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Abstract 

Progressive age-dependent replacement of canonical H3.1/2 with H3.3 in post-mitotic 

cells is a crucial mechanism for maintaining genome integrity. The histone chaperone 

DAXX cooperates with the chromatin remodeller ATRX for the deposition of the non-

canonical histone H3.3 at heterochromatin; while it prevents the expression of 

endogenous retroviral elements in another complex involving the SETDB1 

methyltransferases. Loss of functions mutations affecting ATRX/DAXX and MEN-1 have 

been recently identified as a subgroup of pancreatic neuroendocrine tumours (PanNETs) 

with an alpha cell-signature, leading to poor prognosis and more aggressive phenotype 

compared to the ATRX/DAXX and MEN-1 wild-type counterpart. This study introduces a 

new model of DAXX inactivation in pancreatic beta-cells to characterise the role of DAXX 

in pancreatic development/homeostasis since PanNETs harbouring loss of DAXX are 

associated with the shortest survival amongst mutants. Loss of DAXX in the endocrine 

pancreas, using the Insulin-1Cre driver, alters glucose metabolism due to reduced beta-

cells fitness; nevertheless, it was not sufficient to drive tumour formation. To generate 

a tumour permissive environment, PTEN loss was also added to the Insulin-1Cre+/Daxx 

KO system, on the observed loss of mTOR regulators in 14% of PanNETs. DAXX and PTEN 

synergistic loss in pancreatic islets promote the development of PanNET hallmarks such 

as cell-fate reprogramming and inflammation. Overall this study suggests that alteration 

of pancreatic homeostasis and inflammation precede/predispose to neoplastic 

transformation.  



4 
 

Research Impact statement 

Pancreatic neuroendocrine tumours (PanNETs) are the second most common tumour of 

the pancreas with a rising incidence over the last 30 years. PanNETs pathology is not 

well understood, and tumour resection remains the best therapeutic approach. Studying 

tumour drivers/supportive events will help to find mechanisms causing PanNET 

malignancy and improve treatments. The most common PanNETs drivers events arise 

from the loss of histone chaperones. Histone chaperones are proteins supporting the 

correct folding of DNA. DAXX and ATRX are histone chaperones lost in 44 % of PanNETs, 

discovered less than a decade ago. This study aimed to understand the role of DAXX in 

pancreatic context since its loss is associated with reduced survival in PanNET patients. 

 A mouse model approach was adopted to reproduce loss of DAXX found in human 

pancreatic islets. This study suggests that DAXX is essential for maintaining metabolic 

functions in the pancreas; and metabolic alteration together with inflammation 

downstream loss of DAXX (or other remodellers) precede/predispose to PanNET 

development. This study, therefore, supports the view that challenging metabolic 

conditions such as type 2 diabetes, together with inflammation, represent PanNET risk 

factors. This result may encourage more clinical research towards the understanding of 

how PanNETs may develop from type 2 diabetes and inflammation.  

Besides, this study could help to develop a new biomarker to track/subclassify PanNET 

development. Loss of histone chaperone DAXX was found to alter the expression of a 

transcription factor essential for beta-cells maturation (MafA) which could be used to 

identify predisposition to tumour development when lost.  

Finally, my supervisors and I are planning to publish these findings in a peer-reviewed 

journal so that clinicians and epigenetics experts can learn about molecular findings 

related to PanNETs and histone chaperones. I have already presented this study to the 

neuroendocrine community at the last ENETs meeting on March 2019, and to the 

epigenetic community at the first EMBO Histone Chaperone meeting in October 2019. 
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 What is epigenetics? 

¢ƘŜ ǿƻǊŘ άŜǇƛƎŜƴŜǘƛŎǎέ ǿŀǎ ŦƛǊǎǘƭȅ ŎƻƛƴŜŘ ōȅ Conrad Waddington in the early 1940s, 

combining the words epigenesis and genetics (Van Speybroeck, 2002; Waddington, 

1956). The term epigenetics was first introduced as άthe branch of biology which studies 

the causal interactions between genes and their products, which bring the phenotype 

ƛƴǘƻ ōŜƛƴƎέ (Waddington, 1956). Waddington understood that the phenotype observed 

is the results of casual interaction between genes όǘƘǳǎ ƘŜ ǳǎŜŘ ǘƘŜ DǊŜŜƪ ǿƻǊŘ άŜǇƛέ 

ƳŜŀƴƛƴƎ άƻƴΣ ƻǾŜǊέύ which combines preformationism and developmental mechanics 

(epigenesis) (Deans & Maggert, 2015; Van Speybroeck, 2002). In 1958 David Nanney 

proposed the idea of epigenetics as an auxiliary mechanism that controlled the 

expression of specific genes (Deans & Maggert, 2015; Nanney, 1958). Nanney 

recognised the importance of cellular inheritance not based on DNA sequence and the 

persistence of genome stability during cellular division  (Deans & Maggert, 2015; David 

Haig, 2012). The concept of epigenetics evolved to a modern definition of molecular 

epigenetics as άǘƘŜ ǎǘǳŘȅ ƻŦ ƳƛǘƻǘƛŎŀƭƭȅ ŀƴŘκƻǊ ƳŜƛƻǘƛŎŀƭƭȅ ƘŜǊƛǘŀōƭŜ ŎƘŀƴƎŜǎ ƛƴ ƎŜƴŜ 

ŦǳƴŎǘƛƻƴ ǘƘŀǘ Ŏŀƴƴƻǘ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ŎƘŀƴƎŜǎ ƛƴ 5b! ǎŜǉǳŜƴŎŜέ proposed by Riggs in 

1996 (Felsenfeld, 2014; D. Haig, 2004; Russo, Martienssen, & Riggs, 1996; C. -t. Wu & 

Morris, 2001). Histone variants, post-translational modifications of amino acids on the 

amino-terminal tail of histones, and covalent modifications of DNA bases are the 

epigenetic modifications responsible for such changes in gene function (Dupont, 

Armant, & Brenner, 2009). Riggs definition does not consider epigenetic regulation 

mediated by non-coding RNA sequences such as long non-coding RNA (lnc-RNA) and 

miRNA (Dupont et al., 2009). The epigenetic field is continuously evolving and 

expanding, contemporary definitions of epigenetic refers more generally to molecular 

epigenetics ŀǎ άǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŀŘŀǇǘŀǘƛƻƴ ƻŦ ŎƘǊƻƳƻǎƻƳŀƭ ǊŜƎƛƻƴǎ ǎƻ ŀǎ ǘƻ ǊŜƎƛǎǘŜǊΣ ǎƛƎƴŀƭ 

or perpetuate altered activity staǘŜǎέ (Bird, 2007; David Haig, 2012). A more 

comprehensive and general definition of epigenetics is the άǇƘŜƴƻǘȅǇƛŎ ǾŀǊƛŀǘƛƻƴ ǘƘŀǘ ƛǎ 

ƴƻǘ ŀǘǘǊƛōǳǘŀōƭŜ ǘƻ ƎŜƴŜǘƛŎ ǾŀǊƛŀǘƛƻƴέ(Champagne, 2010; David Haig, 2012). The modern 

definitions of molecular epigenetics convey to describe the subject at the basis of this 

experimental work. 
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 Epigenetic modification of DNA and histone proteins 

1.2.1 DNA methylation mechanism 

One of the best characterised epigenetics modification is DNA methylation: the covalent 

transfer of a methyl group (CH3) onto the fifth carbon of the cytosine pyrimidine ring 

(Figure 1) (Robertson, 2005). DNA methylation is a stable and heritable epigenetic mark 

responsible for several biological processes including regulation of gene expression, X-

chromosome inactivation, transposable elements (TE) repression and genetic imprinting 

(Jin, Li, & Robertson, 2011; Moore, Le, & Fan, 2013). 

 

Figure 1 Schematic design of cytosine conversion to methyl-cytosine. 

DNMTs catalyses the conversion of cytosine into methyl-cytosine by loading a methyl group (-CH3) in 

place of the hydrogen (H) onto the 5th carbon of the heterocyclic aromatic ring. 

DNA methyltransferases (DNMTs) are the enzymes responsible for methyl transfer on 

cytosine which is widespread in the genome, with the exception of CpG islands (CGIs) 

associated with promoter regions1 (Deaton & Bird, 2011; Jin et al., 2011). Non-CpG 

methylation is observed in about a quarter of the genome in embryonic stem cells, 

mainly enriched in gene bodies and depleted in protein binding sites and enhancers 

(Lister et al., 2009). Different DNMT enzymes are responsible for maintaining the 

                                                      
1 CGIs were first detected in association with promoter regions, it was therefore proposed that 
CGIs are short  DNA sequences of 1000 base pairs (bp) on average, with an elevated G+C content, 
largely unmethylated (Suzuki & Bird, 2008). Using CAP-ǎŜǉǳŜƴŎƛƴƎ !ŘǊƛŀƴ .ƛǊŘΩǎ ƎǊƻǳǇ Ƙŀǎ ǘƘŜƴ 
identified about half of the mammalian CGIs to be άƻǊǇƘŀƴǎέ, not associated with annotated 
promoter, frequently subject to DNA methylation during development, with consequent loss of 
their active promoter features (Illingworth et al., 2010). With the same CAP-sequencing Joseph 
/ƻǎǘŜƭƭƻΩǎ ƎǊƻǳǇ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ majority of methylated CpG islands were in intragenic and 

intergenic regions, whereas less than 3% of methylated CpG islands were in promoters regions 
(Maunakea et al., 2010). 
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methylation status: DNMT1 preferentially acts on hemimethylated DNA and ensures 

copying of DNA methylation patterns during S phase of the cell cycle, it is historically 

called the άmaintenanceέ DNMT(Probst, Dunleavy, & Almouzni, 2009). DNMT3A and 

DNMT3B are mainly active at non-methylated CpG sites and are also named άde novoέ 

DNMTs for their ability to establish new methylation pattern during development 

(Okano, Bell, Haber, & Li, 1999). DNMT3A and DNMT3B are assisted by DNMT3L, an 

auxiliary enzyme without catalytic activity, which increases their ability to bind to the 

methyl group donor, S-adenosyl-L-methionine (SAM) (Kareta, Botello, Ennis, Chou, & 

Chédin, 2006). Dnmt1 and Dnmt3b inactivation in mouse is embryonically lethal at E9 

and E13/14 respectively, while Dnmt3a knock-out (KO) mice die around four weeks of 

age, therefore suggesting extensive involvement of DNMTS in development (Jin et al., 

2011; E. Li, 2002; Okano et al., 1999). Mice heterozygous for Dnmt3L from Dnmt3L-null 

oocytes die during embryogenesis and display loss of maternal imprinting (Okano et 

al., 1999; Probst et al., 2009). bŜǾŜǊǘƘŜƭŜǎǎ ǘƘŜ ǘŀƎ ƻŦ άƳŀƛƴǘŜƴŀƴŎŜέ ŀƴŘ άŘŜ ƴƻǾƻέ 

for DNMT1 and DNMT3A and 3B, it is now clear that the three main DNMT enzymes 

cooperate during maternal genome imprinting and DNA synthesis (Jones & Liang, 

2009).  

1.2.2 DNA organisations and histone modification 

In eukaryotes, nucleosomes are the core units of chromatin structures, characterised by 

147 bp of DNA folded around octamers of H2A-H2B H3-H4 histones dimers connected 

by the linker histone H1(Hübner, Eckersley-Maslin, & Spector, 2013; Probst et al., 2009). 

Nucleosomes are 10 nM fibres which coil around to form a 30 nM fibre composed of 6ς

11 nucleosomes per turn where every nucleosome interacts with each other (Hübner et 

al., 2013; Olins & Olins, 2003; Probst et al., 2009). This 30 nM fibre forms even higher-

order chromatin fibres in interphase and a 200ς300nm chromonema structure in mitotic 

chromosomes resembling a solenoid organisational model as suggested by magnetic 

tweezers experiment in vitro (Hübner et al., 2013; Kruithof et al., 2009). 

Originally discovered as DNA binding and stabilising proteins, histones are widely 

recognised as the major regulator of gene expression by the interaction of histone tail 

modification with the surrounding environment (Chi, Allis, & Wang, 2010). Core histones 

are indeed frequently modified at the amino-terminal (or N-terminal) tail protruding 
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from the nucleosomes with different post-transcriptional modifications (PTMs) of which 

the most studied are acetylation, methylation, phosphorylation, and ubiquitination 

(Cedar & Bergman, 2009; Fischle, Wang, & Allis, 2003). PTMs can effectively respond to 

outputs from the genome thanks to the cross-talk with factors adding άwritingέ, 

interpreting άreadingέ and removing άerasingέ histone modifications (Chi et al., 2010).  

  

Figure 2 Schematic view of histone mediated control of gene expression 

Histone tails are dynamically modified to change the expression status of targeted genes. HMT and HDMT 

enzymes promote and remove methylation groups, respectively, and work in coordination with HATs and 

HDACs to add/remove acetylation and modulate gene expression. 

Histone acetylation on H3 and H4 lysine residues is modulated by histone acetylase and 

deacetylase (HATs and HDACs, respectively)(Hodawadekar & Marmorstein, 2007; X.-J. 

Yang & Seto, 2007). Two class of HATs are known: type-A can modify multiple sites 

within the N-terminal tail and are further divided among GNA, MYST, and CBP/p300 

family; type-B are mainly cytoplasmic and acetylate free histones (Bannister & 

Kouzarides, 2011; X.-J. Yang & Seto, 2007). Acetylation is usually associated with an 

active chromatin state because HATs, using acetyl-CoA to transfer the acetyl group onto 
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the histone tail, neutralise the positive lysine charge, thus releasing DNA structure 

(Bannister & Kouzarides, 2011; X.-J. Yang & Seto, 2007). HDACs are less specific enzymes 

and divided into four classes from I to IV, presenting less specificity for the substrate and 

often different classes are found in the same protein complex (Bannister & Kouzarides, 

2011; X.-J. Yang & Seto, 2007).  

Histone methylation occurs in both lysines (which can be mono-, di- or tri-methylated) 

and arginines (found mono- symmetrically or asymmetrically di-methylated) and does 

not alter the charge of histone protein (Bannister & Kouzarides, 2011; Chi et al., 2010). 

Lysine methyltransferases (HKMT) contain a catalytic SET-domain and are quite specific 

enzymes, for example, in yeast DIM5 can tri-methylate H3K9, whileSET7/9 can only 

mono-methylate H3K4 (Bannister & Kouzarides, 2011; Tamaru et al., 2003; Xiao et al., 

2003).  

Histones can be phosphorylated mainly on serines, threonine and tyrosines in the N-

terminal tail (Bannister & Kouzarides, 2011). This modification adds a negative charge 

to the DNA, and it is thought to be important for promoting a compact chromatin 

structure (Bannister & Kouzarides, 2011). 

 Epigenetic regulation of the non-coding genome. 

The mammalian genome is largely composed of non-coding and regulatory regions, with 

less than 2% of the genome being present in known or predicted mRNAs (Frith, 

Pheasant, & Mattick, 2005).  

Micro RNAs (miRNA) are a conserved class of small non-coding RNA of 20-25 bp that 

assemble with Argonaute proteins into silencing complexes (miRISCs) to direct post-

transcriptional silencing of complementary mRNA targets (Jonas & Izaurralde, 2015). 

miRNA are deregulated in cancer and play roles in almost all aspects of cancer biology, 

such as proliferation, apoptosis, invasion/metastasis, and angiogenesis (Lee & Dutta, 

2009). In the last two decades, many studies have focused on the molecular 

understanding of these molecules and clinical trials utilising microRNA profiling for 

patient prognosis and clinical response are now underway (Hayes, Peruzzi, & Lawler, 

2014). 
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Only recently long non-coding RNA (lncRNA) attracted ǎŎƛŜƴǘƛǎǘΩǎ attention due to 

compelling evidence of their function as regulatory units (Kapusta et al., 2013). 

Many thousands of lncRNA transcripts (at least 13,000) are found in the human genome; 

such lncRNA are longer than 200 nt (Derrien et al., 2012). One peculiarity of some 

lncRNA is the presence of repetitive elements mainly derived by TE (Kapusta et al., 

2013). TEs occur in more than two-thirds of mature lncRNA transcripts and account for 

a substantial portion of total lncRNA sequence (Ḑ30% in human) (Kapusta et al., 2013). 

Several lines of evidence suggest that TE elements in lncRNA are essential for their 

function; such domains were named Repeat Insertion Domains of lncRNAs (RIDLs) 

(Johnson & Guigo, 2014). 

 Mechanistic events driving PanNETs pathogenesis 

1.4.1 H3.3 Histone variant and the concept of replacement 

Histone replacement has emerged to play an essential role in controlling chromatin 

function by altering biochemical structures of nucleosomes (Kamakaka & Biggins, 2005). 

The most studied H3 histone variant is the H3.3 loaded on the DNA across the entire cell 

cycle in a replication-independent manner, contrary to the canonical variants H3.1 and 

H3.2 synthesised during phase S and deposited uniquely during DNA replication where 

the incorporation is mediated by the Chromatin Assembly Factor-1 (CAF-1) (Simon J 

Elsaesser, Goldberg, & Allis, 2010; Ng & Gurdon, 2008). Using quantitative proteomics it 

was shown that H3.3 is replaced up to saturation levels in slow dividing post-mitotic cells 

of various mouse tissue including heart and brain (Tvardovskiy, Schwämmle, Kempf, 

Rogowska-Wrzesinska, & Jensen, 2017).  H3.3 is highly conserved in metazoans and it 

differs from the canonical version only in one residue in the histone tail and three amino 

acid variations in the histone fold (Szenker, Ray-Gallet, & Almouzni, 2011). H3.3 has been 

implicated in the control of many biological processes, including cell differentiation and 

reprogramming (Loyola & Almouzni, 2007; McKittrick, Gafken, Ahmad, & Henikoff, 

2004). One of the main functions of H3.3 is to support chromosomal heterochromatic 

structures, thus maintaining genome integrity during mammalian development, as 

shown in a mouse KO model of H3.3 (Jang, Shibata, Starmer, Yee, & Magnuson, 2015). 

A recent study using tagged H3.3B-HA, engineered to report H3.3 expression during 
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mouse development, demonstrated that paternal derived H3.3 is substituted with 

maternal H3.3 soon after fertilisation to favour zygote specific gene activation (Kong et 

al., 2018). The Kong and co-workers study represents an example of a role for the H3.3 

in mediating embryonic gene activation, more critical than mechanistically replacing 

histone variant for displaced nucleosomes (Kong et al., 2018).  

Two genes H3F3A and H3F3B encode for H3.3, which was originally found in actively 

transcribed regions of the genome (Ray-Gallet et al., 2002; Tagami, Ray-Gallet, 

Almouzni, & Nakatani, 2004) where the histone chaperone HIRA and its complex 

mediates loading (Goldberg et al., 2010). HIRA mediates the loading of H3.3 at 

transcription start sites (TSS), the body of active genes and facultative sites of 

heterochromatin in cooperation with other chaperones including Spt6 and FACT (Figure 

3) (S J Elsaesser & Allis, 2010; Goldberg et al., 2010). HIRA depletion in mouse embryonic 

stem cells (ESCs) leads to depletion of H3.3 in gene bodies with mild effect on gene-

expression patterns and the transcription elongation mark H3K36me3 (Goldberg et al., 

2010). 

H3.3 is also found to be essential in regulating the chromatin landscape and maintaining 

stem cell plasticity through its deposition at the promoter of developmentally regulated 

genes in ESCs (Banaszynski et al., 2013). Such promoters are characterised by high 

dynamic state carrying both H3K4me3 and H3K27me3 marks (Bernstein et al., 2006). 

Using a mESC H3.3 KO model and RNA-sequencing/ChIP-Sequencing approaches, it was 

demonstrated that HIRA interacts with PRC2 in a H3.3 dependent manner and that H3.3 

loss leads to downregulation of the H3K27me3 mark and PRC2 recruitment, 

compromising pluripotency activity of mESCs (Banaszynski et al., 2013). 

 A considerable fraction of H3.3 is present at telomeres as well as at pericentric 

heterochromatin in mouse ESCs where the loading is dependent from the ATRX/DAXX 

histone chaperone complex, containing also the histone chaperone Dek and histone 

deacetylase HDACII (Figure 3) (Dawson & Kouzarides, 2012; Drané, Ouararhni, Depaux, 

Shuaib, & Hamiche, 2010; Simon J Elsaesser et al., 2010; Goldberg et al., 2010; Lewis, 

Elsaesser, Noh, Stadler, & Allis, 2010). 
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Figure 3 H3.3. and its loading machinery throughout the genome 

Model for the loading of histone H3.3 to its target genomic regions in the nucleus. HIRA complex mediates 

deposition of H3.3 at promoters, transcribed regions and facultative heterochromatin in senescent cells. 

The DAXX complex cooperates with ATRX and possibly other factors in incorporating H3.3 into pericentric 

heterochromatin, telomeres and other repressed areas of the genome. The chromatin-bound deposition 

complex might also contain the histone chaperone DEK and the histone deacetylase HDACII. 

 (S J Elsaesser & Allis, 2010). 

In the absence of HIRA and the DAXX complex, H3.3 deposition is dependent on CAF-1 

usually responsible for shuttling newly synthesised H3 and H4 from the cytoplasm to the 

assembly fork during DNA replication (Drané et al., 2010; Lewis et al., 2010). Depletion 

of DAXX in mouse ESCs enables identification of the interaction of HIRA with H3.3/H4, 

indicating that the cells can adapt to the absence of the chaperone, similarly deletion of 

HIRA impairs the HIRA complex but does not abolish DAXX association with H3.3/H4 

indicating that the two chaperones systems provide separate pools of H3/H4 units for 

incorporation at distinct sites within the genome (S J Elsaesser & Allis, 2010). The study 

of Goldberg and colleagues of 2010 failed to localise both HIRA and ATRX during the 

incorporation of H3.3 at regulatory regions where it was supposed that the interaction 

might be mediated by Dek or DAXX (Goldberg et al., 2010). A study based on mouse 

ŎƻǊǘƛŎŀƭ ƴŜǳǊƻƴǎ ŦǊƻƳ {ŀƭƻƳƻƴƛΩ ǎ ƎǊƻǳǇ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ǘƘŜ ƭƻŀŘƛƴƎ ƻŦ IоΦо ƛƴ ƛƳƳŜŘƛŀǘŜ 

early genes (IEGs) upon calcium stimulation is dependent on the chaperone DAXX 

(Michod et al., 2012). The same study demonstrated that loss of DAXX not only affects 

H3.3 loading but also leads to impaired induction of IEGs, thus suggesting that H3.3 

loading may modulate IEG transcriptional induction (Figure 4) (Michod et al., 2012; 

Paolo Salomoni, 2013). 
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Figure 4. DAXX regulates IEG transcription in neural cells 

Neuronal activation leads to calcium entry and dephosphorylation of DAXX by Calcineurin (CaN), leading 

to increased H3.3 loading at selected immediate early genes (IEGs). DAXX loss not only affects H3.3 loading 

but also leads to impaired induction of IEGs (Paolo Salomoni, 2013). 

Pioneering studies aimed at elucidating the role of H3.3 in the genome using mouse ESCs 

as a model recognised that the H3.3/DAXX/ATRX machinery is essential for silencing TEs, 

in particular, endogenous retroviral elements (Elsässer, Noh, Diaz, Allis, & Banaszynski, 

2015), and silences imprinted alleles in an ATRX/H3.3 dependent manner (Voon et al., 

2015). These studies identified ATRX/DAXX-dependent loading of H3.3 in a self-

reinforcing pathway during the cell cycle is responsible for maintaining chromatin 

integrity at heterochromatic sites enriched for H3K9me3 marks throughout the genome 

(Figure 5) (Elsässer et al., 2015; Voon et al., 2015; Voon & Wong, 2016). These regions 

include telomeres as previously described, the long terminal repeats of the Intracisternal 

A particle (IAP-LTRs) and CGIs at imprinted differentially methylated regions (DMRs) 

(Voon & Wong, 2016). 
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Figure 5. ATRX/DAXX/H3.3 mediated maintenance of chromatin 

(a) Heterochromatic regions such as telomeres, IAP LTRs and methylated imprinted DMRs are distributed 

throughout the genome and enriched for H3K9me3. (b) ATRX recognises H3K9me3 and acts with DAXX to 

deposit H3.3 to replace histones, which are lost. DAXX interacts with KAP1 and SETDB1 to catalyse K9me3 

on newly deposited H3.3. ATRX/DAXX/H3.3 act through the entire cell cycle to ensure constant 

maintenance of H3K9me3 heterochromatin (Adapted from Voon & Wong, 2016). 

Subsequent studies have then confirmed ATRX/DAXX interaction and the co-existence 

of at least two complexes containing DAXX, one including ATRX, important for 

repression of telomeres, imprinted regions and pericentric repeats, Figure 6 (Hoelper, 

Huang, Jain, Patel, & Lewis, 2017). The other complex is independent of ATRX and relies 

mainly on DAXX and SETDB1 for the repression of endogenous retroviral elements 

(ERVs), the role of H3.3 in this context is mainly to stabilise DAXX expression (Figure 6) 

(Hoelper et al., 2017). DAXX is however only one of the multiple SETDB1 interacting 

factors that the cells adopt to repress ERVs (Fukuda, Okuda, Yusa, & Shinkai, 2018). 
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Figure 6. Two distinct DAXXςH3.3-containing complexes found in mammalian cell 

(Left) two distinct DAXX-H3.3 containing complex are found in mammalian cells. One complex involves 

ATRX for the maintenance of H3K27me3 repressive mark at the repetitive area of the genomes, including 

telomeres, pericentric repeats and imprinted genes. (Right) a second recently identified complex involves 

DAXX/SETDB1/KAP1 interaction for the maintenance of endogenous retroviral element repression (LTR, 

ERVs). In this context, the role of H3.3 is mainly to stabilise DAXX protein expression (Hoelper et al., 2017). 

Images adapted from (Hoelper et al., 2017). 

1.4.2 Insights into ATRX/DAXX chromatin remodellers 

DAXX is a multifunctional protein encoded by the DAXX gene, located on chromosome 

6p21, which is able to influence transcription either directly via interaction with diverse 

transcription factors (TF) or indirectly as an epigenetic regulator (Paolo Salomoni, 2013). 

DAXX was identified as a cytoplasmic component of the Fas-mediated apoptosis and 

negative regulator of c-Jun NH2-ǘŜǊƳƛƴŀƭ ƪƛƴŀǎŜ ǇŀǘƘǿŀȅΣ ǘƘǳǎ ƴŀƳŜŘ ά5ŜŀǘƘ ŘƻƳŀƛƴ 

ŀǎǎƻŎƛŀǘŜŘ ǇǊƻǘŜƛƴέ (X. Yang, Khosravi-Far, Chang, & Baltimore, 1997). In agreement 

with this discovery, motor neurons derived from mice carrying a Dominant Negative 

form of DAXX were resistant to Fas-induced cell death in vitro indicating its role as an 

enhancer of apoptosis (Raoul et al., 2005). Contrary, a mouse model of Daxx KO led to 

extensive global apoptosis and embryonic lethality suggesting that DAXX can suppress 

apoptosis in the early embryo (Michaelson, Bader, Kuo, Kozak, & Leder, 1999). Aside 

from its controversial role in apoptosis, DAXX was known to form a cell-cycle-specific 

repression complex at heterochromatin with the ATRX in 2004 when it was proposed 
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that chromatin modifications/remodelling or DNA methylation influence repression 

(Ishov, Vladimirova, & Maul, 2004). Its role as molecular chaperon was confirmed in 

2010 in two independent studies focused on the replication-independent deposition of 

H3.3 (Drané et al., 2010; Lewis et al., 2010). DAXX is mainly a nuclear protein, it is found 

in PML nuclear bodies where the binding is mediated by the SUMO interacting motif 

(SIM), while the four helix-bundle domain mediates interaction with ATRX (Figure 7), 

(Hoelper et al., 2017; Paolo Salomoni, 2013). 

 

Figure 7. ATRX and DAXX protein structure and interaction surface 

(a) The domain of human DAXX and ATRX. DAXX harbours two SIM motifs at N- and C-terminal, an N-

terminal four-helix bundle (4HB), a main histone binding domain in the middle and an area rich in 

phosphorylation sites close to the N-terminal. ATRX has an ADD domain for DNMT interaction at the N-

terminal, a helicase domain at the C-terminal and a specific site for DAXX-4HB interaction in the middle. 

(Left, b) crystal structure showing the intermolecular interactions within the artificial trimer of the hDAXX 

4HBςhATRX DBM fusion protein. (Right, b) macro view of the ribbon displaying ATRX-DAXX interaction. 

Images adapted from Hoelper et al., 2017. 

ATRX is encoded by the ATRX gene located at the q21.1 locus of the X chromosome. The 

name ATRX comes from the X-linked alpha-thalassemia/mental retardation syndrome 

recognised at the beginning of the nineties, to be caused by non-sense mutations in  

ATRX (Cole, May, & Hughes, 1991; Gibbons, Suthers, Wilkie, Buckle, & Higgs, 1992; 
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Wilkie et al., 1990). The ATRX gene encodes for a chromatin remodeller with seven 

ATPase/helicase domains at the C terminus while at the N terminus lies a plant 

homeodomain-like zinc finger domain (PHD), which binds the N-terminal tail of histone 

H3 (Gibbons et al., 1997; Xue et al., 2003). DNMT3A and DNMT3L share the PHB domain 

and form together with ATRX the ADD (ATRX-DNMT3AςDNMT3L) domain, providing a 

functional link between DNA methylation and histone modification (Figure 7) 

(Hashimoto, Vertino, & Cheng, 2010). Binds of ATRX-ADD  to H3.3 is promoted by lysine 

9 trimethylation (H3K9me3) and inhibited by lysine 4 trimethylation (H3K4me3) (Iwase 

et al., 2011). An oocyte-specific mouse model of ATRX knockdown demonstrates that 

ATRX is required for heterochromatin formation and maintenance of chromosome 

stability during meiosis, indicating a central role in epigenetic control in the germ line 

(Baumann, Viveiros, & De La Fuente, 2010). ATRX displays an affinity for G-quadruplex 

structures often found in G-rich tandem repeats sequences typical of telomeres (Law et 

al., 2010). The ability of ATRX to bind G-quadruplex DNA is suggested as a critical 

mechanism for alternative lengthening of telomeres (ALT) suppression (see section 

1.4.4 for in-depth analysis) (Clynes et al., 2015). 

1.4.3 Insight into the chromatin remodeller Menin 

The MEN1 gene located on chromosome 11q1, encodes for the nuclear protein Menin, 

extensively studied for the autosomal dominant mutations responsible for Multiple 

Endocrine Neoplasia type I (MEN1) syndrome (H-C Jennifer Shen et al., 2009). Menin is 

one of the primary tumour suppressors of pancreatic neuroendocrine tumours 

(PanNETs),(Kikuchi, Ohkura, Yamaguchi, Obara, & Tsukada, 2004; Marx, 2005). A large 

germline mutation of MEN1 leads to the development of multiple endocrine tumours 

primarily affecting parathyroid, anterior pituitary and pancreatic islets (Kikuchi et al., 

2004; Marx, 2005). 

MEN1 is also found inactivated at both alleles in somatic mutations of sporadic 

endocrine tumours of the pancreas (E. H. Wang et al., 1998), lungs (Debelenko et al., 

1997) and parathyroid (Heppner et al., 1997). In the endocrine context, Menin regulates 

gene transcription by coordinating chromatin remodelling (Yokoyama et al., 2005). 

 Menin belongs to a complex of mixed lineage leukaemia (MLL), that deposit histone H3 

on lysine 4 (Hughes et al., 2004). Menin regulates the cell cycle by maintaining the 
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promoter activity of the cell cycle inhibitors CDKN2C (p18) and CDKN1B (p27), through 

MLL mediated H3K4me3 deposition (Figure 8) (Milne et al., 2005). In a mouse model of 

islet tumours derived by loss of Menin, the expression of CDK inhibitors, including p27 

and p18, and other cell cycle regulators is lost and cell proliferation enhanced (Karnik et 

al., 2005).  

Menin can also act as a transcriptional suppressor through interaction with SUV39H1(Y.-

J. Yang et al., 2013). Loss of Menin in MEF affects H3K9 methylation of different genes 

and thus, genes expressional status directly (Figure 8) (Y.-J. Yang et al., 2013). 

 

Figure 8. Model of Menin mediated tumorigenesis 

A model for a dual role of menin in gene regulation within tumorigenic pathways. Menin controls cell 

cycle progression through activation of p18 and p27 inhibitors in neuroendocrine tumours (Milne et al., 

2005). Besides Menin may function as a transcriptional repressor in a context-dependent manner. As 

proposed by Yang and colleagues it controls the activity of gastrulation brain homeobox 2 (GBX2), an 

upstream of interleukin six (IL6) signalling, and insulin-like growth factor binding protein-2 (IGFBP2). H3K9 

methylation of GBX2 suppresses inflammation and tumour growth in the endocrine lineage (Y.-J. Yang et 

al., 2013). Image adapted from (Y.-J. Yang et al., 2013). 

Different studies demonstrated that loss of Menin increases DNA hypermethylation at 

promoter regions of several genes (Juhlin et al., 2010; Lindberg, Akerström, & Westin, 

2008). A study of Men1 KO mice demonstrated that Menin loss leads to increased 

hypermethylation activity of DNMT1 at promoter regions of Sox family genes with 

consequent effects on cell proliferation in the endocrine pancreas (Yuan, Sánchez 

Claros, et al., 2016).  
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Recent work based on MEF has also found that Menin directly interacts with DAXX to 

regulate H3K9me3 at membrane-metalloendopeptidase (MME) promoters (Feng et al., 

2017). MME functions are not well characterised in PanNETs; however, their expression 

is found in larger tumours and in metastasis (Feng et al., 2017). Menin directly interacts 

with DAXX via amino acids 422ς438; the T429K point mutation of MEN1 compromises 

its interaction with DAXX and promotes NET cell proliferation (Feng et al., 2017). DAXX-

Menin crosstalk is far from being wholly understood; therefore, given the high frequency 

of overlapping mutation in PanNETs, it would be interesting to study how their loss 

synergises in PanNET tumorigenesis. 

1.4.4 Telomeres maintenance and ALT in cancer   

The chromosome ends could be recognised as DNA breaks leading to chromosome 

fusion and degradation in the absence of telomeres (Elizabeth H. Blackburn, 1991; 

Olovnikov, 1973). Telomeres are repetitive sequences located at the termini of the 

chromosomes with the function of protection, positioning, and replication (Elizabeth H. 

Blackburn, 1991; Harley, Futcher, & Greider, 1990; N. W. Kim et al., 1994). In 

vertebrates, telomeres consist of hundreds to thousands of tandem repeats of the 

sequence TTAGGG that can be synthesised de novo by a reverse transcriptase enzyme, 

telomerase, in combination with nucleoprotein complexes (Cesare & Reddel, 2010; 

Harley et al., 1990; N. W. Kim et al., 1994). In more detail, telomeric repeats terminate 

as single strand for about 130-210 base pairs in human cells (G-tail), which is recognised 

by the Shelterin complex, with the ability to form a typical t-loop so as to complete the 

replication with the loss of about 50-150 bp of DNA per cell cycle (Figure 9), (Cesare & 

Reddel, 2010; Griffith, 1999; Makarov, Hirose, & Langmore, 1997).  
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Figure 9. T-loop formations  

(a) ±ŜǊǘŜōǊŀǘŜ ǘŜƭƻƳŜǊŜǎ Ŏƻƴǘŀƛƴ ǊŜǇŜǘƛǘƛǾŜ 5b! ǿƛǘƘ ǘƘŜ ǎŜǉǳŜƴŎŜ όр-TTAGGG-3 ύ ƴΦ (b) The terminus is 

single-ǎǘǊŀƴŘŜŘ ŀƴŘ Ŏƻƴǎƛǎǘǎ ƻƴƭȅ ƻŦ ǘƘŜ ¢¢!DDD άD-ǊƛŎƘ ǎǘǊŀƴŘέ ŀƭǎƻ ŎŀƭƭŜŘ άD-ǘŀƛƭέ. (c) The telomere can 

fold back on itself, and the single-stranded terminus can invade duplex telomeric DNA, resulting in the 

formation of a telomere loop (t-loop). (d-e) Telomeric DNA binds the six-subunit Shelterin complex, 

(Cesare & Reddel, 2010). 

The telomere shortening process is responsible for replicative senescence, which has 

been proposed as the mitotic clock by which cells count their divisions (Harley et al., 

1990; N. W. Kim et al., 1994). During neoplastic transformation, the cells try to gain a 

proliferative advantage by activating a telomere maintenance mechanism to avoid cell 

senescence (Reddel, 2000; Shay & Bacchetti, 1997). About 85%-90% of cancer cases 

show increased telomerase activity, which uses the RNA subunit (TERC) as a template 

and its telomerase reverse transcriptase (TERT) for maintenance of the termini (E H 

Blackburn et al., 1989; Morin, 1989). The remaining 15% of cancer cases rely on a 

recombinogenic mechanism for telomere maintenance independent from telomerase 

activity, referred to as alternative lengthening of telomeres (ALT) (Bryan, Englezou, 

Dalla-Pozza, Dunham, & Reddel, 1997; Dunham, Neumann, Fasching, & Reddel, 2000). 

The ALT mechanism is prevalent in tumours of mesenchymal origin such as 

osteosarcomas, specific types of endocrine tumours (pancreatic NETs, 

paraganglioma), and a subset of nervous system tumours (glioblastoma, 

medulloblastoma, oligodendroglioma, neuroblastoma) (Christopher M Heaphy et al., 

2011; J D Henson, 2005; Jeremy D Henson & Reddel, 2010; Jiao et al., 2011; Molenaar 

et al., 2012). ALT is believed to maintain telomeres via homology-directed 

recombination (HDR) (Dunham et al., 2000). ALT positive tumours show high levels of 

sequences exchange between telomeres, aberrant telomeres sizes, deletions, 

complex rearrangements with consequent accumulation of extra-chromosomal DNA, 
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mainly telomeric, in linear and circular form (Bechter, Shay, & Wright, 2004; Bryan et 

al., 1997; Cesare & Reddel, 2010; Dunham et al., 2000; Londono-Vallejo, Der-

Sarkissian, Cazes, Bacchetti, & Reddel, 2004; Tokutake, 1998; R. C. Wang, 

Smogorzewska, & de Lange, 2004).  

The ALT mechanism is believed to initiate from induction of telomere-specific DNA 

damage triggering homology-directed (HR) searches with the support of HR proteins 

(including Rad50, Rad51, Rad52 and Sgs1) (Pickett & Reddel, 2015). The telomeric 

DNA combines with HR proteins and telomere-binding proteins to form a subset of 

promyelocytic nuclear bodies (PML) referred to as ALT-associated PML bodies (APBs), 

which are believed to associate soon after the mechanism is activated (Yeager, 1999). 

The primary step for ALT involves the invasion of the template molecule and 

formation of an HR intermediate structure, copying of the template, dissolution of 

the recombination intermediates and possibly synthesis of the complementary strand 

(Figure 10). Lovejoy and co-workers reported that ATRX is undetectable or severely 

depleted from PML in 90% of ALT positive human cell lines tested (Lovejoy et al., 

2012). In the same work, it has emerged that the ATRX/DAXX pathway plays a 

regulatory role in repressing ALT activation, although disruption of this pathway is not 

sufficient to initiate the ALT mechanism, which seems to require also some alteration 

in the checkpoint for G2/M transition. The proposed hypothesis is that ATRX/DAXX 

loss and simultaneous misloading of H3.3 into telomeric chromatin may have an 

indirect effect on ALT activation (Lovejoy et al., 2012). 

A more recent study from Clynes and colleagues demonstrated that reintroduction of 

ATRX in ALT positive cell lines led to a marked loss of the cardinal hallmarks of the s 

ALT pathway (APBs, extrachromosomal C-circle, and telomeres shortening)(Clynes et 

al., 2015). ATRX acts therefore as bona fide suppressor of the ALT pathway whose 

suppression is dependent on the histone chaperone DAXX, strongly inferring that 

ATRX/DAXX- H3.3 deposition is fundamental for the repression of ALT (Clynes et al., 

2015).  
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Figure 10. Proposed mechanism for ALT 

(1) Induction of telomere-specific DNA damage triggers homology-directed searches with strand invasion 

of the template molecule, (2) formation of an intermediate structure (HR) and copying. (3) Dissolution of 

the HR intermediate, (4) and possible filling of the complementary strand (red dashed line). The 

complementary strands of the DNA duplex are depicted as red and blue lines. From (Pickett & Reddel, 

2015). 

1.4.5 Towards the understanding of the ALT mechanism 

Frequent activation of innate immunity, recently observed in various kind of cancers 

such as melanomas and carcinomas of multiple organs, raised interest in studying the 

innate immune sensing pathway (Corrales, McWhirter, Dubensky, Gajewski, & Gajewski, 

2016; Woo et al., 2014). The DNA sensing pathway (cGAS/STING/TKB1) emerged as a 

significant defensive mechanism to activate innate immune response via stimulation of 

interferon (IFN) and related genes (Corrales et al., 2016). 

Recent work from Tzu-Ling Sung1 and Liuh-Yow Chen groups demonstrate that telomere 

trimming in ALT+ cells produces dsDNA, which in turn stimulates the innate immune 

response via activation of the cGAS/STING/TKB1 pathway (Y.-A. Chen et al., 2017). 

Besides, the same groups demonstrated that ALT+ cell lines present low levels of STING 

and lack of IFN mRNA and the type I interferon-mediated innate immune response (Y.-

A. Chen et al., 2017). Re-expression of both STING and ATRX in an ATRXnegative/ALT+ cell 

line restored the IFN response. This finding uncovers a role for telomere trimming and 

adds a layer of complexity to the process of ALT activation (Y.-A. Chen et al., 2017).  



37 
 

It is now clear that downregulation of the cytosolic DNA-sensing pathway together with 

inactivation of the H3.3/ATRX/DAXX silencing pathway are necessary steps for ALT 

establishment. In particular, the downregulation of the DNA-sensing pathway may help 

the cells to overcome the obstacle in replication activated by the IFN response.  It is 

known that STING expression is epigenetically down-regulated (L. Wu et al., 2018) but it 

remains to be clarified what is triggering its downregulation. 

 Dissecting PanNET tumorigenesis 

1.5.1 Hallmarks of PanNETs 

PanNETs are rare form of endocrine neoplasms, although the second most common 

tumour of the pancreas (T. R. Halfdanarson, Rabe, Rubin, & Petersen, 2008; J. C. Yao et 

al., 2008). Molecular profiling of PanNET identified few, but constant mutational events 

in chromatin remodellers. Upregulation of the mammalian pathway of rapamycin 

(mTOR) favours tumorigenesis and progression by different means. ALT, metastasis and 

relapses after resection are more frequently found upon loss of ATRX and DAXX, 

predisposing the patients to reduced survival time (Roy et al., 2018; Singhi et al., 2016). 

From a clinical point of view, hormone over-production identifies functional tumours of 

which Insulinomas are mostly benign. Mechanistically, angiogenesis, islets hyperplasia 

and trans-differentiation drive/favour islets transformation and tumour growth.  

The progression from islets hyperplasia to tumour development has been explored for 

MEN1 familial cases. However, it is not yet clear how epigenetic events, driven by the 

histone H3.3 chaperones loss, are linked to PanNET development. 

The hallmark of PanNET tumorigenesis are: 

o Hormone overproduction in case of functional tumours 

o Epigenetic dysregulation and ALT development 

o Trans-differentiation/de-differentiation of the cell of origin 

o mTOR upregulation 

o Islet hyperplasia and vascularisation 

o Inflammation 

o Development of lymph node and liver metastasis 
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 Clinicopathological aspects of PanNETs 

1.6.1 Incidence 

Neuroendocrine Tumours (NETs) are a heterogeneous group of malignancies arising 

from hormone-producing cells found throughout the body (J. C. Yao et al., 2008). NETs 

are indolent compared to other epithelial malignancies and can present hormone 

overproduction syndrome (T. R. Halfdanarson et al., 2008; J. C. Yao et al., 2008). The last 

Surveillance, Epidemiology, and End Result (SEER) registry data reported that the 

incidence of NETs is increasing over time, rising from 1.09 per 100,000 in 1973 to 6.98 

per 100,000 in 2012 (Dasari et al., 2017).  

 

Figure 11. Increasing incidence of NETs over other malignant neoplasms 

The incidence of PanNETs has increased for almost four decades, while the incidence of other malignant 

neoplasms is constant over the same period of observation from 1973 to 2012 (Dasari et al., 2017). 

PanNET incidence rate has increased by 1.33% from the previous SEER in 2004 when it 

was reported an incidence of 5.25 per 100,000 people (T. R. Halfdanarson et al., 2008; 

J. C. Yao et al., 2008). The prevalence of NETs in the primary tumour site varies 

significantly with sex and race; female patients are more likely to present NETs in the 

lung, stomach, appendix, or cecum, whereas male patients present more frequently 

NETs in the thymus, duodenum, pancreas, jejunum/ileum, or rectum (J. C. Yao et al., 

2008). NETs arising from the lung present the highest frequency among white patients 

(30%) while rectal NETs present the highest frequency in Asian/Pacific Islander (41%) 

and African American (26%) patients (J. C. Yao et al., 2008). The lowest frequency of 

NETs in the primary tumours site is found in the liver (between 0.4 and 1%) across all 
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the different sex and racial sub-groups (J. C. Yao et al., 2008). The incidence is also 

positively correlated with age, presenting a median at diagnosis of 63 years and a peak 

at the age of 80 (Lawrence et al., 2011).  

Pancreatic neuroendocrine tumours (PanNETs) account for 7% of the NETs among white 

patients, 8% of Asian/pacific islander and 6% of African American patients (Lawrence et 

al., 2011; J. C. Yao et al., 2008). The prevalence of PanNETs over the other NETs is 

increasing and was reported to account for the 9.4% of NETs in the epidemiology study 

of Hallet and co-workers of 2015 (Hallet et al., 2015).  

PanNETs represent a sporadic form of pancreatic neoplasm counting 1-2% of all 

pancreatic malignancies and an estimated incidence of less than 1 in 100,000 individuals 

per year in Europe and USA (Lawrence et al., 2011; J. C. Yao et al., 2008). The incidence 

of PanNETs has also been increasing over the past decades, rising from 0.17 per 100,000 

people in 1973 to 0.47 per 100,000 people in 2004 and ~ 0.8 in 2012, which is due in 

part to improvements in diagnosis and imaging techniques (Dasari et al., 2017; T. R. 

Halfdanarson et al., 2008; Lawrence et al., 2011; Metz & Jensen, 2008). Post-mortem 

studies have identified a higher incidence of PanNETs between 0.8 and 10% suggesting 

that many individuals have clinically undetected NETs (Grimelius, Hultquist, & Stenkvist, 

1975; T. R. Halfdanarson et al., 2008; Kimura, Kuroda, & Morioka, 1991). 

1.6.2 Aetiology 

The real origin of PanNETs is not fully understood. The debate regarding the aetiology 

of PanNETs is divided between those considering PanNETs as a tumour of the islets, 

therefore originating from hormone-producing cells within the islet of Langerhans 

(Ehehalt, Saeger, Schmidt, & Grützmann, 2009; J. C. Yao et al., 2008; James C. Yao, 2007) 

and those claiming the origin from pluripotent stem cells within the exocrine pancreas 

(Carriaga & Henson, 1995; T. R. Halfdanarson et al., 2008; Vortmeyer, Huang, Lubensky, 

& Zhuang, 2004). According to the former group if we consider the adult human islet of 

Langerhans as anatomically organised ƛƴǘƻ ŀ Ƴƛƭƭƛƻƴ άƳƛŎǊƻ-ƻǊƎŀƴǎέ, each pancreatic 

endocrine cell type could potentially give rise to a PanNET, which can rarely produce 

non-pancreatic hormones ectopically (Ehehalt et al., 2009). The latter hypothesis comes 

from studies of MEN1 syndrome and is based on the observation that pluripotent cells 

within the exocrine pancreas appear capable of formation of small atypical 
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accumulations of MEN1-deficient cells with both exocrine and endocrine phenotypes 

(Vortmeyer et al., 2004). Therefore the suggestion that multiple developmental 

aberrations in the pancreas potentially serve as a precursor material for neuroendocrine 

tumours (Vortmeyer et al., 2004). Given the high heterogeneity of these tumours, high 

plasticity of cells within the pancreas with trans-differentiation abilities, and the recent 

classification in alpha and beta-cell signatures, it is acceptable to assume that any kind 

of cells can escape cell cycle regulation and begin the transformation. 

1.6.3 Classification 

The World Health Organization (WHO) in 2010 based classification of PanNET grade on 

the proliferative rate and concluded that mitotic count and Ki-67 should be performed 

on all specimens and that the tumour grade should reflect the higher value when 

discordant (Rindi, Petrone, & Inzani, 2014). Low grade (G1) PanNETs have a mitotic 

count of < 2 and Ki67 < 2%; intermediate (G2) PanNETs have a mitotic count between 2 

and 10 and Ki67 index between 2 and 20%; high grade (G3) PanNETs have a mitotic count 

>20  and a Ki67 index > 20% (Bosman, Carneiro, Hruban, & Theise, 2010). The WHO 

organisation added a category to well-differentiated PanNETs, recognising G3 tumours 

presenting high proliferation and still maintaining well-differentiated morphology 

(Lloyd, Osamura, Klöppel, & Rosai, 2017).  

Table 1. Current classification of PanNETs  

WHO 2010 plus 2017 update /ENETS grading 

Grade  Differentiation Ki-67 index  Mitotic count/10 HPF 

G1 (lOW) Well Җ н < 2 

G2 (Intermediate) Well 3-20 2-20 

G3 (Intermediate) Well > 20 > 20 

G3 (High) Poorly > 20 > 20 

 

1.6.4 Prognosis 

PanNETs are divided into functional and non-functional according to the production of 

hormones such as insulin, gastrin, glucagon, vasoactive intestinal peptide (VIP) and 

somatostatin. Notably, the majority of the PanNETs (90%) are non-functional and not all 

of the hormone-producing PanNETs are symptomatic and therefore functional (Cloyd & 
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Poultsides, 2015; T. R. Halfdanarson et al., 2008). The overall survival (OS) is higher in 

patients with functional tumours (Figure 12) as they generally present earlier due to 

excess hormone secretion.  The 5- and 10-year OS was reported to be 47.6% and 33.7% 

for functional PanNETs while 31.3% and 17.0% for non-functional PanNETs, respectively 

(Figure 12) (T. R. Halfdanarson et al., 2008). 

 

Figure 12. Overall survival (OS) of patients with PanNETs  

Overall survival (OS) of patients with PanNETs according to functional status based upon nine SEER sites 

1973ς2000 (T. R. Halfdanarson et al., 2008). 

1.6.5 PanNETs treatments 

Therapies routinely applied for PanNETs patients include IFN, chemotherapy, peptide 

receptor radionucleotide therapy (PRRT), Somatostatin analogues (SA) and tyrosine 

kinase inhibitors. When applicable, surgery remains the only curative approach (Pattou 

& Proye, 2001; Raymond, Dahan, Raoul, & al., 2011; Toumpanakis & Caplin, 2013; Vinik 

et al., 2010). Regarding SA therapies, more than 80% of patients presenting functional 

PanNETs experienced symptomatic improvement after SA administration, with 80-90 % 

peak of improvement reached for patients presenting glucagonoma or VIP 

hyperproduction (Toumpanakis & Caplin, 2013). The CLARINET study demonstrated that 

administration of SA Lanreotide over placebo resulted in significantly improved PFS 

(Caplin et al., 2014).  Targeting of SA receptors (SAR) improves sensitivity in patients 

expressing SAR, peptide receptor radiotherapy (PRRT) using isotope such as Lu 177 or Y 

92 received FDA approval for advanced GEP-NETs (J. Strosberg et al., 2017). 
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For tyrosine kinase inhibitor the mTORC1 inhibitor Everolimus, an analogue of 

Rapamycin which blocks mTORC1, demonstrated to significantly delay tumour 

progression in two phases II and one phase III clinical trials and it is now routinely 

available as a therapeutic approach (J.C. Yao, Shah, Ito, & al., 2011; Yim, 2012).  

Due to the high vascularity of PanNETs, tyrosine kinase inhibitors represent another 

target for therapies that reached clinical trial. In a phase III study, Sunitinib, targeting 

the angiogenic receptors VEGFRs, PDGFRs, and KIT, lead to an improvement of 6.8 

months in median progression-free survival compared to placebo groups (Faivre et al., 

2016). 

 Immunotherapies are not currently suitable for PanNETs. In the KEYNOTE-158 phase II 

clinical trial, the PD1 inhibitor pembrolizumab resulted in modest activity mainly limited 

to patients with PD-L1 >1%, with the best response being stable disease (J. R. Strosberg 

et al., 2019). 

1.6.6 Risk factors associated with NET and PanNET development 

Few studies tried to correlate family history and lifestyle habits with the potential 

predisposition to development of sporadic NETs and PanNETs (Ben et al., 2016; 

Thorvardur R Halfdanarson et al., 2014; Leoncini, Carioli, La Vecchia, Boccia, & Rindi, 

2016). Smoking, abuse of alcohol, first-degree family history of any cancer (FHC), and 

personal history of diabetes were evaluated as possible risk factors (Ben et al., 2016; 

Thorvardur R Halfdanarson et al., 2014; Leoncini et al., 2016).  

Halfdanarson and colleagues analysed details of patients visiting the Mayo Clinic over 

two years and found that diabetes or a first-degree FHC with defined cancers (sarcoma, 

PanNET, gall bladder cancer, ovarian cancer and gastric cancer) are the major risk factors 

for PanNETs development (Thorvardur R Halfdanarson et al., 2014).  

Ben and colleagues interviewed 385 patients with sporadic PanNETs and 614 age- and 

sex-matched controls from a Chinese ethnicity cohort and found that ever/heavy 

smoking, a history of diabetes and a first-degree FHC are independent risk factors for 

non-functional PanNETs (Ben et al., 2016). High alcohol intake emerged as the only risk 

factors for functional diabetes (Ben et al., 2016).  

Leoncini and colleagues performed a retrospective literature analysis of NET cases 

(pancreas, small intestine, and rectum) and found that a first-degree FHC of defined sites 
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(lung, stomach, pancreas, small intestine, appendix, and colon) followed by increased 

BMI and diabetes positively correlate with NETs development (Leoncini et al., 2016). 

Smoking and alcohol consumption also correlated with PanNET development (Leoncini 

et al., 2016). 

 Epigenetic dysregulation drives PanNET tumorigenesis 

Due to its rarity and heterogeneity, the genetic background of PanNETs is not fully 

understood, although genome-wide studies highlighted an epigenetically driven 

tumorigenesis mainly carrying mutations in chromatin remodellers and DNA  damage 

repair genes, with synergistic mutations in the mTOR pathway  (Jiao et al., 2011; Scarpa 

et al., 2017).  

Somatic mutation frequency for PanNETs often refer to the first whole-genome 

sequencing work: Menin is mutated in 44 % of the cases, followed by mutations in the 

chromatin remodellers ATRX/DAXX in 43% of the cases (25% DAXX and 18% ATRX). 

Recurrent mutations also appear in the mammalian target of Rapamycin (mTOR) 

pathway (7.3% PTEN, 8.8% TSC2 and 1.4% PIK3CA) in 14% of the cases, while TP53 

mutations are quite rare and account only for 3%. A following more extensive study 

based on exome sequencing of 98 sporadic PanNETs has highlighted inactivation of 

another mTOR component, DEPC5 found mutated in 2 samples out of 98 analysed and 

other epigenetic players: the histone methyltransferase SETD2 (or SETDB2) and MLL3 

(SETDB2 is mutated in 5 samples and inactivated through chromosomal rearrangement 

in 1 more sample, like the 3 samples presenting loss of MLL3) (Figure 13).  Quite 

interestingly, novel germline and/or somatic mutations were found in the DNA damage 

repair gene MUTYH and BRCA2 for a total of 11% of the cases analysed (Figure 13) 

(Scarpa et al., 2017). Another study based on high-depth sequencing (105X) of human 

sporadic insulinomas identified mutations in H3F3B, one of the two genes coding for 

H3.3 and lysine-specific demethylase KDM6A (both mutated in 2 out of 26 cases 

analysed) thus indicating that other epigenetic components can be found mutated at 

lower frequency in insulinomas, a functional PanNET subtype (Huan Wang et al., 2017). 
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Figure 13. Frequency of mutations in PanNETs 

The most extensive study of whole-genome sequencing of sporadic PanNETs is based on 98 cases (Scarpa 

et al., 2017). The cases are displayed horizontally with the mutational signature vertically. Graphic from 

(Scarpa et al., 2017). 

 ATRX and DAXX mutants are often mutually exclusive perhaps due to the mutual 

H3.3/ATRX/DAXX pathway, nevertheless in advanced tumour stages they are reported 

to be concomitant in 9% of the cases (Marinoni et al., 2014) and 19.6% of the cases in a 

study based on an Indian cohort (Yadav, Kakkar, Sharma, Malik, & Sharma, 2016). 

Similarly, ATRX/DAXX mutation can overlap with Menin, as reported in 25% of the cases 

ŦƻǊ WƛŀƻΩǎ ǿƻǊƪ (Jiao et al., 2011). 

DAXX and Menin mutations were also found to overlap in 68% of DAXX mutated tumours 

ƛƴ {ŎŀǊǇŀΩǎ study, while ATRX and Menin overlapped in 27% of ATRX mutated PanNETs 

(Scarpa et al., 2017). Mutually exclusive mutations are also reported for all the mTOR 

components found mutated, mainly TSC2 and PTEN (Jiao et al., 2011; Scarpa et al., 

2017).  
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1.7.1 Loss of ATRX and DAXX is associated with ALT development in 

PanNETs 

The ATRX/DAXX/H3.3 pathway was found to be involved with telomere maintenance 

since Heaphy and colleagues found that ATRX or DAXX mutated PanNETs also displayed 

a switch to ALT (C.M. Heaphy, Wilde, Jiao, & al., 2011). Overall 61% of PanNETs (25 out 

of 41 cases analysed) had ultra-bright telomeres, revealed by telomere specific 

fluorescence in situ hybridisation (FISH) (Figure 14 A, B), (Heaphy, de Wilde, et al. 2011). 

439 tumours of other types were also screened and this revealed that tumours of the 

central nervous system (CNS) such as Glioblastoma multiforme (GBM) and other high 

grades gliomas also displayed loss of ATRX and bright telomeric foci (Figure 14 C, D) 

(C.M. Heaphy et al., 2011).  

 

Figure 14. FISH of PanNETs and Glioblastoma multiforme displaying ALT 

ALT-positive tumours with ATRX or DAXX mutations. (a) Example of ALT-positive PanNET. Ultrabright 

telomere FISH signals (red) indicative of ALT are marked (arrows). (b) IHC staining of the same PanNET 

shows loss of nuclear DAXX protein. (c) Example of ALT-positive GBM. Ultrabright telomere FISH signals 

(red) indicative of ALT are marked (arrows). (d) IHC of the same GBM shows loss of nuclear ATRX protein. 

The arrow in (b) and (d) represent endothelial ATRX-expressing cells. 

A following study from Marinoni and colleagues also reported a strong correlation 

between ALT activation and ATRX/DAXX mutations: 85% of ALT-positive cases had 

concomitant loss of ATRX or DAXX, while 70% of ALT-negative cases retained the 

expression of ATRX and DAXX (Marinoni et al., 2014). Nevertheless, the correlation 

between ALT-positive cases and loss of function in ATRX or DAXX was not absolute in 
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both studies: 30% of ALT-positive cases still retained expression of ATRX and DAXX (C.M. 

Heaphy et al., 2011) whereas 21% of ATRX and DAXX negative cases did not  display ALT 

activation (Marinoni et al., 2014). Loss of ATRX/DAXX, although correlated, does not 

appear as the only event determining ALT activation (C.M. Heaphy et al., 2011; Marinoni 

et al., 2014). 

The study of Marinoni and colleagues identified also a shorter progression-free survival 

(PFS) curve in patients presenting ATRX/DAXX mutations or ALT (Figure 15) (Marinoni et 

al., 2014).  

 

Figure 15. PFS in PanNETswith ALT or ATRX/DAXX loss vs ATRX/DAXX positive tumours 

KaplanςMeier survival curves representing a shorter progression-free survival and shorter tumour-specific 

survival in DAXX- or ATRX-negative PanNETs compared with DAXX- and ATRX-positive PanNETs or in ALT-

positive compared with ALT-negative PanNETs (Marinoni et al., 2014). 

These data disagree with the first study of ATRX/DAXX mutations from Jiao and 

colleagues where higher OS was predicted for patients carrying ATRX/DAXX mutations. 

A reason for this discordance is due to the nature of the sampling: Jiao and colleagues 

analysed mainly liver metastasis of PanNETs, while Marinoni and colleagues mainly 

studies primary tumours, suggesting a worse outcome for patients where ATRX/DAXX 

mutations arise in the primary site.   

/ƘǊƛǎǎƛŜ ¢ƘƛǊƭǿŜƭƭΩ ǎ DNA methylation study of 53 PanNETs highlighted that genome-wide 

DNA methylation changes are associated with loss of DAXX rather than ATRX expression 

and confirmed worse outcome for patients harbouring ATRX/DAXX mutations, with the 
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shortest period of PFS (5 years) reported for patients presenting loss of DAXX (Figure 16) 

(Pipinikas et al., 2015).  

 

Figure 16. PFS in ATRX/DAXX mutated versus WT PanNETs 

KaplanςMeier survival curve representing more reduced progression-free survival for ATRX-negative and 

DAXX-negative cases analysed independently and compared to ATRX/DAXX-positives cases respectively. 

The 5-year PFS was 85% for positive cases, 52% for ATRX-negative cases and 16% for DAXX-negative cases 

(Pipinikas et al., 2015). 

The aggressiveness of ATRX/DAXX mutated PanNETs, together with the ALT phenotype 

and higher incidence of such mutations in intermediate-grade G2 or more advanced 

tumour stage, lead to the hypothesis that disruption of the H3.3 loading machinery is a 

late event in PanNETs (C.M. Heaphy et al., 2011; Marinoni et al., 2014; Pipinikas et al., 

2015). Other groups have confirmed the predicted worse outcomes for patients 

harbouring both ALT and ATRX/DAXX mutations (J. Y. Kim et al., 2016; Singhi et al., 

2016). The work from Scarpa and co-workers also reported that ATRX/DAXX mutations 

are positively associated with longer rather than shorter telomeres, and revealed that 

MEN1 mutated PanNETs also show longer telomere length (Scarpa et al., 2017). Most of 

the DAXX mutated tumours also presented loss of Menin, thus indicating misregulation 

of common pathways between these chromatin remodellers (Scarpa et al., 2017).  
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Figure 17. Chromosomal alterations of PanNETs correlated with mutational status 

Sporadic PanNETs analysed are represented according to copy number alteration, telomeres length, ALT 

phenotype and corresponding mutations. ATRX and DAXX mutations positively correlated with increased 

telomeres length (from Scarpa et al., 2017). 

Only one study has reported the loss of DAXX in 5% of hyperplasia of pancreatic islets 

and 29% of pancreatic micro-adenomas2, promoting the hypothesis that loss of DAXX 

could also represent an early event in pancreatic neuroendocrine tumorigenesis 

(Hadano et al., 2016). 

1.7.2 Chromosomal alteration in PanNETs mainly affects Menin, P53 and 

DAXX pathways  

Copy number variations in PanNETs are mainly due to gain or loss of whole 

chromosomes arms. The most extensive whole-genome sequencing study has identified 

a mainly recurrent pattern of whole chromosomal loss, affecting chromosomes 1, 2, 3, 

6, 8, 10, 11, 15, 16 and 22 (Scarpa et al., 2017). Notably, such chromosomal loss affects 

genes already known to be involved in PanNETs: DAXX is located on chromosome 6p, 

MEN1 on chromosome 11q; VHL on 3p and EYA1, a target of Menin, located on 8q, PTEN 

on 10q (Scarpa, 2019; Scarpa et al., 2017).  

Regarding chromosomal gains, the most frequently amplified regions included PSPN on 

chromosome 19 and ULK1 on 12q (Scarpa et al., 2017). PSPN is one of the four RET 

                                                      
2  Pancreatic micro-adenomas are neuroendocrine tumours measuring <5 mm in 
diameter. They are considered the precursor of PanNETs (Hadano et al., 2016). 
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ligands linked to mTOR activation via PI3K and RAS/ERK, JNK, p38MAPK and ERK5 

signalling pathways; RET pathway is usually misregulated in medullary thyroid cancer 

(Kurokawa, Kawai, Hashimoto, Ito, & Takahashi, 2003). ULK1 is a serine-threonine kinase 

that is involved in mTOR/AMPK regulated autophagy (Bach, Larance, James, & Ramm, 

2011).  

Another study exploring copy number aberration in PanNETs on a panel of 37 primaries 

and 11 metastasis; identified mainly copy number gains on chromosome 6p (27.1%), 17p 

(20.8%), 7p (18.8%), 9q (18.8%) while genomic losses occur significantly less frequently 

and the only recurrent aberration affected chromosome 8q (6.3%)(Gebauer et al., 2014). 

Alterations affecting 6p, 8q, 9q, and 17p correlate with poorer prognosis and survival 

(Gebauer et al., 2014).  

An older review combined findings from different cohorts ((101) non-functional and 

functional PanNETs divided into benign (116) or malignant insulinomas (30) and 

gastrinomas (31)) highlighted mainly loss of chromosome 11(q and p) and  6q  while 

gains mainly affected 17q, 7q and 20q identifying regions of candidate oncogenes or 

tumour suppressor genes (Capurso et al., 2012).  

Interestingly chromosome 7q amplification could lead to gain of EZH2, the catalytic 

component of PRC2, since EZH2 locus is frequently found amplified (7q amplification 

found in 10 of 26 samples) in sporadic insulinomas (Huan Wang et al., 2017). TP53 

mutations are quite rare in PanNETs but P53 inactivation is preferably achieved via loss 

of its locus on chromosome 17 (Capurso et al., 2012; Gebauer et al., 2014; Scarpa et al., 

2017) or via upregulation of its negative regulator (Hu et al., 2010). 

 A work implying comparative genomic hybridisation (CGH) of 171 PanNETs identified 

gains of chromosome 4q, 12p and q and 6q, and losses of chromosome 11 (q, p, and 

telomeres) (Hu et al., 2010). Overall 70% of well-differentiated PanNETs displayed 

attenuation of the P53 pathway via gains of MDM2 (22%), MDM4 (30%), and WIP1 (51%) 

(Hu et al., 2010).  

The works here reviewed reveal a variable pattern in copy number aberration mainly 

found in advanced tumour stages, reflecting once more heterogeneity of PanNETs and 

thus variability in the cohort analysed, although the most common aberrations are loss 

of DAXX, MEN1 and TP53 and amplification of P53 targets. 
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1.7.3 Expression profiling of PanNETs reveals de-differentiation and trans-

differentiation of the cell of origin 

Due to the rarity of PanNETs specimens, only two studies have performed RNA 

sequencing of sporadic PanNETs (Chan et al., 2018; Scarpa et al., 2017) and one study 

has performed H3K27ac ChIP-sequencing (Cejas et al., 2019). The study from Laura 

¢ŀƴƎΩǎ laboratory, comprehensive of 33 PanNETs, ƛŘŜƴǘƛŦƛŜŘ ŀƴ άŀƭǇƘŀ ŎŜƭƭ ǎƛƎƴŀǘǳǊŜέ ŦƻǊ 

ATRX/DAXX/MEN1 (A-D-M) mutated samples compared with WT tumours (Chan et al., 

2018). A-D-M group display upregulation of alpha-cell lineage genes such as ARX, IRX2, 

and TM4SF4 and lower/heterogeneous expression of beta-cell genes such as 

PDX1, MafA, INS, and DLK1 with corresponding tumours not associated with 

increased glucagon expression (Chan et al., 2018). ChIP-sequencing of 21 PanNETs, 

similarly identified three groups of PanNETs according to the status of alpha and beta-

cell specific enhancers (Cejas et al., 2019). In particular, a strong signal at the ARX 

promoter with weak signals at PDX1 identifies the alpha-cell subgroup; the opposite 

signature is typical of the beta-cell subgroup while PanNETs with ARX/PDX1 double-

positive peaks were common to both groups (Cejas et al., 2019). 

These studies recognise trans-differentiation from beta-to alpha cells as a strong 

feature of PanNET and determining increased aggressiveness when the cell-type 

specification leans towards alpha-cell markers and enhancers (Cejas et al., 2019; Chan 

et al., 2018). 

The other work based on RNA-sequencing of 29 PanNETs, after unsupervised clustering, 

revealed a grouping independent from A-D-M status, generating three main clusters 

with upregulation of metabolism reprogramming and hypoxia genes in the third group 

compared with the first and second (Scarpa et al., 2017). The grouping follows a previous 

work comparing cross-species omics data of miRNA, gene expression and metabolomic 

profiling of RIP2-Tg2 (RT2) mouse model of insulinomas and human PanNETs. Three 

main subtypes of PanNETs in human and mouse were identified: IT (Intermediate), MLP 

(metastasis like primary) and MEN1/IT (MEN1 intermediate) (Sadanandam et al., 2015) 

of which two are represented in the cohort of {ŎŀǊǇŀΩǎ work: IT in group 1 and MLP in 

group 3. Interestingly, Sadanandam and colleagues recognised that the Intermediate 

group of PanNETs expressed genes of mature beta cells including PDX1, INS1, GCK (GK), 

and SLC2A2 (GLUT2), while the MLP groups mainly express beta cell immature and 
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precursor genes HNF1B and GATA6 (Sadanandam et al., 2015). According to the authors 

these results support the hypothesis that the MLP-like phenotype might be originating 

from precursors while the IT group originates from beta-cells  (Sadanandam et al., 2015). 

1.7.4 Non-coding RNA in PanNETs 

Micro RNA (miRNA) are a conserved class of small non-coding RNAs of 20-25 bp that 

assemble with Argonaute proteins into silencing complexes (miRISCs) to direct post-

transcriptional silencing of complementary mRNA targets (Jonas & Izaurralde, 2015). 

MiRNA profiling of PanNETs has been performed in few studies, in human biopsy and 

the RT-2 mouse model, where tumour stage and aggressiveness identified different 

miRNA classes (Grolmusz, Kövesdi, Borka, Igaz, & Patócs, 2018; Klieser et al., 2018; 

Sadanandam et al., 2015; Thorns et al., 2014). MiR210 emerged as a possible target since 

HIF controls its expression and positively correlates with metastatic disease; miR-642 

was found to correlate with Ki67 expression (Thorns et al., 2014). Klieser and colleagues 

identified miRNAs associated with HDACs expression, in particular, miRNA-449a 

(associated with HDAC3/4) was found to play a role in PanNETs proliferation (Klieser et 

al., 2018). MiR-21, which targets PTEN, is also found associated with Ki67 and metastatic 

disease in PanNETs (Grolmusz et al., 2018). 

Many thousands of lncRNA transcripts (at least 13,000) are found in the human genome; 

(Derrien et al., 2012). One peculiarity of lncRNA is the presence of repetitive elements 

mainly derived by TE (Kapusta et al., 2013).The lncRNA MEG3 is downregulated in a 

variety of cancers (Y. Zhou, Zhang, & Klibanski, 2012). In vitro cell studies demonstrated 

that MEG3 overexpression blocks MIN6 cell proliferation via downregulation of c-MET 

resulting in reduced cell migration/invasion (Modali, Parekh, Kebebew, & Agarwal, 

2015). c-MET and MEG3 downregulation were found in sporadic insulinoma cases 

(Modali et al., 2015). ChIP-sequencing analysis of Men1 KO mESC revealed menin-

dependent H3K4me3 at the imprinted DLK1-MEG3 locus in mESCs (Agarwal & Jothi, 

2012).   

LncRNA H19 is also prone to deregulation in PanNETs with upregulation linked to 

malignant behaviour (Ji et al., 2019). Meng Ji, Yanli Yao and colleague demonstrated in 

vitro with RNA pull-down and mass spectrometry that H19 binds VGF and upon H19 



52 
 

upregulation PanNET progression is favoured through the PI3K/AKT/CREB pathway (Ji et 

al., 2019). 

Interestingly, both MEG3 and H19 are associated with imprinted loci, of which allele-

specific expression was found altered in insulinomas, without necessary altering the 

expression of related lncRNAs (Huan Wang et al., 2017). The MEG3-DLK1 imprinting 

locus also plays a role in type 2 diabetes, increased methylation of the Meg3 promoter 

ƛƴ ƳƻǳǎŜ ʲ¢/с ōŜǘŀ-cells results in decreased transcription of MEG3 maternal 

transcripts and increased cytokine-mediated oxidative stress (Kameswaran et al., 2018). 

 mTOR pathway upregulation potentiates PanNET aggressiveness 

Mutations in the mammalian target of Rapamycin (mTOR) pathway occur in 

approximately 15% of PanNETs, more specifically,  phosphatase and tensin homolog 

(PTEN) is mutated in 7.3%, tuberous sclerosis 2 (TSC2) in 8.8% and phosphatidylinositol 

3-kinase (PIK3CA) in 1.4% of cases (Jiao et al., 2011). mTOR is a conserved Ser/Thr kinase 

that regulates cell growth and metabolism in response to environmental cues (J. Huang 

& Manning, 2009; Wullschleger, Loewith, & Hall, 2006). It represents a critical 

downstream controller of the phosphatidylinositol 3-kinase (PI3K)/Akt signalling 

pathway and interacts with several proteins to form two distinct complexes named 

mTOR complex 1 (mTORC1) and 2 (mTORC2) to control cell proliferation and survival (J. 

Huang & Manning, 2009; Wullschleger et al., 2006). 

Downregulation or loss of the mTOR negative regulator PTEN and TSC2 correlates with 

poorer prognosis of PanNETs and shorter survival times (M. Chen, Van Ness, Guo, & 

Gregg, 2012; Han, Ji, Zhao, Xu, & Lou, 2013; Missiaglia et al., 2010; C.-F. Zhou et al., 

2011). PTEN decreases mTOR activity by reducing PIP3 availability by catalysing reduction 

to PIP2 (J. Huang & Manning, 2009). 

 TSC2 is an inhibitor of the mTORC1 complex TSC2 and TSC1 can form a dimer and inhibit 

the GTPase activity of Rheb, a critical activator of mTOR signalling (J. Huang & Manning, 

2008). When the RAP-GAP domain of TSC2 is mutated, the GTPase activity of Rheb is 

enhanced, resulting in the activation of mTOR (Hoogeveen-Westerveld et al., 2012; J. 

Huang & Manning, 2008). TSC2 mutations are also associated with the autosomal-
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dominant familial syndrome (incidence between 1.8 and 9%), causing prevalently cystic 

PanNETs (Koc, Sugimoto, Kuperman, Kammen, & Karakas, 2017; Larson et al., 2012). 

 

Figure 18. mTOR Pathway 

Schematic representation of the mammalian pathway of rapamycin (mTOR) with focus on the mTORC1 

complex.  mTORC1 responds to nutrients and environmental cues to promote cellular growth. A 

phosphorylation cascade prompted by IRS-1 activation promotes PI3K/AKT activity ultimately leading to 

increased protein synthesis and cellular proliferation with activation of ribosomal S6K. Akt can also be 

activated through phosphorylation on serine 473 by mTORC2. PDK1 is also activated upon PIP3 

recruitment. The drug rapamycin strongly and acutely inhibits mTORC1, while it only affects mTORC2 

assembly and activity after prolonged exposure. Adapted from (J. Huang & Manning, 2009). 

The expression of PTEN in PanNET was analysed in a study of 90 patients and 20 controls. 

Strong expression of mTOR and upregulation of phospho-m-TOR was found in tumours, 

whereas healthy tissue displays strong mTOR and lower 53Phospho-mTOR (Han et al., 

2013). From the same study, loss of PTEN expression is more often found in advanced 

PanNETs and was shown to correlate with increased 53Phospho-m-TOR, thus promoting 

cell proliferation (Figure 19). 
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Figure 19. PTEN expression in PanNETs 

Loss of PTEN expression was significantly more frequent in advanced (G3 grade) tumours. Ki-67 

proliferation index correlates with PTEN expression (*p< 0.05; ** p< 0.01), (Han et al., 2013). 

Previous studies performed on a smaller patient cohorts had already proposed that 

deficiency of PTEN with overexpression of 54Phospho-mTOR predicts poor prognosis 

(M. Chen et al., 2012; C.-F. Zhou et al., 2011).  

Low levels of PTEN in PanNET tissue is also reported to be associated with tumour 

functional status, aggressiveness and progression (Missiaglia et al., 2010). Missiaglia and 

co-workers performed microarray expression profiling of 72 primary PanNETs, 7 

metastasis, and 10 controls, low PTEN and TSC2 expression in PanNETs significantly 

associated with shorter disease-free and overall survival (Missiaglia et al., 2010). Low 

cytoplasmic PTEN was associated with functional status and more aggressive tumours, 

while TSC2 had a consistently decreased expression in both insulinomas and non-

functional PanNETs (Missiaglia et al., 2010). Interestingly, patients not presenting liver 

or lymph node metastasis at diagnosis and low expression of TSC2 had a significantly 

shorter disease-free survival (Missiaglia et al., 2010). 

Downregulation of TSC2 and PTEN, found in 35% and 60% of the cases analysed, suggest 

that PTEN downregulation might be the preferred way PanNETs adopt for upregulation 

of cell-growth via mTOR activation (Missiaglia et al., 2010). 
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Figure 20. PTEN and TSC2 levels in PanNETs predict PFS 

Reduced progression-free-survival for PanNET patients with lower expression of (a) PTEN and (b) TSC2. 

Fewer than 50% of patients with decreased expression of mTOR inhibitors will survive over the 10 years 

period, while other patients survive for more than 20 years. Images from (Missiaglia et al., 2010). 

 Architecture, histology and cytology of PanNETs identify heterogeneous 

kind of neoplasm 

PanNET heterogeneity is also responsible for histological variability, and the morphology 

does not always correlate with grading (Reid, Balci, Saka, & Adsay, 2014). Nevertheless, 

the PanNET common variant is characterised by a solitary tumour, usually from 1 to 5 

cm in diameter, with rounded and sharp borders. In contrast uncommon PanNETs mimic 

cystic or fibrotic tumours (Capelli et al., 2009). PanNETs are highly vascularised tumours, 

and numerous blood vessels encircle the neoplastic nest (Capelli et al., 2009). Well-

differentiated PanNETs are distinct neoplasms with a variable stroma component, nuclei 

centrally located and uniform in size with άǎŀƭǘ ŀƴŘ ǇŜǇǇŜǊέ ŎƘǊƻƳŀǘƛƴ ŀǇǇŜŀǊŀƴŎŜ 

(chromatin with granular components) (Capelli et al., 2009; Reid et al., 2014). Among 

the most common morphological variants, the lipid or clear cell variant is characterised 

by foamy and microvesicular vacuole in the cytoplasms (can be common to VHL patients) 

while the oncocytic variant has eosinophilic cytoplasms and prominent nucleoli (Capelli 

et al., 2009; J. Y. Kim & Hong, 2016; Reid et al., 2014).  
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Figure 21. PanNETs cytology 

(a) Common PanNETs with salt and pepper chromatin (Capelli et al., 2009); (b) Clear cell variant with lipids 

vacuoles and (c) the oncocytic variant with abundant cytoplasm (J. Y. Kim & Hong, 2016). 

 Inflammatory signals in PanNETs  

Systemic inflammation can be measured as neutrophil to lymphocyte ratio (NLR) and 

can be used as a prognostic marker of different types of tumours. A study of 95 PanNET 

patients (of which 52 were G1, 32 diagnosed as G2 and 11 as G3) measured NLR in 

peripheral blood before surgery (Tong et al., 2017). Increased NLR was found to relate 

to lymph node metastasis and reduced PFS (Tong et al., 2017).  

A retrospective study of 55 PanNETs analysed clinicopathological factors, recurrence 

and tumour associated macrophages (TAM) (Harimoto et al., 2019). Increased NLR was 

mainly found in G2 and G3 PanNETs and resulted in higher white blood cell count, higher 

Ki-67 index, higher incidence of lymph node metastasis, higher incidence of lymphatic 

and neural invasion, and a large number of CD163-expressing TAMs (Harimoto et al., 

2019). Both studies indicate that increased NLR ratio, a symptom of inflammation, 

favour PanNET tumour progression and could be used as prognostic markers. 

Besides in a work presented at ESMO 2017, Dr. Kate Young performed immune-profiling 

of 48 PanNET patient samples across PanNET subtypes defined in the work of Dr. 

Sadanandam (Sadanandam et al., 2015), introduced here in 1.7.3, to determine whether 

immunotherapy may be a treatment option for some of these patients (Young et al., 

2017). The majority of the MLP subtype and a small portion of insulinomas tumours 

were defined as immune high (Young et al., 2017), thus further suggesting how chronic 

infection and immunophenotype distinguish potentially more aggressive PanNETs. 
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 Pancreas 

1.11.1 Pancreas development 

The pancreas is composed of three cell distinct populations: endocrine cells responsible 

the secretion of hormone into the bloodstream, exocrine cells producing digestive 

enzymes and ductal cells forming a complex ductal system to deliver the enzymes into 

the digestive apparatus (Cano, Hebrok, & Zenker, 2007; Slack, 1995; Wilson, Scheel, & 

German, 2003).  Pancreatic development begins from a unique pool of progenitor cells 

that transform into the mature organ containing the three cell types (M. Sander & 

German, 1997; Wilson et al., 2003). The development of the pancreas and duodenum 

homeobox 1 (Pdx1) expression in mouse, is documented from embryonic day 9 (E9) 

corresponding approximately to day 27 of gestation. In mouse, the pancreas arises from 

3 spatially distinct primordia (1 dorsal and 2 ventral buds) of the foregut epithelium 

(Cano et al., 2007; Hebrok, Kim, & Melton, 1998). During mouse E13 to E14, the 

pancreatic ductal epithelium contains the progenitor cells able to differentiate into 

mature pancreatic cell types. The endocrine progenitor cells migrate into the 

surrounding mesenchyme and aggregate into cell clusters, while exocrine cells organise 

into acini (Ehehalt et al., 2009; Pictet, Clark, Williams, & Rutter, 1972; Slack, 1995; 

Spooner, Walther, & Rutter, 1970).  From mouse E15.5 until birth, additional steps of 

pancreatic cell growth and maturation are observed. A similar development is found in 

humans (Cano et al., 2007). 
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Figure 22. Pancreas organogenesis in mice 

Stages of pancreas development in mice. Pancreatic buds formation begins at approximately E9. The 

pancreatic ductal epithelium after successive steps of branching and elongation culminates with 

differentiation of exocrine cells (green) and endocrine cells (blue and red) (Cano et al., 2007). 

1.11.2 Endocrine pancreas 

The endocrine islets of Langerhans further differentiate into small spherical clusters 

composed of at least 5 different cell types secreting hormones in the circulation: alpha-

cells (glucagon), beta-cells (insulin), delta-cells (pancreatic polypeptide or PP) and 

gamma- cells (ghrelin) (Slack 1995; Piper et al. 2004; Jennings et al. 2013). In mice, the 

presence of glucagon producing cells is documented by E9 whereas in human, hormone 

expressing endocrine cells are not detected until 7.5ς8 weeks of gestation (G7.5-8) 

(Pictet et al. 1972; Gittes 2009; Pan and Brissova 2014; Jennings et al. 2013; Piper et al. 

2004). In mouse, the first insulin-producing cells are detected at E14, while in humans 
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these are detected at G7.5, followed by glucagon and somatostatin cells at G8 (Gittes 

2009; Jennings et al. 2013; Pan and Brissova 2014). The expression of transcriptional 

regulators marking endocrine cell precursors include neurogenin3 (NGN3), paired box 

6, NKX2.2, NKX6.1, ISLET1, neurogenic differentiation 1, and paired box 4 (Lyttle et al. 

2008; Sarkar et al. 2008; Jennings et al. 2013). The spatiotemporal expression pattern of 

these TFs in human foetal pancreas suggests that similar transcriptional regulatory 

mechanisms operate in both humans and mice (Jennings et al. 2013; Pan and Brissova 

2014). 

 Transcription factors essential for pancreas development and glucose 

homeostasis 

The transcription factors (TF) essential for cell lineage specification from endoderm to 

pancreatic islets are PDX1, NGN3 and NeuroD (Gradwohl, Dierich, LeMeur, & Guillemot, 

2000; Jonsson, Carlsson, Edlund, & Edlund, 1994; Naya et al., 1997).  

Mice lacking PDX1 (previously known as Insulin-promoter-factor 1) are apancreatic and 

die within two days postnatally due to hyperglycaemia, indicating the importance of 

PDX1 for pancreas determination (Jonsson et al., 1994). NGN3 deficient mice instead,  

fail to develop endocrine cells and die postnatally from diabetes thus indicating NGN3 is 

a crucial TF for endocrine development (Gradwohl et al., 2000). NeuroD is essential for 

islets cell morphogenesis, mice lacking NeuroD die perinatally due to block of pancreas 

development at E14/17 (Naya et al., 1997). Reintroduction of NeuroD using the rat 

insulin promoter (RIP) in mice allows regeneration of beta cells, although these fails to 

correctly organise islets of Langerhans (H. Huang, Chu, Nemoz-Gaillard, Elberg, & Tsai, 

2002).  

Besides PDX1, NeuroD and MafA are essential for maintaining glucose homeostasis and 

stimulate insulin secretion, since these factors bind the regulatory regions of the Insulin2 

promoter (Figure 23), (Harrington & Sharma, 2000). MafA, in particular, less critical for 

cell endocrine differentiation, is essential for maintaining glucose homeostasis (Zhang 

et al., 2005). 
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Figure 23. Transcription factors promoting insulin expression 

The regulatory region of the rat insulin II promoter has specific binding sites for PDX1, MafA and NeuroD. 

Adapted from (Harrington & Sharma, 2000). 

1.12.1 Insight into the role of mature beta-cells TF MafA 

MafA, the V-maf musculoaponeurotic fibrosarcoma oncogene homolog A, belongs to 

the large Maf proteins of basic leucine zipper TFs essential for lens formation in avians 

(Benkhelifa et al., 1998; Kataoka et al., 2002; Ogino & Yasuda, 1998). Maf proteins bind 

DNA through the 13-14 palindromic sequences TGCTGACTCAGCA and 

TGCTGACGTCAGCA called MAREs (Maf recognitions elements). The RIPE3b1 activator of 

the C1/RIPE3b enhancer element within the RIP promoter was identified in 2002 as the 

TF MafA (Harrington & Sharma, 2000; Kataoka et al., 2002; T.-A. Matsuoka et al., 2003; 

Olbrot, Rud, Moss, & Sharma, 2002). The RIPE3b complex is composed of RIPE3b1 and 

2 elements, of which only the RIPE3b1 is specific to the beta-cell type, while the RIPE3b2-

binding complex is detected in different cell types. Therefore MafA expression is 

preferentially confined to beta-cells (Harrington & Sharma, 2000; T.-A. Matsuoka et al., 

2003). MafA is a central regulator of glucose homeostasis: it is induced in response to 

high glucose concentrations, but inhibited, together with PDX1, under chronically high 

glucose concentrations (Harrington & Sharma, 2000; L. K. Olson, Redmon, Towle, & 

Robertson, 1993; Sharma, Olson, Robertson, & Stein, 1995). Studies of MafA KO mouse 

models confirmed essential role as a regulator of glucose-stimulated insulin secretion in 

vivo (Zhang et al., 2005). MafA-deficient mice are glucose intolerant, display impaired 

response to glucose, arginine or KCl-stimulated insulin secretion, and develop diabetes 

mellitus, however, global insulin levels are not significantly altered (Zhang et al., 2005). 

Downregulation of Insulin 1, Insulin 2, PDX1, Beta2, and Glut-2  expression in MafA-

deficient mice suggest that MafA is a potent regulator of glucose-stimulated insulin 

secretion in vivo (Zhang et al., 2005). 



61 
 

 Endocrine cell plasticity 

Endocrine alpha and beta-cells retain the ability to be reprogrammed into each others 

cell-type. This phenomenon is widely observed in diabetes and cancer and is tightly 

regulated by DNA methylation and expression of lineage specific TFs. While alpha-to-

beta-cell conversion is typically observed in diabetes (Thorel et al., 2010), beta-to-alpha 

is more documented in PanNET models (F. Li et al., 2015; H-C Jennifer Shen et al., 2010). 

In the context of diabetes, under conditions of extreme beta-cell loss, alpha cells are 

reprogrammed to the beta-cell state (Thorel et al., 2010). In the context of beta-cell 

regeneration, the factors NGN3, PDX1 and MafA were sufficient to convert acinar cells 

into insulin-producing cells (Q. Zhou, Brown, Kanarek, Rajagopal, & Melton, 2008). 

Besides, MafA was found to potentiate the ability of PDX1 to convert NGN3-positive cells 

to insulin-positive cells but also to allow PDX1 mediated reprogramming of alpha-cells 

into beta-cells (T. Matsuoka et al., 2017). 

Key regulators of cell fate specification from the beta to alpha transition are Pdx1 and 

NKX2.2 (Dhawan, Georgia, Tschen, Fan, & Bhushan, 2011; Papizan et al., 2011; Spaeth 

et al., 2017). Beta-cell deletion of PDX1 in Ins1-Cre/Pdx1 mice resulted in loss of beta-

cell identity and beta to alpha-cell reprogramming without intermediate expression of 

NGN3 (Gao et al., 2014). NKX2.2 ablation in mice leads to loss of ARX hypermethylation 

in beta-cells, and it is sufficient to convert beta-cells into the alpha-cell lineage (Papizan 

et al., 2011). NKX2.2 is present in a repressive complex that includes HDAX1 and 

DNMT3A (Papizan et al., 2011). More specifically, ablation of Dnmt1 leads to the same 

phenotype of beta to alpha-cells conversion as consequence of ARX promoter 

demethylation (Dhawan et al., 2011).  

An overview of the transcriptional landscape typical of mouse alpha and beta cells has 

been explored by Benner and colleagues (Figure 24) (Benner et al., 2014). The 

transcriptional landscape of alpha and beta-cell type was analysed using distinct lineage 

tracing for alpha and beta-cell type (Benner et al., 2014). The Ins-1-histoneH2b promoter 

(mIns1-H2b-mCherry line) labelled insulin-producing cells in red, while the S100b-eGFP 

promoter labelled glucagon-producing cells in green (Benner et al., 2014). Double 

alpha/beta cell-labelling enabled identification of NGN3, the common alpha/beta cell-

type progenitor not expressing any hormone (Figure 24). Besides double alpha/beta cell-



62 
 

labelling enabled identification of TFs of immature and mature alpha/beta cells types 

(Figure 24). 

 

Figure 24. Alpha and beta cells specific transcription factors 

Alpha and beta-cell identity are regulated by a complex interplay of TFs, identified for each differentiated 

cell stage via ChIP-sequencing of mouse alpha and beta cells labelled with a GDP and mCherry probe, 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ {ƛƎƴƛŦƛŎŀƴǘƭȅ ŜƴǊƛŎƘŜŘ ƎŜƴŜǎ ŀǊŜ όǇ ғ м Ҏ мл-7), the ones in green and red are sensitively 

ŜƴǊƛŎƘŜŘ Ǉ ғ м Ҏ мл-50. Images adapted from (Benner et al., 2014). 

The main factors determining terminally differentiated beta and alpha cell states are 

MafA and ARX respectively; which together with PDX1 are found to play major roles in 

cellular transformation in the context of PanNETs (Cejas et al., 2019; Chan et al., 2018). 

 

 Current models of PanNETs 

1.14.1 Genetically engineered mouse models (GEMMs) 

1.14.1.1 Mouse models of insulinomas 

The widely used model for studying PanNET development and progression is the murine 

RIP1-Tag2 (RT2) mouse line. Generated in 1985 by expressing the SV40 large T antigen 

driven by the rat insulin 2 promoter, the line follows stepwise tumour formation starting 

with islets hyperplasia at 3 weeks, angiogenesis switch in about 1-2% of the islets, 

insulinoma formation and premature death by the age of 12-16 weeks due to severe 

hypoglycaemia (Hanahan, 1985). 
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Figure 25. Tumorigenic stages in the RT2 model 

Stepwise progression from normal islets to hyperplasia, development of angiogenesis, tumour formation 

and rare metastasis. Picture from (P. Olson et al., 2009). 

The RT2 line has been particularly useful for drug screening and clinical trials. Of note, it 

was crucial to prove that sunitinib, targeting VEGF and PDGFR receptor signalling, 

impairs the growth of PanNETs in mouse (Peter Olson, Chu, Perry, Nolan-Stevaux, & 

Hanahan, 2011). This model displays gradual, but the rapid progression of PanNET with 

noticeable decrease in mouse life span, therefore not resembling intermediate grade 

PanNETs. 

With the advent of Cre-LoxP technology, the idea of using the RIP1 or 2 to selectively 

drive the loss of gene expression in the endocrine beta-cells, in combination with a Men1 

conditional line, lead to a PanNET model closer to development of human tumours from 

the homonymous familial syndrome. In 2003, two groups demonstrated that 

heterozygous loss of Menin driven by the RIP promoter lead to pancreatic adenomas, 

mainly identified as insulinomas, around 8-12 months of age (Bertolino, Tong, Galendo, 

Wang, & Zhang, 2003; Crabtree et al., 2003). In both models, the development of 

parathyroid and pituitary tumours was also observed, possibly due to the uncontrolled 

expression of Cre in other tissues. The group of Crabtree and colleagues tested the 

efficiency of RIP 1,2 and 7 promoters, and reported most robust efficiency using the RIP2 

promoter which leads to hyperplastic islets from 4 weeks of age, adenomas by 5-7 

months of age and multiple adenomas starting about the age of six months (Crabtree et 

al., 2003). Their model, however, did not progress to adenocarcinoma, while the Cre-

LoxP model developed by Bertolino and colleagues displayed 9% of tumours progressing 

to carcinomas around 8-12 months, with lymph node metastasis of insulinomas found 

in 3 cases (Bertolino et al., 2003).  

The inducible Men1f/+/RIP2-CreER mouse line is another variant of the RIP-Cre line, where 

tamoxifen treatment was given at 3 months of age to activate the expression of Cre, 

followed by mice collection 2.5 months later (Lines et al., 2017). Mice developed 
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insulinomas around the age of 5 months, indicating increasing efficiency and specificity 

since there were no off-target effects (Lines et al., 2017).  

Other Cre lines were tested for generation of conditional Men1 KO mice: the Pdx1 -Cre-

Men1f/f  model, although directing loss of Menin in pancreatic progenitors, leads 

uniquely to formation of endocrine tumours, and specifically insulinomas by 10-12 

months of age, whereas there was no alteration observed in the exocrine pancreas (H-

C Jennifer Shen et al., 2009). Subsequent studies using the Pdx1-Cre KO mice have shown 

that loss of Menin leads to both insulinomas and pituitary endocrine tumours through 

upregulation of DNMT1 and consequent hypermethylation of selected genes in both 

mice and patients presenting MEN1 deficiency (Yuan, Claros, et al., 2016).  

Chung Wong and colleagues have just developed a new model of MEN1 neoplasia 

combined with PTEN loss using the Ins1-Cre driver or RIP driver (Wong et al., 2019). Their 

model emphasises the role of PTEN in PanNET which was previously underestimated. 

The Men1-Pten KO models progress faster to G1/G2 stages, and the mTOR inhibitor 

rapamycin delayed the growth and increased survival, supporting its application in 

PanNET treatments (Wong et al., 2019). 

1.14.1.2 Mouse model of glucagonomas and mixed hormone PanNETs 

A subset of mice in .ŜǊǘƻƭƛƴƻΩǎ RIP-Cre-Men1 model also exhibited the formation of 

glucagonomas amongst the majority of insulinomas, while advanced carcinomas 

presented weaker expression of both glucagon or insulin (Bertolino et al., 2003). Cell de-

differentiation was the mechanism identified as responsible for both these phenomena 

(Bertolino et al., 2003). 

 Later on, ǘƘŜ ŀōƭŀǘƛƻƴ ƻŦ aŜƴм ƛƴ ǘƘŜ ʰ-cells using the glucagon promoter in the Glu-

Cre-Men1 KO line was shown to give rise to both insulinomas and mixed islets tumours, 

identifying trans-differentiation of beta to alpha cells as the leading cause of insulinoma 

formation (H-C Jennifer Shen et al., 2010). In 2015 another study showed the 

development of glucagonomas also in the RIP-Cre-Men1 line where glucagonomas 

display the loss of Menin expression due to downregulation of beta-cell TFs in favour of 

mature alpha-cells lineage genes such as MafB and Brn4 (F. Li et al., 2015). Trans-

differentiation from beta to alpha cells and vice versa is recognised as a critical 

mechanism adopted by transformed cells, as discussed in section 1.13. 
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1.14.1.3 Models of VHL inactivation 

The discovery that VHL germline mutations are also involved in the formation of 

endocrine tumours (Binkovitz, Johnson, & Stephens, 1990) lead scientists to reproduce 

the model in transgenic mouse experiments. VHL promotes ubiquitination of hypoxia-

inducible factors (HIF-мʰΣ ILC-нʰΣ ŀƴŘ ILC-оʰύ ŀƴŘ ǘƘŜƛǊ ŘŜƎǊŀŘŀǘƛƻƴ. Under conditions 

of stress, however, HIF is stabilised and recruited to target genes such as vascular 

endothelial growth factor (VEGF) (Itoh et al., 1998). 

Different attempts to selectively KO VHL were performed using insulin, glucagon or 

PDX1 drivers (H.-C. Jennifer Shen et al., 2009). The authors found pancreatic lesions 

common to patients presenting VHL familial syndrome (microcystic adenomas and fat 

replacement of exocrine pancreas) only in mice presenting loss of VHL under control of 

the Pdx1-Cre around the age of 12-16 months (H.-C. Jennifer Shen et al., 2009).  

1.14.1.4 Xenograft mouse model  

Engrafting of the BON cell line originating from human neuroendocrine carcinoma, 

represents the historical model of patient-derived xenograft (PDX) of PanNET (Evers et 

al., 1991). The replication rate of the BON1 cell line after transplantation into nude mice 

leads to tumour formation with 14 days, far too rapid to represent a model of 

intermediate grade PanNET (Evers et al., 1991).  

Two models resembling well-differentiated PanNETs from patient-derived pancreatic 

tumours were recently published: 

Transplantation of the well-differentiated NT-3 cell line derived from a 33-year-old male 

presenting lymph node metastasis of insulinoma into mice displayed a 94% success rate 

and a growth rate of 139% ± 13% every four weeks (Benten et al., 2018). The NT-3 cell 

line has a proliferation index within the range of well-differentiated PanNETs (14.6% ± 

1.0%), which is close to the index of the original tumour (15-20%), and the slow-growing 

phenotype is also maintained in vivo, where the tumour growth was observed at six 

weeks after transplantation.  

Moreover, the NT-3 line expressed somatostatin receptor, especially SSTR2, which is the 

most relevant for therapeutic targeting. The NT-3 cell line synthesises and releases 

insulin, thus resembling the insulinomas of origin and it also expresses the main markers 

of beta-cell differentiation, including CgA and synaptophysin (Benten et al., 2018). The 

antiproliferative effects of the somatostatin analogue octreotide and the mTOR inhibitor 
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Everolimus efficiently lead to a 34.8% (P < 0.001) and 31.5%  reduction in NT-3 cell 

numbers after 5 days treatment, respectively (Benten et al., 2018). 

PDX models derived from a liver metastasis of high-grade well-differentiated 

insulinomas, leading to the formation of a slow-growing tumour with ki67 index of 6 and 

8%, were published at the end of last year (Chamberlain et al., 2018). The original 

tumour presented two frameshift mutations in PTEN and additional mutations in MEN1 

and BRCA2 genes. The PDX tumour was used for efficiency tests of the mTOR inhibitor 

Everolimus, which blocks mTORC1, and the second generation inhibitors Sepanisertib, 

which can block both mTORC1 and 2. Mice were treated once daily with Everolimus (10 

mg/kg BW), Sepanisertib (1 mg/kg BW), or vehicle by oral gavage for 28 days. Both drugs 

reduced tumour growth three fold compared to control samples (Chamberlain et al., 

2018). 

The classical cell lines of PanNET origin are BON and QGP-1, originating from a tumour 

biopsy obtained from a 61-year-old male with neuroendocrine carcinoma and from 

peripancreatic lymph node metastasis of a 28-year-old male with PanNET, respectively 

(Vandamme et al., 2015). These lines can secrete unusual hormones for PanNETs: the 

BON cell line secretes neurotensin, pancreastatin, serotonin (5-HT), 5-

hydroxytryptophan (5-HTP), and 5-hydroxyindoleactic acid (5-HIAA) besides 

chromogranin A; while the QGP-1 cell line secretes 5HT- and carcinoembryonic antigen 

(CEA) besides somatostatin  (Vandamme et al., 2015). Recent exome sequencing of 

these line has challenged the classical in vitro culturing system as the mutational 

signature of both lines is divergent between the reports of Boora and Vandamme of 

2015 (Boora et al., 2015; Vandamme et al., 2015). Both groups performed exome 

sequencing and reported that BON1 and QGP lines harbour homozygous mutations in 

the tumour suppressor TP53 gene conferring a more aggressive behaviour while other 

commonly mutated chromatin remodellers or mTOR genes were found only in the 

Vandamme and not the Boora report. ATRX mutations and additional loss of 

heterozygosity (LOH) in MEN1 were found in both the BON and QGP1 lines, LOH for 

PHLDA3 for the BON line only (Vandamme et al., 2015). Besides, the BON1 cell line 

harbours 3 mutations in the TSC2 gene of the mTOR signalling pathway, explaining the 

positive results obtained for mTOR inhibitory drugs (Vandamme et al., 2015). The BON 

cell line was indeed used to show efficient growth inhibition by targeting the mTOR 
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pathways with Everolimus (Zitzmann et al., 2007) and by combined targeting of PI3K and 

Ras (Valentino et al., 2014). 

1.14.2 In vitro models of PanNETs 

1.14.2.1 Primary PanNET lines 

In 2014 the group of Alexandru Saveanu established 15 monolayer cultures derived from 

PanNETs in 14 cases and hepatic metastasis of PanNETs in one more case (Mohamed et 

al., 2014). The cultures were seeded in 12-14 well plates coated with the extracellular 

matrix, and although 13 out of 15 were originating from non-functioning tumours, they 

secreted chromogranin A under culture conditions (Mohamed et al., 2014). While the 

testing of the somatostatin analogue Octeoride on BON cell lines in monolayer or after 

transplantation did not show the expected antiproliferative effects (Moreno et al., 2008) 

the Octeoride at the physiological concentration of 1 nM decreased cell viability and CgA 

expression in the primary NET cell lines (Mohamed et al., 2014). Besides, this study was 

relevant to show that the new generation somatostatin analogue Pasireotide is active 

under nanomolar scale physiological concentration and presents a different mechanism 

for internalisation of the substrate, not involving serine phosphorylation like the 

Octeoride. These results indicate how the use of models better simulating human 

disease can emulate the effects of drugs observed in human. 

1.14.2.2 Induced pluripotent stem cells (iPSC) 

The generation of induced pluripotent stem cells (iPSC) lines from patients harbouring 

germline mutations represents a potent tool for studying developmental changes 

caused by loss of gene expression. The Addition of Yamanaka reprogramming factors 

OCT4, SOX2, cMyc, and KLF4 now represents a well-established method to generate 

stable iPSC cell lines from human cells (Takahashi et al., 2007). The group led by Yin-

xiong Li has successfully generated iPSC lines from urine derived from a 59 and 23-year-

old mother and son with multiple endocrine neoplasia syndrome (Guo et al., 2017a, 

2017b). The iPSC lines can be then differentiated into beta-cells or organoids and 

represent an exciting platform for drug screening and signalling pathway analyses. 
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 Project rationale 

The study of PanNETs biology has attracted the interest researchers in the last decade 

after discoveries of driver mutations in epigenetic modifiers (Jiao et al., 2011). The 

histone H3.3 chaperones ATRX/DAXX, together with the chromatin factor MEN1 are 

indeed the most frequently mutated genes of PanNETs (Jiao et al., 2011). MEN1 function 

is well characterised both in humans and mice due to the autosomal dominant 

syndrome arising from MEN1 loss. ATRX/DAXX mutations have been implicated in the 

maintenance of ALT, however, it is not clear whether they can act as tumour driver or 

maintenance mutations, despite being mutated in 44% of PanNETs. 

DAXX-mutated PanNETs are associated with more aggressive behaviour and the 

development of lymph node and liver metastasis (Marinoni et al., 2014; Pipinikas et al., 

2015). To date, the role of DAXX in the endocrine pancreas has been poorly explored.  

Most of the studies trying to model the loss of chromatin remodellers in PanNETs have 

focused primarily on the pathway linked to the maintenance of telomeres and ALT, 

without considering other possible mechanisms influenced by ATRX/DAXX mutations. It 

would therefore be interesting to define the link between epigenetic and mTOR 

signalling since mTOR inhibitors PTEN and TSC2 are found downregulated in PanNETs, 

but mutations are observed only in about 14% of the cases.  

FHC and diabetes emerged as independent risk factors of PanNETs, yet few studies have 

evaluated a potential role of metabolic alteration caused by the high sugar western-diet 

aƴŘ ƛǘΩǎ possible link with epigenetic dysregulation.  

The most common mutations found in sporadic PanNETs with known molecular and 

functional alterations are listed in Table 2. 
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Table 2. Summary of PanNET relevant mutations, molecular function and phenotypic alteration 

Mutation PanNETs tumour driver? 

Mouse models? 

Molecular changes Histological phenotype 

MEN1 Tumour driver in 

familial, sporadic cases 

and mouse models 

Uncontrolled cell cycle 

progression, alteration of 

DNA methylation 

Hyperplasia, angiogenic 

switch, multifocal 

PanNET development 

ATRX Not known/lack of 

mouse models 

Deprotection of 

chromatin, chromosome 

instability/ALT 

Bight telomeric foci, 

possible development of 

liver metastasis 

DAXX Not Known/lack of 

mouse models 

Deprotection of 

chromatin, chromosome 

instability/ALT 

Bight telomeric foci, 

possible development of 

liver metastasis 

PTEN Does not lead to 

PanNETs in mouse 

models 

Upregulation of mTOR 

signalling 

Islets hyperplasia, 

improved glucose 

tolerance 

TSC2 Yes, in rare familial 

syndrome, lack of 

mouse model 

Upregulation of mTOR 

signalling 

Solitary cystic tumours 

VHL Yes, in the familial 

syndrome, no tumour 

formation in mouse 

models 

LƴŎǊŜŀǎŜŘ ILCмʰ 

signalling, angiogenesis 

Vascularised and cystic 

tumours 

TP53 Not found in low-

intermediate PanNETs, 

the RT2 mouse model 

mimics P53 loss  

Cell-cycle progression Hyperplasia, angiogenic 

switch, aggressive 

PanNETs/insulinomas 

1.15.1 Outstanding questions 

Clinical and molecular studies on PanNETs raise the following questions: 

o Are ATRX/DAXX PanNETs tumour drivers? Or are ATRX/DAXX maintenance 

mutations promoting tumour progression? 

o What is the role of DAXX in the pancreatic endocrine context? Does loss of DAXX 

influences molecular pathways other than telomere maintenance? 

o How does the mTOR pathway synergise with other mutations to promote 

PanNET aggressiveness? 

o DAXX and PTEN are known to antagonise each other in the neurological context, 

how do they interact in the pancreas? 

o How does metabolic alteration affect the endocrine microenvironment? 



70 
 

1.15.2 Hypotheses 

The hypotheses supporting this project are: 

o Loss of chromatin remodellers affect development and/or homeostasis of 

pancreatic islets leading or contributing to neoplastic transformation; 

o DAXX loss has more pronounced effects on islet development potentially leading 

to neoplastic transformation, whereas ATRX loss has a lower effect on 

tumorigenesis since it is a regulatory component of the chaperone complex; 

o Epigenetic and transcriptional changes observed in human PanNETs are 

recapitulated by DAXX loss in mouse islets; 

o Alterations of other pathways (e.g. mTOR, PI3K/Akt) may be synergistic with 

chromatin misregulation in pancreatic pathogenesis; 

o Perturbation of metabolism might be linked to tumour driver events. 

1.15.3  Objectives: 

The main aim of the project is: 

o Understanding the role of DAXX during development, homeostasis and 

tumorigenesis of pancreatic islets by generating an in vivo and/or in vitro model 

of Daxx KO in pancreatic islets or iPSC.  

The generation of the mouse line will be carried out using a classical Cre/LoxP breeding 

ǎȅǎǘŜƳ ŎǊƻǎǎƛƴƎ ŀ ŎƻƴŘƛǘƛƻƴŀƭ 5!·· ƭƛƴŜ ŀǾŀƛƭŀōƭŜ ƛƴ {ŀƭƻƳƻƴƛΩǎ ƭŀōƻǊŀǘƻǊȅ ǿƛǘƘ ǘǿƻ 

different Cre lines. A pancreatic beta-cell specific Cre-recombinase with constitutive Cre 

expression (Ins1Cre line), or an inducible Cre-recombinase leading to whole-body 

deletion of DAXX (RosaCreERT2 line) will be tested.  

While developing the mouse line, an in vitro model of DAXX KO suitable for PanNETs 

studies will be also set up. The CRISPR-Cas9 tool for DAXX KO will be applied to the iPSC 

model established de novo in the laboratory. Once the mutant cell line will be obtained, 

the iPSC will be directed towards a pancreatic beta-cell fate.  

After verifying downregulation of DAXX, the focus will be directed towards the 

understanding of DAXX function in the endocrine context. In vivo physiology, post-

mortem IHC and classical biochemistry approaches will be adopted for this purpose. 
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If the mouse model is established, the generation of a PanNET tumour model could be 

stimulated by adding a second mutational hit to the system.  

A secondary aim will be to: 

o Recapitulate PanNETs tumorigenesis by combining loss of the chromatin 

remodeller DAXX with mTOR activation 

This secondary aim will be achieved by crossing the Daxx KO mouse line with another 

line leading to mTOR upregulation. Conditional lines for PTEN inactivation are widely 

used in research (Lesche et al., 2002). The relation between the upregulation of cell 

proliferation and epigenetic dysregulation could be then explored. 

PanNETs hallmarks discussed in the introduction will be used to measure the 

development of PanNETs or pre-tumorigenic stages (1.14.1) in the mouse model. ALT 

will be challenging to investigate in mouse models because laboratory strains harbour 

very long telomeres, (Zijlmans et al., 1997) and ALT requires the failure of telomerase 

activity achieved after a dramatic shortage of telomere length. 

Nevertheless, other hallmarks can be explored in mice and the focus will be directed 

towards the characterisation of: 

o Hormone production; 

o Trans-differentiation/de-differentiation of the cell of origin; 

o Islets hyperplasia and vascularisation; 

o Inflammation. 
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Chapter 2  
 Protocols adopted for biological investigation 
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 Cell culture 

The episomal line of induced pluripotent stem cell (iPSC) (Gibco, A18945) was 

maintained in feeder-free condition on Geltrex matrix (Invitrogen, A1413202) and 

Essential 8 medium (Thermo Fisher Scientific, A1517001) with the addition of Essential 

8 supplement (Thermo Fisher Scientific, A1517001) and 0.5% of Penicillin (10,000 U/ml) 

/Streptomycin (100µg/ml) (Thermo Fisher Scientific, 15070-063). The iPSC were cultured 

at 37°C in a humidified atmosphere with 5% of CO2 and kept in culture until 70-80 % of 

confluence, usually reached from 3 to 5 days of daily media change. The cells were then 

split by incubation for 5 minutes at 37°C PBS (Invitrogen, 14190250)-EDTA 0.5 mM 

pH8.00 (Invitrogen, 15575020). The split ratio varies from 1: 2 to 1:6 and it is critical for 

colonies survival to keep the cells in small clumps rather than single cells. For 

cryopreservation, the iPSCs were detached from the Geltrex matrix with PBS-EDTA 

0.5M, resuspended in Essential 8 Medium with 10% of DMSO (Thermo Fisher Scientific, 

20688) and transferred in a freezing container (Sigma, C1562) for gradual lowering 

temperature at -80°C. After a week the cells are completely frozen and ready to be 

transferred in the vapour phase of liquid nitrogen for long-term storage. 

The human embryonic kidney cells 293T (HEK293T) cell line used for the virus 

production and validation of the CRISPR-Cas9 with donor vector system was cultured in 

DMEM media (Gibco, Life Technologies, 31885-023) supplemented with 10% FBS (Gibco, 

Life Technologies, 10500-064) and 1% of Penicillin (10,000 U/ml) /Streptomycin 

(100µg/ml) (Thermo Fisher Scientific, 15070-063). The cells were routinely grown in T75 

flasks and split in ratio 1:5 or 1:10 after 5 minutes of incubation in PBS-Trypsin 0.5% 

(Gibco, 15400-054). In order to perform DNA manipulation, the HEK293T were cultured 

in 10 cm dishes starting from a specific cell density variable between 500,000 and 

1,000,000 per dish. The cells are cryopreserved in complete DMEM with 10% of DMSO 

(Thermo Fisher Scientific, 20688) and stored for short period of time at -80°C or in the 

vapour phase of liquid nitrogen for longer periods. 

The human colorectal cancer cell line HCT116 cell line used for the titration of viruses 

was ŎǳƭǘǳǊŜŘ ƛƴ aŎ/ƻȅΩǎ ƳŜŘƛŀ όSigma, 5A-M8403) supplemented with 10% FBS (Gibco, 

Life Technologies, 10500-064) and 1% of Penicillin (10,000 U/ml) /Streptomycin 

(100µg/ml) (Thermo Fisher Scientific, 15070-063). The cells were maintained at 37°C in 

a humidified atmosphere with 5% of CO2 routinely grown till 70-80% of confluence in 
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T25 flasks and split in ratio 1:5 or 1:10 after 5 minutes of incubation in PBS-Trypsin 0.5% 

(Gibco, 15400-054). In order to perform virus titration, the HCT116 were plated at the 

concentration of 100,000 per well of a 6 well plate. The cells were cryopreserved in 

ƳŜŘƛŀ ŎƻƳǇƻǎŜŘ ƻŦ пр҈ ƻŦ ŎƻƳǇƭŜǘŜ aŎ/ƻȅΩǎΣ пр҈ ƻŦ C.{ ŀƴŘ мл҈ ƻŦ 5a{h όThermo 

Fisher Scientific, 20688) at stored at -80°C for several months or in the vapour phase of 

liquid nitrogen for longer periods. 

 Generation of transgenic cell lines 

2.2.1 CRISPR-Cas9 Technology 

Two different strategies of CRISPR-Cas9 have been adopted, one based on the induction 

of HDR and the second on the NHEJ pathway. The former system designed by our 

collaborator Steve Pollard is based on the use of 2 guides targeting the genomic area 

which will be replaced by the donor vector cassette presenting two homology arm for 

the targeted region of DAXX and the selection marker, as shown in Figure 26: 

 

 

Figure 26. CRISPR-Cas9 Donor vector system for DAXX KO in cell lines  

Strategy adopted for generating a CRISPR/Cas9 DAXX KO lines based on the induction of a double-strand 

break and incorporation of the puromycin cassette after induction of homology-directed repair. Adapted 

from (J. D. Sander & Joung, 2014) 
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In order to apply this strategy, four different plasmids are needed (Table 3). 

Table 3. Plasmids needed for the donor vector strategy of CRISPR-Cas9 

Vectors Function 

FTV Donor vector Plasmid containing the homology arms and puromycin 

cassette 

Cas9 Plasmid expressing the Cas9 nuclease 

sg4 or sg53 tƭŀǎƳƛŘ ŎƻƴǘŀƛƴƛƴƎ рΩ wb!ƎǳƛŘŜΣ  

sg6 or sg7 tƭŀǎƳƛŘ ŎƻƴǘŀƛƴƛƴƎ рΩ wb!ƎǳƛŘŜ 

2.2.2 CRISPR/Cas9 verification protocol (surveyor assay) 

The PCR on genomic DNA was performed prior to run the surveyor assay with primers 

F_sgDAXX1 and R_sgDAXX1 for genomic DNA from cells transfected with sgDAXX1 or 

F_sgDAXX2 and R_sgDAXX2 for genomic DNA from cells transfected with sgDAXX2. The 

PCR product was then purified using a Qiagen purification kit (Qiagen, 28106) and the 

DNA concentration was measured with Nanodrop. In a PCR tube, 300 ng from the 

purified DNA were mixed to 3.2 µl of Herculase II buffer from the Herculase II DNA 

polymerase kit (Agilent Tech, 600677) and water was added up to a volume of 16 µl. The 

mixture was transferred to a thermo-cycler where the annealing protocol was 

performed (Table 4). 

  

                                                      
3 tŜǊ ŜŀŎƘ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ƎǳƛŘŜǎ όрΩƎǳƛŘŜ ŀƴŘ оΩƎǳƛŘŜύ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǇǊƻǾƛŘŜŘ ŎŀƭƭŜŘ 

main guides (sg4 and sg6) and alternative guides (sg5 and sg7). 
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Table 4 Surveyor annealing protocol 

Temperature Time Temperature ramp 

95°C 10 min  

95°C to 85°C  (ς2.0°C/sec) 

85°C 1 min  

85°C to 75°C  (ς0.3°C/sec) 

75°C 1 min  

75°C to 65°C  (ς0.3°C/sec) 

65°C 1 min  

65°C to 55°C  (ς0.3°C/sec) 

55°C 1 min  

55°C to 45°C  (ς0.3°C/sec) 

45°C 1 min  

45°C to 35°C  (ς0.3°C/sec) 

35°C 1 min  

35°C to 25°C  (ς0.3°C/sec) 

25°C 1 min  

4°C Hold қ  
 

After the annealing step 1 µl of Enhancer, 1 µl of Surveyor Nuclease and 2 µl of MgCl2 

from the Surveyor Kit (IDT, 706020) were added to the PCR tube followed by incubation 

at 42°C for 1 hour.  The product was then run on a 2% agarose gel. 

2.2.3 Transfection  

HEK293T cells have been transfected by using FuGene reagent (Promega, E2311)( Table 

5). 5 *105 cells were plated in a 10 cm dish, after 2 days the transfection was started at 

a confluency of ~60-70%. Briefly 3˃l of FuGene were added per each ˃g of plasmid in 

100˃ l of DMEM media without supplements pre-warmed at 37°C. The solution was 

mixed by inverting the tubes, incubated for 15 minutes at room temperature and then 

added drop by drop to the plate. The selection was started after 48 hours by adding 

complete DMEM supplemented with puromycin (Sigma, P8833) at the concentration of 

3˃ƎκƳƭ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ HEK293T cells. 
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Table 5 Reagents used for FuGene transfection 

Sample ±ŜŎǘƻǊǎ όм ˃Ǝ ŜŀŎƘύ FuGene Media 

Main guides sg4 + sg6 + Donor Vector + Cas9 12 ˃ l 400 ˃ l 

Alternative guides sg5+ sg7 + Donor Vector + Cas9 12 ˃ l 400 ˃ l 

Non targeting 

guide 

Ntg + Donor Vector + Cas9 9 ˃ l 300 ˃ l 

No guides  Donor Vector + Cas9 6 ˃ l 200 ˃ l 

Cas9 only Cas9 2 ˃ l 100 ˃ l 

 

2.2.4 Nucleofection 

The nucleofection used for iPSC transfection was performed using the Amaxa 

Nucleofection kit (Lonza, VPG-1004). Briefly, the iPSC were plated in 12 well plates in 

ratio 1:3 or 1:4 so as to reach 50-60% of confluency in about 2-3 days. On transfection 

day the iPSC were treated for 2 hours with Revita cell containing a rock inhibitor (Thermo 

Fisher, A2644501), then detached by incubation for 5 minutes in PBS (Invitrogen, 

14190250)-EDTA 0.5 mM pH8.00 (Invitrogen, 15575020) and centrifuged for 5 minutes 

at 700 rpm. Meanwhile the vectors and nucleofector solutions were warmed up at RT. 

Per each condition 1 ˃Ǝ ƻŦ ŜŀŎƘ ǾŜŎǘƻǊ was added to 100 ˃ ƭ ƻŦ ƴǳŎƭŜƻŦŜŎǘƛƻƴ ǎƻƭǳǘƛƻƴ όун 

˃ƭ ƻŦ ƴǳŎƭŜƻŦŜŎǘƻǊ Ҍ мн ˃ƭ ƻŦ ǎǳǇǇƭŜƳŜƴǘύΦ ¢ƘŜ ǎƻƭǳǘƛƻƴ ƻōǘŀƛƴŜŘ was added to the cell 

pellet, transferred to the provided cuvette and placed in the Nucleofector device where 

the programme A-23 was applied. After this passage the cells were quickly plated in 1 

well of 12 well plates in complete Essential 8 medium supplemented with Revita cell 

supplement (Thermo Fisher, A2644501). After 48 hours the efficiency of transfection 

was ǾŜǊƛŦƛŜŘ ŀǘ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴǘ ƳƛŎǊƻǎŎƻǇŜ ά[ŜƛŎŀ ƳƛŎǊƻǎŎƻǇŜ !Ȅƛƻ hōǎŜǊǾŜǊ ½мέ ǎƛƴŎŜ 

the Cas9 used does express GFP (pX548, see Table 7 for details). 

Table 6: Reagent used for nucleofection 

Sample ±ŜŎǘƻǊǎ όм ˃Ǝ ŜŀŎƘύ Solution 

Main guides sg4 + sg6 + Donor Vector + Cas9 100 ˃ l 

Alternative guides sg5+ sg7 + Donor Vector + Cas9 100 ˃ l 

Non targeting guide Ntg + Donor Vector + Cas9 100 ˃ l 

Cas9 only Cas9 100 ˃ l 
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2.2.5 Transduction of iPSC 

The transduction is usually used to create transgenic cell lines by using lentiviruses as a 

transient vector carrying the transgene of interest that randomly integrates in the 

genome. In this study, it was used to deliver the CRISPR-Cas9 system that generates the 

KO cell line (Sanjana, Shalem, & Zhang, 2014). On the day prior the infection the iPSC 

were plated at a concentration between 10-15% in 6 well plates. The lentiviral infection 

was started in the evening when cells displayed a confluence of 30-40%. Essential 8 

(Thermo Fisher Scientific, A1517001) media supplemented with pƻƭȅōǊŜƴŜ όр ˃ƎκƳ[ύ 

was used. The titer of lentiviruses used was MOI 1 because the aim is to have few cells 

infected so as to isolate single clones. iPSC infection was performed overnight rather 

than for 24 hours since iPSC were quite sensitive to such treatment. The media was then 

changed on the following morning. On the following day puromycin (Sigma, P8833) 

selection was started, using a concentration of 0.35 ˃ ƎκƳ[Φ ¢ƘŜ ǎŜƭŜŎǘƛƻƴ was performed 

for 4 days, after which single colonies were isolated and plated in 24 well plates in 

complete Essential 8 (Thermo Fisher Scientific, A1517001) supplemented with 

puromycin (Sigma, P8833). 

 Cloning 

Plasmid amplification was performed by transformation with Stbl3 homemade 

competent bacteria. Briefly, 100 ˃ ƭ ƻŦ Stbl3 thawed on ice were mixed with 1pg to 100ng 

of plasmid and incubated for 30 minutes. The incubation was followed heat shock for 45 

seconds at 42°C and then 2 more minutes of incubation on ice. After that 500˃ ƭ ƻŦ {ΦhΦ/Φ 

medium (Thermo Fisher, 15544034) were added to the bacteria incubated for 1 h at 37°C 

at 250 rpm. The bacteria were then centrifuged for 3 minutes at 3000 rpm and 50 ˃ƭ 

were plated on LB-ŀƎŀǊ ǇƭŀǘŜǎ ǿƛǘƘ млл ˃ƎκƳ[ ƻŦ !ƳǇƛŎƛƭƭƛƴ ƻǊ ǘƘŜ ŀǇǇropriate selection 

marker. The following day single colonies were picked and used to inoculate 3 mL liquid 

culture of LB-!ƳǇƛŎƛƭƭƛƴ όмлл ˃ƎκƳ[ύΦ  
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Table 7 List of the vectors used in this study 

Plasmids Reference 

pCMV-G Gift from 5Φ ¢ǊƻƴƻΩǎ [ŀōƻǊŀǘƻǊȅ 

pCMV-HIV-1 DƛŦǘ ŦǊƻƳ 5Φ ¢ǊƻƴƻΩǎ [ŀōƻǊŀǘƻǊȅ 

hDAXX-sgRNA1-lenti CRISPRv2 GeCKO(Sanjana et al., 2014) 

hDAXX-sgRNA2-lenti CRISPRv2 GeCKO(Sanjana et al., 2014) 

GFP-sgRNA-lenti CRISPRv2 GeCKO(Sanjana et al., 2014) 

EV-lenti CRISPRv2 GeCKO(Sanjana et al., 2014) 

pX458-Cas9 Addgene, plasmid 48138 

pX330-ntg  Addgene, plasmid X330 

hDAXX-main-sg4 Steve Pollard lab 

hDAXX-alternative-sg5 Steve Pollard lab 

hDAXX-main-sg6 Steve Pollard lab 

hDAXX-alternative-sg7 Steve Pollard lab 

FTV_Donor Vector Steve Pollard lab 
 

Table 8 List of the guide RNAs used for CRISPR-Cas9 genome editing 

Guide RNA Sequence 

non targeting guide рΩ-GCGACCAATACGCGAACGTC-оΩ 

hDAXX-sgRNA1 рΩ- CACCGCTCGTGGAGGAATCAGCAAC -оΩ 

hDAXX-sgRNA2 рΩ- CACCGCAATGCGCCTGTTAACCTCT -оΩ 

hDAXX-main-sg4 рΩ-CGCTAACAGCATCATCGTGC-оΩ 

hDAXX-alternative-sg5 рΩ-GCCCCAGGTGAGGCCGCATT-оΩ 

hDAXX-main-sg6 рΩ-CCTTCGGGAAAACCGGAGTT-оΩ 

hDAXX-alternative-sg7 рΩ-GAGTTTGGCCATGAGTCGGC-оΩ 

 Lentiviral production 

The HEK293T cells are used as host cells for production of lentivirus. On the day prior 

transfection HEK293T are plated at the concentration of 6*106 in 15 cm dishes.  The next 

morning the HEK293T are co-transfected with the plasmid of interest and the packaging 

vectors (pCMV and pVSVG) by using calcium phosphate as following: 24µg of plasmid, 

7.2 µg of pCMV-G and 15.6 µg of pCMV-HIV1 are mixed to 900 µl of ddH2O and 100 µl 

of 2.5M CaCl2 and well mixed by pipetting 10 times. The solution is then left to 

equilibrate at RT for 20-30 minutes. Meanwhile, 25 mM of chloroquine were added to 

the cell media and placed back in the incubator, while the HBSS buffer was warmed up 

at 37°C.  After the DNA solution was equilibrated 1000 µl of HBSS were added, mixed 5 

timed by pipetting up and down and incubated for exactly one minute. The solution was 

then added to the culture media and mixed by rocking the plate in different direction. 
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The cells were placed back in the incubator for 8 hours at 37°C followed by media 

change. As proof of the Calcium transfection, a particulate at the bottom of the plates 

was observed after 8 hours of incubation at 37°C. An extended incubation for more 48 

hours at 37°C was required to allow viruses production and packaging. After the 

incubation period the supernatant was collected and centrifuged at 3000g for 15min to 

remove cells and debris. The supernatant was then collected in 50 mL tubes after 

ŦƛƭǘǊŀǘƛƻƴ ǘƘǊƻǳƎƘ ŀ лΦпр˃Ƴ t±5C ŦƛƭǘŜǊ ǘƻ ŦǳǊǘƘŜǊ ŜƭƛƳƛƴŀǘŜ ŎŜƭƭǳƭŀǊ ŘŜōǊƛǎ ŀƴŘ 

contaminants since the vectors were produced in non-sterile conditions. 1 volume of 

cold, sterile 5xPEG for each 4 volume of supernatant were then added. The tubes were 

mixed by inversion and refrigerated overnight. The following morning the 

supernatant/PEG mixture was centrifuged at 1500g for 30minutes at 4°C. The 

supernatant was then discarded, and the pellets are centrifuged again for 5 minutes at 

1500g. All traces of fluid were removed by aspiration. The viral pellet was then 

resuspended in cold, sterile PBS in 1/50 of the original volume. The last passage was to 

ŀƭƛǉǳƻǘ ǘƘŜ ǇŜƭƭŜǘǎ ƛƴ нл˃ƭ ƛƴ ƳƛŎǊƻŎŜƴǘǊƛŦǳƎŜ ǘǳōŜǎ ŀƴŘ ǎǘƻǊŜǎ ǘƘŜƳ ŀǘ -80°C. 

 Lentiviral titration 

On the day prior transduction HCT116 cells were plated in 6 well plates at the 

concentration of 100,000 per well. On the following day the media was changed and 

ƴŜǿ ƳŜŘƛŀ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ǇƻƭȅōǊŜƴŜ όр ˃ƎκƳ[ύ was added to favour viral 

production. The lentiviruses were then added at serial dilution per each well, starting 

for example from 1/1200, 1/1100, 1/1000 and so on till 1/500. Two wells were left 

without lentiviruses to be used as the negative and positive control, according to the 

addiction of selection marker or not.  24 hours after the infection the media was 

changed again. On the 4th day the selection was ǎǘŀǊǘŜŘΥ лΦр ˃ƎκƳ[ ƻŦ ǇǳǊƻƳȅŎƛƴ όSigma, 

P8833) were added to each well, including one of the two without viruses that represent 

the negative control. The selection was stopped when the cells in the negative control 

are completely dead, usually after 4 days. The cells in each well were then counted and 

the cell titer was calculated by relating the viability of each infected well to the Positive 

control one using the following formula: 

ὅὩὰὰί Ὥὲ ὸὬὩ ὭὲὪὩὧὸὩὨ ύὩὰὰ

ὅὩὰὰί Ὥὲ ὸὬὩ ὖὅ ύὩὰὰ
ρππυπϷ ὭὲὨὭὧὥὸὩί -/) ρ 
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The wells infected with the serial dilution that will give the 50% of viability compared to 

the positive control represented the motility of infection (MOI) equal to 1.  

 Breeding of mouse lines 

The breeding of transgenic mice and the regulated procedures required in this project 

were carried out under the Project Licence 2559 (70/8240) released from the Home 

Office, UK. Mice were housed in individually ventilated cages (IVC) for the control of 

ammonia and CO2 in groups from 2 to 5 mice per cages. All mice were maintained in 

C57BL/6 background. The constitutive model used in this work was the Insulin1-

Cre/Daxx floxed (Ins1-Cre+/Daxx KO line) line. This line was obtained by crossing the Cre 

recombinase line under the control of the mouse Insulin-1 promoter B6 (Cg)-

Ins1tm1.1(cre)Thor/J (The Jackson laboratory) (Thorens et al., 2015), to the P548 

(UCL0008, Taconic) DAXX conditional line already available in Prof. {ŀƭƻƳƻƴƛΩǎ 

laboratory carrying the LoxP sites flanking the region of Daxx gene between exons 2 and 

7.  

 

 

Figure 27. Cartoon of the Insulin 1-Cre line 

The Insulin-1 Cre line presents the Cre recombinase inserted in the Insulin-1 mouse gene, under the 

control of the Insulin-м ǇǊƻƳƻǘŜǊ ŜȄǇǊŜǎǎŜŘ ǳƴƛǉǳŜƭȅ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells. 
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Figure 28. Cartoon of Daxx conditional locus before and after recombination 

The Daxx conditional line harbours two flox sites inserted in the intron before the exon 2 and before the 

exon 8, resulting in the expression of normal Daxx in absence of Cre recombinase expression 

The Insulin1-Cre+/Daxx floxed line displayed ǎǇŜŎƛŦƛŎ ǊŜŎƻƳōƛƴŀǘƛƻƴ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells 

where DAXX is knocked-out by eliminating the entire body of the protein. This line was 

then crossed with the Rosa eYFP line (Srinivas et al., 2001) for monitoring the expression 

of Cre transgene. A line with double DAXX-PTEN deficiency was then obtained by 

crossing the Insulin1-Cre+/Daxx/eYFP floxed line with PTEN conditional line with LoxP 

sites flanking the exon 5 of PTEN (Lesche et al., 2002) to form the Insulin1-

Cre+/Daxx/eYFP/Pten floxed. In addition to the Insulin1-Cre+ driver part of the 

experiments was performed using the inducible line RosaCreERT2 (also called RosaCre+ 

line in figure legends) crossed to DAXX conditional line to form the Rosa-CreERT2 /Daxx 

floxed mouse line. 
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2.6.1 In vivo mouse experiments 

2.6.1.1 Tissue sampling for genotyping 

To genotype mice, a sample from ears was taken when litter are at least 10 days old. 

Following a schematic procedure whereby pups were numbered, and a different ear 

notch sign is assigned. For example, if there are 4 males and 3 females they will be 

numbered as follows: 

1.1 M R; 1.2 M L; 1.3 M 1R,1L; 1.4 M 2R; 1.5 F R; 1.6 F L; 1.7 F 1R,1L 

The number 1 indicates the generation number. 

2.6.1.2 Glucose tolerance test IPGTT 

For glucose tolerance test mice were starved with ad libido access to water for 6 hours 

during the day or 12-16 hours overnight. Blood glucose levels were then measured using 

the glucometer (Aviva Nano, Roche) with dedicated stripes. One drop of blood (5 µl) was 

sufficient to obtain a glucometer reading. Blood sampling was taken at time 0, then 

glucose was injection at the concentration of 2g/kg depending on the mouse body 

weight and following reading were taken at 15, 30, 60, 120 and 180 minutes after 

injection. All the procedures were undertaken under protocol 6 of the project license 

80/7240. 

2.6.1.3 Tamoxifen treatment 

Tamoxifen was using to stimulate Cre activation in the inducible line RosaCreERT2. Mice 

were treated with oral gavage at the age of 6-8 weeks for 5 consecutive days. Tamoxifen 

was dissolved in corn oil to make a stock solution of 20 mg/ml. The working 

concentration used is 80mg/Kg, administrated according to the mouse weight.  
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 Islets isolation and culture 

The procedure adopted for islets isolation has been adapted from Ravier and RutterΩǎ 

protocol (Ravier & Rutter, 2010) and illustrated here following: 

 

Figure 29. Workflow for isles isolation 

Mains steps for isolation and culture of murine islets starting with the selection of mouse colonies, 

perfusion with collagenase, application of a histopaque gradient and centrifugation, followed by islets 

picking. 

Mice were sacrificed by neck dislocation and death confirmed by throat bleeding. Post-

mortem glucose levels were taken soon after death confirmation. The pancreas was 

perfused by injecting 3 mL of collagenase (Roche, 11213857001) into the bile duct at the 

concentration of 1 mg/mL. The pancreata were then collected in a 50 mL Falcon tube 

and placed at отɕ/ for optimal collagenase activity. After 12 minutes the tubes were 

mixed up and down for 20 times and then quickly placed on ice to stop collagenase 

activity. The collagenase was washed off by adding 15mL of RPMI without supplements 

(Sigma, R8758-500ML) followed by centrifugation at 1200 rpm for 2 minutes. 3 

additional washes at 1200rpm for 2 minutes were needed to remove traces of 

collagenases and fat tissue. A histopaque gradient with 3 layers was then applied to 

separate the islets from the exocrine pancreas. The islet pellet is mixed to 4 mL of 

histopaque 1119 (Sigma, 11191-100ML) and placed in a 15 mL tube. 4 mL of histopaque 

1083 (Sigma, 10831-100ML) were then added drop by drop on the top of histopaque 

1119. 4 mL of RPMI without supplements were then added to form the 3rd layer. The 15 

mL tubes were centrifuged for 20 minutes at 2500 rpm, with a deceleration option to 

prevent disruption of the gradient. After centrifugation, the islets were found at the 

interface between the histopaque 1083 and the media. The islets were then transferred 

to complete RPMI in 10 cm dish non-tissue-culture treated (Corning, CLS430591-500EA) 

by using a P1000 pipette and then individually picked with P20 under the microscope 
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and transferred to a new dish with complete RPMI free form histopaque. For complete 

media, the RPMI was supplemented with 10% FBS (Gibco, Life Technologies, 10500-064) 

and 1% of Penicillin (10,000 U/ml) /Streptomycin (100µg/ml) (Thermo Fisher Scientific, 

15070-063). The islets were ƳŀƛƴǘŀƛƴŜŘ ŀǘ отɕ/ ƛƴ ŀ ƘǳƳƛŘƛŦƛŜŘ ŀǘƳƻǎǇƘŜǊŜ ǿƛǘƘ р҈ ƻŦ 

CO2 and used within 4-5 days from the extraction. 

 Islets stimulation 

Changes in islets genes expressions were measured with glucose stimulation of isolated 

islets in Krebs-Ringer Bicarbonate Hepes (KRBH) buffer. 

Table 9 KRBH Stock solution 

Solution Product code Concentration 

Mixed Hepes-bicarbonate   4X 

Hepes 40 mM Sigma, 1001670437 9.53 g/L 

NaHCO3 8 mM Sigma, 144-55-8 0.672 g/ L 

NaCl 40 mM Sigma, 7647-14-5 2.338 g/L 

ddH2O Milliq water Up to 1 L 

Mixed salts   5X 

NaCl 650 mM Sigma, 7647-14-5 37.98 g/L 

KCl 18 mM Sigma, 7447-40-7 1.326 g/L 

NaH2PO4  Sigma, 10049-21-5 0.345 g/L 

MgSO4 Sigma, M7506-500G 0.616 g/L 

CaCl2  Sigma, 101449637 1.120g/L 

ddH2O Milliq water Up to 1 L 

 

The stock solutions of Hepes-bicarbonate and mixed salts were prepared in separate 

bottles, mix toughly with a magnetic stirrer and stored ŀǘ пɕ/ ŦƻǊ ǳǇ ǘƻ ǎƛȄ ƳƻƴǘƘǎΦ ¢ƘŜ 

day following islets isolation 100 mL of KRBH working solution was prepared by mixing 

25 mL of Hepes-Bicarbonate (4x), 20 mL of mixed salts (5x) and 55 mL of deionised water. 

The solution had an acidic pH which was adjusted to 7.4 with NaOH. 0.1 % of BSA (Cell 

Signalling, 9998S) was used to stabilise the KRBH buffer, then filter sterilised with a 22 

µm filter before using. Per each mouse prep the scheme in Figure 30 was followed. 

About 150 islets of different sizes were selected under the microscope in 10 cm dishes 

with low adherence (Corning, CLS430591-500EA) and incubated in KRBH buffer 

supplemented with 3 mM glucose (Sigma,50-99-7) for 1 hour. Half of the islets were 

then collected in a separate 10 cm dishes with high glucose (17 mM) and incubated for 

1 or 2 hours, while the other half is kept in low glucose conditions. After the incubation 
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time the islets were collected under the microscope and placed in TRIzol (Ambion, 

15596026) for RNA extraction.  

 
Figure 30. Workflow for islets stimulations 

After 24 hours of islets extraction, 150 islets of mixed sizes are incubated for 1 hour in KRBH supplemented 

with 3 mM glucose, after this primary incubation the islets are collected and equally divided in two dishes, 

one supplement with low and the other with high glucose (3 or 17 mM respectively). After the secondary 

incubation, the islets are ready for downstream analysis. 

2.8.1 Beta-cell sorting 

At least 100 islets were collected with a P200 and incubated in 5 mL of PBS-Trypsin 0.5% 

(Gibco, 15400-054) for 5 minutes at 37 ̄C. After incubation, the islets were dissociated 

with a P200 by pipetting vigorously up and down. After adding 5 mL of RPMI (Sigma, 

R8758-500ML) supplemented with 10% FBS (Gibco, Life Technologies, 10500-064) and 

1% of Penicillin (10,000 U/ml) /Streptomycin (100µg/ml) (Thermo Fisher Scientific, 

15070-063), the cells were centrifuged for 5 minutes at 300 x g. The pellet is 

resuspended in 1 mL of sorting buffer (Complete RPMI, DAPI 1:10000 (Sigma, B2661), 

25 mM Hepes (Sigma, H0887) in a 15 mL tube. Dapi allowed discrimination of dead cells 

from the alive ones, which were sorted with the green channel using the FACS Aria III. 

The Cancer Institute sorting facility helped with the cell sorting. 

 RNA extraction 

Total RNA extraction was performed following the acidic phenol/chloroform method 

after collecting the islets or cells in culture in TRIzol reagent (Ambion, 15596026). The 

cells or islets collected in TRIzol can be stored at -улɕ/ ƻǊ ŘƛǊŜŎǘƭȅ ǇǊƻŎŜǎǎŜŘ ǳǎƛƴƎ ǘƘŜ 
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miRNeasy kit (Qiagen, 217004) protocol or the classic Phenol-Chloroform procedure 

here explained. Islets were collected in 500 µl of TRIzol reagent (Ambion, 15596026) and 

incubated at room temperature for 10 minutes after vortexing to perform cell lysis. For 

phase separation 0.2 volumes of 100% Chloroform (VWR, 22711.324) (100 µl) are added 

to the Eppendorf tube mixed by vortexing and incubated for 2-3 minutes at room 

temperature. The aqueous and organic phase could be observed, the tubes were then 

centrifuged at 13000 rpm fƻǊ мр ƳƛƴǳǘŜǎ ŀǘ пɕ/Φ For RNA precipitation the supernatant 

was carefully collected and placed into a new 1.5 ml Eppendorf tube RN-ase and 

pyrogen-free, 2 µl of glycogen RNA grade are mixed to the supernatant to further RNA 

precipitation and finally 0.8 volume of Isopropanol (VWR, 20842.323) (400 µl) were 

added to the tube. The solution was mixed and incubated at room temperature for 15 

ƳƛƴǳǘŜǎΣ ŦƻƭƭƻǿŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ моллл ǊǇƳ ŦƻǊ мр ƳƛƴǳǘŜǎ ŀǘ пɕ/Φ ¢ƘŜ wb! was 

visible as a white pellet, the supernatant was removed by using a 1000 Gilson pipette 

and the pellet was washed in for 3 times in 1 ml of 75 % Ethanol solutions followed by 

centrifugation at 13000 rpm for 5 mƛƴǳǘŜǎ ŀǘ пɕ/Φ ¢ƘŜ ǇŜƭƭŜǘ ōŜŎŀƳŜ more visible during 

ethanol washes. After the last wash, the RNA was resuspended in RN-ase free deionised 

water, measured by nanodrop and stored at -ул ɕ/Φ 

2.9.1 Reverse transcription of total RNA 

The RNA extracted from islets was reverse transcribed to form cDNA using random 

primers method using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystem, 

4368814). 0.1-1 µg of total RNA were transcribed in a reaction volume of 20 µl (Table 

10). 

Table 10. cDNA reagents 

Reagents  2X reaction 

10 X RT Buffer 2 µl 

dNTPs (10 mM each) 1.25 µl 

10X Random Primers 2 µl  

Multiscribe Reverse Transcriptase 1 µl 

ddH2O Up to 10 µl 
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The mix 2X is combined with 0.1-1 µg of total RNA diluted in 10 µl and transferred to a 

thermo-cycler (Table 11). 

Table 11 cDNA thermo-cycler steps 

Steps Temperature and time 

1 25°C for 10 min 

2 37°C for 120 min 

3 85°C for 5 min 

4 қ ŀǘ п °C 

Once the cycle was completed the cDNA was diluted to a final volume of 100 or 200 µl 

in deionised water. The cDNA was ready to be used for follow-up analyses or stored at -

20°C. 

 Real-Time PCR 

The Real-Time PCR or quantitative PCR (qPCR) was performed with the delta ct 

comparative method (2ҍɲɲ/¢) method by comparing the target gene expression to the 

expression of a housekeeping gene, usually actin or GAPDH. The master mix used was 

either the Fast-Syber Green master mix (Thermo Scientific, 4835612) or the PowerUP 

standard mix. The reaction was prepared in triplicate for each sample, including controls  

(Table 12). 

Table 12. RT-PCR reaction mix 

Reagents Volumes for 1 reaction 

2 X Syber Mix 10 µl 

FW_P (10µM) 1 µl 

RV_P (10µM) 1 µl 

cDNA* 2 µl 

ddH2O 6 µl 

 

* 2ul of cDNA depends on the sample concentration and corresponds i.e. to 5 ng of the original 250ng of 

RNA used for the cDNA reaction  

Sample concentration was calculated applying the following formula: 

ɲ/¢ Ґ Ct (target ƎŜƴŜύ ҍCt (reference gene). 

ɲɲ/¢ Ґ ɲCt (target ǎŀƳǇƭŜύ ҍɲ/ǘόǊŜŦŜǊŜƴŎŜ ǎŀƳǇƭŜύ Ґ (CTD ҍ CTBύҍό/¢C ҍ CTA). 

R= 2̂ -ɲɲ/¢ 

ɲ/¢Ґ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ Ŏǘ ǾŀƭǳŜǎ  

R= relative expression ratio 
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 Genomic DNA extraction 

To  extract genomic DNA the cells were first collected and lysed overnight at 55°C in lysis 

buffer composed of 10 mM Tris pH 7.5 (Sigma, T1503), 10 mM EDTA (Sigma, E5134), 

0.5% SDS (Sigma, L3771) and 400 ˃ƎκƳƭ Proteinase K (Sigma, P2308). On the following 

morning the samples were incubated for 15 minutes at 95°C for inactivation of 

Proteinase K. In order to precipitate the protein 0.5 volumes of 5M NaCl (Sigma, M2670) 

were added to the vial, mixed briefly and incubated at RT for 5 minutes. The samples 

were then centrifuged in a benchtop centrifuge at 13000 rpm for 10 minutes at 4°C. The 

supernatant was collected and transferred to a fresh tube where one volume of 

isopropanol (VWR, 20842.323) was added to precipitate the DNA. The vials were 

centrifuged again at 13000 rpm for 10 minutes at 4°C, a white DNA pellet was then 

visible. The supernatant was poured off, and the DNA pellet washed by adding 1 ml of 

70 % Ethanol (Fisher bioreagents, BP2818.4) followed by centrifugation at 13000 rpm 

for 5 minutes at 4°C. The Ethanol was then poured off, and the pellet air-dried for 5-10 

minutes. The DNA was then resuspended in 10 mM Tris pH 8.0 (Sigma, T1503) and 

stored at 4°C for short period to prevent degradation. 

 Genotyping 

For genotyping purpose, a simplified procedure for DNA extraction is followed for a less 

clean, but faster preparation. DNA was extracted from ear samples placed at 95°C for 1 

hour in 150 µl of lysis buffer (25 mM NaOH (Sigma, S5881) and 0.25 mM EDTA (Sigma, 

E5134)). The lysis was stopped by adding 150 µl of neutralising buffer (50 mM Trizma 

base (Sigma, T1503), after centrifugation at 12000 rpm for 3 minutes the DNA was ready 

to be used for PCR. The DNA polymerase used for genotyping was the high-fidelity 

Dream Taq (Thermo Fisher Scientific, K1081) with the cycle conditions in Table 13 and 

oligos in Table 14. 
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Table 13. Genotyping PCR cycle 

Steps Temperature and time Cycle: 

1 95 °C for 5 minutes  

2 95 °C for 30 seconds  

3 Specific Ta for 30s Repeat steps 2-4 for 34 times 

4 72°C for 1m  

5 72°C for 10m  

6 hold at 4 °C  
 

Table 14 Oligos for genotyping 

 
 

 Protein extraction 

Total protein content optimised for DAXX western blotting was isolated with the 

following lysis buffer: 50 mM  Tris pH8 (Sigma, T1503), 0.5 mM EDTA (Sigma, E5134), 

150 mM NaCl (Sigma, M2670), 0.5% SDS (Fisher Scientific, BP1311), 1% Triton-X 100 

(Sigma, T8787) and the addition of phosphatase inhibitor 25 mM NaF (Sigma, 201154) 

and 0.2 mM Sodium Orthovanadate (Sigma, S6508) and Complete protease inhibitor 

EDTA Free (Roche, 05892791001). Cell lysis was performed for 30 minutes on ice after 

collecting and washing cells in PBS. The cells were sonicated for 4 seconds and 40% 

amplitude with the sonic vibracell available in the laboratory. After sonication, the 

lysates were centrifuged at 13000 rpm for 10 minutes at 4°C to pellet cell debrides. The 

Primers name Sequence Notes GreenTaq_Ta

F_Ins1-Cre GCTGGAAGATGGCGATTAGC Mutant = 675 bp 60°C

F_WT_ins1 GTCAAACAGCATCTTTGTGGTC Wild type = 488 bp 

R_com_Ins1 GGAAGCAGAATTCCAGATACTTG Hetrozygote = 488 and 675 bp

29_DAXX GGAGGGAGTCGAAGAGTTGG Expected bands: 226 WT and 350 bp KO 60°C

30_DAXX TGCGTTTCCTGTCTTTCGG Expected bands: 226 WT and 350 bp KO

DAXX geno REC GCTCACGCCTTTAGTCCGAA 61.9°C

33_DAXX AGATCCTGTCTCTCCTGTCTATCCExpected bands: 216 WT and 375 bp KO

34_DAXX CACTGGGTAGACTAGACTGTGGCExpected bands: 216 WT and 375 bp KO

Rosa26_MutRV CGGTTATTCAACTTGCACCA Mutant = ~450 bp 58°C

Rosa26_comFW AAGGGAGCTGCAGTGGAGTA Heterozygote = ~450 bp and 297 bp

Rosa26_WT RV CCGAAAATCTGTGGGAAGTC Wild type = 297 bp

PTEN WT_F CAAGCACTCTGCGAACTGAG WT=156 bp 61°C

PTEN MUT_R AAGTTTTTGAAGGCAAGATGC Mut 328 bp,  Het= 156 and 328 bp

YFP_WT_F CTGGCTTCTGAGGACCG Mutant = 384 bp 61°C

YFP_WT_R CAGGACAACGCCCACACA Heterozygote = 384 bp and 142 bp

YFP_MUT_F AGGGCGAGGAGCTGTTCA Wild type = 142 bp

YFP_MUT_R TGAAGTCGATGCCCTTCAG

Ins1-Cre line

Daxx floxed line

RosaCreERT2 line

Rosa-eYFP floxed line

Pten floxed line
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proteins were ready to be quantified with the BCA colorimetric assay (Pierce, 23225) 

which measures the optical density (O.D.) at 562 nM of BSA protein standards in serial 

dilutions and lysates. Protein concentration was calculated using the standard curve 

method.  

 Western Blotting 

The western blotting was performed in protein denaturing conditions using Tris-Glicine 

SDS-Polyacrylamide homemade gel with concentration depending on the protein size, 

for looking at DAXX 8% gel was routinely used. The SDS gel electrophoresis was 

performed for 90 minutes at 90 volts in 1X running buffer with 0.1% SDS (Fisher 

Scientific, BP1311), from the 10X running buffer stock made with 3M of Glycine (Sigma, 

G8898) and 0.5M of Tris (Sigma, T1503). The proteins were denatured for 5 minutes at 

95°C in a thermal block at and then loaded on the gel in concentration variable between 

5 and 50 µg diluted in 4X Laemmle sample buffer (Bio-Rad, 161-0737) with 20% ̡-

mercaptoethanol (Sigma, M6250). Once the run was completed the proteins were 

transferred in wet conditions on a nitrocellulose membrane (Amersham, 10600002) in 

transfer buffer made of 10% v/v of running buffer and 20% v/v of Methanol (VWR, 

20903368). The transfer was performed for 150 minutes at 65 volts at 4°C. The 

membrane was then blocked in 5% commercial milk in PBS-Tween 0.1% (Sigma, P2287) 

for 1h at RT. The primary antibody was incubated overnight at 4°C. The following day 

the membranes were washed 3X 5 minutes in PBS-Tween 0.1% (Sigma, P2287) and then 

incubated with the fluoro-conjugated secondary antibody for 1h at RT. After 3X10 

minutes washes in PBS-Tween 0.1% (Sigma, P2287), the membranes were developed 

with the Odyssey machine. For primary and secondary antibody source and dilution 

refer to Table 16. 

 Immunoprecipitation 

For each immunoprecipitation, HEK293T cells were plated at the concentration of 4 x106  

in a 15 cm dish. After two days, the cells were about 70% percent confluent and ready 

for collection in lysis buffer. For DAXX immunoprecipitation the procedure was 

optimised by lysing the cells in PBS-E lysis buffer ( 1% PBS, 1% TX-100 (Sigma, T8787), 

1mM EDTA (Sigma, EC200-449-4 ) supplemented with 200µl of protease inhibitors 25X 

(Roche, 05892791001), and the following phosphatase inhibitors: 10mM NaF (Sigma, 
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201154), 2mM Na3VO4 Sodium Orthovanadate (Sigma, S6508),  1mM DTT, 20mM 

H20Na4O17P2 (Sodium pyrophosphate decahydrate). Each dish was first washed with 

PBS, then 1.5 mL of complete lysis buffer was added to the plate. Cells were scraped and 

collected in 2 x 1.5 Eppendorf tubes and lysed on ice for 30 minutes. After lysis the cells 

were sonicated for 6 seconds at 40% amplitude and pelleted with max speed at 14000 

rpm for 15 minutes and 4°C. At this point 90 µl of protein extract were kept as input 

reference, then BCA protein assay was performed to determine protein concentration. 

500-800 µg were transferred to a new 1.5 mL Eppendorf tube for the 

Immunoprecipitation performed with 40 µl of Protein A/G agarose beads in PBS (Pierce, 

204521) and 1.5 µg of antibody of interest. The tubes were placed in a cold cabined on 

a rotor for 3 hours. After the rotation step the lysate with beads was centrifuged for 15 

seconds at max speed, 90 µl of supernatant were collected as output reference. The 

beads were then washed three times in 1 mL of PBS-E buffer without inhibitors followed 

by a 15 seconds centrifugation step. On the last wash a 25G needle attached to the 

aspirator was used to aspirate all the liquid without touching the beads. The beads were 

then diluted in 20 µl of 1:2 Laemmle buffer, boiled at 95°C for 5 minutes and stored at ς

20°C or run directly on an SDS-page prepared with 15 space combs to keep the proteins 

compacted. 10 µl of immunoprecipitated were used for one experiment. 

 Immunofluorescence 

To perform immunofluorescence (IF) on cells lines, the cells were plated on coverslip 

and grown until 70% of confluence. For islets prep, the islets were kept for 24 hours on 

laminin (Sigma, L2020) coated well, to allow them a mild attachment. The cells/ islets 

were then fixed in 4% Paraformaldehyde (PFA) freshly prepared from 16X stock (Thermo 

Fisher, 28908) for 20 minutes. After fixations cells were washed 2X 5 minutes in PBS-

Tween 0.1% (Sigma, P2287) and permeabilised in 0.1% Triton-X 100 (Sigma, T8787) for 

15 minutes. After 5 minutes PBS-Tween 0.1% (Sigma, P2287) washing, the cells/ islets 

were incubated for 1h at RT in blocking buffer made of 5% normal goat serum (NGS)  

(Sigma, G9023)/ PBS-Tween 0.1% (Sigma, P2287).Primary antibody incubation was 

performed overnight at 4°C in antibodies diluted to the optimal concentration (for 

details see Table 16) in blocking buffer. The following day after 3X5 minutes washes in 

5% NGS (Sigma, G9023)/ PBS-Tween 0.1% (Sigma, P2287) the cells/islets were incubated 

in the secondary antibody flour conjugated for 1h at RT. The cells were then washed 2X 
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5 minutes in NGS/ PBS-Tween 0.1% (Sigma, P2287), and incubated in Hoechst (Sigma, 

B2261) used in concentration 1:10000 in PBS for staining of nuclei. After 15 minutes of 

incubation, the cells were washed one more time in PBS and then mounted on the slides 

with Fluoro-save (Calbiochem, 345789). Once the slides were dried, images were 

acquired using the Leica microscope Axio Observer Z1, or Leica confocal microscope LSM 

880 with Airyscan. 

 Immunohistochemistry 

2.17.1 Haematoxylin & Eosin 

The histological staining for haematoxylin and eosin (H&E) was performed on 3µm 

sections of mouse tissue formalin-fixed, paraffin-embedded (FFPE), previously fixed in 

10% of neutral buffered formalin (NBF) buffer for 24h straight after tissue collection. 

The tissue rehydration was performed through repetitive incubation in an alcohols 

gradient as follows: 

o 5 minutes in 100% Xylene 

o 5 minutes in 100% Xylene 

o 5 minutes in 100% Xylene 

o 5 minutes in 100% Ethanol 

o 5 minutes in 100% Ethanol 

o 5 minutes in 80% Ethanol 

o 5 minutes in 70% Ethanol 

The ethanol was completely removed through several washes in deionised water. The 

sections were then incubated for 5 minutes in haematoxylin, washed for 5 minutes in 

water and then incubated for 5 minutes in Eosin for counterstain. The slides were then 

dehydrated in the same sequence of alcohol gradients used for the rehydration but in 

the inverted order. At the end, the slides were mounted with mounting media for 

histology (Sigma, 44581) for prolonged preservation. The slides were scanned with 

NanoZoomer-XR Digital slide scanner C12000 and the staining were analysed by using 

the NDP software. The NDP software was also for endocrine area quantification because 

it allows to draw a line around the islet and calculate immediately the area. The majority 

of the HE staining were performed by the UCL Cancer Institute IHC facility. 
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2.17.2 DAB-Immuno-histochemistry (IHC) 

¢ƘŜ ƛƳƳǳƴƻƘƛǎǘƻƭƻƎƛŎŀƭ ǎǘŀƛƴƛƴƎ ŦƻǊ оΣо-Diaminobenzidine (DAB) was performed on 

3µm sections of mouse tissue embedded in paraffin (FFPE), previously fixed in 10% of 

neutral buffered formalin (NBF) buffer for 24h straight after tissue collection. The tissue 

rehydration was performed through repetitive incubation in a alcohols gradient as 

following: 

o 5 minutes in 100% Xylene 

o 5 minutes in 100% Xylene 

o 5 minutes in 100% Xylene 

o 5 minutes in 100% Ethanol 

o 5 minutes in 100% Ethanol 

o 5 minutes in 80% Ethanol 

o 5 minutes in 70% Ethanol 

The ethanol was completely removed through several washes in deionised water. In 

order to perform antigen unmasking, the retrieval module was run overnight in the 

retriever machine (Emsdiasum, 62706 Retriever 2100), with citric buffer (Sigma, C1909), 

1M of at pH 6.00. The following morning the slides were washed in deionised water and 

the tissue was circumscribed with a pap pen to form a hydrophobic barrier. The staining 

was then performed with the Novolink Polymer detection kit (Leica, RE7290-K) based on 

non-biotin polymeric-HRP antibody conjugates. Briefly the slides were first incubated 

for 10 minutes in the peroxidase block for blocking endogenous peroxidase reaction, 

then washed twice for 5 minutes in PBS-Tween 0.5%. After washing steps, the slides 

were incubated in protein block for 30 minutes, followed by two washes in PBS-Tween 

0.5% as previously described. Primary antibody incubation was performed for 1h at RT, 

followed by two washes in PBS-Tween 0.5%. After these washes the secondary (post-

primary kit solution) antibody incubation was performed at RT for 30 minutes. After PBS 

washes, the polymer solution incubation was performed for an additional 30 minutes 

followed by two washes in PBS-Tween 0.5%. The slides were then ready to be incubated 

in DAB chromogenic solution for the appropriate time, usually one minute. The excess 

of DAB was removed by washing with running tap water. Hematoxylin incubation for 5 

minutes was used to counterstain. After the nuclear staining, the slides are rehydrated 
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through several incubations in gradient alcohols in inverted order, starting from the 70% 

Ethanol. The mounting media for histology (Sigma, 44581) is used for long-term storage 

of the stained tissue. A list of the Antibody used is summarised in  Table 16. The staining 

of pancreatic marker was quantified by counting the hormone expressing cells per each 

islet compared to the total number of islet cells using the Photoshop counting tool. Elena 

Miranda from the IHC facility performed manual staining of insulin, glucagon, 

somatostatin and MafA of 1.5- and 12-16-months old mice.  

2.17.3  Staining Quantifications 

Quantification of MafA protein expression was performed using Intensity quantification 

with Image J. The RGB colour image was converted to a 16-bit grayscale image, then the 

threshold was set to identify the area of interest. If the image has a high background, 

this can be reduced by removing for example pixels with intensity lower than cell 

intensity (i.e.=2). After removing the background, the picture is converted to black a 

white with pixel intensity from 0 to 255. The intensity was then analysed by setting the 

measurement for area and mean intensity relative to the threshold. The results were 

saved and export in Excel. 

Here following the action steps to perform for Image J quantification of IF pictures: 

1) 1)Image -> Option -> Conversion -> Scale when converting 

2) Image -> Type -> 16-bit (The picture become greyscale) 

3) Image -> Duplicate  

4) Adjust -> Threshold (Red colour was used for setting the threshold, record the 

setting for all the control and Knock-out samples for a given experiment) 

5) Process -> Subtract background 

6) Adjust -> Threshold -> Apply 

7) Process -> Binary -> watershed (This option is useful to separate nuclei attached 

to each other, but the software will not recognise 100% of the nuclei attached) 

8) Analyse -> Set measurement (Select all the desired options, mean intensity, area, 

standard deviation etc. and limit to the threshold option) 

9) Analyse -> Analise particles -> Thick outlines (This will generate a circle with a 

number on each nucleus and a table with correspondent results which can be 

exported on Excel). 
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For IF picture the mean intensity per nucleus of stained cells was calculated (i.e. MafA 

positive nuclei) while for IHC the average intensity of stained cells. 

For IHC quantification, a similar procedure is followed: 

1) Image Type -> 8-bit (The picture become greyscale) 

2) Image -> Duplicate  

3) Adjust -> Threshold (Red colour was used for setting the threshold, record the 

setting for all the control and Knock-out samples for a given experiment) 

4) Adjust -> Threshold -> Apply 

5) 8) Analyse -> Set measurement (Select all the desired options, mean intensity, 

area, standard deviation etc. and limit to the threshold option) 

6) 9) Analyse -> Analise particles -> Thick outlines (This will generate a circle with a 

number on each nucleus and a table with correspondent results which can be 

exported on Excel). 

 Methods for genomic analysis 

2.18.1 RNA-sequencing 

eYFP-expressing beta cells from Ctl and DKO mice were FACS-sorted in the green channel 

to isolate a pure population of beta-cells which was used for RNA extraction and 

sequencing. The Cancer Institute sorting facility performed FACS-sorting on the samples. 

2.18.1.1 Bioanalyzer 

The Bioanalyzer was used to verify RNA integrity for the samples to use for RNA-

sequencing. The RNA from sorted beta cells is within the range of 5-10 ng/ml, hence the 

Agilent RNA 6000 Pico kit was used. The RNA is first denatured by incubation at 70C for 

2 minutes to minimise secondary structures. Before preparing a Chip, the reagents were 

left to equilibrate to room temperature for 30 minutes and a new chip was placed on 

the priming station. 9 µl of the gel-dye mix are loaded at the bottom of the gel dedicated 

well (G). Then the plunger placed in the RNA position at 1 mL is closed onto the chip 

priming station. After 30 seconds of incubation, the plunger was released slowly to the 

1 mL position. 9 µl of RNA conditioning solution were then loaded onto the dedicated 

well (CS). 5 µl of the RNA marker were loaded in the ladder dedicated well (with ladder 

symbol) and in each of the 11 sample wells. 1 µl of diluted Pico ladder was loaded onto 
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the ladder dedicated well. 1 µl of each sample was then pipetted in one of the 11 sample 

wells. The chip is then vortexed on the IKA vortex mixer for a minute and it is ready to 

be run on the Agilent Bioanalyzer 2100.  

2.18.1.2 Library preparation and sequencing 

The RNA samples library prep and sequencing were outsourced to the sequencing 

facility of DZNE in Bonn. The library was prepared using polyA pull down and RNA-

Sequencing System V2 kit (NuGen) followed by 75bp single-end sequencing. 

2.18.2 Methods for DNA methylation analysis 

The DNA methylation analysis was performed on samples previously prepared in Prof. 

/ƘǊƛǎǎƛŜ ¢ƘƛǊƭǿŜƭƭΩǎ ƭŀōƻǊŀǘƻǊȅ ǳǎƛƴƎ ǘhe Illumina Infinium HumanMethylation450 

BeadChip. I analysed the 450BeadChip array data using the ChAMP2 pipeline (Tian et al., 

2017). Different samples weǊŜ ŀƴŀƭȅǎŜŘ ƛƴ ƎǊƻǳǇǎ ƻŦ ǘǿƻ άǇŀƛǊǿƛǎŜ ŎƻƳǇŀǊƛǎƻƴǎέ ƛΦŜΦ 

Control islet samples versus ATRX/DAXX loss samples. ChAMP2 was used to load the idat 

files, perform BMIQ normalisation of type1 and type2 probes, calling DMPs and DMRs 

and produce the corresponding graphs.  

The pipeline details can be found at 

https://bioconductor.org/packages/release/bioc/vignettes/ChAMP/inst/doc/ChAMP.h

tml 

2.18.2.1 Pathway analysis 

The identification of molecular pathways interaction was performed using the web 

WEB-based GEne SeT AnaLysis Toolkit on http://www.webgestalt.org/. More 

specifically, misregulated genes identified with RNA-sequencing or DNA methylation 

analysis were loaded on the platform and pathways were identified using the biological 

process or pathway identification using the KEGG database. 
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  Antibodies and oligos tables 

Information of oligos sequences for RT-PCR, and antibodies source and dilution are in 

Table 15 and Table 16. 

Table 15 RT-PCR oligos specific for mus musculus: 

Target FW Oligo RV Oligo Origin 

Daxx GATGACTATAGGCCAGGCGT TCGTCTCTTCTGTCTCTCGC Salomoni lab. 

-̡Actin AGCCATGTACGTAGCCATCC GCTGTGGTGGTGAAGCTGTA (Feng et al., 

2017) 

Insulin-1 CTGGTGGGCATCCAGTAACC CAAAAGCCTGGGTGGGTTTG This work 

Insulin-2 CTCTCTACCTGGTGTGTGGG TGGGTAGTGGTGGGTCTAGT This work 

Pro-Gln GCTTATAATGCTGGTGCAAG TTCATCTCATCAGGGTCCTC (Petersen et al., 

2018) 

Somatostatin GGCTGCCACCGGGAAACAGG AGCTTTGCGTTCCCGGGGTG (Petersen et al., 

2018) 

MafA GAGGAGGTCATCCGACTGAAA GCACTTCTCGCTCTCCAGAAT (Ediger et al., 

2014) 

Pdx1 GAAATCCACCAAAGCTCACG CGGGTTCCGCTGTGTAAG (Papizan et al., 

2011) 

Arx TTCCAGAAGACGCACTACCC TCTGTCAGGTCCAGCCTCAT (Papizan et al., 

2011) 

Men-1 TTCTTTGAAGTGGCCAATGA TCATAAAATCGCAGCAGGTG (Feng et al., 

2017) 

FoxA2 ATCCGCCACTCTCTCTCCTT  CAGTGCCAGTTGCTTCTCAC (Petersen et al., 

2018) 

Mnx-1 AAGCGTTTTGAGGTGGCTAC CCATTTCATTCGGCGGTTCT (Ediger et al., 

2014) 

Ngn3 GAGGCTCAGCTATCCACTGC GAGGCGCCATCCTAGTTCTC This work 

Pten GGACCAGAGACAAAAAGGGAG CAGTGCCACGGGTCTGTAAT This work 

Meg3 CTGTGCACCTCTACCTCCTG TAGGGCACTGGTTCAAGGTT (Kameswaran 

et al., 2018) 
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Table 16 Antibodies 

Antibody anti: Company Cat. Num. Species Dilution Application 

Insulin SCBT 8033 mouse 1:200 IF, IHC 

Insulin SCBT 9168 Rabbit 1:200 IF, IHC 

Glucagon Boster MA1047 Mouse 1:100 IF, IHC 

Glucagon Cell Marque 259R-14 Rabbit 1:300 IF, IHC 

Somatostatin GeneTex GTX71935 Mouse 1:100 IF, IHC 

Somatostatin Bio-Rad 8330-0009 Rat 1:300 IF, IHC 

DAXX SCBT 7152 Rabbit 1:100/1:1000 IF, WB 

ATRX SCBT 15404 Rabbit 1:100/1:1000 IF, WB 

PTEN CST 9552S Rabbit 1:200/1:1000 IF, WB 

PTEN DAKO M3627 Mouse 1:100 IHC/IF 

MafA CST 79737 Rabbit 1:1000  IHC/IF/WB 

Pdx1 Abcam 47383 Goat 1:1000 IF 

Ki67 Abcam 16667 Rabbit 1:200 IF, IHC 

H3.3 Millipore 09-838 Rabbit 1:100 IF, IHC 

H3 Millipore 06-755 Rabbit  1:1000 IF, IHC 

H3 K27me3 Millipore 07-449 Rabbit 1:100 IF, IHC 

P-S6K CST 2215S Rabbit 1:1000 WB 

TOT-S6K CST 2317S Mouse 1:500 WB 

P-4EBP1 CST 2855S Rabbit 1:1000 WB 

TOT-4EBP1 CST 9644S Rabbit 1:1000 WB 

eYFP CST 2956S Rabbit 1:100 IHC, IF 

Cre CST 15036S Rabbit 1:100 IHC 

-̡Actin Sigma A5441 mouse 1:10,000 WB 

P-62(SQSTM1) SCBT 48402 mouse 1:1000 WB 

Alexa-Fluoro  

-h488 

Life 

Technology 

A11008 Goat-anti 

rabbit 

1:500 IF/2nd  

Alexa-Fluoro  

-h555 

Life 

Technology 

A31570 Donkey-

anti 

mouse 

1:500 IF/2nd 

Alexa-Fluoro  

-h647 

Life 

Technology 

A31571  Donkey-

anti 

mouse 

1:500 IF/2nd 

Alexa-Fluoro  

-h555 

Life 

Technology 

A21424 Donkey-

anti rat 

1:500 IF/2nd 
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Secondary 

anti-mouse 

Thermo 

Fisher 

35518 Goat anti-

mouse 

1:5000 WB/2nd 

Secondary 

anti-rabbit 

Thermo 

Fisher 

35571 Goat anti-

rabbit 

1:5000 WB/2nd 
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Chapter 3  
 Novel approaches to model PanNETs 

  



102 
 

 Novel approaches towards the generation of a new model to study 

PanNETs 

In order to establish a model of sporadic PanNETs, it is desirable to introduce genetic 

mutations occurring in epigenetic and metabolic regulatory proteins besides Menin, 

found mutated in both familial and sporadic PanNETs. Despite multiple attempts to 

model PanNETs in mouse, the most used line uses a RIP driver often combined with a  

Men1 conditional allele to make RIP-Men1 KO transgenic line (1.14.1). The phenotype 

observed in most of the cases is functional insulinomas or glucagonomas rather than 

non-functional PanNETs, although MEN1 mutations have been reported to occur in non-

familial PanNETs, in a subset or more aggressive and metastasised tumours (Jiao et al., 

2011). Recent discoveries of ATRX and DAXX chromatin remodeller mutations occurring 

in 43% of sporadic PanNETs raises the question that they may act as tumour suppressor 

genes, together with the well-known Menin driver (Jiao et al., 2011). 

Nevertheless, the role of chromatin remodellers in the endocrine pancreas has not been 

properly explored. Here, both in vivo and in vitro approaches were tested to establish a 

new model of PanNET. Based on the observation that loss of DAXX leads to the poorest 

outcome in PanNET patients (Marinoni et al., 2014; Pipinikas et al., 2015), the focus was 

mainly on DAXX as major regulatory protein in PanNET and as a chaperone talking to 

histones and DNA (Goldberg et al., 2010). 
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 Results 

3.2.1 Establishment of the Ins1-Cre/Daxx floxed line  

The Insulin-Cre (Ins1-Cre) constitutive line generated in Bernard ThorensΩ laboratory 

(Thorens et al., 2015) was crossed to the DAXX conditional line available in Prof. 

{ŀƭƻƳƻƴƛΩǎ ƭŀōƻǊŀǘƻǊȅ to generate the novel Ins1-Cre/Daxx KO mouse line. Ins-1 

expression around embryonic day 13-14 (e13-14) leads to Cre mediated flox 

recombination and excision of the Daxx gene body with loss of DAXX protein expression 

in vivo. Ins-1 is constrained to beta-cells representing about 5% of the entire pancreas; 

hence, genomic DNA extraction from a pancreas biopsy reveals the presence of the 

DAXX recombined allele (Daxx ɲ)  specifically in the pancreas (Figure 31a). To evaluate 

the recombination efficiency genomic DNA was extracted from mouse islets. Specific 

PCR primers for both the floxed and ɲ Daxx after excision of the gene body confirmed 

60% recombination in islets (Figure 31b). Loss of DAXX was then confirmed by looking 

at DAXX transcript with qRT-PCR and DAXX protein with IF and WB from isolated islets 

(Figure 31). The expression of Cre and its specificity was also verified using Cre specific 

staining of FFPE tissue or IF on isolated islets at early and late time points of 1.5 and 12 

months, respectively (Figure 31d-e). As Ins1-Cre line is constitutive,  Cre is continuously 

active in pancreatic beta-cells  (Figure 31e). 
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Figure 31. Assessing the efficiency of DAXX loss in the Ins1Cre-Daxx KO line   

(a) PCR for the Daxx recombined allele (ɲ Daxx) which displays amplification only in the pancreas (n=1 

mouse, age 1 month). (b) PCR for Ins1-Cre or WT-Cre in a Ctl and DKO mouse (left panel); PCR for WT, 

floxed or ɲ Daxx displaying 60% of genomic recombination in the DKO sample (middle panel); PCR for ɲ 

Daxx which was positive only in the DKO mouse (right panel). (c) qRT-PCR in a Ctl and DKO mouse 

confirming 60% of DAXX down-regulation in DKO islets (n=3 mice per genotype, age 4 months, P= 0.0003, 

{ǘǳŘŜƴǘΩǎ ǘ-test); (d) IF (n=1 mouse per genotype, age 4 months) and (e) WB for DAXX in a Ctl and DKO 

mouse (n=1 mouse per genotype, age 2 months) from isolated islets showing loss of DAXX in the DKO 

mouse. (f) IHC of Cre in a Ctl and DKO mouse (n=1 mouse per genotype, age 1.5 months); (g) IF of Cre in a 

Ctl and DKO mouse confirming that Cre  is confined to the islets nuclei and stable over time (n=1 mouse 

per genotype, age 12 months). 

Histological characterisation of Daxx KO phenotype (described in chapter 4) was carried 

out in the novel Ins1-Cre/Daxx KO line and further characterised with the inducible Rosa-

CreERT2/Daxx floxed line which causes whole-body KO of DAXX after tamoxifen 

treatment. The Rosa-CreERT2/Daxx KO line has previously been used in SalomoniΩǎ 
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laboratory, where it was proven that DAXX recombination was efficient. DAXX was 

efficiently downregulated in pancreatic islets too (Figure 32). 

 

Figure 32. DAXX downregulation in the Rosa-CreERT2 line 

qRT-PCR in Ctl and DKO mice showing down-regulation of DAXX transcript in the Rosa-Cre-ERT2/Daxx KO 

line, (n=3 mice per genotype, PҐ лΦпфуΣ {ǘǳŘŜƴǘΩǎ ǘ-test). 

3.2.2 Establishment of the Ins1-Cre/Daxx/Pten/eYFP floxed line 

Loss of DAXX alone in the pancreatic islets is not sufficient to drive cell transformation 

and PanNET development as further discussed in chapter 4, therefore PTEN loss was 

also introduced to the system with the aim of promoting a tumour permissive 

environment. The line was then optimised with the introduction of the Rosa-eYFP allele 

to follow the expression of Cre with the fluorescent tag. 

3.2.3 PTEN expression in the double Daxx/Pten KO mouse line 

The Pten conditional line was generated in 2002 (Lesche et al., 2002) to promote mTOR 

activation, through downregulation of the tumour suppressor Phosphatase and Tensin 

Homolog (PTEN). The line can be used to modulate PTEN expression in homozygous or 

hemizygosis for complete or partial loss of PTEN expression. Examples of different levels 

of PTEN downregulation are shown in Figure 33. 
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Figure 33. Assessing loss of PTEN in pancreatic islets 

(a) IF of PTEN and GFP in a Ctl and double KO mouse displaying PTEN loss in the double KO mouse (n=1 

mouse per genotype, age 3.5 months), (b) qRT-PCR of PTEN in Ctl and Ptenɲɲ/Daxxwtɲ double KO mice, 

displaying > 90% transcript reduction (n=2 mice per genotype, age 4 months). (c) qRT-PCR of PTEN in Ctl 

and Ptenwtɲ PKO mouse displaying 50% of transcript reduction (n=1 mouse per genotype, age 4 months), 

and (d) WB of PTEN in  Ctl and Ptenwtɲ PKO mouse displaying 50% of PTEN loss (n=1 mouse, age= 8 

months). 
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3.2.4 Breeding difficulties and limitation in generating quadruple 

transgenic mice 

 

 The generation of the double Daxx/Pten KO has been challenging for three main 

reasons:  

1) Ins-1 and Pten genes in the mouse genome are on the same chromosome, at less 

than 50 cM of distance. The vicinity of Ins-1 and Pten does not allow the alleles 

to segregate independently during meiosis; 

Insulin-1 location= Chromosome 19: 52,264,297-52,265,476 forward strand 

Pten location= Chromosome 19: 32,757,497-32,826,160 forward strand. 

2) The females carrying the Cre allele in combination with the conditional allele for 

DAXX and PTEN tend to die during pregnancy, (Table 17); 

3) Double DAXX and PTEN mutant are less frequent than predicted showing that 

they are not well tolerated (Table 19). 

An example of quadruple transgenic breeding where Cre expression is only on the male 

was chosen to avoid pregnancy complication linked to DAXX/PTEN loss of expression in 

the female (Table 18). In this case, Cre was always in heterozygosis in the offspring, 

therefore it was possible to calculate the frequencies of predicted genotype, without 

reduced recombination efficiency due to Pten and Ins1 recombination. Nevertheless, 

the offspring harbours a much lower number of double KO than expected (Table 19), 

indicating that the combination of double Daxx-Pten KO is sublethal. A total of 20 double 

KO mice omo- or hemizygous for Daxx/Pten were obtained and analysed during the last 

year, the double KO phenotype will be introduced in chapters 4 and 5.  

Example of genotyping results in Figure 34, details of genotyping offspring analysed in 

Table 20. 

  

https://www.ensembl.org/Mus_musculus/Location/View?db=core;g=ENSMUSG00000035804;r=19:52264297-52265476;t=ENSMUST00000039652


108 
 

 

Table 17 Breeding example of Ins1-Cre+ females 

DOB Genotype Breeding End date and reason 
03-04-18 Ins1-Cre+/Daxx ff/Ptenwt f/eYFPwt wt 06-07-18 Culled for sickness 

22/07/18 
09-04-18 Ins1-Cre+/Daxxwt f/Ptenff/eYFPwt f 

 
06-07-18 Culled for breathing 

problems 20/07/2018 
 

Table 18 Breeding example of WT-Cre female 

Sex Genotype 
Male Ins1-Cre+/+ Daxx f/wt  Pten f/wt eYFP f/wt  

Female Ins-1Crewt/wt Daxx f/f  PTEN f/wt  eYFP f/f  
 

Table 19 Mendelian ratio in double Daxx-Pten KO breedings 

Mendelian ratio Expected (%) Observed (%) 

Daxxɲɲ Pten ɲɲ eYFPwtɲ /eYFP ɲɲ 12.5 0 

Daxxwtɲ Pten wtɲ eYFPwtɲ /eYFP ɲɲ 12.5 0 

Daxxɲɲ Ptenwt ɲ eYFPwtɲ /eYFP ɲɲ 25 13.8 

Daxxɲɲ Ptenwtwt eYFPwtɲ /eYFP ɲɲ 12.5 27.6 

DaxxwtɲPtenwtɲ eYFPwtɲ 12.5 17.2 

DaxxwtɲPtenwtɲ eYFP ɲɲ 12.5 13.8 

Daxxwtɲ Pten wtwt eYFPwtɲ /eYFP ɲɲ 12.5 27.6 
 

Figure 34. Genotyping example 

 

PCR for amplifying Rosa-eYFP allele, flox and WT Pten, flox and WT Daxx, Ins1-Cre and WT-Cre. 
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Table 20 Detailed frequency of genotype observed 

Number Sex Genotype 

1 F Daxxɲɲ Ptenwtwt eYFPwtɲ 

2 F DaxxwtɲPtenwtɲ eYFPwtɲ 

3 F DaxxwtɲPtenwtɲ eYFPwtɲ 

4 F DaxxwtɲPtenwtɲ eYFPwtɲ 

5 F Daxxɲɲ Ptenwtwt eYFP ɲɲ  

6 M DaxxwtɲPtenwtɲ eYFP ɲɲ 

7 M Daxxɲɲ Ptenwtwt eYFPwtɲ 

8 F Daxxwtɲ Ptenwtwt eYFP ɲɲ 

9 F DaxxwtɲPtenwtɲ eYFP ɲɲ 

10 F DaxxwtɲPtenwtɲ eYFPwtɲ 

11 F Daxxɲɲ Ptenwtwt eYFP ɲɲ 

12 F Daxxɲɲ Ptenwtwt eYFP ɲɲ 

13 F DaxxwtɲPtenwtɲ eYFPwtɲ 

14 M*  Daxxɲɲ Pten wtɲ eYFP ɲɲ 

15 M Daxxwtɲ Ptenwtwt eYFP wtɲ 

16 M Daxxɲɲ Ptenwtwt eYFPwtɲ 

17 F DaxxwtɲPtenwtɲ eYFP ɲɲ 

18 F Daxxɲɲ Ptenwtwt eYFPwtɲ 

19 F Daxxɲɲ Ptenwtɲ eYFPwtɲ  

20 F Daxxwtɲ Ptenwtwt eYFP wtɲ 

21 F DaxxwtɲPtenwtɲ eYFP ɲɲ 

22 M Daxxwtɲ Ptenwtwt eYFP wtɲ 

23 M Daxxwtɲ Ptenwtwt eYFP ɲɲ 

24 F Daxxwtɲ Ptenwtwt eYFP wtɲ 

25 F Daxxwtɲ Ptenwtwt eYFP wtɲ 

26 F Daxxwtɲ Ptenwtwt eYFP wtɲ 

27 M Daxxɲɲ Ptenwtwt eYFPwtɲ 

28 M Daxxɲɲ Ptenwtɲ eYFPwtɲ 

29 M Daxxɲɲ Ptenwtɲ eYFPwtɲ 

  
M*= mouse found dead after genotyping 

 

 

 

  



110 
 

 Setting up the PanNETs model in vitro 

3.3.1 Establishment of iPSC lines harbouring loss of DAXX 

While setting up the mouse models an in vitro approach was also followed to generate 

a stable Daxx KO iPSC line which can be then transformed into any cell layer. In vitro 

models of PanNET are scarce and the physiology of endocrine cells in vitro is 

substantially different from what is observed in vivo (1.14.2). Studies on iPSC technology 

promise to faithfully reproduce beta-cell development and functionality (Pagliuca et al., 

2014; Rezania et al., 2014), therefore this approach was chosen. A CRISPR-Cas9 system 

was adopted and validated first in HEK293T cells before proceeding with iPSC to verify 

that the guides would work in a cell line that was easy to maintain and manipulate 

before passing to the iPSC which are more challenging to transfect and expensive to 

keep in culture. 

3.3.2 Validation of the CRISPR-Cas 9 system for DAXX KO in HEK293T and 

iPSC. 

The CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 technology 

was adopted for knocking out DAXX in iPSC. The system is based on DNA double-strand 

breaks induced by the Cas9 nuclease, which recognises specific genomic sequences, 

targeted with guide RNA. The guide RNA is a sequence of 20-25 nucleotides presenting 

homology for a region on the genome preceding the proto-spacer adjacent motif (PAM) 

ǎŜǉǳŜƴŎŜ όр-NGG-о ύ, which is recognised by Cas9, which cleaves the DNA 

approximately 3 bases upstream the PAM sequence (Cong et al., 2013).  The DNA breaks 

can either induce insertions or deletion mutations (indels) via the error-prone non-

homologous end-joining (NHEJ) repair pathway or to a lesser extent activate the 

homology-directed repair (HDR) pathway with generation of precise, defined 

modifications at a specific locus in the presence of an exogenously introduced repair 

template (Figure 35) (Hsu, Lander, & Zhang, 2014; Ran et al., 2013). 
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Figure 35. CRISPR technology  

Two different pathways activated by Cas9- induced DNA double-stranded breaks are presented: the NHEJ 

pathway, with consequent indel mutations, and the HDR, which produces precise gene editing (Hsu, 

Lander, and Zhang 2014 ). 

In the present study, two different strategies have been adopted, one based on the 

induction of HDR and the second on the NHEJ pathway. The former system, designed by 

our collaborator Steve Pollard, is based on the use of four different vectors: one for each 

guide RNA, one for the nuclease and one hosting the donor vector, which present 

homology for the targeted region between exons 2 and 7 of DAXX and the puromycin 

cassette (see section 2.2.1 of chapter 2 for details). 

This system was first validated in HEK293T cells using the Fu-Gene reagent HEK293T cells 

were grown in 10 cm dishes, with the 4 different vectors (1 vector for each guide, Cas9 

vector and donor vector) followed by puromycin selection. During the selection, 

conspicuous cell death was observed with consequent growth of newly transformed 

clones in all the conditions except the one transfected only with the Cas9 vector. After 

one week of puromycin selection, the genomic DNA was collected from each condition 

plus WT untreated HEK293T. A schematic of DAXX locus before and after transfection is 

displayed in (Figure 36a). 

The efficiency of the CRISPR-Cas9 system was evaluated with a PCR approach, designing 

primers across the DAXX insertion locus, to make sure the cassette would be specifically 

targeted (Figure 36b). In order to verify that the puromycin cassette is really inserted in 

the HEK293T genome in the different conditions that generated positive clones, primers 

ōŜǘǿŜŜƴ ǘƘŜ рΩI! ŀƴŘ ǘƘŜ 9-1alpha promoter were designed (Figure 36c). The PCR 

amplification gave a positive result for all the clones except the WT (Figure 36c). Next, it 
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was shown that the insertion of the cassette took place in the right genomic locus only 

in the samples transfected with the correct RNA guides. Primers annealing outside exon 

2 and inside the E1-alpha promoter were used to show insertion of ǘƘŜ рΩ ƘƻƳƻƭƻƎȅ ŀǊƳ 

(Figure 36e). Primers annealing inside the SV40 probe site and inside exon 7 were used 

to show insertion of ǘƘŜ оΩ ƘƻƳƻƭƻƎȅ ŀǊƳ όFigure 36f). The results confirm that the entire 

cassette was inserted uniquely in the samples carrying the main and alternative guides. 

The region between the two-homology arm was also amplified (Figure 36d). The variety 

of bands obtained reflects the fact that the analysis is performed on mixed clones, in 

which the Cas9 nucleases generated different indel.  

The disruption of the DAXX locus between exons 2 and 7 was further confirmed by 

downregulation of DAXX transcript and lower level of DAXX protein measured by 

immunofluorescence and WB (Figure 37).  The immunofluorescence results highlight 

DAXX-depleted nuclei in main guide (main g) and alternative guide (alt g) samples, 

(Figure 37a). 
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Figure 36. CRISPR-Cas9 design and genomic confirmation of DAXX gene disruption  

(a) DAXX locus before and after genomic manipulation with full or partial cassette insertion. (b) Oligo 

designed to verify CRISPR-Cas9 modification, M=Marker, Main g= main guides, Alt g= alternative guides, 

No g = no guide used, Ntg= non-targeting-guide, WT=WT DAXX, NC= negative control. (c) PCR to verify 

unspecific insertion of the cassette; (d) PCR to verify full insertion of CRISPR-Cas9 cassette targeted to the 

DAXX genomic locus (expected band of 3150 bp); (e) PCR to verify amply 5Ω ƘƻƳƻƭƻƎȅ ŀǊƳΣ ǿƛǘƘ ŜȄǇŜŎǘed 

band of 2200 bp only in Main g and Alt g samples; (f) PCR to verify amplify оΩ ƘƻƳƻƭƻƎȅ ŀǊƳΣ ǿƛǘƘ ŜȄǇŜŎǘŜŘ 

band of 1490 bp only in Main g and Alt g samples.  
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Figure 37. Assessing loss of DAXX expression in HEK293T.  

(a) IF of DAXX in HEK293T transfected as following: Ntg= non-targeting-guide; No g= Cas9 and donor vector 

without guides, Main g= main guides + donor vector + Cas9; Alt g= alternative guides + donor vector + 

Cas9. Loss of DAXX expression is observed in Main g and Alt g samples. (b) WB of transfected samples plus 

WT HEK293T, two different antibodies for DAXX were tested, in both cases downregulation of DAXX is 

efficiently achieved in main g, alt g and partially in the No g samples, indicating that the use of targeting 

vector without guides can still lead to disruption of DAXX locus. (c) WB quantification showing 85% protein 

downregulation in alt g and 95 % in sample main g; (d) RT-PCR further confirmed that the samples main g 

and alt g carry efficient downregulation of DAXX transcript. 
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3.3.3 Nucleofection of iPSC to deliver the CRISPR-Cas9 system for DAXX KO   

The CRISPR-Cas9 strategy based on HDR induction was applied to iPSC. Differently, from 

the HEK293T cell line, iPS cells are difficult to transfect and the only suitable method for 

transgene delivery is electroporation. In this study nucleofection, a novel version of the 

electroporation approach was used, which creates little pores in the nuclei of the cells. 

The nucleofection was performed on 4 different combinations: main guides, alternative 

guides, non-targeting guide, and Cas9 only as negative control. An estimation of 

transfection efficiency was evaluated by staining cells for Cas9, giving about 5% 

efficiency after 48 hours of transfection (Figure 38). 

 

Figure 38. Nucleofection efficiency in iPSC 

Nucleofected iPSC are those expressing Cas9. The Yellow arrow indicates a transfected cell where DAXX 

is efficiently knocked out. 

The puromycin selection was started 48h after transfection. Cell death was observed 

soon after selection and followed by slow growth of the transformed clones. 3 colonies 

per condition survived the selection and were expanded. An analysis of DAXX expression 

by immunofluorescence revealed that DAXX KO was not achieved in any of the clones 

selected per condition (Figure 39a). This negative result can be explained by the low 

chance of transfecting four vectors to a single cell. 

In order to obtain KO of DAXX in iPSC another approach consisting of the use of an shRNA 

vector backbone containing Cas9 and a single guide was used.  This system is based on 

the activation of NHEJ and indel modification (2.2.1). The system used is the lenti- 

CRISPR-V2 generated in Zhang laboratory (Sanjana et al., 2014) previously tested in GBM 

cell lines in David MichodΩǎ laboratory and applied to the iPSC directly. After virus 

titration, the iPSC were infected with the lentiviruses and selected with puromycin for 4 

days. The colonies surviving the selection were manually picked and expanded. Once 

the colonies recovered, the expression of DAXX was evaluated in the first instance by 

immunofluorescence, (Figure 39b). The downregulation of DAXX seemed not to be 
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lethal for iPSC, however the colonies selected were heterogeneous for DAXX expression 

(Figure 39b). The downregulation of DAXX was also validated by WB on two clones, C5 

and C14 generated using gDAXX1 guide RNA, (Figure 39b-c). g-DAXX1 clones harbour 65-

70% of DAXX downregulation compared to the expression of gGFP, a sample transfected 

with a viral CRISPR/Cas9 system including a guide against GFP, used as a positive control 

(Figure 39c). The proof that the CRISPR-Cas9 system is working and the Cas9 is editing 

the genome is shown by the surveyor assay on two clones of gDAXX1, (Figure 39d). The 

surveyor nucleases recognise and cleaves mismatches due to the presence of single 

nucleotide polymorphisms (SNPs) or small insertions or deletions. Therefore, the smear 

present on the gel in the clones of gDAXX1 C5 and C14 indicates that the Cas9 is editing 

the genome (Figure 39d).  
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Figure 39. Knocking-out DAXX using the CRISPR/Cas9 system in iPSC. 

(a) IF of DAXX in iPSC transfected with the donor vector system, main g = main guides + Cas9 + donor 

vector; alt g= alternative guides + Cas9 + donor vector, Ntg= non-targeting-guide + Cas9 + donor vector. 

(b) IF  and (c) WB of DAXX in iPSC transfected with the shRNA+CRISPR/Cas9 system (selected DAXX KO 

clones shown: g1-c5 in IF and WB and g1-c14 in WB); (d) Surveyor assay confirming genome editing in g1-

c5 and g1-c14. 
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 Discussion 

PanNET is a rare kind of neoplasm, although presenting a malignant potential to 

metastasize, they can grow for decades without giving particular symptoms (T. R. 

Halfdanarson et al., 2008; J. C. Yao et al., 2008). The slow-growing nature of the tumours 

has made it difficult over the years to establish a model suitable for laboratory research. 

Besides, the best-described model is RT2 where PanNET is provoked by Rat Insulin II 

promoter driver expression of the SV40 Large T antigen. This resembles an aggressive 

tumour, while endocrinologists and researchers still lack an intermediate stage model 

of PanNET (Hanahan, 1985). 

Here, I reported the attempt to model PanNET by introducing mutations in the H3.3 

loading pathway reported to be mutated in human PanNETs less than a decade ago (Jiao 

et al., 2011). It is known that loss of DAXX is associated with the shortest life expectancy 

in PanNET patients, however, its role in the pancreatic microenvironment has not been 

properly investigated. Therefore, we decided to focus on the chromatin remodeller 

DAXX, which directly interacts with histones H3 and H4 and is therefore expected to 

have more regulatory functions than ATRX, which is mainly a DNA helicase (Gibbons et 

al., 1997; Xue et al., 2003). During the first year of the project, two different approaches 

were followed, one in vitro, based on the use of genetically engineered iPSC lines which 

can be differentiated into pancreatic beta-cells, and an in vivo model based on the use 

of the Ins1-Cre driver to direct loss of DAXX in pancreatic beta cells. 

3.4.1  Generation of the Insulin1-Cre/Daxx KO double Daxx/Pten KO line. 

A classical approach based on Cre-LoxP technology was adopted to generate mice 

harbouring KO of DAXX in pancreatic islets. Amongst pancreatic-specific Cre lines 

available, Rip-Cre, Pdx1-Cre and Ngn3-Cre show off-target recombination, due to specific 

promoter activity in other tissues, especially in brain regions such as the hypothalamus 

(Song, Xu, Hu, Choi, & Tong, 2010) while Insulin-1 based Cre lines did not show 

detectable recombination in the brain and were therefore suggested as a better 

alternative for pancreatic studies (Oropeza et al., 2015). The choice of the Insulin-1 as 

the driver for Cre transgene expression was chosen because of specificity for beta-cells 

with no visible recombination in the brain (Thorens et al., 2015).  
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Other Cre lines, include the human Growth Hormone (hGH) minigene as a component 

of the transgene construct to reinforce Cre expression, such as the Pdx1-CreLate line 

together with several Cre lines based on the Insulin-1 or RIP, display impaired glucose 

metabolism (Brouwers et al., 2014). .ŜǊƴŀǊŘ ¢ƘƻǊŜƴǎΩ ƎǊƻǳǇ ǿƘƻ ƎŜƴŜǊŀǘŜŘ ǘƘŜ Ins1-

Cre line used in this work did not report the inclusion of hHG fragment in their transgenic 

vector (Thorens et al., 2015).  

I was happy to proceed with the Ins1Cre-Daxx KO model after confirmation of cell-line 

specificity and efficient DAXX downregulation to 60/70% of that found in pancreatic 

islets. About 60 % of genomic recombination is satisfactory considering that beta-cells 

represent 60-70% of islets cell composition. The line chosen has constitutive expression 

of Cre to address questions for a potential role of DAXX in beta-cell maturation and 

development. 

Next, I sought to reinforce the tumour driving potential adding a second hit to the 

Ins1Cre-Daxx KO line, after verifying that DAXX loss does not lead to neoplastic 

transformation around 12-15 months.  

 mTOR mutations occur in about 14-15% of sporadic PanNETs, the most frequent are 

associated with loss of tumour suppressors proteins TSC2 and PTEN (Jiao et al., 2011; 

Scarpa et al., 2017). Furthermore, down-regulation of PTEN and TSC2 is documented in 

PanNET tumours without mutations of the corresponding genes (Missiaglia et al., 2010).  

A recent study looking at glioblastoma oncogenesis observed a physical interaction 

between DAXX and PTEN (Benitez et al., 2017). PTEN is supposed to control H3.3 

deposition through inhibition of DAXX interaction (Benitez et al., 2017). In the same 

study, Daxx mutations in combination with loss of PTEN expression were associated with 

increased survival time in tumour xenografts (Benitez et al., 2017).  

 I decided to introduce PTEN loss to the system using the line developed in Hong WuΩǎ 

lab in 2002 leading to complete loss of protein function (Lesche et al., 2002) because 

PTEN is known to potentiate PanNETs aggressiveness and to interact with DAXX. 

Previous reports seeking to assess the role of PTEN in the endocrine pancreas did not 

detect the development of PanNETs upon PTEN loss in beta-cells (Nguyen et al., 2006; 

Stiles et al., 2006a).  Therefore, in case of PanNET formation, tumour development might 

be due to the synergistic effect of both DAXX and PTEN loss rather than PTEN loss alone. 

PTEN partial or total down-regulation according to the hetero/homozygous condition 

used in the islets was observed in the Ins1-Cre/Pten KO line, consistent with previous 
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studies using the same PTEN conditional line, (Figure 33) (Nguyen et al., 2006; Stiles et 

al., 2006a). When crossing Ins1-Cre+ mice to hetero/homozygous DAXX and PTEN 

conditional lines, I noticed lower double knockout frequency than expected (Table 19 

and Table 20). Since Pten and Ins-1 genes are on the same chromosome less than 50 cM 

apart, the recombination frequency between the two genes is reduced. I further noticed 

that females carrying both Pten and Daxx conditional alleles in addition to Cre 

expression tended to die during pregnancy (Table 17) and the frequency of the double 

KO was lower than expected when using a breeding combination where Pten or Ins-1 

are forced to be heterozygous in the offspring (Table 19).  

This observation indicates that a combination of DAXX and PTEN loss during 

embryogenesis gives a potential sub-lethal phenotype. The reasons could be found in 

the role of DAXX as a pro-apoptotic factor (P. Salomoni & Khelifi, 2006), which combined 

with loss of PTEN, which is also known to inhibit cell migration and promote apoptosis, 

could potentiate islets apoptosis causing mouse death. 

Development of diabetes associated with pregnancy could be responsible for the loss of 

pregnant females, given that both DAXX and PTEN loss negatively affects glucose 

homeostasis, as further discussed in chapters 4 and 5. Unfortunately, the association 

between DAXX and metabolism became clear after the first double KO breeding 

attempts and the autopsy was not performed on the females lost during pregnancy. 

Hence, it is not possible to know the real reason for mouse death. 

3.4.2 Comments about the generation of DAXX KO iPSC lines 

Pancreatic beta-cells are unique for their ability to produce insulin in response to glucose 

and for being naturally slow dividing, given the growth rate (estimated with a 

mathematical model) of 0.5% in the adult rodent pancreas (Bonner-Weir, 2000; 

Finegood, Scaglia, & Bonner-Weir, 1995). Such slow replication rates combined with the 

ability to produce and secrete insulin have made the development of a cell line suitable 

for laboratory research and presenting all the glucose-related functionality of beta-cells 

difficult over the years. Most of the cell lines used in research are in fact derived from 

insulinomas such as the MIN6 line described in section 1.14.2 or derived from human 

cell manipulation such as the EndoC-ʲIм ŎŜƭƭ ƭƛƴŜ (Ravassard et al., 2011). This line 

derives from human fetal cells transduced with SV40LT, engrafted in mouse for 
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insulinoma induction, transduced with hTERT and re-engrafted in the mouse before 

obtaining the EndoC-ʲIм ŎŜƭƭ ƭƛƴŜ. Due to the lack of an ideal cell-model for pancreatic 

beta-cells, I thought to use iPSC technology for KO of DAXX and for following the 

transformation of transgenic cells to the endoderm layer and pancreatic-beta cell fate. 

At the beginning of the project in 2015, there were already a few pioneer protocols for 

iPS-derived beta-cells claiming the generation of functional beta-cells expressing specific 

endocrine markers and producing insulin to a level comparable to human beta-cells in 

vitro after 20-25 days of differentiation (Pagliuca et al., 2014; Rezania et al., 2014). 

Two different CRISPR-Cas9 approaches were tested, one based on the use of a donor 

vector to induce HDR and the other based on the use of a single RNA guide to induce 

NHEJ recombination. The former system based on the HDR mechanism was first 

validated in HEK293T where it was found to be very efficient, leading to loss of more 

than 70% of DAXX protein measured with WB and IF (Figure 37). CRISPR based on the 

HDR induction is the cleaner and most precise modification of the genome, with 

transient expression of Cas9 nuclease and reduced off-target effects. Nevertheless, this 

system resulted in very low efficiency when applied to iPS cells, for which the probability 

of introducing four vectors in one cell is quite low, due to low transfection efficiency 

(Figure 38). Although cells were positively selected for puromycin, none of the selected 

clones displayed KO of DAXX (Figure 39a).  A second system was then adopted for iPSC 

manipulation, based on the use of a viral construct expressing the CRISPR-Cas9 cassette. 

The system had already been validated in GBM cell lines in a collaboratorΩǎ laboratory 

and was directly applied to iPSC. After viral infection and puromycin selection, different 

colonies were manually picked and tested for DAXX down-regulation. Two clones (C5 

and C14) displayed downregulation of DAXX tested by WB and efficient genome editing 

tested by the Cas9 surveyor assay (Figure 39d).  
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 Conclusions 

The iPSC work was performed in parallel with the mouse line breeding during the first 

year of research and generation of DAXX KO iPSC lines coincided with validation of DAXX 

recombination in the Ins1-Cre/Daxx KO mouse line. Since it was proven that the mouse 

model harbours efficient KO of the Daxx gene and corresponding lack of protein in the 

islets, it was decided to focus on the in vivo work given the higher power of research 

based on mouse modelling, which is still one of the best tools to study human disease. 

The characterisation of both Daxx and Pten/Daxx KO mouse lines introduced here is 

examined in the following chapters. 
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Chapter 4 
 Histochemical-phenotyping of Daxx and 

Daxx/Pten double KO mice 
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 Characterisation of mouse lines 

PanNETs are a highly heterogeneous kind of neoplasm with low background mutations 

and low proliferation index, usually between 2 and 20% for G1 and G2 neoplasms. 

Histologically they are also quite variable, and the morphology does not always correlate 

with grading (Reid et al., 2014). This study sought to identify some of the PanNET 

hallmarks which could arise in Daxx and/or Daxx/Pten KO beta-cells by assessing 

hormone production and islets cell size and appearance over time. The progression from 

normal islets to islet hyperplasia/dysplasia and PanNET development has been well 

described in the RT2 model (Hanahan, 1985; P. Olson et al., 2009); therefore, it was 

possible to identify whether degenerative changes were recapitulated in ageing Daxx 

and Daxx/Pten KO mice. 
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 Results 

The phenotype of Daxx KO and double Daxx/Pten KO mice was carried out with IHC/IF 

and HE analysis of FFPE slide taken at different time points. The pathologist Prof. Marco 

Novelli performed histological characterisation of the DAXX and DAXX/PTEN loss 

phenotype. Samples used for immunophenotyping are summarised in Table 21. 

Table 21. Samples used for histology 

Sample Weight 

g. 

Glucose 

mmol/l  

Genotype Notes 

6w-A 18.1 6.5 Ins1Cre+/ eYFPff   

6w-B 19.9 7 Ins1Cre+/ eYFPff   

6w-C 17 6.3 Ins1Cre+/ eYFPff   

6w-D 23.8 9 Ins1Cre+/ Daxxff/ eYFPff   

6w-E 18.6 6.5 Ins1Cre+/ Daxxff/ eYFPff   

6w-F 18.8 9.3 Ins1Cre+/ Daxxff/ eYFPwtf   

3m-PKO na 9.7 Ins1Cre+/ Ptenff/ eYFPwtf   

3m-2KO (Dhet) na 12.5 Ins1Cre+/Daxxwtf/ Ptenff/ eYFPwtf   

3m-Ctl  na 9 Ins1Cre+/ eYFPwtf   

8m-Ctl-A 50 9.7 Ins1Cre+/ eYFPwtf   

8m-Ctl-B 47 7.6 Ins1Cre+/ eYFPwtf   

8m-2KO-A na na Ins1Cre+/ Daxxff / Ptenff / eYFPwtf body lumps/ 

inflammation 

8m-2KO-B 48 6.9 Ins1Cre+/ Daxxff / Ptenff / eYFPwtf   

8m-PKO 34.7 7.8 Ins1Cre+/ Ptenff/ eYFPwtf  

12m-Ctl-A 48 6.9 Ins1Cre+/ eYFPwtf   

12m-Ctl-B 51.7 10.2 Ins1Cre+/ eYFPwtf   

12m-Ctl-C 50.7 10.2 Ins1Cre+/ eYFPwtf   

12m-Ctl-D 50.7 10.2 Ins1Cre+/ eYFPwtf   

14m-DKO-A 30.4 9.3 Ins1Cre+/ Daxxff/ eYFPwtf  Weight loss 

14m-DKO-B 20 8.6 Ins1Cre+/ Daxxff/ eYFPwtf Severe weight loss 

13m-DKO-C 44 9.4 Ins1Cre+/ Daxxff/ eYFPwtf   

16m-DKO-D 33.7 7.5 Ins1Cre+/ Daxxff/ eYFPwtf  Weight loss 

12m-2KO-A(Dhet) 47 10.2 Ins1Cre+/ Daxxwtf/  Ptenff / eYFPwtf   

12m-2KO-B(Dhet) 42.8 7 Ins1Cre+/ Daxxwtf/  Ptenff / eYFPwtf   

12m-2KO-C(Dhet) 46 9.1 Ins1Cre+/ Daxxwtf/ Ptenff / eYFPwtf   

11m-2KO-D(Dhet) 40 5.9 Ins1Cre+/ Daxxwtf/ Ptenff / eYFPwtf body lumps/ 

severe inflammation 

18m-CtlA 53 6.6 Daxxff  

18m-DKOA 38 8.2 Ins1Cre+/ Daxxff  
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4.2.1 Islets morphology and hormone quantification in the Ins1-Cre/Daxx 

KO line 

Islets size was measured across different samples taking slides cut at 100 nm of distance 

for young mice (2 months or younger) and 150 µm for older or aged mice. 2 or 3 slides 

per mice were used for quantification. The endocrine area was calculated using the NDP 

software for histology. Hormone quantification was performed at later time points of 

12-16 months and at least 7-10 islets per sample were quantified by counting the 

number of positive cells expressing insulin, glucagon or somatostatin per islet. Image J 

or Photoshop was used for cell counting. 

The effect of DAXX loss was first assessed at an early time point of 6 weeks and in aged 

mice of 12 to 16 months for the Ins1-Cre/Daxx KO line. For the early time point, 3 slides 

for each of the 3 controls (Ctl) and Daxx KO (DKO) mice (Table 21) were used to measure 

islet area. At 1.5 months the average and total islet size in Ctl and DKO mice were 

evaluated by grouping the islets in small (< 5000 µm2ύΣ ƳŜŘƛǳƳ όҖ рллл ŀƴŘ ғмлллл 

µm2), and large όҖ млллл ҡƳ2). Daxx KO mice display a significant increase in large islets 

average size and total endocrine area (Figure 40a). This value can be biased by the 

pancreas sampling area since the islets are more abundant in the tail. To avoid this, the 

pancreas was minced in pieces before embedding to avoid the sampling issue. The 

production of insulin, glucagon and somatostatin, the more abundant pancreatic 

hormones, was at similar levels in controls and DKO samples at early time point (Figure 

40b). 
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Figure 40. Assessing DAXX phenotype at early time points of 1.5 months 

(a) Average islets size (left) and total endocrine area (right) at 6 weeks in 3 In1-Cre+ controls (Ctl) and 3 

Daxx KO (DKO) mice. Large islets in DKO mice display significantly increased average (two-way ANOVA, 

P=0.0005, Sidak post-test), and total endocrine area (two-way ANOVA, P=0.0003, Sidak post-test). (b) IHC 

of insulin, glucagon, and somatostatin from 3 Ctl and 3 DKO at 6 weeks. Similar staining pattern for insulin 

at the middle of the islets, glucagon around islets edges and somatostatin mainly in one islet side.  
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Next, the islet area at late time points of 12-16 months was analysed. A tendency 

towards reduced endocrine area was observed in DKO samples compared with Ctl, an 

inverted trend with respect to early time point. In adult mice aged 8 months or older the 

average and total islet size in Ctl and DKO mice were evaluated by grouping the islets in 

small (< 10000 µm2), medium (Җ млллл ŀƴŘ ғолллл ҡƳ2ύΣ ŀƴŘ ƭŀǊƎŜ όҖ олллл ҡƳ2). Daxx 

KO mice display a significant decrease in large islets average size but not in the total 

endocrine area (Figure 41a). Nevertheless, large islets Gaussian distribution identifies a 

curve shifted towards left (Ctl mean=50436, DKO mean=43951), and a much smaller 

AUC of DKO mice (180000 µm2) compared with the AUC of Ctl mice (350000 µm2) (Figure 

41b) therefore suggesting overall islets size reduction. 

Three slides per sample were used for islet size quantification at later time points. One 

issue of late-stage quantification is the tendency towards hyperglycaemia of the Ins1-

Cre line by itself (as further explained in Chapter 5) whereby some Ctl samples may 

display islet size reduction (as observed in DKO sample CtlA). 

Hormone production was quantified only at later time points on the observation that 

DKO samples seen at the microscope, seemed to have reduced insulin content in some 

of the islets (representative images of Ctl-A and DKO-A in Figure 42a). Hormone 

quantification considering 4 Ctl and 4 DKO does not highlight significant differences 

between groups (Figure 42b). The insulin content Gaussian distribution of DKO mice is 

shifted towards left (Ctl mean=77.3 DKO mean=70.7) indicating an overall insulin 

reduction (Figure 42c). Some DKO samples (DKO-B, andC) harbour indeed an increased 

number of islets with reduced insulin content (Figure 42d). 
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Figure 41. Analysis of islets appearance at late time points 

(a) Average islets size (left) and total endocrine area (right) at 6 weeks in 4 In1-Cre+ controls (Ctl) and 4 

Daxx KO (DKO) mice. Large islets in DKO mice display significantly decreased average (two-way ANOVA, 

P=0.0125 Sidak post-test), but not total endocrine area. (b) Gaussian distribution of small, medium and 

large islets. Ctl and DKO Gaussian almost overlaps in small islets (Ctl mean=4765, DKO mean=4544) (left), 

DKO Gaussian is shifted towards right compared to Ctl in medium islets (Ctl mean=15733, DKO 

mean=16771) (middle), DKO Gaussian is shifted towards left compared to Ctl in large islets (right) (Ctl 

mean=50436, DKO mean=43951) (right) hence highlighting large-islets reduced size.  
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Figure 42. Assessing hormone production in Daxx KO mice at late time points 

(a) IF of insulin, glucagon and somatostatin in one Ins1-Cre+ control (12m-Ctl-A) and one Daxx KO mouse 

(14m-DKO-B) (a). (b) IF hormone quantification in four controls (12 m-Ctl A-D) and four Daxx KO mice 

(14m-DKO-A and B; 12m DKO C and D) (the Student t-test on the mean of Ctl and DKO was ns). (c)  

Gaussian distribution of insulin in Ctl and DKO mice. In large islets, DKO Gaussian is shifted towards left 

compared with Ctl (Ctl mean=77.3 DKO mean=70.7) highlighting reduced insulin. (d) Insulin content per 

islets in Ctl and DKO mice. DKO B and C harbour more islets with reduced insulin content compared with 

Ctl mice. 
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4.2.2 Islets morphology and size in the Rosa-CreERT2/Daxx floxed line 

Islets morphology was also estimated in Rosa-CreERT2 mice collected at 6 months, mainly 

used to validate Daxx KO phenotype (Chapter 5, samples details are in Table 22). Rosa-

CreERT2 /Daxx KO mice display global reduction of endocrine area (Figure 43). 

 

Figure 43. Islets area quantification in Rosa-CreERT2 mice 

(a) Rosa-CreERT2 Ctl and Rosa-CreERT2/Daxx KO islets average size and (b) total endocrine area, (n=3 Ctl mice 

and n=4 DKO mice, age= 6 months). Islets area was measured from 2 HE slides per sample. The total 

endocrine area is significantly decreased in DKO compared with Ctl mice (Student t-test = 0.0169).  
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4.2.3 Islet morphology in the double Daxx/Pten KO line 

Islet morphology was evaluated in double Daxx/Pten KO mice at early time points of 3.5 

months and late time points of 8 and 12 months. Due to breeding difficulties, some of 

the double KO mice are heterozygous for DAXX and fully KO for PTEN; full double KO 

mice were only analysed at 8 months of age.  

At 3.5 months islet size was measured in one mouse per genotype: one control, one Pten 

KO (PKO) and one double Daxx/Pten KO with Daxx in heterozygosis (2KO-Dǿǘɲ), sample 

details in Table 21.  Loss of PTEN in the pancreas leads to a significant increase in large 

islets average (Figure 44a). 2KO-Dǿǘɲ mice harboured two islets 30% larger in size than 

the largest found in the PKO mouse (Figure 44b). Due to the lack of replicates, the total 

endocrine area was not calculated. Representative HE images of increased islets area 

are shown in Figure 44c. 

 

Figure 44. Assessing the phenotype of double KO mice at 3.5 months 

(a) Average and (b) individual islets size in Ins1-Cre+ control (Ctl), Pten KO (PKO) and double KO mouse 

(2KO-Dǿǘɲ) (n=1 mouse per genotype, age= 3.5 months). PKO and 2KO-Dǿǘɲ display a significant increase 

in large islets average compared to Ctl average (ordinary one-way ANOVA, P=0.0218). (c) HE sections in 

Ctl, PKO and 2KO-Dǿǘɲ. Pten KO results in islets hyperplasia in both PKO and 2KO-Dǿǘɲ. 
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At the 8 months time point one PKO, two Ctl and two full double KO (2KO) mice were 

used for quantification (sample details in Table 21). Three slides per samples were used 

for islet area estimation.  

The islets average size was comparable between Ctl, PKO and 2KO mice (Figure 45a), 

although double KO and PKO mice still displayed few islets much bigger than Ctl (Figure 

45c). The total endocrine area was similar between Ctl and 2KO mice, potentially 

increased in the PKO mouse, however, the lack of replicates does not allow to 

verification of this increase (Figure 45b). 

The islets Gaussian distribution shows that PKO and 2KO-A mice displayed some islets 

of 200,000 µm2, double the size of the average islets of controls (Figure 45c).  

The cohort of mice available at 8 months was too small for statistical quantification of 

pancreatic hormone production, nevertheless, staining patterns were evaluated across 

the different genotypes. The double KO mouse 2KO-A has abnormal glucagon expression 

in medium/big islets, compared with Ctl and PKO controls (Figure 45d). 
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Figure 45. Assessing the phenotype of double KO mice at 8 months 

(Description on the next page) 
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(a) Average and (b) total islets size in Ins1-Cre+ control (Ctl), Pten KO (PKO) and double KO mice (2KO), 

(n=2 mice for Ctl and 2KO, n=1 mouse for PKO). (c) Gaussian distribution of islets size in Ctl and DKO mice, 

(small islets mean= 4268 Ctl, 5055 PKO, 4744 2KO; medium islets mean= 17113 Ctl, 18274 PKO, 18065 

2KO, large islets mean= 57177 Ctl, 73766 PKO, 55026 2KO). (d) IHC of insulin, glucagon, and somatostatin 

from Ctl-A, PKO and 2KO-A mice. Some large islets in the 2KO A mouse displayed an increased number of 

glucagon and somatostatin expressing cells compared with controls.  

At later time points of 11-12 months, the four double KO samples analysed were all 

heterozygous for DAXX. The total endocrine area was considerably increased in double 

KO mice (Figure 46a). The Gaussian distribution of islets separated by size shows islets 

larger than 100000 µm2 only in double KO mice (Figure 46b); however, the average islet 

size is not significant when compared with control (Figure 46a). 

 

Figure 46. Assessing the phenotype od double KO mice at late time points. 

(a) Average and total islets size in Ins1-Cre+ control (Ctl) and double KO mice (2KO- Dǿǘɲ), (n=4 mice per 

genotype).The total area per islet is considerably increased in 2KO mice (two-way ANOVA,  P=0.0117, 

Sidak post-test). (b) Gaussian distribution of small, medium and large islets, (small islets mean=4765 Ctl, 

4736 2KO, medium islets mean= 15733 Ctl, 17200 2KO- Dǿǘɲ, and large islets mean= 50436 Ctl, 71927 2KO- 

Dǿǘɲ). Large islets mean is increased in 2KO- Dǿǘɲ further confirming increased islets size in 2KO- Dǿǘɲ 

compared to Ctl. 
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In 11-12 months old mice, a similar pattern of hormone expressing cells is observed for 

insulin and somatostatin across the different genotypes, Glucagon, however, had a 

different pattern and was diminished in all the 2KO-Dǿǘɲ samples and, in particular, 2KO-

B and D harbour some islets with few or no stained cells (Figure 47). 

 

Figure 47. Representative IHC of glucagon at late time points. 

Images of glucagon IHC from 11-12 months-old mice. Two Ins1-Cre+ controls (Ctl-C and D) were compared 

with 4 double KO (2KO- Dǿǘɲ -A, B, C and D) mice. A trend to lower glucagon staining is observed in 2KO-

Dǿǘɲ samples, in particular, 2KO- Dǿǘɲ B and D mice harboured some islets with few or no positive cells. 

  



137 
 

4.2.4 Double KO mice can develop system inflammation 

Two mice out of the 20 double KOΩǎ analysed were culled due to development of whole-

body inflammation, with pus bulb formation (Figure 48). One of the mice was 8m-2KO 

A culled at 8 months (Figure 48c)  and the other was 11m PKO- Dǿǘɲ D culled at 11 months 

(Figure 48d). Enlarged spleen (Figure 48c-d), inflamed liver (Figure 48d) and 

inflammatory cells infiltrating in the pancreas (Figure 48d.2), all signs of systemic 

inflammation were underlined. 

Pancreatic islets were more vascularised (Figure 48 c.1,d.1), and the pancreas harboured 

fat vacuoles (Figure 48d.1). Of note, both mice with inflammation were female breeders, 

but they never gave birth to any pup and were not pregnant when culled. 

The development of PanNETs was not found in the mice, even in the mice which 

developed acute inflammation. HE from controls samples at 8 months (Figure 48 a and 

b) highlight big round-shaped islets in 8m Ctl A, bigger in the PKP mouse than the control 

8m Ctl A (Figure 48 a-b)  

One of the 12 months controls 12m-Ctl D (Figure 48e)  display focal fat replacement, a 

symptom of pancreas degeneration, possibly due to a combination of ageing and Ins1-

Cre expression (Figure 48e). This feature was not found in the other controls at 12 

months. 

One of the double Daxx ǿǘɲ -Ptenɲɲ  mice (2KO- Dǿǘɲ -B) displayed some PanNET hallmarks 

such has abundant fat replacement in the pancreas and islet hyperplasia; of note one 

islet was almost 1 mm in diameter on the longest side (Figure 48 f.2).  
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Figure 48. Analysis of mice with systemic inflammation and PanNETs histological markers 

(a) Low-power HE of an 8 months control mouse (Ctl-A) (a) and (a.1-2) high power HE of big rounded islets. 

(b) Low power HE from a Pten KO (PKO) at 8 months with detail of some rounded islets; (b. 2) one islet is 

566 µm in diameter. (c) Low-power HE of the double KO mouse at 8 months with inflammation (2KO-A) 

showing enlarged spleen and high-power images showing (c.1) a vascularised islet and (c.2) a mouse 

picture with blue arrowhead indicating a body lump. (continues next page). 
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(d) Low-power HE from the double KO mouse at 11 months with inflammation (2KO-Dǿǘɲ-D), (d.1) high 

power magnification on vascularised islets, black arrowhead indicating blood vessel and fat vacuoles, (d.2) 

inflamed areas of the pancreas, (d.3)pus bulb formed in the endocrine area. (e) Low-power HE of a 12 

months control mouse (Ctl-D) (e.1) and high power HE focused on a big rounded islet and fat vacuoles 

(black arrowhead). (f) Low-power HE of a 12 months control mouse (2KO-Dǿǘɲ-B) and (f.1) high power HE 

focused on extensive fat replacement and (f.2) hyperplastic islets of 976 µm on the longest side and 

224,172 and 370 µm on the smaller sides. 
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4.2.5 Synergistic DAXX/PTEN loss can lead to cell-fate reprogramming 

The eYFP reporter for Cre expression in our system allows Ins1Cre+ beta-cells to be 

traced over time. This is crucial to understand if cell-fate reprogramming, a well-

documented mechanism of diabetes and PanNET, is also arising in our system.  

Double staining of glucagon and eYFP identified glucagon cells originally defined as Ins1-

Cre+ beta-cells which underwent cell-fate reprogramming to then become alpha-cells. 

This mechanism was followed at 3.5 and 8 months in Daxx/Pten KO mice and at 1 year 

in controls and Daxx KO mice.  

At 3.5 months, some trans-differentiated cells were observed in Pten KO samples, more 

frequently in the double KO (3.5m 2KO-Dǿǘɲ) and never in the controls (Figure 49). 

 At the later time points of 8 months, co-localisation of eYFP and glucagon was 

performed in 8m-Ctl-A, 8m-PKO and 8m-2KO-A (one of the mice with inflammation). 

Low power images highlight a diverse eYFP staining pattern mainly within the centre of 

the islets, with glucagon mainly localised at islets edge in both 8m-Ctl-A and 8m-PKO 

compared with the 2KO sample where the cells were more spaced, eYFP positive cells 

were less conspicuous, and the glucagon is more abundant (Figure 50). Furthermore, 

more glucagon/eYFP colocalised cells were found in the 2KO-A (Figure 50c). At the 8 

ƳƻƴǘƘǎΩ ǘƛƳŜ point, some colocalised cells were visible also in control samples (Ctl and 

PKO) (Figure 50a-b), nevertheless, a minimum of 4 colocalised cells per islet were visible 

in the 2KO-A (Figure 50c), compared to a maximum of 4 in the Ctl A and PKO. 

Colocalisation was confirmed with 63X magnification, where glucagon expressing cells 

were found to overlap with the nucleus and eYFP (Figure 51). 

At late time points of 12-14, months were one control (Ctl-A) and two Daxx KO mice 

(DKO-A and B) were assayed for colocalisation. Low power images of eYFP and glucagon 

highlight a distinct staining pattern for eYFP in DKO samples, where the stained cells 

appear more disorganised than Ctl (Figure 52). One big islet from the Ctl-A displays three 

cells colocalised in a large islet,  whereas DKO-A and B display colocalization in both small 

and big islets (Figure 52a). High power images confirm colocalization in Ctl-A and DKO-

A and B (Figure 52b). 
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Figure 49. Cell-fate reprogramming at 3.5 months in double KO mice 

(a) Low power IF of glucagon and eYFP in control (Ctl), Pten KO (PKO) and double KO (2KO-Dǿǘɲ) mice, (n=1 

mouse per genotype, age=3.5 months). White arrowheads indicate cells expressing glucagon and eYFP. 

(b) High power images of dashed lines areas in (a).  Double stained cells were not observed in Ctl, PKO 

displayed some colocalised cells which were more frequent in the 2KO sample (b).  


























































































































































































