al., 2019; Zuccaro et al., 2020; Przewrocka et al., 2020). 

 

In light of this, I designed a second strategy to amplify a ~1000 bp region 

surrounding the KLF17(3_1) cut site (Fig.3Ei). This region contains two 

common structural polymorphisms, which I was able to determine are present 

within the genome of H9 hESCs, the parental line used for CRISPR-Cas9 

mutagenesis (Fig.3Fiii). Therefore, by amplifying across these polymorphic 

sites, it was possible to determine whether both alleles were detected in the 

sequencing data, and thus ensure that the complete genotype was known. 

 

Indeed, the results showed that all five apparently homozygous clones had 

been subject to loss-of-heterozygosity in the initial short-range genotyping and, 

in fact, it was still impossible to amplify both alleles for four of these clones even 

using the long-range amplification (Fig.3Fiii). This is suggestive of a very 

destructive event occurring in one allele of each of these lines following Cas9 

targeting, such that one or both of the primer-binding sites, which are located 

~400 bp and ~550 bp away from the gRNA cut site, respectively (Fig.3Ei), are 

lost. This could be due to a very large deletion in one or both directions, or 
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some more complex event like a translocation. For the fifth clone, clone #9, this 

strategy successfully confirmed the suspicion of a large deletion. Using the 

~1000 bp genotyping strategy, alleles of both SNP-types were detected, one 

containing the previously detected 9 bp deletion and the other containing a 

much larger 163 bp deletion (Fig.3Fiii, Eii, long-range genotype). This confirms 

the importance of thorough interrogation of CRISPR-Cas9 on-target sites. 

Unexpected genotypes arising in such experiments have the potential to impact 

on the hESC phenotype in unpredictable ways, therefore interfering with the 

assessment of KLF17 function. Interestingly, such large deletions appear to 

often be the result of MMEJ (Owens et al., 2019), as observed for the Δ8 

mutations. 

 

Since I had confirmed the genotype of duplicate hESC clones containing both a 

1 bp insertion and an 8 bp deletion, both of which are expected to cause a 

premature termination codon through frameshift mutation (Fig.3Fii), I decided to 

proceed with clones #18 and #19 for functional interrogation. Additionally, I 

maintained the wild-type clones #7, #15 and #21 as internal controls. 

 

As a final validation prior to beginning phenotypic analysis of KLF17-/- hESCs, I 

also submitted these five cell lines for karyotypic analysis by low-pass WGS 

(Fig.3G). This is important, as the single-cell expansion required for clonal 

derivation has been shown to increase the prevalence of genomic instability in 

hESCs (Garitaonandia et al., 2015). From this analysis, no karyotypic 

abnormalities were detected in any line, with all clones displaying the expected 

female (46,XX) complement of chromosomes. I therefore carried these cells 

forward. 
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Figure 3G Karyotype analysis of established wild-type and KLF17-targeted hESC clones 

The results of karyotyping analysis by low-pass whole-genome sequencing of DNA extracted 
from five clones with confirmed genotype (Fig.3Eii, long-range genotyping) at the indicated 
passage (p) number. Dots represent the coverage within individual reads, the red line indicates 
the average detected coverage. A log2Ratio of zero indicates detection of 2 alleles. Since the 
parental H9 cell line is female, a 46,XX karyotype is normal. This is detected in all clones. 
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3.3.4 KLF17-/- hESCs are capable of acquiring a naïve phenotype 
 

To determine whether KLF17 had been successfully knocked out, it was 

necessary to attempt resetting of the gene-edited hESCs, in order to assess 

them in a state where KLF17 should typically be expressed. For this initial 

proof-of-principle experiment, the cells were reset using the 5iLA method 

(Theunissen et al., 2014), as this involves a straightforward transferral into the 

naïve-promoting 5iLA medium following single-cell passaging and successful 

resetting can be achieved in as little as two weeks. 

 

To explore the reliability of in silico methods to predict the effect of given 

mutations (i.e. an in-frame mutation is much less likely to lead to knockout than 

a frameshift), the initial cohort of 11 clones (Fig.3Eii) were subjected to 5iLA 

resetting. Unexpectedly, there were no consistent differences in outward 

characteristics including morphology, survival or resetting kinetics among the 

hESCs of various genotypes. For instance, while two of the Δ8 mutant lines 

appeared to be less dense than wild-type at naïve passage 1 (p+1), the third 

mutant was indistinguishable from the controls. By p+2, all lines had formed 

some colonies with naïve morphology (Fig.3Hi). This suggested that either 

KLF17 was not immediately required for acquisition of naïve pluripotency, or 

that the mutations generated had not successfully brought about functional 

knockout. To address this and the question of functional knockout, the lines 

were maintained in 5iLA conditions up to p+4, at which point the morphology of 

all clones was essentially indistinguishable (Fig.3Hii). At this point, the cells 

were collected for gene expression analysis by qRT-PCR and/or IF analysis of 

protein expression (Fig.3Ii). 
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Figure 3H KLF17-targeted hESCs are capable of reverting to naïve pluripotency in 5iLA 
conditions 

Brightfield images of KLF17-targeted and wild-type hESCs of all genotypes (“wild-type”, 
unedited; “compound mutants”, confirmed biallelic editing; “”homozygous” mutants”, apparent 
homozygous due to loss of heterozygosity) at (i) naïve passage 2 (p+2) and (ii) naïve passage 4 
(p+4) in 5iLA. There are no consistent differences in morphology between presumed wild-type 
and KLF17-/- clones. (5x magnification). 
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Figure 3I Determining the KLF17 expression phenotype of the targeted clones in 5iLA 
culture conditions 

(Legend continues on next page) 
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(Figure 3I cont.) (i) A schematic of the major isoform of KLF17 showing the recognition sites of 
the qRT-PCR primers (green) and antibody (magenta) used for phenotyping. The qRT-PCR 
primers amplify a region spanning exons 1 and 2, upstream of the KLF17(3_1) cut site and 

additionally providing specificity to the spliced mRNA (black dashed line indicates intron 
sequence that prevents amplification of genomic DNA). Additionally, the antibody binds to a 
region of KLF17 protein that is N-terminal to the zinc finger domains, which is therefore not 
disrupted by mutations at the KLF17(3_1) cut site. (ii) qRT-PCR was used to detect the levels of 
KLF17 mRNA in each of the clones indicated on the x-axis at p+4 in 5iLA. Relative expression 
was calculated using the ΔΔCt method, normalised to the average of KLF17 expression levels 
among the three confirmed wild-type clones (#7, #15 and #21, grey bars) and using GAPDH 
expression as the internal control for each clone. Bars represent the mean expression level and 
the error bars display standard deviation (n = 2). (iii-v) Immunofluorescence analysis of KLF17 
(green) and OCT4 (red) with DAPI (blue) as a nuclear marker reveals the different expression 
patterns in the clonal lines at p+4 of 5iLA culture. The wild-type lines (iii) show robust 
expression of both markers, while KLF17 is completely absent from all clones containing 
complex, undetermined genotypes (iv). Finally, the compound mutant lines (v) containing one 
in-frame allele (#4 and #9) retain some KLF17 expression, while those with complete 
frameshifts (#18 and #19) lack KLF17 altogether. Regardless of genotype, OCT4 expression 
was largely unaffected. (40x magnification, scale bar = 20 μm). 

 

Across two independent experiments assessed at p+4 in 5iLA, the detected 

levels of KLF17 mRNA among all gene-edited lines were considerably reduced 

compared to the wild-type controls (Fig.3Iii). In clones #4 and #9, which both 

harbour one in-frame and one frameshifted allele, KLF17 expression was 

reduced to roughly 50% of wild-type levels. However, in the remaining lines, 

only ~20-25% KLF17 mRNA remained. This was suggestive of nonsense-

mediated decay (NMD) brought about by the frameshift mutations present in 

these clones (Frischmeyer and Dietz, 1999; Nickless et al., 2017), whereas the 

increased mRNA expression in clones #4 and #9 was originating from the in-

frame allele. An alternative explanation for the apparent decrease in KLF17 

mRNA levels is simply that detection by the qRT-PCR primers is disrupted by 

the presence of indels or the premature termination itself. However, this 

possibility was circumvented by the use of a qRT-PCR primer pair that 

recognises a region spanning the exon 1-exon 2 boundary, more than 1 kb 



 185 

upstream of the Cas9 target site (Fig.3Ii). While it is feasible that the undetected 

alleles in clones #1, #8, #10 and #11 could disrupt primer binding at this 

distance, this alone would not explain the reduction of expression to ~25% of 

wild-type levels. Therefore, this analysis provided an accurate reflection of the 

KLF17 mRNA levels. 

 

To further understand the effect of these mutations on KLF17 function, IF was 

used to determine protein expression levels, since the protein, rather than RNA, 

is the functional output of the KLF17 gene. At p+4, the three wild-type control 

lines had robust KLF17 expression, alongside the pluripotency marker OCT4 

(Fig.3Iiii). As expected, the frameshifted alleles (or presence of undetermined, 

large genetic changes) of clones #1, #8, #10, #11, #18 and #19 led to an 

absence of detectable KLF17 protein (Fig.3Iiv-v), whereas those clones that 

displayed ~50% KLF17 mRNA expression correspondingly expressed an 

intermediate level of KLF17 protein (Fig.3Iv). Again, this result could be 

misconstrued as a failure of the anti-KLF17 antibody to recognise a mutated 

protein. However, the antibody recognition site corresponds to a peptide 

sequence present at positions 195-273 in the KLF17 protein, which is upstream 

of the first zinc finger at positions 283-307 (Fig.3Ii). In light of this, the antibody 

would be able to detect any mutant or truncated protein resulting from the 

translation of mutated mRNA and so the lack of KLF17 detection confirms the 

conclusion of NMD. 

 

Therefore, this experiment confirmed the expectation that clones #18 and #19 

would be suitable models for exploring the effect of KLF17 knockout in naïve 

pluripotency. However, it had suggested that KLF17 was not required under 

5iLA conditions, at least in the short term. To explore a potential role of KLF17 

in more detail, I determined to perform experiments with the validated KLF17-/- 

and wild-type control hESCs using the chemical epigenetic resetting method 

with tt2iL+Gö (Guo et al., 2017). This switch in methods was beneficial for two 

reasons. Firstly, I wanted to understand whether KLF17 had a role only later in 
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naïve hESCs, when they have fully stabilised. Recent work shows that cells 

cultured in the long-term in 5iLA conditions are generally more karyotypically 

unstable than their counterparts in tt2iL+Gö (Takashima et al., 2014; Guo et al., 

2016; Pastor et al., 2016; Sahakyan et al., 2017). Therefore, performing long-

term experiments in tt2iL+Gö would reduce the risk of emerging karyotypic 

abnormalities, which may otherwise interfere with the interpretation of any 

results. Secondly, the epigenetic resetting protocol has been shown to bring 

about rapid upregulation of KLF17 expression, at both the mRNA and protein 

levels, with protein detectable by IF in some cells as early as day 3 (Guo et al., 

2017). This pattern of expression could be suggestive of a more immediate role 

for KLF17 in chemical resetting and could highlight differences between 

resetting methods. 

 

 

3.3.5 The global transcriptional signature of KLF17 knockout during the 

transition from primed to naïve pluripotency 
 

Initial testing of the epigenetic resetting method (Guo et al., 2017) revealed that, 

as observed in 5iLA, both wild-type and KLF17-/- hESCs were able to undergo 

the early stages of epigenetic resetting and take on naïve morphology (Fig.3Ji), 

regardless of KLF17 expression status (Fig.3Jii). This indicated that despite the 

rapid upregulation of KLF17 during this process (Guo et al., 2017), KLF17 

expression either was not required or was efficiently compensated for by other 

factors. 
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Figure 3J KLF17-/- hESCs acquire and maintain naïve pluripotency in the long-term in 
tt2iL+Gö conditions 

(Legend continues on next page) 
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(Figure 3J cont.) (i) Brightfield images of wild-type and KLF17-/- hESCs at p+1 in 
tt2iL+Gö+XAV, revealing equivalent survival and acquisition of naïve morphology. (5x 
magnification). (ii) Immunofluorescence analysis of KLF17 (green) and OCT4 (red) with DAPI 

(blue) as a nuclear marker confirms rapid KLF17 upregulation in wild-type control hESCs after 
only 8 days of naïve culture. Meanwhile, KLF17 protein is not detected in KLF17-/- clones #18 
and #19. OCT4 protein expression is unaffected. (40x magnification, scale bar = 20 μm). (iii) A 
schematic representation of the chemical epigenetic method of resetting hESCs to naïve 
pluripotency, showing the points at which material was collected for RNA-seq. (iv) Brightfield 
images of wild-type and KLF17-/- hESCs at p+5 and p+10 (the experiment end-point) in 
tt2iL+Gö(+XAV), showing maintained survival and naïve morphology regardless of genotype. 
(5x magnification). 

 

In order to determine whether KLF17 plays a role at any point during epigenetic 

resetting of primed to naïve hESCs, I initiated a long-term experiment wherein 

both wild-type and KLF17-/- hESCs were reset and then maintained under naïve 

culture conditions for a total of 10 passages (Fig.3Jiii). RNA samples were 

collected during the first stages of the resetting process, at day 2 and day 8, to 

look for any genes that were rapidly dysregulated (Fig.3Jiii). These genes could 

constitute direct targets of KLF17 or factors whose expression changes to 

compensate for the loss of KLF17. Further, to explore the possibility of a role in 

maintenance, rather than initiation, of naïve pluripotency, RNA samples were 

also collected at p+5, where the cells should have stabilised sufficiently for 

removal of the tankyrase inhibitor XAV939 which helps to block differentiation 

by inhibiting WNT signalling (Guo et al., 2017; Bredenkamp et al., 2019b), p+7 

and p+10 (Fig.3Jiii). 

 

Ultimately, all clones fared equally well throughout the whole experiment, with 

no clear or consistent differences in morphology or growth kinetics (Fig.3Jiv), 

indicating that KLF17 itself does not have an obvious role in naïve pluripotency 

in vitro. Further, reanalysis of the karyotype of all five clones at p+10 showed 

that no gross karyotypic abnormalities had been acquired (Fig.3K). Therefore, 

to understand which genes were dysregulated as a result of KLF17 loss-of-

function, the collected RNA samples were submitted for RNA-seq. 
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Figure 3K Karyotype analysis of wild-type and KLF17-/- clones after 10 passages in naïve 
tt2iL+Gö conditions 

The results of karyotypic analysis by low-pass whole-genome sequencing of DNA extracted 
from the given clones at the final timepoint of RNA extraction under naïve conditions. Dots 
represent the coverage within individual reads, the red line indicates the average detected 
coverage. A log2Ratio of zero indicates detection of 2 alleles. Since the parental H9 cell line is 
female, a normal karyotype is 46,XX, which is detected in all clones. 
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I was first interested to understand whether those factors that were induced 

upon KLF17 overexpression in primed hESCs now responded negatively to lack 

of KLF17 in the naïve state. Inspecting the general expression trends in both 

wild-type and knockout clones, it was clear that expression of KLF17 mRNA 

was prevented in the mutant lines. KLF17 RNA levels did not surpass the 

typical expression cut-off value of TPM > 5 in the KLF17-/- lines and the residual 

RNA detected is likely accounted for by mRNA either prior to or undergoing 

translation, which has therefore not yet been targeted for NMD (Fig.3Li). 

However, the suspected targets ARGFX, REX1/ZFP42, VENTX, DPPA5 and 

TFAP2C were apparently expressed equivalently throughout the experiment, 

regardless of genotype (Fig.3Lii-v). Therefore, these factors are not regulated 

solely through KLF17 in chemically-reset naïve hESCs. 

 

At the global scale, dimensionality reduction across the whole time course was 

unable to differentiate the KLF17 wild-type and KLF17-/- cells into distinct 

clusters by PCA (Fig.3Mi). The apparent very minor differences between cells 

with or without KLF17 expression is in-keeping with the fact that KLF17-/- cells 

appeared in no way deficient in their ability to be reset and to survive long-term 

under naïve culture conditions (Fig.3J). Performing differential gene expression 

analysis within each timepoint further reinforced this idea, as very few 

significant DEGs were identified (padj < 0.05) (Fig.3Mii). However, there was a 

considerable increase in variation between the cells at p+5, the time when 

epigenetically reset naïve hESCs typically become more stable in their 

phenotype (Guo et al., 2017). The most significant DEGs at this timepoint 

included the downregulated genes ADGRD1, LDHA, COL6A1, FERMT1 and 

ALDOC and the upregulated genes U2AF1, LEFTY1/2, and PRICKLE1 

(Fig.3Miii). It is possible, therefore, that these genes are regulated downstream 

of KLF17, though it is most likely that this would represent an indirect regulatory 

relationship, given the delayed appearance of differential expression. 
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Figure 3L Expression patterns of individual genes throughout naïve resetting of KLF17-/- 
and wild-type hESCs 

(i) Analysis of KLF17 expression from RNA-seq data shows the expected pattern, where KLF17 
is rapidly upregulated in wild-type clones (blue) but does not exceed background detection in 
the knockout lines (red). Points represent the expression level (as tpm, transcripts per million 
mapped reads) detected in individual samples and the line plots the median per timepoint. (ii-vi) 
Despite lack of KLF17 expression, the expression of putative KLF17 target genes – (ii) ARGFX, 
(iii) REX1/ZFP42, (iv) VENTX, (v) DPPA5 and (vi) TFAP2C – is largely similar between KLF17-/- 
naïve hESCs and wild-type controls. 

 

ADGRD1 encodes an adhesion G-protein-coupled receptor that has enriched 

expression in naïve hESCs compared to primed (Messmer et al., 2019; Stirparo 
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et al., 2018). LDHA (Fig.3Miv), lactate dehydrogenase A, is responsible for the 

final step of anaerobic glycolysis (Nelson and Cox, 2004; Berg et al., 2007), and 

ALDOC (Fig.3Mv) is also involved in glucose metabolism (Nelson and Cox, 

2004; Berg et al., 2007). This is interesting given that there is an upregulation of 

energy production through oxidative phosphorylation during the naïve to primed 

transition (Takashima et al., 2014; Ware, 2017). The downregulated gene 

COL6A1 encodes a collagen subunit that is somewhat enriched in the human 

pre-implantation epiblast (Blakeley et al., 2015), while FERMT1 is similarly 

expressed in human EPI (Blakeley et al., 2015) and also associated with the 

cytoskeleton, alongside integrin activation (Jobard et al., 2003; Kloeker et al., 

2004). Given the known differences in colony morphology and cell adhesion 

between primed and naïve hESCs, it is intriguing to see changes to the 

expression of genes associated with these characteristics in KLF17-/- hESCs. 

Related pathways are also differentially enriched between naïve and primed 

hESCs (Yousefi et al., 2019). 

 

The most significantly upregulated gene, U2AF1, is a splicing factor that recruits 

the U2 snRNP to the intronic branch point (Ruskin et al., 1988; Zamore and 

Green, 1989). As a very general factor, it is unclear whether the induction of this 

gene following KLF17 knockout can be considered biologically relevant. More 

interesting is the upregulation of LEFTY1 and LEFTY2, encoding two 

paralogous secreted inhibitors of TGFβ signalling (Fig.3Mvi-ii) (Bisgrove et al., 

1999; Meno et al., 1999). LEFTY1 is enriched in the PrE and LEFTY2 is lowly 

expressed in the EPI of the human preimplantation blastocyst (Blakeley et al., 

2015). 
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Figure 3M KLF17-/- naïve hESCs display a largely unperturbed transcriptome 

(i) Principal component analysis of gene expression in wild-type (blue) and KLF17-/- (red) 
hESCs across the 10-passage time course clusters samples by timepoint and cannot separate 
cells by genotype. The naïve phenotype stabilises around p+5, as the, p+5 p+7 and p+10 
samples cluster together. (Legend continues on next page) 
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(Figure 3M cont.) (ii) A table showing the number of significantly differentially expressed genes 
(DEGs, padj<0.05) identified by DESeq2 analysis at the indicated timepoints, showing the total 
number of DEGs and the numbers upregulated (Up) and downregulated (Down), respectively. 

(iii) A 2D scatterplot displaying the results of DESeq2 analysis comparing KLF17 wild-type and 
mutant clones at p+5. The x-axis shows log2(Fold change) and the y-axis shows log10(padj). 
Individual genes are represented as grey dots, with some of the most significantly up- and 
downregulated genes highlighted in black and labelled. (iv-viii) Example expression traces of 
significant (padj<0.05) DEGs identified at p+5, showing two downregulated (iv-v, LDHA and 
ALDOC) genes and three upregulated (vi-viii, LEFTY1, LEFTY2 and DNMT3L) genes. Dots 
represent the expression (tpm) in individual samples and lines trace the median expression at 
each timepoint. Wild-type samples are represented in blue and KLF17-/- samples in red. 

 

PRICKLE1, another downregulated gene, encodes a receptor at the nuclear 

membrane that is thought to be a repressor of the WNT signalling pathway 

(Katoh and Katoh, 2003; Chan et al., 2006). WNT inhibition generally promotes 

both naïve and primed pluripotency (Zimmerlin et al., 2016; Guo et al., 2017; 

Rostovskaya et al., 2019). Upregulation of a WNT inhibitor may suggest that, in 

the absence of KLF17 expression, further reinforcement of the naïve 

pluripotency network is required. However, PRICKLE1 is also a constituent of 

the planar cell polarity network, which is involved in gastrulation and neural tube 

closure (Tissir and Goffinet, 2006). Since conventional hESCs have been 

shown to most closely resemble a post-implantation, peri-gastrulation state of 

pluripotency (Nakamura et al., 2016), the upregulation of PRICKLE1 could 

alternatively represent a shift towards a less-naïve regulatory network. 

 

Interestingly, I also find that the putative KLF17 target gene DNMT3L is 

upregulated at p+5 in KLF17-/- naïve hESCs (Fig.3Mviii). Given the dynamics of 

DNMT3L upregulation following KLF17 overexpression (Fig.2Fiv), and that both 

KLF17 overexpression and null mutation leads to an increase in DNMT3L 

expression, this reinforces the idea that the expression of DNMT3L is only 

indirectly regulated by KLF17. 

 



 195 

In order to gain further insight into the processes dysregulated at p+5, I 

performed enrichment analysis of the up- and downregulated genes. The 311 

downregulated genes showed significant enrichment of terms related to 

metabolism and translation (Fig.3N; Table 3.3.1). Meanwhile, the 316 

upregulated genes were enriched in terms related to gene expression, protein 

degradation, the cell cycle and signalling, especially by WNT (Table 3.3.2). 

Given the role of WNT inhibition in enabling chemical resetting of hESCs and 

stabilising their naïve phenotype (Guo et al., 2017), it is interesting to observe 

that a number of genes associated with WNT signalling are upregulated in 

KLF17-/- naïve hESCs at p+5 (Fig.3Oi-iv). 
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Figure 3N KLF17-/- naïve hESCs display downregulated expression of glycolysis-related 
genes at p+5 

Expression traces of glycolysis-related genes identified as showing significant (padj<0.05) 
downregulation at p+5 by DESeq2 analysis. Dots represent the expression (tpm) in individual 
samples and lines trace the median expression at each timepoint. Wild-type samples are 
represented in blue and KLF17-/- samples in red. 
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Figure 3O Genes upregulated at p+5 in KLF17-/- naïve hESCs suggest possible 
mechanisms of compensation 

(i-iv) Expression traces of four genes related to WNT signalling that are significantly (padj<0.05) 
upregulated in KLF17-/- (red) versus wild-type (blue) hESCs at naïve p+5. (v-vi) The expression 
patterns of two pluripotency-associated transcription factors, the KLF17 paralogues KLF4 and 
KLF5. At p+5, both genes are significantly (padj<0.05) upregulated in KLF17-/- (red) versus wild-
type (blue) naïve hESCs in tt2iL+Gö. Dots represent the expression (tpm) in individual samples 
and lines trace the median expression at each timepoint. KLF5 (vi) is additionally significantly 

upregulated at day 2.  

 

Overall, these enrichment categories somewhat overlap with an analysis of 

proteome changes following proteasome inhibition in conventional hESCs 
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(Saez et al., 2018), including increased expression of proteasome subunits (e.g. 

PSMD11 and POMP), proteins involved in chaperone-dependent and -

independent protein folding (e.g. HSPA8) and regulators of the cell cycle and 

WNT signalling pathway, with downregulation of protein translation, ribosome 

production, carbohydrate metabolism (e.g. HK2) and LIN28A (see below for 

further discussion). Given that the major function of the proteasome is to clear 

damaged and improperly folded proteins, which can result from and reinforce 

cellular stress (Vilchez et al., 2014; Berner et al., 2018), the similarity between 

the KLF17-/- naïve hESC phenotype and the effect of proteasome inhibition is 

significant, as it suggests that the KLF17-null cells are experiencing 

considerable cellular stress at p+5, when wild-type naïve cells would usually be 

stabilised in their phenotype (Guo et al., 2017). 

 

Indeed, the opposing effects on metabolism and protein degradation may 

additionally suggest that the KLF17-/- cells are under metabolic stress and have 

activated pathways to break down non-essential proteins in order to produce 

ATP. Interestingly, the downregulated metabolic genes are all related to 

anaerobic energy production, especially glycolysis. Indeed, some of the most 

important and rate-limiting enzymes of glycolysis exhibit reduced expression, 

including HK2 (Hexokinase 2, which controls the first step of glycolysis), PFKL 

(Phosphofructokinase liver-type, often regarded as the prominent rate-limiting 

enzyme), ENO1 and ENO2 (Enolase 1 and 2, which convert 2-

phosphoglycerate to phosphoenolpyruvate), PGK1 (Phosphoglycerate kinase 1, 

the enzyme for one of two ATP-producing steps in glycolysis) and PKM 

(Pyruvate kinase M1/2, which catalyses the second ATP-producing reaction) 

(Fig.3N.i-vi). The small but significant decrease in expression of all of these 

enzymes may be enough to considerably limit glycolytic flux.  

 

Alongside glycolytic metabolism, I also observed downregulated expression of 

the gene CPT1A, the rate-limiting fatty acid transporter, and ACACA and FASN, 

involved in fatty acid synthesis, at p+5. Additionally, there was enrichment of the 
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Reactome 2016 term “Import of palmitoyl-CoA into the mitochondrial matrix 

Homo sapiens R-HSA-200425”. CPT1A expression is enriched in both naïve 

hESCs (Messmer et al., 2019) and the human EPI (Blakeley et al., 2015), while 

ACACA and FASN are more strongly expressed in primed than naïve hESCs. 

This suggests further dysregulation of both carbohydrate and fatty acid 

metabolism in KLF17-/- naïve hESCs at p+5. 

 

Using the KEGG 2019 database, the upregulated genes at p+5 are significantly 

enriched for the term “Signalling pathways regulating pluripotency of stem 

cells”. This highlights a number of interesting genes that are upregulated at p+5, 

including NODAL, LEFTY2, NANOG, TBX3, REST, IL6ST, KLF4 and FZD5, 

which are specifically enriched in naïve hESCs (Messmer et al., 2019; Stirparo 

et al., 2018), as well as WNT5A and BMPR1A, which do not appear to differ 

significantly between the naïve and primed states. In fact, I was able to identify 

additional pluripotency-related genes among the significantly upregulated genes 

at p+5, including DNMT3L, DPPA2, TET3, IL6R, and KLF5. Given that the cells 

at p+5 have spent about one month in naïve culture conditions, it is perhaps 

most likely that any observed effects are not directly due to loss of KLF17, but 

rather a gradual adjustment to a lack of KLF17 function. In particular, the small 

but significant upregulation of both KLF4 and KLF5, paralogues of KLF17, is 

intriguing on the basis of the hypothesis of compensation (Fig.3Ov-vi). 

Therefore, the induction of these factors thought to support (naïve) pluripotency 

may represent a compensatory mechanism helping to stabilise the cells in 

response to KLF17 loss-of-function. 

 

Indeed, while there are very few genes that are rapidly dysregulated upon 

resetting of KLF17-/- hESCs, KLF5 expression is upregulated at day 2 

(Fig.3Ovi). This is in contrast to both KLF2 and KLF4, whose expression 

increases equivalently between wild-type and targeted hESCs during the first 

two days of resetting. This further suggests a specific compensatory role for 

KLF5, such that its targets during the early stages of resetting might overlap 
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sufficiently with those of KLF17 that they can function redundantly. This alone 

may be sufficient to explain why KLF17-/- hESCs are able to acquire and 

maintain a relatively stable naïve phenotype under the conditions investigated 

in this work. At day 2 of chemical resetting, the cells are undergoing epigenetic 

“opening” in response to histone deacetylase inhibition (Guo et al., 2017), which 

may provide increased malleability and the opportunity for various 

transcriptional regulators to function on other genes important for naïve 

conversion, as they would be in a more accessible state. 

 

Another DEG of considerable interest is LIN28A (Fig.3Pi). Though exhibiting a 

relatively small change in expression roughly relating to a fold change of 0.8 in 

KLF17-/- versus wild-type hESCs, LIN28A expression is significantly 

downregulated from p+5 onwards. This is true of only three other genes, aside 

from KLF17 itself, – ADGRD1, which was discussed above, PPP1R3B and 

PTPRU (Fig.3Pii-iv). 
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Figure 3P Four genes are consistently downregulated in KLF17-/- naïve hESCs from p+5 
onwards 

(i-iv) Expression traces of the four genes that show consistently decreased expression in 
KLF17-/- versus wild-type naïve hESCs – (i) LIN28A, (ii) ADGRD1, (iii) PPP1R3B and (iv) 
PTPRU – which represent putative KLF17 targets. Dots represent the expression (tpm) in 
individual samples and lines trace the median expression at each timepoint. Wild-type samples 
are represented in blue and KLF17-/- samples in red. (v) The expression pattern of LIN28A in 
human embryogenesis from single-cell RNA-seq analysis. Left – LIN28A RNA expression 
displayed by embryonic stage across the preimplantation period. (Legend continues on next 
page) 



 204 

(Figure 3P cont.) Right – LIN28A RNA expression delineated by cell-type, representing the 
three lineages of the human blastocyst – the pluripotent epiblast (EPI, green), the primitive 
endoderm (PrE, red) and the trophoectoderm (TE, blue). Expression is displayed as RPKM 

(reads per kilobase per million mapped reads). Boxes represent the first and third quartiles, the 
central horizontal line the median, and whiskers extend to 1.5 times the interquartile range. Dots 
represent individual outliers. 

 

In the human embryo, LIN28A has a similar temporal expression pattern to 

KLF17, though it is not restricted to any one lineage at the blastocyst stage 

(Fig.3Pv). LIN28A acts as a reprogramming factor alongside OCT4, SOX2 and 

NANOG (Yu et al., 2007), where it is not strictly necessary for reprogramming 

but increases the yield of iPSC clones. Through preventing let-7 miRNA 

biogenesis, it also inhibits differentiation (Heo et al., 2008; Viswanathan et al., 

2008; Kim et al., 2014). LIN28A has additionally been directly implicated in the 

growth and survival of hESCs (Peng et al., 2011). By RNA immunoprecipitation, 

the most significantly enriched targets of LIN28A were related to a number of 

core processes including splicing, ribosomal proteins, translation and 

metabolism (Peng et al., 2011). Interestingly, this is in-keeping with the results 

of enrichment analysis of the downregulated DEGs at p+5 in this study (Table 

3.3.1). Of the 315 genes downregulated at p+5, 18 were identified as LIN28A 

targets by co-IP (Peng et al., 2011) and these genes were significantly enriched 

in terms related to translation and the ribosome (Table 3.3.3A). PTPRU, a cell 

surface marker of naïve versus primed hESCs (Wojdyla et al., 2020), was also 

identified as a LIN28A target, alongside its paralogue PTPRF, which is also 

significantly downregulated at p+5. Additionally, there were 5 putative targets of 

LIN28A that showed increased expression at p+5 (Table 3.3.3B). 
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Table 3.3.3 Overlap between significantly (A) downregulated and (B) upregulated genes 
in KLF17-/- versus wild-type naïve hESCs and identified LIN28 binding targets 

The mRNA binding targets of LIN28 were taken from (Peng et al., 2011). 

 

Though this is a relatively small number of overlapping genes in total, it is 

feasible that the observed downregulation of LIN28A mRNA leads to broader 

expression changes than observed in the current study, since LIN28A mediates 

gene regulation post-transcriptionally and protein levels have not been 

assessed. Indeed, such a phenomenon was observed in hESCs when it was 

discovered that LIN28A binds directly to POU5F1 mRNA. The knockdown of 

LIN28A mRNA by specific siRNA led to ~40% reduction in OCT4 protein, but 

had no effect on POU5F1 mRNA levels (Qiu et al., 2010). This showed that 

LIN28A works to facilitate translation of OCT4 protein. Given the critical role of 

OCT4 in both hESCs and human embryonic development (Fogarty et al., 2017), 

and in particular the requirement for fine control over OCT4 levels to maintain 

hESC pluripotency (Rodriguez et al., 2007; Zafarana et al., 2009; Wang et al., 

2012), this suggests that LIN28A contributes to stabilising the hESC state. 

Indeed, LIN28A and its paralogue LIN28B have also been implicated in the 

A: downregulated B: upregulated
Gene Gene
RPS18 SLC4A2
EEF1G PSMB7
RPS11 NDST1
RPL8 ITGAV
PTPRF HYOU1
PCDH1
FLOT2
COL6A1
FDFT1
SLC6A6
RPL13A
GAPDH
AARS
HSPG2
PTPRU

NIPSNAP1
MEST
IFITM1
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switch between naïve and primed pluripotency in mESCs (Zhang et al., 2016). 

Therefore, it is possible that the decreased expression of LIN28A at late 

timepoints in this experiment may represent a destabilisation of the pluripotency 

network in KLF17-/- naïve hESCs. 

 

Altogether this analysis of chemical resetting of KLF17-/- hESCs suggests that 

while KLF5 and KLF17 may display some redundant functions during the 

establishment of naïve from primed pluripotency in hESCs, KLF17-/- naïve 

hESCs are not as phenotypically stable as their wild-type counterparts, since 

KLF17 loss-of-function appears to promote dysregulation of important metabolic 

and signalling pathways. 

 

 

3.3.6 Discussion 
 

In this chapter, I describe the process of CRISPR-Cas9-mediated mutagenesis 

of KLF17 in primed hESCs, spanning in vitro testing of gRNA function, 

efficiency testing in hESCs, establishment and validation of KLF17-/- clonal 

hESC lines and finally phenotypic analysis of said lines in the naïve state. 

Surprisingly, given the rapid upregulation of KLF17 expression during naïve 

chemical resetting (Guo et al., 2017), I find that KLF17-/- hESCs show no 

considerable defect in their ability to adopt a naïve pluripotent state. In contrast 

to the suggestion from the overexpression experiments described in Chapter 

3.2, this loss of function study suggests that KLF17 is not an important regulator 

of human naïve pluripotency. 

 

Of note, transcriptional profiling at various stages of wild-type and KLF17-/- 

hESC chemical resetting highlights some putative mechanisms of 

compensation, which may contribute to the minimal phenotypic impact of KLF17 

loss. Nevertheless, the possibility of compensation or redundancy still implies 

that KLF17 itself is not strictly required. Therefore, it appears that despite 
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sufficiency for driving naïve pluripotency, KLF17 is not necessary for its 

acquisition under the conditions investigated herein. 

 

As mentioned earlier, the concordance between naïve hESCs and the human 

pluripotent preimplantation EPI is still not fully understood. Therefore, one 

cannot assume that a lack of obvious detriment in KLF17-/- naïve hESCs is 

indicative overall of a lack of KLF17 function in the regulation of naïve 

pluripotency. In comparison to in vitro cell lines, it is possible that the human 

embryo itself has less capacity for redundancy within its GRN and KLF17 may 

be more functionally important in human embryogenesis. 

 

Additionally, this work has only investigated the impact of KLF17 loss of function 

in two naïve hESC culture conditions, with in-depth analysis only performed 

using the chemical resetting method (Guo et al., 2017). Though both conditions 

used herein (5iLA (Theunissen et al., 2014) and tt2iL+Gö (Guo et al., 2017)) 

have been considered to represent bona fide naïve hESCs (Taei et al., 2020), it 

has been suggested that KLF17 loss of function is not tolerated under 

alternative conditions (Bayerl et al., 2020). 

 

Thus, while the experiments described in this chapter provide evidence that 

KLF17 is not essential to establish naïve pluripotency in hESCs, there remains 

further avenues of exploration. These and other issues are discussed in detail 

in the following chapter. 
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Chapter 4 – Discussion 
 

In this study, I explored the functional relevance of the naïve pluripotency-

restricted expression pattern of the transcription factor KLF17. In the early 

stages of this project, KLF17 expression at both the mRNA and protein levels 

was used as a marker of human naïve pluripotency in both the in vivo epiblast 

(Blakeley et al., 2015) and in vitro naïve hESCs (Guo et al., 2016; Boroviak and 

Nichols, 2017; Guo et al., 2017). The expression of numerous factors can be 

used to delineate cell states, including classical markers of human pluripotent 

cells in general (e.g. pluripotency-specific alkaline phosphatase (O'Connor et 

al., 2008), and cell surface markers TRA-1-60 and TRA-1-81 (International 

Stem Cell et al., 2007)) and more recently-defined markers of naïve 

pluripotency (including the cell surface markers CD75, CD130 (Collier et al., 

2017; Collier and Rugg-Gunn, 2018) and SUSD2 (Bredenkamp et al., 2019a)). 

However, whether these factors represent functionally important components of 

cell regulatory networks or are merely by-products of a certain cellular state 

remains unknown. Given the nature of KLF17 as an active transcriptional 

regulator, as shown in studies in cancer (Gumireddy et al., 2009; Ali et al., 

2015a; Ali et al., 2015b), and as a member of the developmentally important 

Krüppel-like factor family of proteins (Bourillot and Savatier, 2010; McConnell 

and Yang, 2010), I hypothesised that its restriction to human naïve pluripotent 

cells might represent a functional requirement. 

 

As described in Chapter 3.1 of this work, I explored this hypothesis by 

examining the protein expression dynamics of KLF17 in the human embryo in 

relation to known pluripotency regulators SOX2 and NANOG. In Chapters 3.2 

and 3.3, I describe how I then proceeded to use the experimentally amenable 

model of hESCs to manipulate the expression of KLF17 in vitro, in order to 

understand its sufficiency and/or necessity for naïve human pluripotency. 
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In this way, I found that KLF17 expression can induce naïve human 

pluripotency by impinging upon the hESC transcriptome, suggesting that it may 

indeed act in its native context to regulate certain aspects of the naïve GRN. 

However, I also determined that, under the conditions explored herein, KLF17 

expression is not required for resetting of primed to naïve hESCs. This 

observation in turn suggests that KLF17 does not have a central role in naïve 

hESC regulation. Below, these observations are discussed in detail and in the 

context of existing work. Furthermore, I present further hypotheses on the role 

of KLF17 in both naïve hESCs and the human embryo and discuss potential 

future experiments to address outstanding questions. 

 
 

4.1 KLF17 expression dynamics in the developing human blastocyst 
 

In Section 3.1.5, I describe the protein expression dynamic of KLF17 in the 

human preimplantation embryo between 5 and 7 d.p.f. Through this analysis, I 

determined that KLF17 expression follows a similar pattern to that of SOX2, 

with broad expression across all three cell types of the early blastocyst, followed 

by gradual restriction to the NANOG-positive pluripotent EPI (Fig.1E). As 

discussed in the Introduction, Section 1.5, SOX2 is a conserved core regulator 

of preimplantation pluripotency in both mouse and human cells. This therefore 

suggests that initial, non-lineage-restricted expression, which has been 

observed at least as early as the morula stage of human embryogenesis for 

SOX2 (Gerri et al., 2020) and KLF17 (Kilens et al., 2018; Xiang et al., 2020), 

does not necessarily preclude a regulatory factor from a specific role in the 

pluripotency GRN. 

 

Similarly, OCT4 protein is also detectable in all cells of the human embryo 

immediately following EGA and maintains robust expression in both the ICM 

and TE cells until at least late 6 d.p.f. (Niakan and Eggan, 2013). Thus, both 

core members of the conserved pluripotency network, OCT4 and SOX2, are 
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expressed widely during human preimplantation development until quite a late 

stage, despite more restricted expression in the preimplantation mouse embryo 

(Avilion et al., 2003; Dietrich and Hiiragi, 2007; Guo et al., 2010; Grabarek et al., 

2012; Wicklow et al., 2014). This slower restriction of canonical pluripotency 

regulators to the human EPI might represent the difference in timing of 

preimplantation development between mouse and human embryos. In 

particular, the short time between blastocyst formation and implantation, which 

requires fully matured cell-types to enable continued development, might 

necessitate the more rapid irreversible commitment of the three cell fates in the 

mouse blastocyst (Rossant, 2015). This could be reflected in the more restricted 

expression patterns of factors like SOX2 in the mouse (Frum et al., 2019) and 

help to explain why KLF17 protein can remain broadly present in the late 

human blastocyst. 

 

Interestingly, alongside their roles in pluripotency, both OCT4 and SOX2 have 

been recently suggested to be crucial for EGA in the human. The apparent 

inability of completely POU5F1-/- human embryos to progress past the cleavage 

stage of development provided initial evidence for an earlier role of OCT4 in 

preimplantation development than previously thought (Fogarty et al., 2017) and 

has been confirmed independently (Stamatiadis et al., 2021). Subsequently, by 

sequencing across DNase I hypersensitive sites (DHSs) in human embryos at 

various stages, Gao and colleagues identified an enrichment of both OCT4 and 

SOX2 binding sites in accessible chromatin at the time of EGA (8-cell stage) 

(Gao et al., 2018). In contrast, DHSs in mouse 2-cell embryos did not show 

such enrichment. This further suggests a specific role for the core pluripotency 

regulators OCT4 and SOX2 in human EGA, prior to the establishment of the 

pluripotent EPI. Indeed, following siRNA-mediated knockdown of POU5F1 in 

human zygotes, Gao and colleagues observed downregulation of 25% of all 

genes identified as “EGA genes” at the 8-cell stage (Gao et al., 2018). And in-

keeping with their function in coregulating transcription, performing the same 

experiment with SOX2-targeting siRNA led to the downregulated expression of 
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7% of human “EGA genes”, 81% of which overlapped with the identified OCT4 

targets (Gao et al., 2018). 

 

Given the similarity of the in vivo expression patterns of SOX2, OCT4 and 

KLF17, it is therefore interesting to speculate that KLF17 may also have an 

earlier role in human development, prior to blastocyst formation. While not 

explored further in their study, Gao and colleagues do report significant 

enrichment of various KLF binding motifs (KLFs 1, 3-6, 9-10 and 14) in DHSs of 

the human 8-cell embryo (Gao et al., 2018). Although there is no annotated 

motif for KLF17 in the HOMER database used in this study, the KLF proteins all 

bind to a general consensus motif including 5’-CACCC-3’ (Miller and Bieker, 

1993; Shields and Yang, 1998). Unlike OCT4 and SOX2, enrichment of KLF 

motifs is conserved in the mouse around the time of EGA (Gao et al., 2018). 

While it is important to note that a number of KLFs are expressed during 

preimplantation development and could contribute to this enrichment, it is also 

interesting that Klf17 appears to be maternally deposited in the mouse zygote, 

and its mRNA remains detectably expressed until at least the mouse 8-cell 

stage (Fig.1Avi). Thus, it is not unfeasible to suppose that there could be a 

conserved role for KLF17 in EGA across mammals, but that in non-rodent 

species, KLF17 has been further co-opted to perform a function in pluripotency. 

 

Indeed, the initiation of KLF17 expression in the 8-cell stage might suggest that 

it performs a conserved function in regulating some of the overlapping features 

of the totipotent cleavage-stage blastomeres and the pluripotent cells of the 

EPI. Totipotency and pluripotency are highly interlinked cell states, differing only 

in the ability of the former to readily give rise to extraembryonic, as well as 

embryonic, cell types (Condic, 2014). And given the suggestions that cells of 

the human blastocyst might be more labile than those of the mouse (Van de 

Velde et al., 2008), and that naïve hESCs can give rise to cells resembling both 

TE (Cinkornpumin et al., 2020; Dong et al., 2020; Guo et al., 2020) and PrE 

(Linneberg-Agerholm et al., 2019) in vitro, it would not be surprising for a single 
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factor to fulfil a regulatory role throughout the totipotent-to-pluripotent transition. 

As the embryo progresses towards the early cell fate decisions, individual cells 

will start to initiate specialised RNA and protein expression networks. It is 

feasible that, as development proceeds, the varying complement of factors in 

embryonic cells could cause KLF17 to function differently. For instance, as 

more transcriptional regulators are expressed, there may be increased 

competition for the regulatory sites of some genes, whereas at others, KLF17 

might work together with new factors to impinge upon gene expression. Indeed, 

other KLFs have identified protein-protein interaction domains, often in their N-

terminal regions, including for CtBP (Turner and Crossley, 1998; van Vliet et al., 

2000) and Sin3a (Zhang et al., 2001), two transcriptional co-repressors, and for 

a number of histone acetyltransferases, e.g. p300 (Evans et al., 2007; 

Miyamoto et al., 2003; Zhang and Bieker, 1998). 

 

Regardless of how or why some pluripotency factors are not restricted in the 

early human blastocyst, the expression pattern of KLF17 is certainly in-keeping 

with a putative role in pluripotency. Firstly, KLF17 mRNA expression is 

restricted to the pluripotent epiblast in the human embryo at 6 d.p.f. (Blakeley et 

al., 2015), the optimal timing for hESC derivation (Chen et al., 2009). 

Furthermore, KLF17 protein becomes fully restricted to NANOG-expressing 

pluripotent EPI cells ~24 hours later (Fig.1E). It also appears that, as observed 

in hPSCs, KLF17 is specifically expressed in naïve pluripotent cells in vivo. 

Using conditions for extended in vitro culture of human embryos, KLF17 is 

observed concomitant with OCT4 in the EPI until about 8 d.p.f., but is no longer 

detectable by 9-10 d.p.f. (Shahbazi et al., 2017; Xiang et al., 2020). 

Consistently, single cell analysis of a gastrulating human embryo at Carnegie 

stage 7 (CS7, 16-19 d.p.f.) shows considerable downregulation of KLF17, and 

other naïve-associated genes, in the CS7 EPI versus the EPI at 6 d.p.f. (Tyser 

et al., 2020). Furthermore, KLF17 expression is lost during the formative 

transition of hPSCs (Kinoshita et al., 2020). KLF17 expression in the human 
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embryo is therefore restricted to, or at least strongly enriched in, the 

preimplantation stage of pluripotency. 

 
 

4.2 KLF17 expression induces a naïve pluripotent state in vitro 
 

Through the KLF17 overexpression studies described in Chapter 3.2, I 

demonstrate that the ectopic expression in hESCs of KLF17 alone is sufficient 

to bring about upregulation of a number of other genes associated with human 

in vitro and in vivo naïve pluripotency. This impact of KLF17 upon the hESC 

transcriptome is apparently quite rapid, given that there were in total 3269 

significant (padj < 0.05) DEGs just 24 hours after KLF17 induction (Fig.2Ii). This 

rapid response to KLF17 might suggest that following transcriptional activation 

in the 8-cell human embryo, when KLF17 mRNA is significantly upregulated 

(Fig.1Aiv), a number of genes could be quickly regulated by KLF17. This would 

be in-keeping with a putative role in human EGA, as discussed above. 

 

There is a considerable increase in DNA accessibility in the human 8-cell 

embryo (Gao et al., 2018; Liu et al., 2019a), although the number of accessible 

sites does continue to increase as development progresses, with more open 

regions in the ICM (Liu et al., 2019a) from which hESCs are derived. 

Nonetheless, the ability of KLF17 to regulate a large number of genes in a 

cellular context where it is not normally expressed (primed hESCs) suggests 

that it would also do so in its native context in the 8-cell human embryo, where 

the chromatin is relatively accessible (Gao et al., 2018; Liu et al., 2019a). 

Indeed, footprinting analysis limited to sites within a 5 kb window surrounding 

TSSs reveals 399 putative KLF17-binding sites within accessible chromatin 

regions in the 8-cell human embryo and 940 potential KLF17-binding sites in 

the ICM (Liu et al., 2019a). These 940 sites represent 836 unique loci and of 

these, 73 genes (8.7%) are significantly upregulated (padj < 0.05) and 82 genes 

(9.8%) are significantly downregulated (padj < 0.05) following 24 hours of KLF17 
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induction in primed hESCs. Similarly, of the 363 unique loci represented by the 

8-cell sites, 29 (8%) are significantly upregulated (padj < 0.05) and 42 (11.6%) 

significantly downregulated (padj < 0.05) at 24 hours. Therefore, while it is well-

established that in vitro primed hESCs do not represent all aspects of the in vivo 

pluripotent ICM or EPI, and while one must also bear in mind the caveats of 

overexpression from an exogenous gene construct, it is possible that the 

transcriptome analysis described in Section 3.2.4 of this work has identified 

some direct targets of KLF17 transcriptional regulation that are conserved in the 

human embryo. This hypothesis would be particularly interesting to investigate 

in the future and could be addressed using improved chromatin occupancy 

analysis techniques to determine the genomic binding positions of KLF17 within 

the human embryo. 

 

In Section 3.2.5, I demonstrate that KLF17 overexpression in a population of 

primed hESCs is in fact sufficient for transgene-mediated resetting to apparent 

naïve pluripotency, when culture medium is switched to PXGL (Guo et al., 2017; 

Bredenkamp et al., 2019b). This provides further evidence that a function of 

KLF17 is to upregulate genes associated with naïve pluripotency and that its 

ability to do so is particularly potent. In Section 4.5.1 below, I discuss some 

ongoing work with these apparent KLF17-driven naïve hESCs. However, I first 

explore what the data from primed hESCs might reveal about the mechanisms 

of KLF17-driven resetting. 

 
 

4.3 How does KLF17 impinge upon the pluripotent phenotype of 

hESCs? 
 

While it is clear that KLF17 expression promotes a more naïve-like phenotype 

of hESCs, how exactly KLF17 achieves this is not clear from the present data. 

Interestingly, the transcriptome analysis of KLF17-overexpressing cells in 
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primed conditions showed that known naïve pluripotency markers, including 

DNMT3L, SUSD2 and ZFP42/REX1, are upregulated quite slowly following 

KLF17 induction (Fig.2F-G) and in the case of SUSD2, only marginally 

(Fig.2Liii). In contrast, the analyses of DEGs at day 1 (Fig.2I), and of the genes 

with expression dynamics that are highly correlated with KLF17 (Fig.2J), show 

that the impact of KLF17 induction upon signalling pathway components is 

much more rapid. This may indicate an indirect relationship between KLF17 

expression in primed hESCs and the expression of naïve pluripotency marker 

genes, such that it is the more direct impact of KLF17 on various pluripotency-

modulating signalling pathways that brings about major transcriptional change. 

 

In particular, based on the Reactome 2016 pathway, R-HSA-195721, there are 

50 genes associated with WNT signalling among the significantly (padj < 0.05) 

downregulated genes at day 1 (Table 4.1.1A). These 50 genes include ligands, 

receptors, GSK3β and β-catenin themselves, and downstream effectors of the 

TCF/LEF family. Therefore, it seems likely that one of the more immediate 

effects of KLF17 induction in primed hESCs might be downregulation of 

signalling through WNT. While there are some conflicting studies about the role 

of WNT in hESCs and pluripotency (Blauwkamp et al., 2012; Cai et al., 2007; 

Davidson et al., 2012; Dravid et al., 2005; Kurek et al., 2015; Sato et al., 2004; 

Xu et al., 2016), most evidence does suggest that WNT signalling has a 

negative impact on pluripotency maintenance. In general, WNT often drives 

epithelialisation (Korinek et al., 1998; Kretzschmar and Clevers, 2017), which 

could contribute to its destabilising effect in naïve hESCs (Bredenkamp et al., 

2019b; Guo et al., 2017), as epithelial character is a hallmark of primed 

pluripotency in vitro and in vivo (Boroviak and Nichols, 2017). To fully 

understand the impact of WNT signalling on human pluripotency, it would be 

especially interesting to investigate how and when WNT signalling is active 

during human embryo development. Given that WNT inhibition is beneficial for 

the maintenance of naïve hPSCs (Bredenkamp et al., 2019b; Guo et al., 2017), 

one would expect to find a lack of WNT signalling activity in the preimplantation 
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human EPI. If concordance between the in vitro and in vivo cell types is not 

found, however, it may call into question the conservation of the pluripotency 

regulatory network between naïve hESCs and the human EPI. Regardless, 

further experiments are required to determine exactly how the inhibition of WNT 

signalling through XAV939 or IWP-2 imparts the beneficial impact on naïve 

hESCs. 

 

 
Table 4.1.1 Modulating the expression on KLF17 impacts on the expression of WNT 
components 

Tables showing the differentially expressed genes (padj < 0.05) belonging to the Reactome 2016 
category “R-HSA-195721, Signalling by WNT” for (A) induced versus uninduced KLF17-

overexpression hESCs at day 1 post-induction and (B) KLF17-/- versus wild-type naïve hESCs 
at naïve passage 5 (p+5). 

 

This suggests that rapid downregulation of WNT signalling could be a pathway 

through which KLF17 can promote naïve pluripotency. To explore this 

hypothesis, I first plan to perform side-by-side IF analysis in UI and +Dox 

KLF17-inducible hESCs to investigate the distribution of active β-catenin at day 

5 post-induction. Performing this experiment in the primed hESCs grown in 

A: downregulated in KLF17-induced
primed hESCs at day 1

Gene Gene Gene
GSK3B PYGO1 RBBP5
CHD8 SFRP1 TCF7L2 B: upregulated in KLF17-/-
CLTC SFRP2 FZD3 naïve hESCs at p+5
CDC73 PSME3 FZD5 Gene
XPO1 PSME4 FZD7 PSMD11

PPP2R1B ROR1 CAV1 FZD5
PPP2R5E AMER1 FZD8 H2AFZ
MYC PSMD12 APC WNT5A
RSPO3 PSMD11 AGO1 PRICKLE1
SOX9 CUL3 AGO2 YWHAZ
RAC1 CUL1 CTNNB1 PSMB7
SOX4 WNT8B TCF4 FRAT2
WLS ITPR2 TNRC6A PSMC4
DACT1 NLK TNRC6B PSME3
TLE4 LRP6 UBA52

CSNK2A2 PPP3R1 LGR4
PRKCA GNG2 WLS
YWHAZ TNKS2 BCL9L
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mTeSR1, where there are no exogenous modulators of WNT signalling, will 

help me to understand whether intrinsic inhibition of WNT signalling following 

KLF17 expression might contribute to the upregulation of naïve-associated 

genes. 

 

However, signalling pathways can be highly sensitive, with many mechanisms 

of self-regulation. Therefore, assessing WNT signalling activity at day 5 post-

induction might not reveal any impact when the WNT components are already 

downregulated at 24 hours. To address the question of WNT activity in a more 

rapid and sensitive manner, the ideal experiment would be to make use of a 

TCF-reporter hESC line for KLF17 induction. In such a system, I could monitor 

the nuclear translocation of the TCF protein, which is an indicator of active WNT 

signalling, through constant live imaging, to understand the full dynamics of 

WNT signalling modulation in response to KLF17. 

 

As an alternative, I could instead attempt to perform the same IF analysis as 

above to identify nuclear-enriched, active β-catenin across a time course of 

KLF17 expression. While this would only provide static snapshots of WNT 

activity, this may be sufficient. With such IF analyses, I hope to understand 

whether the transcriptional downregulation of WNT components observed 

immediately following KLF17 upregulation is translated into abrogated WNT 

signalling activity, which might contribute to naïve-like gene expression. 

 

Aside from WNT signalling, I also demonstrate in Section 3.2.4 that 

upregulation of various components of the PI3K-AKT signalling pathway from 

24 hours post-induction in primed hESCs leads to a detectable change in the 

phosphorylation status of AKT at day 5 (Fig.2Ivii). Interestingly, despite 

upregulated gene expression, the levels of pAKT-Ser473 are reduced, which is 

suggestive of a negative feedback loop. Again, this may reflect the extended 

time in culture between KLF17 induction, modulation of PI3K-AKT pathway 

component expression and western blot at day 5. Therefore, I will be exploring 
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this pathway in more detail by performing western blot for pAKT-Ser473, as well 

as pAKT-Thr308 and pS6 (Wamaitha et al., 2020), at days 1, 2 and 5 following 

Dox addition. This will help me to determine how modulation of PI3K-AKT 

signalling might contribute to the transcriptome changes observed in +Dox 

versus UI KLF17-inducible hESCs. Intriguingly, an alternative method of primed 

to naïve resetting is suggested to depend on the activation of PI3K-AKT-

mTORC signalling (Duggal et al., 2015) and naïve cells in t2iL+Gö also have 

active signalling through the pathway, though they are able to survive with 

blockade at the level of mTORC1 (Wamaitha et al., 2020). Furthermore, active 

signalling through AKT has been previously linked to pluripotency in both 

mouse and primate ESCs (Watanabe et al., 2006). 

 

While the rapid modulation of signalling pathway components is suggestive, the 

current data and planned future experiments do not determine the direct targets 

of KLF17 in these conditions. This could help me to understand the answer to 

Question 4 of Section 1.6 – how does KLF17 fit into the known pluripotency 

GRN? One way to address this question would be to perform ChIP-seq of 

exogenous KLF17 binding in the inducible hESCs. Indeed, I have tried both 

personally and with the help of the lab of Peter Rugg-Gunn in Cambridge to 

perform ChIP-seq against either the HA tag of the exogenous transgene or the 

KLF17 protein itself, at either two or four days post-induction. After an initial 

failure due to poor enrichment at two days, which was perhaps attributable to 

low levels of KLF17 protein after only 48 hours, I provided harvested and fixed 

cells to my collaborators after four days. However, the quality of the DNA 

immunoprecipitated by an anti-HA tag antibody was too poor for sequencing. 

 

Therefore, it appears that ChIP for the KLF17-HA protein in inducible hESCs is 

not straightforward. Nevertheless, even had ChIP-seq been successful, binding 

of KLF17 near to a gene with modulated expression would still not be proof of 

direct regulation. This is because binding can, in some cases, be non-specific, 

or there may be factors other than KLF17 that are more important for the 
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modulation of a given gene. In order to conclusively determine a role for KLF17 

in direct regulation of a gene, it would be necessary to identify the putative 

regulatory KLF17-binding sites and ablate them from the genome, for example 

by CRISPR-Cas9-mediated genome editing. Then, by inducing KLF17 

expression in the targeted hESCs, I could monitor whether the change in 

expression of the gene of interest that was observed in wild-type KLF17-

induced cells was abrogated in the edited hESCs. Given that this is not a 

straightforward strategy and that it can only provide information about possible 

direct regulation of a single gene per experiment, I decided not to continue to 

follow up on ChIP-seq in these conditions. 

 

Aside from possible direct regulation, it is interesting to consider those genes 

that are differentially expressed only later in the KLF17 induction time course. 

One such gene is ALPPL2, which is a significant DEG from day 2, but is much 

more strongly upregulated between days 4 and 5. ALPPL2 is of particular 

interest because it was very recently identified as a specific cell surface marker 

of naïve versus primed hESCs, and to have a crucial role in naïve hESC 

establishment and maintenance under 5iLA conditions (Bi et al., 2020). ALPPL2 

regulates naïve pluripotency by interacting with IGF2BP1, positively impacting 

on the expression of genes including STAT3 and TFCP2L1 (Bi et al., 2020). 

Alongside TFAP2C, ALPPL2 constitutes a second crucial regulator of naïve 

hESCs that is upregulated in response to KLF17 induction in primed hESCs. 

 

As well as inducing expression of naïve-specific genes, KLF17 upregulation 

might also be expected to abrogate general differentiation in primed hESCs. For 

instance, as stated in Section 3.2.4, the overexpression of LINC-ROR, which 

shows an expression pattern that is highly correlated to KLF17_HA (Fig.2Iviii), 

in primed hESCs has been shown to directly inhibit differentiation, by allowing 

accumulation of the mRNAs encoding OCT4, NANOG and SOX2 (Wang et al., 

2013). Indeed, there is mild, but significant, upregulation in KLF17-induced 

hESCs of NANOG transcripts at day 5 and of POU5F1 transcripts from days 1 
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to 3. Additionally, the rapid downregulation of WNT components (Table 4.1.1A) 

might also limit differentiation. While any such effect of KLF17 overexpression 

would likely not be obvious in the stringent, pluripotency-promoting conditions 

used herein (mTeSR1 medium), it would be possible to test this hypothesis by 

driving differentiation of hESCs following KLF17 upregulation. I might expect to 

observe that the induced hESCs are impaired in their ability to differentiate 

towards one or more cell-type, in comparison to uninduced counterparts. 

 

One final point of interest regarding the sufficiency of KLF17 for naïve 

pluripotency is the recent work suggesting that one function of KLF17 is to 

regulate gene expression by acting at enhancers within transposable elements 

(TrEs) (Pontis et al., 2019). Evolutionarily “young” TrEs are accessible and 

expressed during human preimplantation development (Gao et al., 2018) and 

often situated near “EGA genes” in the genome (Pontis et al., 2019). 

Furthermore, an embryo-like profile of TrE expression is a hallmark of bona fide 

naïve hESCs (Theunissen et al., 2016; Boroviak and Nichols, 2017). In their 

study, Pontis and colleagues identify that KLF binding motifs are enriched in the 

open chromatin of naïve pluripotent cells (Pontis et al., 2019), in-keeping with 

the previous observation that the KLF-binding motif is the most significantly 

enriched motif in accessible chromatin of naïve hESCs (Pastor et al., 2018). 

Pontis and colleagues also determine that KLF4 is specifically bound near to 

TrEs enriched in naïve hESCs and around the time of EGA (Pontis et al., 2019). 

Intriguingly, by generating primed hESCs overexpressing KLF4 or KLF17, they 

also find a shift towards more naïve-like characteristics, although focusing on 

the expression of transposable elements in H1 hESCs, rather than the 

transcriptome of H9 hESCs as in this present study. For instance, KLF4/17-

overexpression for 5 days led to a more naïve hESC-like distribution of 

H3K27ac over loci that are accessible in preimplantation embryos as well as 

over TrEs, with concomitant upregulation of genes in the vicinity of these TrEs 

(Pontis et al., 2019). They further find that many of these KLF-activated TrEs 

are involved in inducing the expression of naïve-associated genes in naïve 
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hESCs, including ZFP42/REX1 and ST6GAL, with enrichment of genes 

involved in mitochondrial function, WNT signalling, cell cycle, adhesion and 

polarity (Pontis et al., 2019). Therefore, Pontis and colleagues postulate that 

KLFs, in particular KLF4 and KLF17, function to increase accessibility at 

thousands of loci during EGA, with a strong enrichment for TrEs active in naïve 

hESCs and the early human embryo (Pontis et al., 2019). 

 

In this present study, I have not investigated the expression of TrEs in KLF17-

overexpressing hESCs, nor the chromatin state in terms of either accessibility 

or chromatin modifications marking “open” loci, like H3K27ac. However, 

assuming some degree of conservation in the response between genetically 

different hESC lines (H1 (Pontis et al., 2019) and H9 (this study)), it is likely that 

an unappreciated phenotype of KLF17 induction in this case is an increase in 

chromatin accessibility and activation of TrE-embedded enhancers. This is 

especially interesting to consider given the overlapping enrichment terms 

identified for TrE-regulated genes (Pontis et al., 2019) and KLF17-induced 

genes (Tables 3.2.1-3.2.4). Therefore, the most immediate impact of KLF17 

overexpression in primed hESCs could be the activation of TrE-embedded 

enhancers, leading to the observed rapid changes in the expression of genes 

related to WNT and PI3K-AKT signalling, as well as oxidative metabolism and 

ECM organisation. 

 
 

4.4 KLF17-/- naïve hESCs show a delayed, mild phenotype including 

metabolic dysregulation 

 

In Section 3.3.5, I describe the capacity of KLF17-/- primed hESCs to be 

chemically reset (Guo et al., 2017) to naïve pluripotency, suggesting that the 

rapid upregulation of KLF17 expression observed in wild-type hESCs (Fig.3Li) 

(Guo et al., 2017) is not required for either the initiation or maintenance of naïve 
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pluripotency in vitro. Given that the overexpression experiments in Chapter 3.2 

revealed a sufficiency for KLF17 to drive naïve pluripotency, it was surprising to 

find that KLF17 expression is not obviously required. 

 

Interestingly, while TFAP2C is a crucial regulator of enhancer activation in naïve 

hESCs (Pastor et al., 2018), Pastor and colleagues also note that ectopic 

expression of TFAP2C in primed hESCs did not produce a considerable shift 

toward naïve hESC-associated gene expression, with equivalent expression of 

KLF4, KLF5, TFCP2L1 and DNMT3L in both UI and +Dox cells after 48 hours 

(Pastor et al., 2018). Therefore, it seems that while KLF17 is sufficient but not 

necessary for naïve pluripotency, TFAP2C may be necessary but not sufficient. 

 

Conversely, recent work using alternative methods of naïve hESC culture 

(discussed in Section 1.4.1) seems to identify a necessity for KLF17 to maintain 

naïve hESCs (Bayerl et al., 2020). Using CRISPR-Cas9-mediated homologous 

recombination to delete the entirety of exons 2 and 3 of KLF17, Bayerl and 

colleagues show that KLF17-/- naïve hESCs are unable to survive in HENSM 

unless supplemented with exogenous ACTIVIN, whereas KLF4 deletion does 

not compromise survival (Bayerl et al., 2020). This disparity in the phenotype of 

KLF17-/- naïve hESCs between this study and my own could be down to two 

factors: first, the divergent culture conditions used in this study 

(tt2iL+Gö(+XAV): MEK/ERKi, GSK3βi, PKCi, (WNTi) and hLIF) compared to 

that used by Bayerl et al (HENSM (Bayerl et al., 2020): MEK/ERKi, WNTi, 

p38/JNKi, PKCi, ROCKi, SRCi and hLIF) might lead to a different requirement 

for the function of KLF17 to maintain naïve hESC self-renewal or pluripotency; 

second, the timing of KLF17 knockout might impact on whether naïve hESCs 

require KLF17. 

 

In this study, KLF17-/- primed hESCs were generated and subsequently 

subjected to chemical resetting (Guo et al., 2017). Therefore, the process of 

resetting, which involves an initial stage of epigenetic erasure through use of 
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HDAC inhibitors, might provide a degree flexibility to the KLF17-/- hESCs in the 

early stages of resetting, such that they are more able to activate compensatory 

mechanisms. This would make particular sense if one of the functions of KLF17 

in wild-type cells is normally to induce chromatin opening and histone 

acetylation around important TrE-embedded enhancers (Pontis et al., 2019). 

Addition of exogenous HDAC inhibitors might achieve a similar overall effect to 

KLF17 in this case. In contrast, stable naïve hESCs that were reset in a wild-

type situation might have become reliant upon KLF17 and therefore be unable 

to survive when knockout is performed during naïve culture, as appears to be 

the case (Bayerl et al., 2020). Importantly, the apparent rescue of KLF17-/- 

naïve hESCs by exogenous ACTIVIN in HENSM conditions suggests a strong 

connection between KLF17 and TGFβ/ACTIVIN signalling in naïve hESCs 

(Bayerl et al., 2020). While there is only a relatively small effect, my data does 

show that LEFTY2, an inhibitor of TGFβ/ACTIVIN signalling, is the most 

significantly upregulated gene in KLF17-/- naïve hESCs at p+5, with LEFTY1 a 

further DEG (Fig.3Miii). LEFTY1 and LEFTY2 are also significantly upregulated 

in response to KLF17 overexpression in primed hESCs at all timepoints from 

day 1 to day 5. Therefore, TGFβ/ACTIVIN signalling might represent another 

pathway that is modulated in response to KLF17, in various hESC culture 

conditions. 

 

It is interesting to speculate about what compensatory mechanisms might exist 

in KLF17-/- hESCs during resetting and, indeed, there is some evidence among 

the transcriptome data for two alternative hypotheses, discussed below. 

Furthermore, I also explore the transcriptome changes that are observed in 

KLF17-/- naïve hESCs following 5 passages in naïve culture conditions, and 

how these might be significant. 

 

4.4.1 Putative compensatory effects in KLF17-/- hESC resetting 

As discussed above, there is a potential role for KLF17 in regulating signalling 

through WNT, on the basis of the rapidly downregulated expression of 50 WNT-
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associated genes upon KLF17 induction (Table 4.1.1A). Furthermore, in KLF17-

/- naïve hESCs at p+5, genes associated with WNT signalling are significantly 

upregulated (Table 3.3.2; Table 4.1.1B). While fewer WNT-associated genes 

are differentially expressed in this experiment, the potential for increased WNT 

signalling activity in KLF17-/- versus wild-type naïve hESCs immediately 

following withdrawal of the WNT/tankyrase inhibitor XAV939 is especially 

intriguing. WNT inhibition is employed in the earlier stages of chemical resetting 

in order to help with phenotypic stabilisation and prevention of naïve hESC 

differentiation and/or re-priming (Guo et al., 2017). The observed upregulation 

of WNT signalling components therefore suggests that the KLF17-/- naïve 

hESCs might have been increasingly reliant upon the exogenous WNT 

inhibition in comparison to wild-type counterparts. As suggested above, if 

KLF17 does indeed functionally regulate components of the WNT signalling 

pathway, this represents a potential mechanism through which it promotes 

naïve pluripotency. In the case of chemical resetting, however, the early 

provision of both an HDAC inhibitor and a WNT antagonist might functionally 

compensate for two of the putative roles of KLF17. 

 

Therefore, it is feasible that the long-term inhibition of WNT signalling in the 

experiment described in Section 3.3.5 (Fig.3Jiii) helped to overcome any 

negative effect of KLF17 loss-of-function. This hypothesis would help to explain 

why transcriptome profiling of KLF17-/- and wild-type hESCs at naïve passage 5 

revealed considerably more significant (padj < 0.05) DEGs than at any other 

timepoint. If the KLF17-/- naïve hESCs are particularly sensitive to the 

pluripotency-destabilising effect of WNT signalling, removal of exogenous WNT 

inhibition would indeed be expected to be detrimental to the cells. This would be 

reflected in their transcriptome, which appears to be suggestive of cellular 

stress, discussed further below. 

 

The number of DEGs between wild-type and KLF17-/- naïve hESCs is 

considerably reduced once again by p+7. This indicates that the effect of WNT 
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signalling modulation does not entirely account for the mild phenotype observed 

in KLF17-/- naïve hESCs. However, as mentioned earlier, the process of 

chemical resetting itself might have enabled general flexibility, which could allow 

the cells to rapidly recover a stable state following an initial impact of increased 

WNT component expression. 

 

An alternative method of compensation is suggested by the observation that the 

KLF17 paralogue KLF5 is significantly upregulated in KLF17-/- versus wild-type 

naïve hESCs at both day 2 and p+5 (Fig.3Ovi). As described in Section 3.3.5, 

the expression of all three pluripotency-related KLFs, KLF2, KLF4 and KLF5, 

rapidly increases in the very early stages of chemical resetting. However, only 

KLF5 is differentially expressed (padj < 0.05) at this stage. While it is entirely 

possible that the overall high levels of expression of pluripotency-related KLFs 

could be sufficient to compensate for the function of KLF17 in mutant hESCs, 

and this could be in-keeping with the observation in mESCs that the expression 

of any single KLF is dispensable (Yamane et al., 2018), the specific 

upregulation of KLF5 in KLF17-/- hESCs at such an early stage of resetting is 

intriguing. 

 

There is evidence for a potential overlap in function between KLF5 and KLF17. 

For instance, in the mouse embryo, KLF5 is detectable in all cells immediately 

following EGA and remains broadly expressed until at least the blastocyst stage 

(Lin et al., 2010). This pattern of expression is reminiscent of that observed for 

KLF17 (Fig.1E) (Kilens et al., 2018). Furthermore, Klf5-/- mESCs have been 

suggested to lose pluripotency and self-renewal capacity, but only following 

continued passaging, with increased expression of differentiation markers (Ema 

et al., 2008). While more significant than the phenotype observed herein with 

KLF17-/- naïve hESCs, this delayed impact of KLF5 loss-of-function in mESCs is 

reminiscent of the observation that naïve hESCs become destabilised only 

around p+5. On the other hand, KLF5 overexpression in mESCs had the 

converse effect, with decreased expression of differentiation markers and 
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increased resistance to differentiation upon LIF removal, compared to wild-type 

counterparts (Ema et al., 2008). Intriguingly, this same study identified a 

correlative relationship between KLF5 expression levels and the rate of mESC 

self-renewal, which was determined to be due to a positive effect of KLF5 on 

expression of the AKT co-activator Tcl1 (Ema et al., 2008). In Section 3.2.4, I 

demonstrate that KLF17-overexpressing hESCs upregulate a number of genes 

associated with PI3K-AKT signalling and, indeed, TCL1B is significantly 

upregulated at day 5. Ema and colleagues further show that dual knockdown of 

Klf2 and Klf4 in the Klf5-/- mESCs resulted in more strongly abrogated 

expression of Tcl1 (Ema et al., 2008), reinforcing the concept of compensation 

and overlapping functions among the KLF proteins. 

 

In the human embryo, the expression dynamics of KLF5 and KLF17 are 

strongly correlated (Spearmann correlation coefficient = 0.76) across the full 

time course of preimplantation development (Yan et al., 2013). Although KLF5 

mRNA is more abundant in the human TE at the blastocyst stage, KLF5 is also 

expressed in both the EPI and PrE, with its expression level in the EPI being 

slightly lower than that of KLF17 (Blakeley et al., 2015). There is therefore 

potential for overlapping roles of KLF5 and KLF17 in the human embryo. 

Interestingly, across the putative genomic sites of KLF17 binding in the human 

ICM, based on footprinting analysis of accessible chromatin regions (Liu et al., 

2019a), binding motifs for KLF5 are also present in 50% of the cases. The same 

is true for the identified motif for KLF4. This observation could indicate 

overlapping regulatory functions at a subset of KLF17 target genes in the 

human pluripotent ICM.  

 

This enrichment of KLF4 motifs, as well as the significant upregulation of KLF4 

in KLF17-/- naïve hESCs at p+5 (Fig.3Ov), could also point to an overlapping 

role of KLF4, which may contribute to compensation in the experiment 

described in Section 3.3.5. However, despite an apparent requirement for 

KLF17 in naïve-like hESCs cultured in HENSM, KLF4-/- hESCs are apparently 
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viable under the same conditions, while other KLFs were not investigated 

(Bayerl et al., 2020). Furthermore, in comparison to KLF5, the KLF4 expression 

dynamic across human embryogenesis is considerably less similar to that of 

KLF17 (Spearmann correlation coefficient = 0.483). Alongside the fact that the 

upregulation of KLF4 in KLF17-/- naïve hESCs only occurs at p+5, in 

comparison to the rapid upregulation of KLF5, I propose that KLF5 could have a 

more significant role in compensating for KLF17 loss of function. 

 

Finally, the work that identified TFAP2C as an important regulator of naïve 

human pluripotency also found an interesting interaction with naïve hESC 

culture conditions (Pastor et al., 2018). In the study, it was shown that the 

phenotype of TFAP2C-/- naïve hESCs is more severe and leads to more rapid 

loss of naïve hESCs from culture when cells are grown in normoxia (20% O2) 

rather than lower, more physiological, oxygen levels (~5% O2) (Pastor et al., 

2018). This suggests that naïve hESCs grown under normoxia are not in their 

optimal conditions and may therefore experience increased cellular stress. In 

the study by Pastor and colleagues, this appears to have led the cells to a state 

wherein they could not survive at all without TFAP2C. 

 

In the present study, all naïve hESCs were grown in 5% O2, as used in the 

initial studies defining naïve hESC growth conditions (Guo et al., 2017; 

Takashima et al., 2014; Theunissen et al., 2014). It is therefore possible that 

transitioning KLF17-/- naïve hESCs to normoxia might have revealed a latent 

phenotype. However, I did not attempt this experiment for a number of reasons. 

Firstly, in our lab, naïve hESC resetting has only been possible when 

physiological oxygen levels are used. Secondly, 5% O2 is the condition 

suggested by the original papers describing the resetting methods I have used 

herein (Takashima et al., 2014; Theunissen et al., 2014; Guo et al., 2017). And 

finally, 5% O2 is also more similar to the condition experienced by pluripotent 

cells in utero (Dumoulin et al., 1999; Gardner, 2016). I therefore determined that 

attempting to place the KLF17-/- naïve cells into a state of stress by a switch to 
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culture in normoxia would be an artificial adjustment, which would likely not 

reflect a function of KLF17 in its native condition. 

 

4.4.2 The interconnected networks of metabolism and pluripotency 

While KLF17-/- primed hESCs were successfully transitioned to naïve 

pluripotency by chemical resetting, I did observe a considerable increase in the 

number of differentially expressed genes between KLF17-/- and wild-type 

hESCs at p+5. It is therefore interesting to consider what the nature of those 

DEGs might reveal about the role of KLF17 in naïve pluripotency. 

 

The significant enrichment of terms associated with metabolism among the 

downregulated genes at p+5 is intriguing, as pluripotency factors have been 

shown to work via regulation of metabolism in other contexts. For instance, the 

overexpression of HK2 and PKM2, which are two of the most significantly 

downregulated genes in KLF17-/- naïve hESCs, has been shown to maintain 

mESC self-renewal in otherwise differentiation-promoting conditions, with a 

measurable increase in glycolytic flux (Kim et al., 2015). Through ChIP profiling 

and use of a reporter assay, it was shown that OCT4 binds and regulates the 

promoters of Hk2 and Pkm2 in mESCs (Kim et al., 2015), suggesting that 

positive regulation of glycolysis is one means by which OCT4 maintains the 

pluripotency of mESCs. Indeed, recent work in the mouse embryo reinforces 

this notion, highlighting that Pou5f1-/- mouse embryos downregulate a number 

of glycolytic genes, including Aldoc, Eno1, Ldha and Hk2 (Stirparo et al., 2021), 

which are also downregulated DEGs in KLF17-/- naïve hESCs. Therefore, there 

exists a strong relationship between metabolic state and pluripotency. 

 

This relationship is particularly apparent in the comparison of naïve and primed 

pluripotency. One hallmark of naïve pluripotent cells is their increased use of 

oxidative metabolism, whereas primed cells are reliant on glycolysis (Fig.I2-I3) 

and do not tolerate inhibition of glycolytic metabolism by glucose analogues 

(Zhou et al., 2012). However, in the case of hESCs, this relationship appears to 
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be more nuanced. While increased oxygen consumption of naïve versus primed 

hESCs has been demonstrated (Takashima et al., 2014), more recent work has 

shown that the conversion from primed to naïve pluripotency also leads to an 

increase in the glycolytic rate of hESCs, as measured by glucose consumption 

and lactate production (Gu et al., 2016). Furthermore, chemical inhibition of 

glycolytic flux was found to reduce the proliferation of naïve hESCs, but not 

primed hESCs grown with the support of MEFs (Gu et al., 2016). Therefore, I 

might expect that the significant downregulation of a number of glycolytic 

genes, including those encoding for rate-limiting enzymes, might present a 

challenge to KLF17-/- naïve hESCs. Indeed, it has been suggested that the 

modulation of glucose metabolism could be an important component of the 

acquisition of human naïve pluripotency (Gu et al., 2016), reinforcing the 

importance of this pathway. 

 

It is also interesting to consider the interplay between metabolic and epigenetic 

states (Lu and Thompson, 2012). One intriguing outcome of reduced glycolysis 

is a reduced availability of the cofactor acetyl-coenzyme A (acetyl-CoA), 

required for protein acetylation (Takahashi et al., 2006; Wellen et al., 2009; Cai 

et al., 2011). One of the major targets of acetylation is the histone proteins, 

wherein acetylation of lysine residues in the histone tails promotes an “open” 

chromatin configuration, conducive to gene expression (Hebbes et al., 1994; 

Garcia-Ramirez et al., 1995; Tse et al., 1998). This state is observed in wild-

type naïve hESCs, whereas primed hESCs have a more “closed” state due to 

repressive histone marks and DNA methylation (Weinberger et al., 2016). 

Additionally, the method of chemical epigenetic resetting (Guo et al., 2017) is 

so-called for its use of an HDAC inhibitor to enable primed hESCs to overcome 

the barrier to reverting to naïve pluripotency. It has also been reported that 

HDACs are inhibited by both pyruvate (Thangaraju et al., 2006) and lactate 

(Latham et al., 2012), the products of glycolytic metabolism. Further, levels of 

acetyl-CoA from glycolysis have been directly implicated in the control of hESC 

and mESC pluripotency through histone acetylation (Moussaieff et al., 2015), 



 230 

though it should be stressed that this study was performed in conventional 

hESCs. Thus, decreased acetyl-CoA and increased HDAC activity in response 

to downregulated glycolysis in KLF17-/- naïve hESCs would be expected to 

bring about a more “closed” chromatin state, not in-keeping with naïve 

pluripotency and self-renewal (Sperber et al., 2015). 

 

The enrichment of terms associated with both metabolism and translation might 

also be linked to the observed downregulation of LIN28A (Fig.3Pi). LIN28A 

directly binds to the mRNAs of numerous ribosomal peptides in hESCs (Peng et 

al., 2011) and helps to increase mTORC signalling via let-7, leading to 

upregulated ribosome biogenesis and translation (Zhu et al., 2011). LIN28 has 

also been shown to regulate, both directly and indirectly, the translation of 

components of the IGF/Insulin/PI3K signalling pathway (Peng et al., 2011; Zhu 

et al., 2011), which is intriguing given the effects observed upon KLF17 

upregulation in primed hESCs (Fig.2I) and the downregulation of the insulin 

signalling pathway in p+5 naïve KLF17-/- hESCs by enrichment analysis (Table 

3.3.1).  

 

In terms of metabolism, LIN28A binds to the mRNAs of many mitochondrial 

enzymes in hESCs (Peng et al., 2011) and also to the mRNAs of other genes 

associated with oxidative phosphorylation, with observed downregulation of 

their protein abundance (Zhang et al., 2016). Further, in this latter study, it was 

shown that Lin28a/b-/- miPSCs cultured in serum/LIF conditions display 

attenuated expression of Nanog, Sox2 and Tbx3 compared to their wild-type 

counterparts and that the DEGs are overall enriched in metabolism-related 

gene ontology terms (Zhang et al., 2016), which leads the double-knockout 

miPSCs to display an increased dependence on oxidative metabolism. The 

interplay of LIN28 and metabolism in pluripotency therefore appears to be an 

important regulatory feature. 
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Aside from LIN28A downregulation, I also observed upregulation of L1TD1 at 

naïve p+5 in KLF17-/- hESCs. L1TD1 is a factor that interacts with LIN28 in P-

bodies and is involved in the mechanism through which LIN28 promotes 

translation of OCT4 (Narva et al., 2012). L1TD1 depletion was shown to lead to 

differentiation in primed hESCs cultured on MEFs, which appeared to be due to 

a decrease of OCT4 expression at both the protein and mRNA levels (Narva et 

al., 2012). Therefore, there is the potential for considerable disruption of the 

LIN28-mediated network of pluripotency regulation in hESCs upon KLF17 loss 

of function, perhaps primarily through dysregulation of glycolysis. 

 

 

4.5 Future work 
 

Below, I outline a number of outstanding questions arising from this work, the 

answers to which would enable a much greater understanding of the role of 

KLF17 in naïve hESCs and the human embryo. I discuss potential future plans, 

as well as ongoing progress in exploring some of these questions. 

 

4.5.1 How naïve are KLF17-driven naïve hESCs? 

In section 3.2.5, I describe a protocol for KLF17-driven resetting in the naïve 

hESC culture medium PXGL (Fig.2Oiii). The resulting cells adopt a naïve hESC 

morphology after just one passage (Fig.2Nii), only in the presence of KLF17 

induction, and after continued passaging without additional transgene 

expression, they display robust expression of a number of proteins typically 

associated with naïve hESCs (Fig.2P). However, it remains to be determined 

whether these apparent KLF17-driven naïve hESCs actually recapitulate the 

features of bona fide naïve hESCs (Section 1.4.1 (Taei et al., 2020)), similar to 

those cultured in 5iL(F)A (Theunissen et al., 2014) or tt2iL+Gö (Takashima et 

al., 2014; Guo et al., 2017), or whether they might more closely resemble an 

intermediate phenotype. 
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To this end, in the process of culturing the KLF17-driven naïve hESCs in PXGL, 

I collected samples for RNA-seq at various time points, which have all been 

submitted to the Francis Crick Institute’s Advanced Sequencing Facility and are 

currently awaiting sequencing. With the data from p+5 KLF17-driven naïve 

hESCs, I plan to perform comparative analyses with respect to the published 

transcriptomes of bona fide naïve hESCs and primed counterparts (Collier et 

al., 2017; Guo et al., 2017). Through analyses including dimensionality 

reduction and hierarchical clustering, I expect to see that KLF17-driven naïve 

hESCs cluster much more closely to other established naïve hESCs than to 

primed hESCs. It may also be possible to integrate previous scRNA-seq data 

from the human embryo (Yan et al., 2013; Blakeley et al., 2015; Petropoulos et 

al., 2016), to put into context the clustering distance of the various hESC states. 

 

In performing such analyses, some variance is always expected, in-keeping 

with the difference between genetically dissimilar cell lines, different culture 

conditions and laboratory-specific effects. If, however, I observe similarly tight 

clustering of KLF17-driven naïve hESCs with the various established naïve 

hESCs, it would be possible to claim that the induction of KLF17 expression for 

5 days, alongside culture in PXGL, is sufficient to induce a bona fide naïve 

hESC state. This would reinforce the notion that KLF17 exerts a strong positive 

inductive effect over naïve human pluripotency. 

 

On the other hand, if there is considerable difference between the 

transcriptomes of KLF17-driven naïve hESCs and other published datasets, it 

would be interesting to explore the nature of the genes contributing to this 

variation. For this, differential gene expression analysis between the cell types 

could be performed. Enrichment analysis of the resulting lists of genes that are 

significantly up- or downregulated in KLF17-driven naïve hESCs versus 

established cell lines would yield some functional insight into which processes 

KLF17 can and cannot regulate. Importantly, such an outcome would still 

provide valuable data. The experiments already presented in this work provide 
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evidence that KLF17 expression supports naïve-like pluripotency in PXGL 

conditions, on the basis of the induction of various naïve hESC markers 

(Fig.2P). If the resulting cell lines are more “intermediate” than “bona fide” (Taei 

et al., 2020), this would reveal that KLF17 alone cannot regulate all of the 

necessary systems involved in establishing naïve from primed pluripotency. 

This could help to put into context the role of KLF17 within the broader GRN of 

human naïve pluripotency. 

 

I have also submitted for sequencing RNA samples collected from both 

uninduced and induced hESCs in PXGL at days 1, 2 and 5. By comparison to 

the data already presented in this work for KLF17 induction in hESCs under 

primed conditions, I hope to identify the factors and pathways that act 

immediately downstream of KLF17 to promote a naïve pluripotent phenotype 

under the permissive PXGL conditions.  

 

4.5.2 Are simple compensatory mechanisms engaged during KLF17-/- hESC 

resetting? 

Above, I discuss the possibility of one or more compensatory mechanisms 

during chemical resetting of KLF17-/- hESCs. I have devised two separate 

experiments using KLF17-/- hESCs to explore whether these mechanisms might 

be important. 

 

Firstly, to investigate the impact of WNT signalling modulation during chemical 

resetting, I am currently repeating the resetting of wild-type and KLF17-/- 

hESCs, but with earlier removal of the tankyrase inhibitor, XAV939. At the point 

of the first passage (p+1) around day 8 to 10, hESCs are usually switched from 

cRM-2 with XAV into tt2iL+Gö with XAV (Guo et al., 2017). I aim to test the 

ability of wild-type hESCs to withstand XAV withdrawal at p+1, that is, 

passaging the cells straight into tt2iL+Gö alone. Since WNT inhibition helps to 

promote naïve conversion (Guo et al., 2017), I might find that even wild-type 

hESCs cannot successfully reset to a stable naïve state without this initial XAV 



 234 

supplementation. Therefore, I will systematically test the effect of XAV939 

withdrawal at each subsequent passage until I find a point at which wild-type 

hESCs can be reliably reverted by chemical resetting. I will then perform a 

comparison of wild-type and KLF17-/- hESC resetting using this optimised 

method, to explore whether the loss of KLF17 expression might indeed have led 

to increased dependency upon exogenous WNT inhibition. 

 

If this hypothesis is true, I expect to see that, in comparison to wild-type 

counterparts, KLF17-/- hESCs rapidly upregulate components of the WNT 

signalling pathway following XAV939 removal, as observed at p+5 in the 

experiment presented herein. This could be assessed at the mRNA level by 

qRT-PCR and perhaps also at the protein level by IF analysis of active β-

catenin. Given that WNT signalling appears to destabilise naïve hPSCs (Guo et 

al., 2017; Bredenkamp et al., 2019b), I might also expect to observe that 

KLF17-/- cells are subsequently lost from naïve culture, or that there might be 

overt differentiation of the KLF17-/- cells or a process of re-priming. If there are 

indeed clear phenotypic differences between wild-type and KLF17-/- hESCs 

following chemical resetting with early XAV withdrawal, this would provide 

evidence for the hypothesis that KLF17 interacts negatively with WNT signalling 

under normal circumstances and that this, in part, explains its ability to induce a 

naïve-like phenotype. 

 

As mentioned previously, the exact relationship between WNT signalling and 

human pluripotency, either primed or naïve, remains unclear. It has been 

suggested that the impact of WNT signalling on pluripotency might vary 

depending on interactions with other signalling pathways including TGFβ (Illich 

et al., 2016), BMP (Kurek et al., 2015) and FGF (Greber et al., 2010), as well as 

through changes in β-catenin sub-cellular localisation (Kim et al., 2013; 

Zimmerlin et al., 2016). With regards to the latter, it has been shown that a 

membrane-associated complex of OCT4 and β-catenin is a specific feature of 
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naïve mESCs and that this contributes to the regulation of pluripotency (Abu-

Remaileh et al., 2010). 

 

Similar to the formulation used in the early stages of chemical resetting 

(tt2iL+Gö supplemented with XAV939 (Guo et al., 2017)), the combination of 

GSK3β inhibition and tankyrase inhibition is utilised for naïve hESC culture in 

LIF-3i medium (Zimmerlin et al., 2016). Tankyrase inhibition stabilises AXIN, a 

core component of the β-catenin destruction complex, whereas GSK3β 

inhibition is typically thought to inhibit β-catenin phosphorylation and 

subsequent destruction. Through these conflicting inputs, Zimmerlin and 

colleagues report that the levels of active non-phosphorylated β-catenin are 

increased, both in the nucleus and in the cytoplasm, leading to increased 

expression of WNT target genes (Zimmerlin et al., 2016). This observation is 

somewhat in-keeping with a previous study in primed hESCs (Kim et al., 2013; 

Schmitz et al., 2013), where increased cytoplasmic β-catenin in response to 

dual treatment with CHIR99021 and XAV939 apparently limited hESC 

differentiation and promoted self-renewal (Kim et al., 2013). In this latter study, 

however, it is unclear precisely how cytoplasmic β-catenin, rather than nuclear, 

brings about changes to the hESC phenotype (Kim et al., 2013). Additionally, it 

was shown that treatment of primed hESCs with CHIR99021 alone prompted 

differentiation, while the impact of tankyrase inhibition alone, rather than in 

conjunction with GSK3β inhibition, was not tested (Kim et al., 2013). Indeed, 

activation of the conventional pathway downstream of WNT signalling by forced 

nuclear localisation of β-catenin induced differentiation, perhaps suggesting that 

the positive impact of dual CHIR99021 and XAV939 treatment on primed 

hESCs is largely or wholly provided by WNT signalling inhibition (Kim et al., 

2013). 

 

This interpretation would instead be in agreement with the suggested role of 

WNT inhibition in chemical resetting (Guo et al., 2017). While Kim and 

colleagues state that the combinatorial impact of CHIR99021 and XAV939 
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treatment on hESCs is not conserved when XAV939 is replaced by IWP-2 (Kim 

et al., 2013), an alternative inhibitor of the WNT pathway, the study by Guo et al 

shows that XAV939 and IWP-2 can be used interchangeably to stabilise naïve 

pluripotency (Guo et al., 2017). This suggests that the effect of XAV939 

treatment in primed cells might be mediated through additional pathways 

downstream of tankyrase and AXIN, for instance, AXIN can interact with both 

TGFβ and MAPK signalling pathways (Zhang et al., 1999; Neo et al., 2000; 

Zhang et al., 2000; Furuhashi et al., 2001), while tankyrase can impact upon 

telomere maintenance (Smith and de Lange, 2000; Hsiao and Smith, 2008) and 

signalling through the PTEN/AKT (Li et al., 2015) and YAP pathways (Wang et 

al., 2015). Conversely, the ability to use two separate antagonists of WNT 

signalling for naïve hESC generation implies a more specific role of WNT 

inhibition in this process (Guo et al., 2017). 

 

Nonetheless, it appears that active WNT signalling is detrimental to both primed 

and naïve hESCs and it is only the work by Zimmerlin et al that suggests the 

opposite (Zimmerlin et al., 2016). Additionally, the PXGL medium contains 

XAV939 but not CHIR99021 (Guo et al., 2017; Bredenkamp et al., 2019b) and 

further analysis in reprogramming of somatic cells to naïve hiPSCs reinforces 

the interchangeability with IWP-2, with downregulated expression of AXIN2 and 

TBX3 in response to either inhibitor (Bredenkamp et al., 2019b). While these 

studies have not assessed the WNT signalling pathway at the protein level, they  

strongly suggest that the beneficial impact of XAV939 or IWP-2 on naïve hESCs 

is mediated by WNT inhibition. 

 

Some of this controversy around the role of WNT signalling may be addressed 

in the future with the use of WNT reporter hESC lines, as a recent application of 

a WNT reporter in a human organoid system was instrumental in identifying 

novel target genes of the WNT pathway in human cells (Fuerer and Nusse, 

2010; Boonekamp et al., 2021). It would be intriguing to determine the true 

nature of the relationship between WNT pathway inhibition and naïve and 
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primed human pluripotency, as well as how this might differ among isogenic 

hPSCs cultured under different conditions. For instance, while both LIF-3i 

(Zimmerlin et al., 2016) and tt2iL+Gö (Guo et al., 2017) culture systems appear 

to yield naïve-like hESCs, differences are apparent. Generating a WNT reporter 

hESC line and comparing the WNT activity in response to concomitant provision 

of both CHIR99021 and XAV939 in these two conditions would yield insight into 

how the WNT pathway might act differently in hESCs with different phenotypes.  

 

Despite this importance of WNT signalling modulation in primed to naïve 

resetting, there may be no observable difference in resetting efficiency between 

wild-type and KLF17-/- hESCs under conditions of early XAV939 removal. This 

leaves the hypothesis that rapid upregulation of KLF5 expression at day 2 of 

chemical resetting (Fig3.Ovi) might constitute a compensatory mechanism. 

Importantly, whereas the initial chemical resetting experiment presented herein 

lasted approximately 2 months, optimisation of early XAV939 withdrawal will 

allow me to condense the timeline of resetting. In this shortened timeframe and 

with reduced exogenous stabilisation of the process of naïve pluripotency 

acquisition, I will test the capacity of KLF5 to compensate for the loss of KLF17. 

 

To this end, I have already designed three gRNAs to target the zinc finger 

domains of KLF5 by CRISPR-Cas9, in a very similar approach to that used for 

KLF17. Furthermore, I have designed primers for amplifying the target regions 

of KLF5, in order to genotype hESCs following CRISPR-Cas9 nucleofection. 

With extensive help from two other members of the Niakan laboratory, this 

targeting approach is currently being tested. 

 

As described throughout Chapter 3.3, the gRNAs will be thoroughly tested both 

in vitro and in primed hESCs, in order to find a candidate gRNA with the highest 

indel mutation efficiency. This will then be carried forward to produce clonal 

lines, targeting wild-type H9 hESCs to generate single KLF5-/- lines and also 

targeting the verified KLF17-/- hESCs to generate double KLF17-/-/KLF5-/- lines. 
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Alongside wild-type controls and the single KLF17-/- hESCs, these newly 

established lines will be subjected to chemical resetting with early XAV 

withdrawal and their ability to generate stable naïve hESCs will be assessed. 

 

The single KLF5-/- hESCs provide an important control population, as it is 

possible that KLF5 alone is important for naïve resetting in a KLF17-

independent manner. Crucially for these initial testing stages, I have validated 

an antibody for IF detection of KLF5 in hESCs (Fig.2Piii), which will allow me to 

confirm loss of function in KLF5-/- and KLF17-/-/KLF5-/- hESCs shortly after 

resetting, as performed for KLF17 (Fig.3Jii). 

 

If the observed upregulation of KLF5 expression at day 2 of resetting does 

indeed act to compensate for KLF17 loss of function, I would expect to observe 

that double KLF17-/-/KLF5-/- hESCs fail early in the process of chemical 

resetting. However, it is difficult to predict exactly how this phenotype might 

present. In the process of chemical resetting, there is extensive cell death prior 

to the first passage, while cells are cultured in cRM-1 and then cRM-2 (Guo et 

al., 2017). Given that this cell death leaves behind colonies with a more naïve-

like, that is, three-dimensional and highly refractile, appearance, this appears to 

represent a process of negative selection. Conventional hESC cultures are 

notoriously heterogeneous and it is likely that some cells within the population 

exhibit a more primed phenotype than others. It may be that these more 

developmentally advanced cells are particularly refractory to resetting and 

therefore undergo cell death. Meanwhile, the remaining hESCs are more 

amenable to resetting and undergo the primed-to-naïve transition. With this 

interpretation in mind, I might expect that KLF17/KLF5 double null mutant 

hESCs do not survive the initial 8-10 days of the chemical resetting protocol. 

Indeed, I have previously observed that this period is crucial, as when prior 

attempt at resetting have failed in my hands, likely due to unstable oxygen 

levels, I observed a complete loss of naïve cultures at around day 10. 
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Furthermore, this observation would be in-keeping with the phenotype of 

TFAP2C-/- hESCs following resetting by the 5iLFA method (Pastor et al., 2018). 

If KLF17 and KLF5 together constitute a core regulatory node of naïve hESCs, 

as was demonstrated for TFAP2C (Pastor et al., 2018), I would anticipate an 

equally rapid deficiency in KLF17-/-/KLF5-/- hESC resetting. In the case of 

TFAP2C-/- hESCs, expression of pluripotency factors was lost as early as day 5 

of 5iLFA-mediated resetting and the cells were lost shortly after the first 

passage (Pastor et al., 2018). While the method and kinetics of resetting differ 

between 5iLFA (Takashima et al., 2014) and chemical resetting (Guo et al., 

2017), the crucial nature of the first passage is likely to be conserved, as 

passaging can be seen as a stressful and selective event for cells undergoing a 

change in state. Therefore, I hope that it will be quickly apparent whether there 

is an effect of KLF5 loss of function in KLF17-/- hESCs. 

 

If testing of early XAV939 removal, as described above, reveals the possibility 

of reliably generating stable naïve hESCs in as little as, for instance, 5 

passages, I would repeat this procedure with the various mutant lines. If there is 

no observable phenotype of any null line compared to wild-type in this 

timeframe, I would not expect that continued culture would reveal new insight. 

In this case, I would conclude that KLF5, at least on its own, does not have a 

compensatory role in KLF17-/- naïve resetting. 

 

While I have observed KLF5 upregulation very early in resetting (day 2) 

(Fig.3Ovi), this may not be functionally relevant. Indeed, the lack of KLF5 

differential expression in cells profiled at day 8 might imply this. Instead, it is 

possible that a compensatory role of KLF5 is only triggered following XAV939 

withdrawal (i.e. p+5 in the experiment presented here). If so, I expect to observe 

a deficiency in KLF17-/-/KLF5-/- naïve culture shortly following the early removal 

of exogenous WNT inhibition. In this case, I could capture the cells immediately 

prior to their degeneration for transcriptional profiling. In comparison to data 
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from single KLF17-/- and KLF5-/- hESCs in the same experiment, this would 

reveal the crucial processes that are co-regulated by these two related factors. 

 

However, in considering this experiment, it is important to remember that there 

is considerable evidence for redundant relationships between all of the 

pluripotency-associated KLFs. The most thorough study of these relationships 

was performed in mESCs (Yamane et al., 2018), where it was shown that 

expression of any one of Klf2, Klf4, Klf5, Klf17 or human KLF17 could 

compensate to maintain self-renewal of Klf2/Klf4/Klf5 triple knockout mESCs. 

Another important observation from this study is that in single Klf2-/- or Klf4-/- 

mESCs, the remaining Klf genes were expressed at levels comparable to wild-

type, implying that increased expression is not a prerequisite for compensation 

among the KLF proteins (Yamane et al., 2018). This therefore reinforces the 

notion that the overall high levels of KLF expression throughout epigenetic 

resetting might be sufficient to compensate for KLF17 loss of function in hESCs. 

 

However, Yamane and colleagues also demonstrated that the function of KLF5 

might be paramount in mESCs, since single mESCs with loss of Klf5, alone or 

in conjunction with other Klfs, were uniquely unable to give rise to chimaeric 

embryos (Yamane et al., 2018). This latter observation might be particularly 

relevant for my future experiments, as if there is largely conserved function of 

KLF factors among mammals, this would support the idea that either KLF5-/- or 

specifically KLF17-/-/KLF5-/- hESCs might be deficient in resetting. 

 

Finally, the study by Yamane et al supports the notion that any observable 

phenotype in KLF-targeted hESCs would likely present as loss of cells from 

culture, rather than differentiation or re-priming. This is because the primary 

phenotype of all single or combinatorial Klf-null mESCs was a deficiency in self-

renewal, although rapid downregulation of naïve-state-specific transcription 

factors was observed in Klf2/Klf4/Klf5 triple knockout mESCs (Yamane et al., 

2018). Therefore, as suggested above, it may be necessary to carefully plan the 
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method of phenotypic analysis of null hESCs, in order to ensure that the cells 

can be profiled prior to loss from culture. Once the timing of loss is known, it 

would be possible to collect cells at intervals leading up to this point, in order to 

observe the kinetics of transcriptional change underlying their inability to be 

maintained. 

 

4.5.3 What is the function of KLF17 in the human embryo? 

Due to the restricted availability of human embryos and the sensitivity of human 

germline genome editing, there have been no systematic comparisons of the 

outcomes of specific gene modulation in naïve hESCs versus the human 

pluripotent EPI. Prolonged in vitro culture of hESCs might be expected to result 

in changes to the pluripotent GRN in comparison to that at work in the embryo. 

In particular, the fact that naïve pluripotency is a typically transient state with 

little or no self-renewal in vivo suggests that its maintenance in ESCs would 

require the engagement of additional regulatory factors. Therefore, even if the 

in vitro work described thus far in this work, as well as the planned future 

experiments, do not uncover a crucial role for KLF17 in naïve hESCs, this does 

not rule out that KLF17 might fulfil an important function in the development of 

the human embryo. The question remains, however, what this role might be and 

whether it is restricted to the pluripotent EPI. 

 

As discussed in Section 4.1, the expression pattern of KLF17 suggests that it 

might have a role early in human embryogenesis, around the time of EGA. This 

could be a role in helping to drive EGA, for instance, if the expression of KLF17 

immediately following the initiation of embryonic transcription is important to 

induce further targets downstream of KLF17 that are part of the core EGA 

network. Alternatively, the process of EGA itself might occur independently of 

KLF17, but transcriptional regulation by KLF17 might be important for 

establishing or maintaining the identity of the 8-cell stage blastomeres. 
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Alternatively, the enrichment of KLF17 expression in naïve hESCs and its 

eventual restriction to the human EPI around early 7 d.p.f. (Fig.1E) might be 

indicative of a more pluripotency-specific function. This also seems likely given 

its ability to upregulate the expression of genes associated with naïve hESCs 

and the human EPI, as shown in Chapter 3.2. However, it is still unclear 

precisely how well naïve hESCs reflect the biology of the human EPI. For 

instance, naïve hESCs often bear transcriptional resemblance to a range of 

human embryonic stages and cell-types including, for instance, the morula and 

both the PrE and TE of the blastocyst (Huang et al., 2014; Stirparo et al., 2018). 

Therefore, comparing the effect of KLF17 knockout in naïve hESCs versus the 

human embryo could help to further contextualise the role of naïve hESCs as 

models of the in vivo EPI. 

 

The Niakan lab has applied CRISPR-Cas9 mutagenesis to understanding the 

role of a developmental regulator of human embryogenesis (Fogarty et al., 

2017). Additionally, in recent years, the lab has been working on improving 

methods for CRISPR-Cas9 targeting in human embryos, particularly making 

use of electroporation, rather than microinjection, of a Cas9:gRNA 

ribonucleoprotein complex (RNP) (Hashimoto and Takemoto, 2015; Chen et al., 

2016). Firstly, this simplifies the process of CRISPR-Cas9-mediated 

mutagenesis of embryos, of any species (Tanihara et al., 2018; Tanihara et al., 

2019; Miao et al., 2019), and enables researchers to apply this technique 

without the time-consuming and laborious process of microinjection, which can 

take many years of training to master (Hammer et al., 1985). Additionally, 

electroporation is more easily applied to multi-cell embryos, which would 

otherwise require multiple rounds of microinjection in order to ensure delivery of 

the CRISPR-Cas9 RNP to all blastomeres. This is an important consideration, 

as it has opened up the possibility of timing gene manipulations. 

 

In the study exploring the role of OCT4 in the human embryo, its specific 

function in the blastocyst stage was difficult to interpret since embryos 
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completely lacking POU5F1 expression could not progress past EGA (Fogarty 

et al., 2017). Now, we are faced with the possibility of targeting POU5F1 post-

EGA, even as late as the blastocyst itself, in order to specifically dissect its 

function in cell fate decisions. While this approach comes with the caveat of 

increased mosaicism, as each individual cell of the embryo will perform repair in 

an independent, and essentially random, manner, choosing a gRNA that 

induces a high rate of frameshift indels in hESCs should allow for efficient 

editing. We previously observed that stereotypic patterns of indel formation exist 

for each gRNA and are largely conserved between targeting in hESCs and the 

human embryo (Fogarty et al., 2017). Therefore, it may be possible to predict 

whether a given gRNA will give a high proportion of frameshift mutations when 

introduced into the human embryo. 

 

In an attempt to investigate the function of KLF17 in human embryogenesis, I 

have performed, with the assistance of members of the Niakan lab, CRISPR-

Cas9-mediated targeting of the KLF17 locus in human zygotes. This approach 

made use of an RNP consisting of Cas9 protein and the gRNA KLF17(3_1), 

which was previously validated in hESCs (Chapter 3.3). Following 

electroporation and microdissection of human embryos, I processed a number 

of single cells and small clumps of cells for whole genome amplification and 

genotyping by MiSeq analysis. Unfortunately, these preliminary experiments 

yielded very low apparent efficiencies of KLF17 mutagenesis. A prerequisite to 

pursuing this avenue of investigation is therefore to understand the cause of 

this low efficiency. 

 

We did not observe an increased rate of arrest in KLF17-targeted versus non-

targeted controls. This rules out the possibility of a developmental impediment 

of KLF17-/- human embryos leading to a bias in the retrieved samples, which 

was the situation observed with POU5F1 (Fogarty et al., 2017). However, there 

remains the possibility that cells with an apparent homozygous wild-type 

genotype in fact harbour one allele containing large or complex mutations that 
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cannot be profiled with the short-range approach of MiSeq analysis. Indeed, this 

would be consistent with both my own observations of CRISPR-Cas9-mediated 

mutagenesis using gRNA KLF17(3_1) (Section 3.3.3), and that of various other 

studies applying CRISPR-Cas9 to both cell lines and mammalian embryos 

(Kosicki et al., 2018; Cullot et al., 2019; Rayner et al., 2019; Przewrocka et al., 

2020; Alanis-Lobato et al., 2020; Zuccaro et al., 2020). In order to assess this 

possibility, I have designed a procedure for amplifying sections of DNA 

encompassing ~8.5 kb surrounding the KLF17(3_1) cut site. Importantly, each 

of these regions of DNA to be amplified encompass variants (SNPs or structural 

variants) that exist at a high frequency in the human population (Genomes 

Project et al., 2015). Therefore, sequencing these sites across multiple samples 

from the same embryo will allow me to detect any potential loss of 

heterozygosity, which could point towards a large deletion, as recently reported 

(Alanis-Lobato et al., 2020). 

 

Finally, it is also possible that the efficiency of CRISPR-Cas9-mediated 

mutagenesis of KLF17 in the human embryo is simply low. If this is the case, 

further improvements of CRISPR-Cas9 targeting in human embryos will be 

required, suggesting that this experiment could be returned to in the future. 

 

At present, the low efficiency of targeting has precluded any possible 

interpretation of the function of KLF17 in the human embryo. If the expression 

of KLF17 at EGA does indeed represent an early function in human 

embryogenesis, I would expect to observe that efficient targeting of KLF17 in 

the zygote would lead to developmental arrest during the cleavage stages, as 

observed for POU5F1 (Fogarty et al., 2017). This would be an intriguing 

observation. However, the aim of my project is more specifically to investigate 

the role of KLF17 in human pluripotency. Therefore, as mentioned, I could 

bypass this early function of KLF17 by performing CRISPR-Cas9 RNP 

electroporation into the human embryo following EGA, for instance, at the very 

late 8-cell stage. This also has the benefit that the human embryo begins to 
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express a greater complement of DNA repair factors and cell cycle checkpoint 

proteins following EGA (Hardy, 1999; Khokhlova et al., 2020). Therefore, 

inducing CRISPR-Cas9-mediated DSBs at such a late stage might result in a 

reduced propensity for large deletions and complex rearrangements. 

 

If I can successfully achieve high efficiency editing of the KLF17 locus in human 

embryos, there are a number of ways that I could investigate the impact of 

KLF17 loss of function in the human blastocyst. Firstly, as performed previously 

(Fogarty et al., 2017), simultaneous genotyping and transcriptional profiling of 

single cells by G&T-seq (Macaulay et al., 2015) would be an extremely powerful 

tool to understand the genes and processes that might be dysregulated 

downstream of KLF17 loss of function. This would also enable an interesting 

comparison to the transcriptomics data already generated in this work. I could 

therefore compare and contrast any results of in vivo KLF17 null mutations with 

the in vitro impacts of KLF17 loss and gain of function. In this way, I would be 

able to define the GRN that exists downstream of KLF17 both in vitro and in 

vivo and identify any conserved or divergent features. This would be especially 

informative for our understanding of how well in vitro hESCs can model the 

function of genes in the human embryo. 

 

Additionally, it would be interesting to investigate the capacity of KLF17-/- 

blastocysts to yield hESC lines, under both naïve and primed conditions. While 

KLF17 is not expressed in established primed hESCs, it is not known when and 

how its expression becomes extinguished during the EPI to hESC transition. It 

is feasible that expression of KLF17 is maintained in the early stages of hESC 

derivation, perhaps up to the point of formation of the intermediate known as 

the PICMI (O'Leary et al., 2012; Van der Jeught et al., 2015). Observing at 

which point, if any, the process of deriving KLF17-/- hESCs fails, and comparing 

this between naïve and primed conditions, could yield further insight into the 

role of KLF17 and the process of hESC derivation. 
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Drawing on knowledge from the mouse embryo, I can make some predictions 

about possible phenotypes of KLF17-/- human embryos. Given the similarity in 

the expression dynamics of KLF17 in the human and KLF5 in the mouse 

preimplantation embryo (Lin et al., 2010), they may fulfil similar functions. 

Therefore, like mouse Klf5-/- embryos, human KLF17-/- embryos might show a 

specific defect in blastocyst maturation (Lin et al., 2010). Lin and colleagues 

highlight deficiencies in both hatching from the zona pellucida, due to TE 

defects, and pluripotency of the EPI in Klf5-/- mouse blastocysts (Lin et al., 

2010). However, they suggest a positive impact of KLF5 loss of function on PrE 

development (Lin et al., 2010). This implies a role for KLF5 in lineage 

segregation of the mouse blastocyst by specific inhibition of the PrE fate (Lin et 

al., 2010). If the same is true of KLF17 in the human embryo, this might suggest 

an important role in ICM segregation to EPI and PrE. However, KLF5 appears 

to act in conjunction with FGF signalling in both the mouse embryo and mESCs 

(Lin et al., 2010; Azami et al., 2018). In the present study, I have found no 

significant evidence for a connection between KLF17 and FGF signalling in the 

human. Therefore, as one might expect, the roles of these two paralogous 

factors between species may not be completely conserved. 

 

Interestingly, mutation of either KLF2 or KLF4 in the mouse embryo does not 

appear to cause a preimplantation phenotype. Klf2-null mice were found to die 

in utero at E11.5-E13.5 (Wani et al., 1998), long after the preimplantation phase 

of development. Meanwhile, Klf4-/- mice die shortly after birth (Ehlermann et al., 

2003) and even Klf2-/-/Klf4-/- embryos survive until E10.5 (Chiplunkar et al., 

2013). This suggests that KLF5 is indeed the crucial KLF protein functioning 

during mouse preimplantation development. 

 

Finally, loss of function of pluripotency-associated KLFs in mESCs (Yamane et 

al., 2018) or in the mouse embryo (Lin et al., 2010) is often associated with a 

decrease in proliferation and/or an increase in cell death. As this appears to be 

a conserved feature of the KLF factors, I might expect that KLF17-/- human 
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embryos also show reduced cell numbers and evidence of increased apoptosis. 

This could be a minor effect, which may not seem to impact preimplantation 

development overall. Alternatively, if there is a significant loss of cells, this might 

be expected to lead to developmental arrest. 

 

However, it is also possible that KLF17 is not strictly required for human 

preimplantation development, perhaps due to redundancy with other KLFs or 

even unrelated factors. Performing multiple gene knockouts in the human 

embryo in order to address the question of redundancy is still unreasonable at 

present. Firstly, it would be unclear which genes to target, unless future work in 

naïve hESCs does reveal considerable compensation by, for instance, KLF5. 

Secondly, the propensity for CRISPR-Cas9-mediated large deletions in the 

human embryo (Alanis-Lobato et al., 2020; Zuccaro et al., 2020) would also be 

a particular concern when targeting genes on different chromosomes. Indeed, 

introducing multiple DSBs simultaneously might lead to incorrect joining of 

disparate chromosome ends (Haber and Leung, 1996; Pfeiffer et al., 2000; 

Ferguson and Alt, 2001). 

 
 

4.6 Conclusions 
 

Overall, the work presented herein reveals a role for KLF17 in driving naïve 

human pluripotency in vitro, while showing that it is not necessary for primed to 

naïve hESC resetting under the given conditions. This would be consistent with 

a role for KLF17 as a peripheral regulator within the human naïve pluripotency 

GRN (Nichols and Smith, 2012). As mentioned in Section 3.1.5, the expression 

dynamic of KLF17 mRNA in the developing human embryo is exceedingly 

similar to that of the paralogous gene Klf2 in the mouse (Fig.1Aiv-v), whereas 

KLF2 expression is lacking from the human EPI at 6 d.p.f. (Fig.I5ii). It is 

therefore interesting to speculate about a possible switching of function 

between KLF17 in the human embryo and KLF2 in the mouse. As KLF2 
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occupies a position within the peripheral GRN of mouse pluripotency (Fig.I4) 

(Nichols and Smith, 2012), this might further support a similar function for 

KLF17. 

 

However, as mentioned throughout this work, pluripotency-related transcription 

factors can act through a variety of mechanisms, including regulation of 

metabolism, self-renewal, survival or differentiation competence. Precisely how 

KLF17 impacts on human naïve pluripotency is yet to be elucidated. 

Nevertheless, this work has proven that KLF17 is not just a simple marker of 

human naïve pluripotency, but rather that it has the capacity to bring about 

significant transcriptional change to promote this state. Additionally, it has 

provided the preliminary evidence for a relationship between KLF17 expression 

and signalling pathways known to impact upon hESCs, that is, PI3K-AKT 

signalling and WNT signalling. 

 

As described above, a crucial next step in understanding the function of KLF17 

will be to directly investigate its role in human preimplantation embryogenesis. 

However, it is also possible that future improvements in naïve hESC culture 

conditions might yield an in vitro model that is more similar to the human EPI 

and therefore more suitable for performing the analysis of gene function. 

Through studies such as this one, which attempt to discover the regulatory 

mechanisms that underpin naïve human pluripotency, alongside increased 

understanding of the biology of the human embryo itself, we move incrementally 

closer to that goal. Improved conditions for naïve hESC culture will not only 

benefit basic research into human developmental biology, but may also be of 

great benefit in regenerative medicine applications. 
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