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Abstract

Progressive agdependent replacement of canonical H3.1/2 with H3.3 in pugbtic

cells is a crucial mechanism for maintaining genome integrity.higtene 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 ke

been recently identified as a subgroup of pancreatic neuroendocrine tumours (PanNETS)
with an alpha celkignature, leading to poor prognosis and more aggressive phenotype
comparedto the ATRX/DAXX and MENvildtype counterpart. This study introduces a

new model of DAXX inactivation in pancreatic be¢dls to characterise the role of DAXX

in pancreatic development/homeostasis since PanNETs harbouring loss of DAXX are
associated Wwh the shortest survival amongst mutants. Loss of DAXX in the endocrine
pancreas, using the InsulikCre driver, alters glucose metabolism due to reducedbeta
cells fitness; nevertheless, it was not sufficient to drive tumour formation. To generate

a tumaur permissive environment, PTEN loss was also added to the Hi€li@¥/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 PahliTarks such
ascellfate reprogramming and inflammation. Overall this study suggests that alteration

of pancreatic homeostasis and inflammation precede/predispose to neoplastic

transformation.



Researchmpact statement

Pancreatic neuroendocrine tumours (PanNETS) arsd¢isend 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 nignisms 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 chaperonesdéginf 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 DX fin human
pancreatic islets. This study suggests that DAXX is essential for maintaining metabolic
functions in the pancreasand metabolic alterationtogether with inflammation
downstream loss of DAXX (or other remodellers) precede/predispose to PanNET
development. Tis study, therefore, supports the view thahallenging metabolic
conditions such as type 2 diabetes, together with inflammation, represenNBairisk
factors. This resulinay encourage me clinical researctowards theunderstandng of

how PanNETs may devplérom type 2 diabeteand 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 esantial for betacells maturation (MafA) which could be used to

identify predisposition to tumour development when lost.

Finally, ny supervisors and | are planning to publish these findings in aneeewed
journal so that cliniciamand epigenetis expats can learn about molecular findings
related to PanNETs and histone chaperones. | have already presented this study to the
neuroendocrine community at the last ENETs meetingMarch 2019, and to the

epigenetic community at the first\BBOHistone Chapenmee meetingin October 2019.



To My Beloved Parents
&
In Memory of My Grandmother



Contents

1

LItErature FEVIEW.....cvviiii e e et et e e e e et e e e e e amie s e e e e e e e e et aeeeeeees 18
1.1 What iS @PIgENELICS?....eei ittt et e e e e e 19
1.2 Epigenetic modification of DNA and histone proteins..........ccccovcvvveereiiiieee e 20

1.2.1 DNA methylation meChaniSm..........ccuuviiiiiiie e 20

1.2.2 DNA organisations and histone modificatian..............ccccccvvvreeeeee i, 21
1.3 Epigenetic regulation of the NEDAING ENOME........ccciiiiiiiiiiiiiiee e 23
1.4 Mechanistic events driving PanNETS pathOgenesis..........cccvveviiieeie i 24

1.4.1 H3.3 Histone variant and the concept of replacement...............ccovrvvivvcccceeennn, 24

1.4.2 Insights into ATRX/DAXX chromatin remodellers...........ccccoeviiiieeeiiiiiieii e 29

1.4.3 Insight into the chromatin remodeller Menin.............ccoveiiiiienieini e 31

1.4.4 Telomeres maintenance and ALT iN CANCEL........ccccuuuiiiiiiieeeeee e 33

1.4.5 Towards the understanding of the ALT mechanism.............cccoevvvvveviviiiiiiinenieenn. 36
1.5 Dissecting PAnNET tUMOIQENESIS .....eeiiiiiiiiiiiiiiiieie ettt nebneee e 37

1.5.1  Hallmarks of PANNETS.........uutiiiiiiiiii e 37
1.6 Clinicopathological aspects of PANNETS..........uuiiiiiiiee e 38

0200 R [ T o 1= o R 38

O ST X< (o] (o T |V A PO PP PPPRPPP 39

1.6.3  ClaSSIfICAIN. ...cciiiiiiiiiitt et a e e e 40

L1.6.4  PrOQNOSIS. .. .uteiteeiitiitie ittt ee e e e sttt e ettt e e e sk et e e e e sttt e e e e abbe e e e e s aabbeeeeeeaabbeeeeeanbeeeeeead 40

1.6.5 PAnNNETS trEAMENIS. .. ...ttt e e e e e e e e e e e e e e e e e eeeeeeeeeennannnnnns 41

1.6.6 RBk factors associated with NET and PanNET development...............ccccoevvvvvnnnns 42
1.7 Epigenetic dysregulation drives PanNET tumorigenesis...........occccvvveveeeeeeneeeeeeiinncnnnn 43

1.7.1 Loss of ATRX and DAXX is associated with ALT development in PanNETs......... 45

1.7.2 Chromosomal alteration in PanNETs mainly affects Menin, P53 and DAXX pathwiy/s

1.7.3  Expression profiling of PanNETSs revealslifferentiation and trandifferentiation of the

(o<1 o] o] T 11 S OO RPPR 50
1.7.4  Noncoding RNA IN PANNETS. .....coiiiiiiiiiiiiiiiee ettt 51
1.8 mTOR pathway upregulation potentiates PanNET aggressivVENessS........cccoevvvvveeeeeennne 52
1.9 Architecture, histology and cytology of PanNETs identify bgésreous kind of neoplasm...55
1.10 Inflammatory Signals in PANNETS.......cooiiiiiiiiiiee e 56
1.11 PANCIEAS.......ci it 57
1111 Pancreas deVelOPMENL . .........ii e 57
1.11.2 [ g [0 Tt T TN o F= U o (== TS 58



1.12  Transcription factors essential for pancreas development and glucose homeastasis59

1.12.1 Insight into the role of mature betaells TF MafA...........cccooiiiiieeeeee e, 60
1.13 ENdOCring Cell PIASTICITY.......coiureeieeiiiiii et 61
1.14 Current models Of PANNETS.......oooviiiiiccee e 62

1.14.1 Genetically engineered mouse models (GEMMS)........ccccooovviiiiiivinnineiieeeeeeiiennns 62

1.14.2 In vitromodels Of PANNETS.......cccoiiiiiiiiiiiiiie e eeee e 67
1.15 PrOJECE FAIONAIE. ......ciiiiiiiiii et e s e 68

1.15.1 OULSTANAING QUESHIONS......eiiiiiiiiiii ettt et e e e 69

1.152 HYPOINESES. ..o ettt e s srereeen e e e e e e s s sssnsnsnnnnsesenses L O

1.15.3 ODJECHIVES: ...ttt e e s e e s e s snnneeesenennes L O

Protocols adopted for biological investigatian.................ccoovvvviiiceeeeeiinnnnnnn. 72
2.1 Gl CUIUIE ..ttt e et e e e e e e e e e e s e bbb e e e e e e e aeaeaaeas 73
2.2 Generation of transgenic Cell INES..........coevviieeiiiiiiiiciiieeeee e L

2.2.1 CRISPRASO TeChNOIOGY........ccoiiiiieiiiie et e e 74

2.2.2 CRISPR/Cas9 verification protocol (SUrVeYOr @SSAY).......uuurrrrrrmrmiieireiereeeeaeaeneeeees 75

2.2.3  TraNSTECHON......ooeeieeee e e e e e e 76

2.2.4  NUCIEOFECHON.......eviiiiiiiiiiciei e e e e s e e e e e eeeeaesesesssensssnsnnd €

2.2.5  Transduction Of IPSC.......oiiiiiiiiii e aa e ]
b B ©1 o] o1 o o IR RPP T PUPPR 78
2.4 Lentiviral ProduGDN ..........oeiiiiiiiiie e nnreee e nreee e d D
2.5 LentiViral tIrAtiON. .. .ot e e e e e e e e e aae 80
2.6 Breeding Of MOUSE lINES.........uuiiiiiiiiie et a e e 81

2.6.1 N VIVO MOUSE EXPEIIMEINLS. ... .eiiiiiiiiiiieeiititeee e sttt e e e st e e e s sibbeeeeessbbeeeeesaabeeeaesaanes 83
2.7 1slets isolation @nd CUIUIE............uuiiiiiiiee e 84
2.8 ISIEtS SHMUIALION........ceeiiiiiiiet e e e e e e e e e e e e e e e e e e eeeaerararaen 85

2.8.1  BetaCell SOIING. .. ciiiiiutiiiieiiiiiiie ettt st e e st e e s e e e e s nees 86
2.9 RINA BXITACTION. .o ittt et et e e e e e e e et et e e e e e e e bbb s e e e e eaeeaeeaeaeaeeeens 86

2.9.1 Reverse transcription Of total RNA........cooiiiiiiei e 87
2.10 T L T (= = O S 88
2.11 GENOMIC DNA EXIrACHION. .. eeiiiiiee et ittt e e e e e e e e e e e e e e s e s s e e e eeeeaeeeeeas 89
2.12 (€11 01071 o] oo [T PP PP P PP PPTPPPPRUPPPRPI 89
2.13 Protein @XIr&LON. ........cco e 20
b V=1 (Y g = (o 11 T 91



2.15 IMMUNOPIECIPILATION. ...t e ettt e e e s e e e e e 91

2.16 [ g1 000 aTo) {18 o] £ o =T o o = J PSPPSR 92
2,17 IMMUNONISIOCNEMISIIY. ... .eeiiiiiiiiie et e e 93
2171 HaematoXylin & EOSIN.........cooiiiiiiiiiiiee et 93
2.17.2 DABImmunac-histochemistry (IHC).......ouuiiiiieeee e 94
2.17.3 Staining QUAaNIfICAtIONS ... ..cciiiii i 95
2.18 Methods for genomIiC @NAIYSIS........oouuiiieiiiiiiee e 96
2.18.1 AT =T 8= oo | o PR 96
2.18.2 Methods for DNA methylation analysSis.........ccccccoovviciiiiieiiiiieieee e 97
2.19 Antibodies and 0ligoSs tabIES........cooi i 98
Novel approaches to model PANNETS...........ccoviiiiiiiiiiiciiie e 101
3.1 Novel approaches towards the generation of a new model to study PanNETs............. 102
202 = 11 | P PEERPRR 103
3.2.1 Establishment of thénskCre/DaxXloxed liNe..........cccccovviiiiiiiiiiiiiiiiieeee e 103
3.2.2 Establishment of théns1}-Cre/Daxx/Pten/eYFRoxed line..........cccccceeieiiiiiiinniiinen, 105
3.2.3 PTEN expression in the douldexx/PtenKO mouse liN€........ccccccvvvviiiiiiivieieenenenn. 105
3.2.4 Breeding difficulties and limitation in generating quadruple transgenic mice........ 107
3.3 Setting up the PanNETS MOdel iN VILEO.........uuiiiiiiiiiiiiieee e 110
3.3.1 Establishment of iPSC lines harbouring 10Ss of DAXX.......coooieieiiiiiieeeiiiiieeeees 110
3.3.2 Validation of the CRISREas 9 system fADAXXKO in HEK293T and iPSC.............. 110
3.3.3 Nucleofection of iPSC to deliver the CRISRBO system fADAXXKQ........................ 115
3.4 DISCUSSION. ...ttt ettt et oo oo ettt ettt e e e e e e s e s aeb b bbb e et e et e e e e e e e e e e annbebreeeeeeas 118
3.4.1 Generation of thdnsulin2Crd DaxxKO doubleDaxx/PtenKO line............cccccevuvneeen. 118
3.4.2 Comments about the generation BIAXXKO iIPSC liN€S........ccoeeeeeeeeiiiiiiieeeei 120
3.5 CONCIUSIONS....ceiiiieii ittt e e e e e e e e ettt et e e e e e e e e e aa e s bbbt e e reeeaaaeeeeaaaan 122
Histochemicalphenotyping ofDaxxand Daxx/Ptendouble KO mice............ 123
4.1 Characterisation Of MOUSE lINES........cooiiiiiiiiiii s 124
4.2 RESUIES. ...ttt e e e e e e e et e e e e e e e e e e b e b e et e e aaaaaans 125
4.2.1 Islets morphology and hormone quantification in tls1Cre/DaxxO line............... 126
4.2.2 Islets morphology and size in tiRosaCréRDaxxfloxed line............ccccoeeeveeenneennne. 131
4.2.3 Islet morphology in the doublBaxx/PtenKO liNe...........coooiiiiiiiiiiiiiiiieiee i 132
4.2.4 Double KO mice can develspstem inflammation............cccoccveeeiinii e 137
4.2.5 Synergistic DAXX/PTEN loss can lead tdatelreprogramming...........ccccccvveeeeeennnnn. 140

4.2.6 Summary of the phenotype observed in the DAXX and DAXX/PTEN KQ.mice....145
8



B B B (Yo U =YY 0] o T 146
4.3.1 Loss of DAXX affeCtS ISIELS SIZE.....iiiiiveeeiii i 146

4.3.2 Concurrent loss of DAXX and PTEN expression promotes beta to alpha trans

differentiation and inflammatory State.............cooiuiiiiiiiiii e 147
4.3.3 Comments on PTEN effect onislet Size.........cccovviiiiiiiiiiiii e 147
4.3.4 Comments on trandlifferentiation betato-alpha cells............ccccovevveeeeeeiiniinnee, 147
4.3.5 Comments on the inflammation...............occo 149
B B o] o Tod (1= (o PRSP PPPPPRIN 150
5 Physiology oDaxxand Daxx/Ptendouble KO mice.........cccccceeveeiiiiiiiiinnennn. 151
5.1 BACKOIOUNG. ...ttt ettt e ettt e et e e e e sbb e e e e e nnbaeeeenas 152
5.2 RESUILS.....eeeeeeieee ettt e e e e e e e e e e e e e e e e e e e e e aaeaana 153
5.2.1 Monitoring glucose and weight changes over time...........ccccccoeeeeeeeeevveveveeeeeiiiiiens 153
5.2.2  Exploring pancreatic fUNCHON...........cuuiiiiiiiiee e 156
5.2.3 Glucose stimulation of iSIETA VItrO...........ooioiiiiiiiiiiieeee e 160

5.2.4 The expression of the mature betzll marker MafA is altered upon loss of DAXX.164

5.2.5 MafA expression in double KO MICE.........coicuuiiiiiiiiiiiiee e 169
5.2.6  MafA expression iIROSACTERTAMICE. ........cccveiiiieiecie e 171
5.2.7 Loss of DAXX does not alter H3, H3.3 nor H3K27me3 methylation markers........ 173
5.2.8 Loss of DAXX has a mild effect on mTOR activation.............ccccoevuveeeeinniieneenne 176
I A B ol U 1T o PP PO PRPPPPPPPRPN 178
5.3.1 Comments on the role of DAXX in maintaining pancreatic homeostasis.............. 178
5.3.2 Comments on the InsCre line basal phenotype..........cccccvvvviiiiiiiiie e, 178
5.3.3 Loss of DAXX affects glucose hOmMeOoSIaSIS........ccoivviiiiiiiniiiiieeieee e 179
5.3.4 Loss of DAXX or combinatory loss of DAXX and PTEN lead to reduced expfédafén
180

5.3.5 Loss of DAXX can potentially affect mTOR regulation but does not impact the H3.3
loading.181

L B O 0] (o1 U =0 ] 4 TN 182

6 Transcriptomic analysis ddaxxKO mice and DNA methylation of human

PaANNET . ... e 183
o2 A = T Tt (o | (o 10 o o PR P PP 184
6.2 RESUIS OF CHHEE B...cciviiiii ittt et e et e e e st aee e e e s s nbbeeee e 185

6.2.1 Transcriptomic analysis &faxxKO betacells.............cceeiiiiiiiiiiiiiieeee 185
6.2.2 DNA methylation analysis of ATRX/DAXX mutated human PanNETs................. 190
6.3 DiScUSSION Of Chapter.B.......cccuuiiiiiiiiiiie e r e e e e e e s e s rerneees 195



6.3.1  TranSCHPLOMIC FESUILS........uuiiiiiiiiee ittt et e e e e e eee e 195
6.32 DNA methylation analysiS...........cccouriiiriiiieere e ee e e 197
6.4  CONCIUSION CRAPLEI.B....ceiiiiiiiiiieiitiie et e e e e e e e 199
7 Thelnsl-Cre/DaxxPten KO line: a preumorigenic PanNET model............. 200
7.1 GlODAl dISCUSSIQN.......eiiiiiiiiiii e 201
7.1.1  Keyfindings and NOVEILY........ocuuiiiiiiiiiiii ettt 201
7.1.2 PanNETs are tumours caused bydiféerentiation of the cell of origin...................... 202
7.1.3 Why didDaxx KO microt develop PANNETS2........cccoveeriieeeeei e cciiiieireee e e 203
7.1.4 Is mTOR upregulation sufficient to drive PanNETSs formation?.............c.cccceeueeee. 203
7.1.5  MechaniSm PropoSal........cc.eeiiiiiiiiiiiiiiie e 204
7.1.6  Limitation Of the StUAY........ccoooe i e 205
T.1.7  FULUIE dIFECHIONS. .. .eeeeeiiiieiee sttt e e et e e e e 206
7.1.8 Translational apProacChi...........cooiiiiiiiiiieiie e 207
7.2 CONCIUSIONS......eeiiieiiiie ittt e e st e e s et e e e e s s n e e e e s anre e e e s sanrneeeennnnee 208

10



List of figures

Figure 1 Schematic design of cytosine conversion to metftgkine....................... 20
Figure 2 Schematic view of histone mediated control of gene expressian......... 22
Figure 3 H3.3. and its loading machinery throughout the gename..................... 26
Figure 4. DAXX regulates IEG transcription in neural.cells................ccciiinnnnl 27
Figure 5. ATRX/DAXX/H3.3 mediated maintenance of chromatin...................... 28
Figure 6. Two distinct DAZ3.3containingcomplexes found in mammalian cell 29
Figure 7. ATRX and DAXX protein structure and interaction surface................. 30
Figure 8. Model of Menin mediated tUMONQgENESIS...........ccvvveerriirieieeeieeee e 32
Figure 9. T00P fOrMAatiONS........coovviiiiiiiieeiiiee it 34
Figure 10. Proposed mechanism for ALT..........cocuiiiiiiiiiie e 36
Figure 11. Increasing incidence of NETs over other malignant neoplasms........ 38
Figure 12. Overall survival (OS) of patients with PanNETS...............cccccciennnnnnnnns 41
Figure 13. Frequency of mutatiomsPanNETS...........cccccceeieiiiiiiiiiiieeeeeeeeee 44
Figure 14. FISH of PanNETs and Glioblastoma multiforme displaying ALT.......45
Figure 15. PFS in PanNETswith ALT or ATRX/DAXX loss vs ATRX/DAXX positive tumours
............................................................................................................................ 46
Figure 16. PFS in ATRX/DAXX mutated versus WT PanNETS...............cccueeeee. 47
Figure 17. Chromosomal altgrons of PanNETs correlated with mutational statu48
Figure 18. MTOR PatNWAY.........ccoiiiiiiiiiiiiieiee et 53
Figure 19. PTEN expression in PanNETS...........c..cccoovvvveiiiiieeeeeieieeevvneaians 54
Figure 20. PTEN and TSC2 levels in PanNETs predict RES................coeeeee 55
Figure 21. PAnNNETS CYLOlOQY......oooiiiiiiiiiieeee ettt 56
Figure 22. Pancreas organogenesisS iN MICE........cccvvvuivviiiieieeeieiiiiiee e ee e 58
Figure 23. Transcription factors promoting insulin eXpression..............oeccvvvveee. 60
Figure 24. Alpha and beta cells specific transcription factors.............ccccceeeeeenn. 62
Figure 25. Tumorigenic stages in the RT2 model............ccooiiiiiiiiiie, 63
Figure 26. CRISFFas9 Donor vector system iDAXXKO in cell lines..................... 74
Figure 27. Cartoon of the INSUlIACKE lINe...........c.coeeeiiiiiiiii e 81
Figure 28. Cartoon of Daxx conditional locus before and after recombination...82
Figure 29. Workflow for isles isolation...........cccooeeiiiiiiiieeeeeeeeeeeeeeee 84



Figure 30. Workflow for islets stimulationS..............eeeiiiiciiiiiiieee e, 86
Figure 31. Assessing the efficiency of DAXX loss ingh€reDaxxKO line............ 104
Figure 32. DAXX downregulation in ResaCréRTaine. .........ccccovevveveeveevieecnen, 105
Figure 33. Assessing loss of PTEN in pancreatiC.islets...............ccvvvvvvvveninnnnn. 106
Figure 34. Genotyping eXamle...........ceiiiiiiiiiiiiiie e 108
Figure 35. CRISPR tECNNOLOGY. ......uuuuiiiiiiiiiiiiirese s e e e e e e e e e e e e e 111
Figure 36. CRISRRs9 design and genomic confirmatiorD#fX>gene disruption 113
Figure 37. Assessing loss of DAXX expression in HEK293T.............ccccceeee.. 114
Figure 38. Nucleofectioafficiency in IPSC..........ccciiiiiiieee e 115
Figure 39. Knockingut DAXXusing the CRISPR/Cas9 system in iRSC.............. 117
Figure 40. Assessing DAXX phenotype at early time points of 1.5 months......127
Figure 41. Analysis of islets appearance at late time points...............ccccvvvveee. 129
Figure 42. Assessing hormone productioDaxxKO mice at late time points......130
Figure 43. Islets area quantificationRoSaCré&R? MICE........cccvevveeiieeiee e, 131
Figure 44. Assessing the phenotype of double KO mice at 3.5 months............ 132
Figure 45. Assessing the phenotype of double KO mice at 8 months.............. 134
Figure 46. Assessing the phenotype od double KO mice at late time points....135

Figure 47.

Figure 48. Analysis of mice with systemic inflammation and PanNETs histological

RepresentagMHC of glucagon at late time points............ccccceveeeeeee.

LA F= 1 =] £ TP PP PRPPPPPP 138
Figure 49. Ceflate reprogramming at 3.5 months in double KO mice................ 141
Figure 50. Low power images of dalle reprogramming at 8 months in double KO mice
.......................................................................................................................... 142
Figure 51. High power images of dalie reprogramming at 8 months in double KO mice
.......................................................................................................................... 143
Figure 52. Ceflate reprogramming at 1:24 months irDaxxKO mice.................... 144
Figure 3. Time course of body weight and pasbrtem glucose.......................... 154

Figure 54. A highlight of crucial time points for body weight past-mortem glucose

.......................................................................................................................... 155
Figure 55. GTT ¢fisL:Cre/DaxXO MICE........cccoiiirmiiieiiiiiieee e 157
Figure 56. GTT IPtenand doubleDaxx/PtenKO mICe...........ccceeeevivviiiiiiiieeeeenennns 158

Figure 57. Sames$ used for GTT at 6 months retain KO of DAXX compared to Cre+

(o{0] ] (0] NN RPTRR 159



Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.
Figure 63.

Figure 64.

Figure 65.
Figure 66.
Figure 67.
Figure 68.
Figure 69.
Figure 70.
Figure 71.
Figure 72.
Figure 73.
Figure 74.
Figure 75. ATRX/DAXX mutated PanNETs cluster separately from WT PanNET
controls....
Figure 76.
Figure 77.

High glucose treatment upregulates chromatin remodellers............ 161
Expression of genes essential for pancreatic islets regulatian........ 162

Analysiof pancreatic genes at 6 months across 4 different genotyp#63

Evaluating MafA expressiovitro or ex vivoconditions....................... 165
Assessing MafA expressioDamxkKO mouse samples..............eeeeennens 167
Example MafA quantification with Image.J............................. 168
Assessing MafA expression in Double KO mouse samples............ 170
MafA levels are heterogenous also irRheaCréeRTDKO model at 6 months

H3.3 levels in DKO at later time points is comparable to control leVEIS

H3 levels in DKO at later time points is comparable to control.levelk74

H3K27me3 levels in DKO at later time points is comparable to control levels

.......................................................................................................... 175
Assessing mTOR activilpanxKO andPtenKO isolated islets............ 177
Example of@s Sorting............ccoooeeeieiiiiiiiii e 186
BioanalySer reSUIS........oooiii i 187
Misregulated genes founddaxxKO cells..........ccccoeeeeiiiiiiiiininnnnenen... 188
Location of some misregulated genes.........cccccovviiiiiiiriieeeiee e 189
DNA methylation analysis sSCheme.............ccccvveeviiiiiiiiiiiiccceeeee e, 190

Pathways analysis in ATRX/DAXX loss vs. WT PanNETs.............. 194
Model of mechanistic events driven by the loss of DAXX and.RPTEIR05

13



List of tables

Table 1. Current classification of PANNETS. .....c.oouiiii e 40

Table 2. Summary of PanNET relevant mutations, molecular function and phenotypic

AIEEIALION ....eeei e 69
Table 3. Plasmids needed for the donor vector strategy of CRI&ER.................. 75
Table 4 Surveyor annealing ProtOCOL...........covvvviiiiiiieeiiii s 76
Table 5 Reagents used for FuGene transfection............cccccceeeieeiiiieiiiiie e, 17
Table 6: Reagent used for nucleofectian................ovvveeiieeniiiiiiii e, 77
Table 7 List of the vectors used in this StUAY...........ccooeiiiiiiiiiiiiiii e, 79
Table 8 List of the guide RNAs used for CRGaBR genome editing.....................79
Table 9 KRBH StOCK SOIULION..........uuiiiiiiiiiieiiee e 85
Table 10. CDNA reagents..........ccoiiiiiiiiii e 87
Table 11 CDNA thermOyCler SEEPS........uvvviiriiiiiiiiiiiri e e 88
Table 12. RPCR reacCtion MUX.........oooiuuiriiiiiiiieeeee et eee e e e 38
Table 13. Genotyping PCR CYCle........ccooiiiii e 90
Table 14 OligoSs fOr GENOTYPING. ... .uuvrriiiiiiiieee e eeeeiit et e e e e e e e e e e 90
Table 15 RPCR oligos specific for mus musculus:............cccoovvvvvvvviiiiiiieeiiininnnn ) 98
Table 16 ANTIDOTIES.......coi i 99
Table 17 Breeding exampleloEL1Cre females...............cccceeiiiiieeeeee, 108
Table 18 Breeding example\WT-Crefemale..............ccccveiiiiiiiieeeiiiiiieeeen 108
Table 19 Mendelian ratio in doubl@axxPtenKO breedings.............cccvvvvvvvvinnnns 108
Table 20 Detailed frequency of genotype observed.........ccccoooeeiiiiiiiiiiinieeneeee. 109
Table 21. Samples used for hiStOIQGY........cueviieiiiiiiiiie e 125
Table 22RosaCré&Rmice used to confirm MafA downregulation...................... 171
Table 23. List of mice used for transcriptomic analysSiS............cccooviuvuveiieeeeenn. 185
Table 24 Samples used for DNA methylaioalysis............cccooeee, 190
Table 25. Paiwise cCOmpPariSONS reSUILS...........uuveriieiiiiiiircirereeee e e e 191
Table 26. Raw data of GTT at 2 monthsS.............cccoiiiiien 230
Table 27. Raw data of GTT at 6 MONtNS............cooiiiiiiiiee e 230

Table 28. List of samples used by name and kind used for DNA methylation &3dysis
Table 29. Extended RNA gesit analysSis........ccoooeevieeiiieei e 233

14



Abbreviations

Abbreviation
ADD
ALT
APBs
ATRX
CGls

cM
DAXX
Dhet
DKO
DMP
DMR
DNMT
ERVs
FHC
GBM

GH
H3K27c
H3K27me3
H3K4me3
H3K9me3
HAT
HDAC
HDMT
HE

HMT
IEGs

IHC
IFN

Extended word
ATRXOnmt3A,Dnmt3L
Alternative lengthening of telomeres

ALTassociated PML bodies

Alphathalassemia Minked intellectuadisability

CpG islands

Centimorgan

Death-associated protein 6
Daxxheterozygous
DaxxKnockOut

Differentially methylated position
Differentially methylated region
DNA methyltransferase
Endogenous retroviralements
Family history of Cancer
Glioblastoma

Growth hormone

Histone H3 lysine 2acetylation
Histone H3 lysine 27 trimethylation
Histone H3 lysine 4 trimethylation
Histone H3 lysine 9 trimethylation
Histone Acetylansferase
Histonedeacetylase

Histone demethylase
Hematoxylin and eosin

Histone methyltransferase
Immediate early genes
Immunofluorescence
Immunohistochemistry

Interferon

15



IP

iPSC

KO

Kznf
INncRNA
LoF
MiRNA
MLL
NETs
MMSAT4
nt
PanNETs
PDX
Pdx1
PFS
Phet
PKO
PML
PRC2
PTEN

PTM
RIP
RT2
RTPCR
SA
SEER
SIM
T2DM
TE

TF
TSS

WB

Immunoprecipitation

Induced pluripotent stem cells
KnockOut

KRARzinc finger
Longnon-codingRNA

Loss of function

Micro-RNA

Mixed lineage leukaemia
Neuroendocrine tumours

Mouse minisatellite repeats
Nucleotide

Pancreatic neuroendocrine tumours
Patient derived xenograft
Pancreatiandduodenalhomeobox 1
Progressioffree Survival
Ptenheterozygous

PtenKnockout

Promyelocytic leukaemia protein
Polycomb repressiveomplex 2

Phosphatase and Tensin Homolog

Posttranscriptional modification

Rat insulin promoter

RIRTg2

RealTime PCR

Somatostatin analogues

The Surveillance, Epidemiology and End Results
Sumo interactive motif

Type Il Diabetes Mellitus

Transposable elements

Transcription factor

Transcription start site

Western blotting

16



17



18

Chapter 1

Literature review



1.1 What is epigenetics?

¢KS 62NR aSLIA ISy S ACoarad Waddigtom i thE éafly@1940s2 A Yy S R
combining the words epigenesis and genetfggn Speybroeck, 2002; Waddington,

1956) The term epigenetgwas firstintroduced aséthe branch of biology wich studies

the causal interactions between genes and their produaetsich bring the phenotype

Ay 2 @Vadtliggmi, 1956)Waddington understood that the phenotype observed

&
N

is the results of casual interactidretween gene®  Kdza KS dzaSR (KS DN
YSIFyAy3 awhighcombideSphetoninationism anddevelopmental mechanics
(epigenesis)Deans & Maggert, 2015; Van Speybroeck, 20021958 David Nanney
proposed the idea of epigeneticeas an auxiliary mechanism that controlled the
expression of specific geneeans & Maggert, 2015; Nanney, 1958)anney
recognised tie importance ofcellular inheritance not based on DNA sequence and the
persistenceof genome stability during cellular divisiofpeans & Maggert, 2015; David

Haig, 2012)The concept of epigenesevolved toa modern definiion of molecular
epigenetisasd G KS &addzRe 2F YAG20A0Frtfte& | yRk2NJ YSA
Fdzy OliAz2zy GKIG OFyy2id 65 SELjfrdpdsed ByRRiggssin OK | y 3!
1996 (Felsenfeld, 2014D. Haig, 2004; Russo, Martienssen, & Riggs, 1996;\WEu &

Morris, 2001) Histone variants, podtranslational modifications of amino acids on the
aminoterminal tail of histones, and covalent modifications of DNA bases are the
epigenetic modificatias responsible forsuch changes imgene function (Dupont,

Armant, & Brenner, 2009)Riggsdefinition does not consider epigenetic regulation

mediated bynon-codingRNAsequences such as long roading RNAInc-RNA)and

miRNA (Dupont et al., 2009) The epigenetic field is continuously evolving and
expandingcontemporary definitions of epigenetic refers more generallyrtolecular

epigenetisl & G0 KS adNHzOGdzNI £ | RFELIGFGA2Yy 2F OKNRY
or perpetuate altered activity staS RBird, 2007; David Haig, 2012\ more
comprehensive and general definition of epigensiicthed LIKSyYy 2 1 @ LIAO @ NA | G A
y20G | G30NR O dzi I 0 f €haingagrg, 2918; David Hag | 2D niodlezny” £

definitions of molecular epigenesaconvey todescribe the subject at the basis ¢iig

experimental work.
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1.2 Epigenetienodification of DNA and histone proteins

1.2.1 DNA methylation mechanism

One of the best characterisagpigenetic modificationis DNA methylationthe covalent
transfer of amethyl group (CkJ onto thefifth carbonof the cytosinepyrimidine ring
(Figurel) (Robertson, 2005DNA methylation ia stable and heritable epigenetic mark
responsiblefor severalbiological proceses includingregulation ofgene expression,-X
chromosomenactivation transposable element@ Eyepressiorandgeneticimprinting

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

NH, NH,
NZF | H NZF | CH,
)\ DNMT )\
o] N 0 N
I I
Cytosine 5-methyl-cytosine

Figurel Schematic design of cytosine conversion to meticytosine.

DNMTs catalyses the conversion of cytosine into methgytosine by loading a methyl grougCH3) in
place of the hydrogen (H) onto thé&Sarbon of the heterocyclic aromatic ring.

DNA methyltranferases (DNMT9 are the enzymeresponsible for methyl transfer on
cytosinewhich iswidespread in the genomaeyith the exceptionof CpG islands (CGls)
associated with promoter regiohgDeaton & Bird, 2011; Jin et al., 201Npn-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., 2009pDifferent DNMTenzymes areesponsible for maintaining the

1 CGls were first detected in association with promoter regions, itthexefore proposed that

CGlsareshort DNA sequences of 1000 base pairs (bp) on average, with an elevated G+C content

largely unmethylateqSuzuki & Bird, 2008)sing CARA SIj dzZSy OAy 3 ! RNA LY . ANRQA&
identified abaut half of the mammalian CGls to be2 N1 JKrotyadséciated with annotated

promoter, frequently subject to DNA methylation during developmenith consequentoss of

their active promoter featureglllingworth et al., 2010)With the same CABequencing Joseph

[ 2aGStt20a 3 NPuaolity HR2nueifiyatedi Bpls lslandskv&re in intragenic and

intergenic regions, whereas less than 3%ngthylatedCpG islandsere inpromotersregions

(Maunakea et al., 2010)
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methylation status: DNMT1 preferentially acin hemimethylated DNAand ensurs
copying of DNA methylation pattesmluring S phasef the cell cycle it ishistorically
calledthe dmaintenanc& DNMT(Probst, Dunleavy, & Almouzni, 200BNMT3A and
DNMT3B are mainly active at nomethylated CpG siteand arealso namedide nov@
DNMTdor their ability toestablish new methylation patterduring development
(Okano, Bell, Haber, & Li, 199BDNMT3A and DNMT3B are assisted byDBL, an
auxiliary enzyme without catalytic activitwhich increasegheir ability to bind to the
methyl group donor, @denosyll-methionine (SAMJKareta, Botello, Ennis, Chou, &
Chédin, 2006)Dnmtland Dnmt3b inactivation in mosge is embryonically lethal at E9
and E13/14 respectively, whi2nmt3a knockout (KO)mice die aroundour weeks of

age therefore suggestingxtensive involvemendf DNMTSn development(Jin et al.,
2011; E. Li, 2002; Okano et al., 1999iceheterozygougor Dnmt3_from Dnmt3L:null
oocytesdie during embryogenesend display loss of maternal imprintii@kano et

al., 1999; Probst et aR009)b SHSNI KSf Saa GKS G1F3 2F aYFAYQ(S
for DNMT1 and DNMT3A and 3B, it is now clear that the three main DNMT enzymes
cooperate during maternal genome imprinting and DNA synth@sises & Liam

2009)

1.2.2 DNA organisations and histone modification

In eukaryotesnucleosomes aréhe core units ochromatinstructures, characteriseby
147 bp of DNA folded around octamersH2AH2B H3H4 histonesdimersconnected
by the linker histone HHubner, Eckersleylaslin, & Spector, 2013; Probst et al., 2009)
Nucleosomesre 10 nM foreswhich coil around to form a 30 nM fie composed of

11 nucleosomes per turn where every nucleosdnteractswith each other(Hubner et
al., 2013; Olins & Olins, 2003; Probst et al., 2008)s 30 nM EBre forms even higher
order chromatin filbes in interphase and a 2@B800nm chromonema structure in mitotic
chromosomesesembling a solenoid orgawisonal model as suggested by magnetic

tweezers experimenin vitro (Hibner et al., 2013; Kruithof et al., 2009)

Originally discovered as DNA binding and stabilising prqtéiis¢éones are widely
recognised ashe major regulator of gene expression Iblye interaction ofhistone tail
modification with the surrounding environme(€hi, Allis, & Wang, 201@ore listones
are indeed frequently modifiedat the amincterminal (or N-terminal) tail protruding
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from the nucleosomewith different posttranscriptional modification$P TMspf which
the most studiel are acetyation, methylation phosphorylation and ubiquitination
(Cedar & Bergman, 2009; Fischle, Wang, & Allis, 2B038)s can effectively respond to
outputs from the genome thanks to the cressk with factors addingdwritinge,

interpreting reading and removingerasing histone modificationgChi et al., 2010)

Gene repression

HMT HDMT
HDAC HAT
Gene activation
Legend:
() H3.1/2-containing nucleosome @®H3K9me3 %, Histone tail

@) H3.3-containing nucleosome @ Acetylated H3/H4

Figure2 Schematic view of histone meadted control of gene expression

Histone taisaredynamicallymodified to changehe expression status of targeted genes. HMT and HDMT
enzymes promote and remove methylation grougespectivelyand workin coordinationwith HABand
HDAGto add/remove acetylation and modulate gene expression.

Histoneacetylation onH3 and H4 lysine residaes modulated byhistone acetylase and
deacetylase (HATs and HDA@spectivelyjHodawadekar & Marmorstein, 2007;-X.
Yang & Seto2007) Two class of HATs are known: typean modify multiple sites
within the Nterminal tail and arefurther dividedamongGNA, MYSTand CBP/p300
family; type-B are mainly cytoplasmic and acetylate free histon@@annister &
Kouzarides, 2011; . Yang & Seto, 2007Acetylation is usually asciated with a

active chromatirstate because HATgsngacetylCoA to transfer thacetyl group onto
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the histone tai] neutralise thepositive lysie charge, thus releasing DNsvucture
(Bannister & Kouzarides, 2011:XYang & Seto, 200HDAGare less specific enzymes
and divided ito four classes fromto IV, preseningless specificity for the substratand
often different classes are found in the same protein compRannister & Kouzarides,

2011; XJ. Yang & Seto, 2007)

Histone methylation occwrin both lysines (which can be mondi- or tri-methylated)

and arginines (fond mone symmetrically or asymmetrically-diethylated) and does

not alter the charge of histone proteifBannister & Kouzarides, 2011; Chi et al., 2010)
Lysine methyltransferases (HKMT) contacatalyticSETdomain and are quite specific
enzymes, for examplen yeastDIM5 can trAmethylate H3K9, whileSET7/9 can only
mono-methylate H3K4Bannister & Kouzarides, 2011; Tamaru et al., 2003; Xiao et al.,

2003)

Histones can be phosphory&t mainly on serinesthreonine and tyromesin the N
terminal tail (Bannister & Kouzarides, 201This modification adds a negative charge
to the DNA and it is thought to be important for promoting compact chromatin

structure (Bannister & Kouzarides, 2011)

1.3 Epigenetic regulatioof the non-coding genome

The mammalian genome is largely composédon-coding and regulatory regions, with
less than 2% of the genomieeing present in known or predicted mRNAGErith,

Pheasant, & Mattick, 2005)

Micro RNA (miRNA) are a conserved class of smait-coding RNA of 225 bp that
assemble withArgonaute proteins into silencing complexes (miRISCs) to direct-post
transcriptional silencingf complementary mRNA targef{donas & lzaurralde, 2015)
mMiRNA araleregulatedin cancer and play roles in almost aspects of cancer biology,
such as proliferation, apoptosis, invasion/metastasis, and angioge(le=es& Dultta,
2009) In the last two decadesmany studies have focused on themolecular
understanding of these moleculeand clinical trials utding microRNA profiling for
patient prognosis and clinical response anow underway(Hayes, Peruzzi, & Lawler,

2014)
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Only recently long nowsoding RNA (INcRNA) attractédO A S yatieht@®ni dde to

compelling evidencef their functionas regulatory unit¢Kapusta et al., 2013)

Many thousands of IncRNA transcripts (at least 13,000) are fouthéd human genome
such IncRM are longer than 200 niDerrien et al., 2012)One peculiarity okome
IncRNA is the presence of repetitive elements mhaiderived by THEKapusta et al.,
2013) TEsoccur in more thanwo-thirds of mature IncRNA transcripts and account for
a substantial portion of total IncRNA sequenB80% in humanjKapusta et al., 2013)
Several lins of evidence suggest that Téements in INCRNA are essential for their
function; such domains were named Repeat Insertion DomaingnoRNAs (RIDLS)
(Johnson & Guigo, 2014)

1.4 Mechanistic events driving PanNETs pathogenesis

1.4.1 H3.3 Histone variant and the concept of replacement

Histone replacement has emerged to play essentialrole in controlling chromatin
function by altering biochemical structures of nucleosortiamakaka & Biggins, 2005)
The most studied H3istone variant is the H3.3 loaded on the DNA across the entire cell
cycle inareplicationindependent manner, contrary to the canonical variants H3.1 and
H3.2 synthesised during phase S and deposited uniquely during DNA replication where
the incorporationis mediated by the Chromatin Assembly FadtofCAFL) (Simon J
Elsaesser, Goldberg, & Allis, 2010; Ng & Gurdon, 2088)g quantitative proteomics it
was shown that H3.3 is reflad up to saturation levels in slow dividing postotic cells

of various mouse tissue including heart and bré@iivardovskiy, Schwammle, Kempf,
RogowskaNrzesinska, & Jensen, 201'H 3.3 is highly conserved in metazoarsl it
differs from the canonical version only in one residue in the histone tail and three amino
acid variations in the histone fo{&zenker, Ragallet, & Almouzni, 2011H3.3 has been
implicated in the control of many biological proses includingcell differentiation and
reprogrammiry (Loyola & Almouzni, 2007; McKittrick, Gafken, Ahmad, & Henikoff,
2004) One of the main functions of H3.3 is to support chromosbh&erochromatic
structures, thus maintaining genome integrity during mammalian development, as
shown in a mous&Omodel of H3.3Jang, Shibata, Starmer, Yee, & Magnuson, 2015)
A recent studyusing tagged H3.3BA, engineered to report H3.3 expressidaring

24



mouse developmentdemonstrated that paternal derived H3.3 is substituted with
maternal H3.3 soon #dr fertilisation to favour zygote specific gene activatigtong et
al., 2018) TheKong ancto-workersstudy represent@an example oé rolefor the H3.3

in mediatingembryonic gene activatignmore critical than mechanistically replacing

histone variant for displaced nucleosom@&ng et al., 2018)

Two gnesH3F3Aand H3F3Bencode for H3.3which wasoriginally found in actively
transcribed regions of the genoméRayGallet et al., 2002; Tagami, Ra@gllet,
Almouzni, & Nakatani, 2004)here the histone chaperone HIRAand its complex
mediates loading(Goldberg et al., 2010)HIRA mediates the loading of H3.3 at
transcription start sites (TSSihe body of active genesand facultative site of
heterochromatin in cooperation with other chaperones including Spt6 and FA@QIre

3) (S J Elsaesser & Allis, 201006Geig et al., 2010HIRA depletion in mouse embryonic
stem cells (ESCkads to depletion oH3.3 in gene bodiewith mild effect ongene
expression patterns and the transcription elongation mark H3K36{@e&lberg et al.,
2010)

H3.3 is also found to be essentiat@gulatingthe chromatin landscape ansaintaining
stem cellplasticitythrough itsdeposition athe promoter of developmentally regulated
genes in ESO8anaszynski et al., 2013%uch promoters are characterised by high
dynamic state carrying both H3K4me3 and H3K27meaBks(Bernstein et al., 2006)
Using a mESIE3.3KOmodel and RNAequencindChIP-Seqiencingapproactes it was
demonstratedthat HIRAinteracts with PRCia a H3.3dependent manner and that H3.3
loss leads to downregulation ofthe H3K27me3 markand PRC2 recruitment

compromising pluripotency activity of mE§Banaszynski et al., 2013)

A considerable fraction of H3 is present at telomereas well as at pericentric
heterochromatin in mouse ESCs where the loadérdependent from the ATRX/DAXX
histone chaperone complex, containing also the histone chaperone Dek and histone
deacetylase HDACHi@ure3) (Dawson & Kouzarides, 2012; Drane, 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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H3.3 loading mediated
by HIRA-complex

l \ / | \Telomeres
e 7 Hsul )

Euchromatin | Pericentric heterochromatin

Facultative heterochromatin

Figure3 H3.3 and its loading machinery throughout the genome

Model for the loading ohistoneH3.3 to its target genomic regions in the nucleus. HIRA complex mediates
deposition of H3.3 at promoters, transcribed regions and facultative heteoooatin in senescent cells.
TheDAXX complex cooperates with ATRX and possibly other factors in incorporating H3.3 into pericentric
heterochromatin, telomeres and other repressed areas of the genome. The chrebmaiimd deposition
complex might also contia the histone chaperone DEK and the histone deacetylase HDACII.

(S J Elsaesser & Allis, 2010)

In the absence of HIRA aride DAXX complexd3.3 deposition is dependent on GAF
usually responsible for shuttling newly synthesised H3 and H4 from the cytoplasm to the
assembly fork during DNA replicati@drané et al., 2010; Lewis et al., 201Dgpletion

of DAXX in mouse ES&wmbles identification ofthe interaction of HIRAvith 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 systeprovide separate pools dfi3/H4 units for
incorporation at distinct sites within the genongg& J Elsaesser & Allis, 20I)e study

of Goldberg and colleagues of 2010éddito 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 DAX&oldberg et al.,, 2010A study based on mouse
O2NIAOFf ySdzZNRPya FTNRBY {lf2Y2yAQ & 3INRdzLJ O2y
early genes (IEGs) upon calcium stimulation is depeinde the chaperone DAXX
(Michod et al., 2012)The same studgemonstratedthat loss of DAXX not only affects
H3.3 loading but also leads to impaired induction of IEGs, thus suggesting that H3.3
loading may modulateBG transcriptional inductiofFigure4) (Michod et al., 2012;

Paolo Salomoni, 2013)
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Neuronal Activation

N

Immediate early genes

Figured4. 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 affiectsints.3
but also leads to impaired induction of IE@solo Salomoni, 2013)

Pioneering studies aimedat elucidaingthe role of H3.3 in the genome using mous€gS
asamodel recognised that the H3.3/DAXX/ATRX machinessisntiafor silencingl'ss,

in particular, endogenous retroviral elemen{&lséasser, Noh, Diaz, Allis, & Banaszynski,
2015) and silence imprinted alleles iran ATRX/H3.3 dependent mann@roon et al.,
2015) These studies identifiedATRX/DAXHependert loading of H3.3 in a self
reinforcing pathway during the cell cycls responsible for maintaining chromatin
integrity at heterochromatic sites enriched for H3K9me3 marks throughout the genome
(Figureb) (Elsasser et al., 2015; Voon et aD15; Voon & Wong, 2016Jhese regions
include telomeres as previously described, the long terminal repedbtedhtracisternal

A particle (IARLTRs) ancCGlsat imprinted differentiallymethylated regions (DMRS)
(Voon & Wong, 2016)
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Figure5. 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 H3K9mM@Y.ATRX recognises H3K9me3 and acts with DAXX to
deposit H3.3 to replace histones, which are lost. DAXXdotewith KAP1 and SETDBA to catalyse K9me3
on newly deposited H3.3. ATRX/DAXX/H&c through the entire cell cycle to ensure constant
maintenance of H3K9me3 heterochromatihdapted fromVoon & Wong, 2016)

Subsequenstudies have then confirmed ATRXXAinteraction and the eexistence

of at least two complexes containing DAXX, one including AifRportant for
repression of telomeres, imprinted regions and pericentric repeigre6 (Hoelper,
Huang, Jain, Patel, & Lewis, 2Q1Me other complex is independent of ATRX and relies
mainly on DAXX and SETDBL1 for the repression of endogenous retroviral elements
(ERVSs), the role of H3.3 in this contextniginly to stabilise DAXX expressigtigure6)
(Hoelper et al., 2017)DAXX is however only one of the multiple SETDB1 interacting
factors that the celladoptto repress ER{$ukua, Okuda, Yusa, & Shinkai, 2018)
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Figure6. Two distinct DAXKH3.3containing complexes found in mammalian cell

(Left) wo distinct DAXX3.3 containing complex are found in mammalian cells. One complexes
ATRX for the maintenance of H3K27me3 repressive mdhleaepetitive area of the genomegcluding
telomeres, pericentric repeats and imprinted gen@gight) assecond recently identifiedomplexinvolves
DAXX/SETDB1/KAP1 interaction for the mainteaafeendogenous retroviral element repression (LTR,
ERVSs). In this contexhe role of H3.3 is mainly to stabilise DAXX protein expregkioalper et al., 2017)

Images adapted frorfHoelper et al., 2017)

1.4.2 Insights intbATRXDAXX chromatin remodels

DAXX is a multifunctiah protein encoded byhe DAXXgene, located on chromosome

6p21, whichis able to influencéranscription either directly via interaction with diverse

transcription factorgTF)or indirectly asanepigenetic regulato(Paolo Salomoni, 2013)

DAXXwas identified asa cytoplasmic component of the Fasediated apoptsis and

negative regulator of-dun NHZi SNXY Ayl (1 Ayl as

LI 6Kgl &2

' a&2 OAl 0 PR YaniBRos8r&sdkar, Chang, & Baltimore, 199Th agreement

with this discoverymotor neurons derived from mice carrying a Dominant Negative

form of DAXX were resistant to Hasluced cell deathn vitro indicating its role asn

enhancer of apoptosi@Raoul et al., 2005 Contrary a mouse model obaxxKOled to

i K dza

extensive global apoptosis and embryonic lethality suggesting that DAXX can suppress

apoptosis in the early embryMichaelson, BadeiKuo, Kozak, & Leder, 199®side

from its controversial role in apoptosiDAXX was known to form a cejiclespecific

repression complex at heterochromatin with the ATIR22004 when it was proposed
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that chromatin modificationglemodellingor DNA méhylation influence repression
(Ishov, Vladimirova, & Maul, 2004ts role as molecular chaperon was confirmed in
2010 in two independent studies focused on the replicatiotlependent deposition of
H3.3(Drané et al., 2010; Lewis et al., 20IDAXX 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 hettbundle domain mediates interaction with ATRigure7),
(Hoelper et al., 2017; Paolo Salomoni, 2013)

a) DAXX 740aa

< oM ~ o o™ o
~N o un < <] — <t 9 o
~Ne on - — < < < ~
'
ATRX 2492aa

<)) [t o o

~ o o0 o © e

X} ~ - (32} wn -

— o~ — - - o~

b)

hDAXX 4HBh
L

”~ hDAXX 4HB

hATRX DBM g «3

Figure7. ATRX and DAXX protesgtructure andinteraction surface

(@) The dmain of human DAXX and ATRX. DAXX harbours two SIM motifard Eterminal, an N
terminal fourhelix bundle (4HB), a main histone binding domain in the middle and an areanrich
phosplorylation sites close to thetérminal. ATRX has an ADD domain for DNMT interaction atthe N
terminal, a helicase domain at the-t@rminal and a specific site for DAXMB interaction in the middle.
(Left, b) cystal structure showing the intermoleculartéractions within the artificial trimer of the hDAXX
4HB;hATRX DBM fusion proteitRight, b) macro view of the ribbon displaying ATRAXX interaction.
Images adapted frorhloelper et al., 2017

ATRX is encoded bye ATR>gene located at thg21.1locusof the X chromosome. The

name ATRX comsdrom the Xlinked alphathalassemia/mental retardation syndrome

recognisedat the beginning of the ninetiedp be caused by nesense mutations in

ATRX(Cole, May, & Hughes, 1991; Gibbons, Suthers, Wilkie, Buckle, & Higgs, 1992;
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Wilkie et al., 1990)The ATRXgene encodes for a chromatin remodeller with seven
ATPase/helicase domarat the C terming while at the N terminus Igea plant
homeodomainlike zinc finger domain (PH®Yhich binds the NMerminal tail of histone
H3(Gibbons et al., 1997; Xue et al., 20@A\NMT3A andDNMT3Lshare the PHB domain
and form tayetherwith ATRXhe ADD (ATRENMT3AcDNMT3L) domainproviding a
functional link between DNA mbylation and histone modification(Figure 7)
(Hashimoto, Vertino, & Cheng, 201B)nds ofATRXADD to H3is promoted by lysine

9 trimethylation (H3K9me3) and inhibited by lysin&ifhethylation (H3K4me3)lwase

et al., 2011) An oocytespecific mouse model of ATRX knockdown demonstrates that
ATRX is required for heterochronmatformation and maintenance of chromosome
stability during meiosigndicating a central role in epigenetic control in the germ line
(Baumann, Viveiros, & De La Fuente, 20I)RXlisplaysan affinity for Gquadruplex
structures often found in @ich tandem repeats sequences typical of telomeflesw et
al., 2010) The ability of ATRX to binddbadruplexDNAIis suggested as eritical
mechanism foralternative lengthening of telomeresALT suppression(see section

1.4.4for in-depth analysisfClynes et al., 2015)

1.4.3 Insight into the chromatin remodeller Menin

TheMEN1gene located on chromosome 11q1, encodes for the nuclear protein Menin,
extensively studiedor the autosomal dominant mutations responsible fistultiple
Endocrine Neoplasigpe | (MEN1)syndrome(H-C Jennifer Shen et al., 200Menin is
one of the primary tumour suppress® of pancreatic neuroendocrine tumours
(PanNETgKikuchi, Ohkura, Yamaguchi, Obara, & Tsukada, 2004; Marx, 208K)e
germline mutationof MEN1leads tothe development of multiple endocrine tumours
primarily affecting parathyroid, anterior pituitary and pancreatic islgdguchi et al.,
2004; Marx, 2005)

MENL1lis also found inactivated at both allslein somatic mutations of sporadic
endocrine tumours of the pancred&. H. Viing et al., 1998)lungs(Debelenko et al.,
1997)and parathyroidHeppner et al., 1997)n the endocrine contextMeninregulaes
gene transcription by coordinating chromatin remodell{¥pkoyama et al., 2005)
Menin belongs to a complex of mixed linedgekaemia (MLL), thateposithistone H3

on lysine 4(Hughes et al., 2004Menin regulateghe cell cycleby maintaining the
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promoter activity ofthe cell cycle inhibitor€ DKN2@p18) andCDKN1Bp27) through
MLL mediatedH3K4ne3 deposition(Figure8) (Milne et al., 2005)In a mouse model of
islet tumours derived by loss of Menjrthe expression of CDKhibitors, including p27
and p18, and other cell cycle regulators is lost and cell proliferation enhdKeedik et
al., 2005)

Menin can also act as a transcriptional suppressor through interaction with SU{39H1
J. Yang et al., 2013)ess ofMenin in MEF affects H3K8ethylation of different genes
and thus genes expressional status direcfisigure8) (Y-J. Yang et al., 2013)
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GBX2, IGFBP2 CDK inhibitors
and others pl8, p27

Figure8. Model of Menin mediated tumorigenesis

A model for a dual role of menin in gene regulatieithin tumorigenic pathwaysMenin controls cell

cycle progressiothrough activation op18 and p27nhibitorsin neuroendocrine tumourgMilne et al.,

2005) BesidedMenin may function as a transcriptional repressor in a contkegiendent manner As

proposed by Yang and colleaguegontrols the activity of gastrulation Bm homeobox 2GBX2, an

upstream d interleukinsix(IL6)signalling andinsulirtlike growth factor binding protei2 (IGFBPR H3K9

methylation ofGBXZuppresgsinflammation andumour growth in the endocrine lineaggr-J. Yang et
al., 2013)Image adapted fronfY-J. Yang et al., 2013)

Different studiesdemonstratedthat loss of Menin increases DNA hypermethylation at
promoter regions of several gené3uhlin et al., 2010; Lindlgg Akerstrom, & Westin,
2008) A study ofMenl 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 pancrésan, Sanchez

Claros, et al., 2016)
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Recent work based oiMEFhas also found that Menin directly interacts with DAXX to
regulateH3K9me3at membranemetalloendopeptidase (MME) promote(Beng et al.,
2017) MME functionsare not well characterised in PanNETswever, their expression

is found in larger tumowandin metastasigFeng et al., 2017Menin directly interacts
with DAXXvia amino acids 42238, the T429Kpoint mutation of MEN1compromise

its interaction with DAXX and promotes NET cell proliferati@ng et al., 2017PAXX
Menincrosstallis far from beingvholly understoodtherefore, given the high frequency
of overlapping mutation in PanNETswould be interestiig to study how their loss

synergissin PanNET tumorigenesis.

1.4.4 Telomeres maintenance and AlnTcancer

The chromosome ends could be recognised as DNA breaks leadingotnoslome
fusion and degradation ithe absence of telomeregElizabeth H. Blackburn, 1991;
Olovnikov, 1973)Telomeres are repetitive sequesslocated at the termini of the
chromosomewwith the function of protection, positioning, and replicatigilizabeth H.
Blackburn, 1991; Harley, Futcher, & Greider, 1990; N. W. Kim et al.,.1904)
vertebrates, telomeres consist of hundreds to thousands of tandem repeats of the
sequence TTAGGG that can be synteekile novoby a reverse transcriptase enzyme,
telomerase, in combination with nucleoprotein complexg3esare & Reddel, 2010;
Harley et al., 1990; N. W. Kim et al., 1994 more detail, telomeric repeats terminate
as single stranébr about 130210 base pagin human cell§G+tail), which isrecognised
by the Shelterin complexwvith the ability to form a typicakioop so as to complete the
replication with the loss of about 5050 bpof DNAper cell cycldFigure9), (Cesare &
Reddel, 2010; Griffith, 1999; Makarov, Hirose, & Langmore, 1997)
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a Telomere (4-14 kb in normal human cells) b t-loop
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Figure9. T-loop formations
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fold back on itself, and the singgranded terminus can invade duplex telomeric DK&sulting in the

formation of a telomere loop {toop). (d-e) Telomeric DNAinds the sixsubunit Shelterin complex

(Cesare & Reddel, 2010)

Thetelomere shortening process is responsible for replicative senescembih has

been proposed as the mitotic clock by which cells count their divigidasley et al.,

1990; N. W. Kim et al., 1994)uring neoplastic transformatigthe cells try to gain a
proliferative advantage by activating a telomere maintenance mechanism to avoid cell
senescencgReddel, 2000; Shay & Bacchetti, 199%bout 85%00% of cancer cases
show increased telomerase activity, which uses the RNA subunit (TERC) as a template
and its telomerase rearse transcriptase (TERT) for maintenance of the terfiinH
Blackburn et al., 1989; Morin, 1989)he remaining 15% of cancer casey il a
recombinogenic mechanism for telomere maintenance independent from telomerase
activity, referred to asalternative lengthening of telomeres (AL{Bryan, Englezou,
DallaPozza, 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 gancreatic NETS,
paraganglioma), and a subset of nervous system tumours (glioblastoma,
medulloblastoma, oligodendroglioma, neuroblastoni@hristopher M Hedpy 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 homologgcted
recombination (HDR)Dunham et al., 2000ALT positive tumours show hidgwvels of
sequences exchange between telomeres, aberrant telomeres sizes, deletions,

complex rearrangementwith consequentaccumulation of extrachromosomal DNA,
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mainly telomeric, in linear and circular for(Bechter, Shay, & Wright, 2004; Bryan et

al.,, 1997; Cesare & Reddel, 2010; Dunhamakt 2000; Londorwallejo, 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 telomspecific DNA
damage triggering homologgirected (HR) searches with the support of HR proteins
(including Rad50, Rad51, Rad52 and S@Ritkett & Reddel, 2015)The telomeric
DNA combies with HR proteins and telometsnding proteins to form a subset of
promyelocytic nuclear bodies (PML) referred to as-AtJociated PML bodies (APBs),
which are believed to associate soon after the mechanism is actiateager, 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
(Figurel0). Lovejoy and cavorkersreported that ATRX is undetectable or severely
depleted from PML in 90% &LT positivehuman cell lines testedLovepy et al.,
2012) In the same work, it has emerged thdte 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 sdi@&tion

in the checkpoint for G2/M transitionThe proposedhypothesis is that ATRX/DAXX
loss andsimultaneous misloading of H3.3 into telomeric chromatin may have an

indirect effect on ALT activatiofbovejoy et al., 2012)

A nore recentstudyfrom Clynes and colleagueemonstratedthat reintroduction of
ATRX in ALT positive cell lines lecdhitoarked loss of the cardinal hallmarkstbe s

ALT pathway (APBs, extrachromosomairCle and telomeres shorteninglynes et

al., 2015) ATRX acts therefore d®na fidesuppressor of the ALT pathway whose
suppresson is dependent on the histone chaperone DAXX, strongly inferring that
ATRX/DAX>H3.3 deposition is fundamental for the repression of AClynes et al.,
2015)
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Figurel0. Proposed mechanism for ALT

(2) Induction of telomerespecific DNA damage triggers homolatisected searches with strand invasion
of the templatemoleculg (2)formation of an intermediate structure (HR) and copyif8).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 andlinbkee From(Pickett & Reddel,
2015)

1.4.5 Towards the understanding tthe ALT mechanism

Frequent activation ofninate immunit/, recently observed in various kind of cancers
such as melanomas am@rcinomasof multiple organs,raised interest instudyingthe
innate immune sensing pathw#gorrales, McWhirter, Dubensky, Gajewski, & Gajewski,
2016; Woo et al., 2014¥heDNA sensing pathway (cGAS/STING/TKBEYgedas a
significantdefensive mechanism to activatenate immuneresponse via stimation of
interferon (FN) and related genefCorrales et al., 2016)

Recent work fromTzu-Ling Sungl anduhYow Chen groups demonsteahat telomere
trimming in ALT+ cellproducesdsDNA which in turnstimulates the innate immure
response via activation of the cGAS/STING/TKB1 patii\ady. Chen et al., 2017)
Besides, the same groups demonstrated that ALT+ cell lines present low levels of STING
and lack olFN mRNA and the typeniterferon-mediatedinnate immuneresponse(Y -

A. Chen et al., 2017RReexpression of both STING and ATRX in an BRR¥ALT+ cell
line restoredthe IFNresponse.This finding uncovers a role for telomere trimming and

adds a layer of complexity to the process of ALT activa(iosh. Chen et al., 2017)
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It is now clear that downregulation tiie cytosolic DNAsensing pathway together with
inactivation of the H3.3/ATRX/DAXX silencing pathway are necessary steps for ALT
establisiment. Inparticular,the downregulation othe DNAsensing pathway may help

the cells to overcome the obstacle in replication activatedthmsy IFNresponse. It is

known that STING expression is epigenetically dovgulated(L. Wu et al., 2018)ut it

remairsto be clarified what is triggering its downregulation.
1.5 DissectindPanNETumorigenesis

1.5.1 Hallmarks of PanNETs

PanNETs are rare form of endocrine neoplasaithough the second most common
tumour of the pancreagT. 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
(mTORjJavours tumaigenesis 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 tifRoy et al., 2018; Singhi et al., 2016)

From a clinical point of viesmormone ovefproduction identifies funtonal tumours of
which Insulinomas are mdgtbenign. Mechanisticallyangiogenesisisletshyperplasia

and transdifferentiation drive/favour islets transformation and tumour growth.

The progression from islets hyperplasia to tumour developnie® beerexplored for
MEN1 familial casesdlowever, it isot yet clearhow epigenetic events, driven by the

histone H3.Xhaperones lossare linked to PanNET development.
Thehallmarkof PanNETumorigenesisare:

o Hormone overproduction in case of functional tuore
0 Epigenetic dysregulation and ALT development
o Transdifferentiation/de-differentiation of the cell of origin
0 mTOR upregulation
0 lIslet hyperplasia and vascularisation
o Inflammation
o Development of lymph node and liver metastasis
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1.6 Clinicopathological aspeatPanNETs

1.6.1 Incidence

Neuroendocrine Tumours (NETs) are a heterogeneous group of malignancies arising
from hormoneproducing cells found throughout the bod@y. C. Yao et al., 2008)ETs

are indolent compared to other epithelial malignancies and can present hormone
overproduction syndromé€T. R. Halfdanarson et al., 2008; J. C. Yao et al.,. Zl@8)ast
Surveillance, Epidemiology, and End Result (SEER) registryegatéed that the
incidence of NETs is increasing overgtinsing from 1.09 per 100,000 in 1973 to 6.98

per 100,000 in 201fDasari et al., 2017)
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Figurell. Increasing incidence of NETs over other malignant neoplasms

The incidence of PanNEfAasincreased foralmost four decadesvhile the incidence of other malignant
neoplasnsis constant over the same period of observation from 1973 to Z@E&ari et al., 2017)

PanNET incidence rabas increasethy 1.33% from theprevious SEER in 2004 when it
was reported an incidence of 5.25 per 100,000 pedjpleR. Halfdanarson et al., 2008;

J. C. Yao et al.,, 2008)he prevalence of NETs in the primary tumcite 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 reqtuinC. Yao et al.,
2008) NETSs arising from the lung pent the highest frequency among white patients
(30%) while rectal NETs present the highest frequency in Asian/Pacific Islander (41%)
and African American (26%) patier{ts C. Yao et al., 2008)he lowest frequency of

NETs in the primary tumours site is found in the liver (between 0.4 and 1%) adross al
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the different sex and racial stdroups(J. C. Yaet al., 2008) The incidence is also
positively correlated with age, presenting a median at diagnosis of 63 gadra peak

at the age of 8@Lawrence et al., 2011)

Pancreatic neuroendocrine tumoursaffNETsaccount for 7% of the NETs among white
patients, 8% of AsiapAcific islander and 6% of African American pati¢h&svrence et
al., 2011; J. C. Yao et al., 2008)e prevalence ofdPNETs over thether NETS is
increasing and was reported xcount forthe 9.4% of NETS in the epidemiology study
of Hallet and ceworkers of 2015Hallet et al., 2015)

PanNETs represent a sporadic form of pancreateoplasm counting 2% of all
pancreatic malignancies and an estimated incidence of less than 1 in 100,000 individuals
per year in Europe and USLawrence et al., 2011; J. C. Yao et al., 200@8)incidence

of PanNETSs has also been increasing overphst decades, rising from 0.17 per 100,000
people in 1973 to 0.47 per 100,000 people in 2@dd ~ 0.8 in 20L2vhich is due in
part to improvements in diagnosis and imaging technig(@asari et al., 2017; T. R.
Halfdanarson et al., 2008; Lawrence et al., 2011; Metz & Jensen,. Ziidjnortem
studies have identified a higher incidence ahRETs between 0.8 and 10% suggesting
that many individuals have clinically undetected NE3ismelius, Hultquist, & Stenkvist,

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

1.6.2 Aetiology

Thereal origin of RANETS is not fully understood. The debate regardingaitelogy

of PANNETSs is divided between thosensidering BANETs as a tumuo of the islets,
therefore originating from hormoneproducing cells within the islet of Langerhans
(Ehehalt, Saeger, Schmidt, & Gritzmann, 2009; J. C. Yao et al., 2008; James C. Yao, 2007)
and those claiming the origin from pluripotent stem cells within the exogparecreas
(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 aanatomically orgased A y (12 | Y AZ NI I2¢féh ¢hamcheatibl P
endocrine cell type could potentially give rise to @RET, which can rarely produce
non-pancreatic hormones ectopicalfighehalt et al., 2009Y he latter hypothesis comes

from studies of MEN1 syndrome and is based on the observatidrpthapotent cells

within the exocrine pancreas appear capable of formatioh small atypical
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accumulations oMENZdeficient cells with both exocrine and endocrine phenotype
(Vortmeyer et al., 2004) Trerefore the suggestion that multiple developmental
aberrations irthe pancreas potentially serve aprecursor material for neuroendocrine
tumours (Vortmeyer et al., 2004)Given the high heterogeneity of these tumounsgh
plasticity of cells within the pancreas with tradgferentiation abilities, and theecent
classification in alpha and betzll signatures, it iacceptable to assume that any kind

of cells can escape cell cycle regulation and bgnransformation.

1.6.3 Classification

The World Health Organization (WHO) in 2010 Hadassification of EBaNETgrade on
the proliferative rateand concluded that mitotic count and 46i7 should be performed
on all specimens and that the tumour gradeould reflect the higher value when
discordant(Rindi, Petrone, & Inzani, 2014)ow grade (G1)dANETs have mitotic
countof < 2and Ki67 < 2%; interediate (G2) BANETs have a mitotic count between 2
and 10 and Ki67 index between 2 and 20%; high grade @BREH frave amitotic count
>20 and a Ki67 index > 20fBosman, Carneiro, Hruban, & Theise, 20T WHO
organisation adde@ category to weldifferentiated PanNETS, recognising G3 tuwinso
presenting high proliferationand still maintaining wetdifferentiated morphology

(Lloyd, Osamura, Kloppel, & Rosai, 2017)

Tablel. Current classification of ®aNETs

WHO 2010 plus 2017 updatENETS grading

Grade Differentiation K67 index Mitotic count/10 HPF
G1 (Iow Well X H <2
G2(Intermediate) Well 3-20 2-20

G3 (Intermediate) Well > 20 > 20

G3 (High) Poorly > 20 > 20

1.6.4 Prognosis

PanNEE are divided into functional and nefunctional according to the production of
hormones such as insulin, gastrin, glucagon, vasoactive integtemlde (VIP) and
somatostatin. Notablythe majority of the RNNETs (90%) are nduanctional and not all

of the hormoneproducing RNNETSs are symptomatic and therefore functio(@loyd &
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Poultsides, 2015; T. R. Halfdanarson et al., 2008 overall survival (OS) is higher in
patients with functional tumoursKigurel?2) as they generally present earlier due to
excess hormone secretion. Theahd 10year OS was reported to be 47.6% and 33.7%
for functional RNNETSs while 31.3% and 17.0% for fionctional RNNETsrespectively

(Figurel?) (T. R. Halfdanaos et al., 2008)
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Figurel2. Overall survival (OS) of patients withaANETs

Overall survival (OS) patients with RnNNETsccording ¢ functional status based upon nine SEER sites
1973%2000(T. R. Halfdanarson et al., 2008)

1.6.5 PanNETSs treatments

Therapiesroutinely appliedfor PanNETs patients includé-N chemotherapy, peptide
receptor ralionucleotide therapy (PRRT), Somatostaimalogues (SA) and tyrosine
kinase inhibitorsWhen applicablesurgery remains the only curative approagattou

& Proye, 2001; Raymond, Dahan, Raoul, & al., 2011; Toumpanakis & Caplin, 2013; Vinik
et al., 2010)Regarding SA therapigsore than 80% of patients presenting functional
PanNETSs experienced symptomatic improvement after SA administration, Wvig080
peak of improvement reached for patients presentingjucaagonoma or VIP
hyperproduction(Toumpanakis & Caplin, 2013he CLARINET study demonstrated that
administration of SAanreotide over placebo resdt in significantly impreed PFS
(Caplin et al., 2014)Targeting of SA receptofSAR)mproves sensitivity in patients
expressing SAReptide receptor radiotherapy (PRRISingisotope such as Lu 177 or Y
92 received FDA approval for advanced BEHKJ. Strosberg et al., 2017)
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For tyrosine kinase inhibitor the mTORCL1 inhibitor Everolinars analoge of
Rapamycinwhich blocks mMTORC1 demonstrated to significantly delay tumour
progressionin two phase Il and one phase Il clinical trigdeid it is now routinely
available astherapeuticapproach(J.C. Yao, Shah, Ito, & al., 201fn,¥4012)

Due to the high vascularity ofaANETstyrosine kinase inhibitors represent another
target for therapies that reached clinical trial. In a phase Il st&@awitinib, targeting
the angiogenic receptors VEGFRs, PDGFRs, angdtTp animprovement of 6.8
months in median progressidinee survival compared to placebo groufivre et al.,
2016)

Immunotherapiesare not currently suitable foPanNETdn the KEYNOTES8 phase |l
clinical trial, thePD1inhibitor pembrolizumalresulted inmodest activitymainly limited
to patients with PEL1 >1%, with the best response being stable dis€hsR. Strosberg
et al., 2019)

1.6.6 Risk factors associated with NET and PanNET development

Few studies tried to correlatefamily history andlifestyle habitswith the potential
predisposition todevelopment of sporadic NETs and PanNET{Ben et al.,, 2016;
Thorvardur R Halfdanarson et al., 2014; Leoncini, Carioli, La Vecchia, Boccia, & Rindi,
2016) Smokingabuse ofalcohol, firstdegree family history of any cancer (FHC), and
personal history of diabetes were evaluatad possibleisk factors(Ben et al., 2016;
Thorvardur R Halfdanarson et al., 2014; Leoncini et al., 2016)

Halfdanarsorand colleaguesinalysed details of patients visiting the Mayo Clinic over
two years and found thatiabetes or dirst-degreeFHC with defined cancers (sarcoma,
PanNET, gall bladder cancer, ovarian cancer and gastric cancer) are the major risk factors
for PanNETs developme(ithorvardur R Halfdanarson et al., 2014)

Ben and colleagusnterviewed 385 patients with sporadic PanNETs and 614 age
sexmatched controls from a Chinese ethnicitphort and found that ever/heavy
smoking, a history of diabetes and a fidggree FH@re independent risk factors for
non-functional RNNETEBen et al., 2016)Hgh alcohol intakeemerged as the onlyisk

factors for functional diabete@en et al., 2016)

Leoncini and colleagues performed a retrospective literature analysis of NET cases

(pancreas, small intestine, and rectuamd found thata firstdegreeFH®f defined sites
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(lung, stomach, pancreas, small intestine, appendix, and colon) followed by increased
BMI and diabetes positively correlate with NETs developnfeabncini € al., 2016)
Smoking and alcohol consumption also correlated with PanNET develogbssamtcini

et al., 2016)

1.7 Epigenetic dysregulation drives PanMETorigenesis

Due to ts rarity and heterogeneitythe genetic background of PanNE3shot fully
understood, although genomwide studies highlighted an epigenetically driven
tumorigenesismainly carrying mutations in chromatin remodellers and DNA damage
repair geneswith synergistianutations in the mTOR pathwaldiao et al., 2011; Scarpa
et al., 2017)

Somatic mutationfrequency for PanNETs often refer to thHegst whole-genome
sequencing workMeninis mutated in 44 % of the cases, followed by mutatsoim the
chromatin remodellersATRX/DAX¥ 43% of the cases (25B0AXXand 18% ATRX
Recurrent mutations lao appearin the mammalian target of Rapamycin (mTOR)
pathway (7.3%PTEN 8.8%TSC2and 1.4%PIKEA in 14% of the caseayhile TP53
mutations are quite rare and account only for 3% followingmore extensivestudy
based on exome sequencing of 98 sporadic PanhB&3 shighlightednactivation of
another mTORomponent,DEPC5 fountchutatedin 2 sample®ut of 98 analysednd
other epigeneticplayers: the histone methyltrassferase SETD@r SETDB2) and MLL3
(SETDB2 mutated in 5 sampleand inactivated through chromosomal rearrangement
in 1 more samplelike the 3 samples presenting loss of MLIBgure13). Quite
interestingly novel germline and/or somatic mutations were foundlie DNA damage
repair geneMUTYH and BRCA@r a total of 11% of the cases analys@dgure13)
(Scarpa et al., 2017Another study based onhigh-depth sequencing (105X) of human
sporadic insulinomas identified mutations HBF3B one of the two genes coding for
H3.3 and lysinspecific demetylase KDM6A (both mutated in 2 out of 26 cases
analysed thus indicating that other epigenetic componentsnche found mutated at

lower frequency in insulinomas,fanctionalPanNET subtyp@luan Wang et al., 2017)
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Figurel3. Frequency of mutations in PanNETs

Themost extensivestudy of wholegenome sequencing of sporadic PanNETSs is based on 9§ 8aagsa
et al., 2017)The cases areisplayedhorizontally with the mutational signatureverticaly. Gaphic from
(Scarpeet al,, 2017).

ATRXand DAXXmutants are often mutually exclusiv@perhaps due tothe mutual
H3.3/ATRX/DAXX pathwayeverthelessn advanced tumour stagebey are reported

to be concomitantin 9% of the case@d/arinoni et al., 20144nd 19.6% of the cases in a
study based on an Indian cohof¥adav, Kakkar, Sharma, Malik, & Sharma, 2016)
Similarly ATRX/DAXXutation can overlap wit Menin, as reported in 25% of the cases
F 2 NJ WA (Jadxdal.,2@LNJ

DAX>and Meninmutationswerealsofound to overlap in 68% of DAXX mutated twnrs
Ay { GCstudidihil@ ATRX and &hinoverlapped in 27% of ATRX mutated PanNETSs
(Scarpa et al., 201.7Mutually exclusive mutations are also reported for all the mTOR
componentsfound mutated mainly TSC2 and PTENaoet 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
sinceHeaphy and colleagudésund thatATRX or DAXHutated PanNETalso displayed
aswitch to ALTC.M. Heaphy, Wilde, Jiao, & al., 200yerall 61% of & INETs (25 out

of 41 cases analysed) had ultseght telomeres, revealed by l@mere specific
fluorescence in situ hybrigation(FISH)Rigurel4 A, B), (Heaphy, de Wilde, et al. 2011).
439 tumours of other typesvere also screeed and this revealed thatimours of the
central nervous system (CNS) such as Glioblastoma multiforme (&®BMjther high
grades gliomaslsodisplayedloss of ATRX and bright telomeric f@igurel4 C,D)
(C.M. Heaphy et al., 2011)

LN
| — L
Glioblastoma multiforme b 3% % See® & ATRX |

Figurel4. FISH of PanNETs and Glioblastoma multifordigplayingALT

ALTpositive tumours with ATRX or DAXX mutatioa$.Example of Al-positive RNNET.Ultrabright
telomere FISH signals (red) indicative of ALT are marked (arrdoy$HQ staining of the samerfNET
shows loss of nuclear DAXX proteir). Example of Al-positive GBMUltrabright telomere FISH signals
(red) indicative of ALT are marked (arrowd).lHC of the same GBM shows loss of nuclear ATRX protein.
The arrow inlf) and ¢l) represent endothedl ATRXexpressingells.

A following study fromMarinoni and colleagueslso reporteda strong correlation
between ALT activation and ATRX/DAXX mutations: 85% epositive cases had
concomitant loss of ATRX or DAXyile 70% of Al-iegative casesetained the

expression of ATRX and DAKXarinoni et al., 2014)Nevertheless, the correlation

between ALJpositive cases and loss of function in ATRX or Da@sXnot absolute in
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both studies: 30% of ALositive cases still retained expression of ATRX and [IAMX
Heaphy et al., 2013yhereas21% of ATRX and DAXX negative cases didigplay ALT
activation (Marinoni et al., 2014)Loss of ATRX/DAXadthough correlated, does not
appearasthe only evendetermining ALT activatiofC.M. Heaphy et al., 2011; Marinoni
et al., 2014)

Thestudy of Marinoni and colleaguésentified alsoa shorter progressioifree survival
(PFS) curve in patients presentd@@RX/DAXNutations or ALTRigurel5) (Marinoni et
al., 2014)
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Figurel5. PFS in &2nNETswith ALT or ATRX/DAXX loss vs ATRX/DAXX positive tumours

KaplargMeier survival curves representing a shorter progressiee survival and shorteumour-specific
survival in DAX>0r ATRhegativeParNETs compared with DAXafhd ATRositiveParNETs or in AET
positive compared with Al-fegativeParNETgMarinoni et al., 2014)

These datadisagreewith the first study of ATRX/DAXXnutations from Jiao and
colleaguesvhere higherOS was predicted for patients carrying ATRX/DAXX mutations.

A reason for this discordancedse tothe nature of thesampling.Jiao and colleagues
analysed mainhliver metastasisof PanNETswhile Marinoni and colleaguesainly
studiesprimary tumous, suggesting a worse outcome for patismthere ATRX/DAXX
mutations arise in the primary site.

/| KNRA & a A SDNARatNGtdstidyotb3 BnNETighlightedthat genomewide

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

and confirmedworse outcomeor patientsharbouringATRX/DAXXutations, with the
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shortestperiodof PFY5 yearsyeported for patients presenting loss of DAXX(irel6)
(Pipinikas et al., 2015)
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Figurel6. PFS in ATRX/DAXX mutated versus WT PanNETs

KaplargMeier survival curve representingore reducedorogressionfree survival folATRXhegative and
DAXXnegative cases analysed independently and compared to ATRXASKXes cases respectively.
The 5year PFS was 85% for positive cases, 52% for-Adg@¥ive cases and 16% for DAXgative cases
(Pipinikas et al., 2015)

Theaggressignessof ATRXDAXX mutated PanNETS, together vitie ALT phenotge

and higher incidence of suahnutations in intermediategrade G2 or more advanced
tumour stage)ead to the hypothesithat disruption of the H3.3 loading machinery is a
late event in RNNETYC.M. Heaphy et al., 2011; Marinoni et al., 2014; Pipingkas.,
2015) Other groups have confirmed the predicted worse outcomes for patients
harbauring both ALT ath ATRX/DAXXuutations (J. Y. Kim et al., 2016; Singhi et al.,
2016) The work from Scarpa arab-workersalsoreported that ATRX/DAXX mutations
are positively associated with longer rather than shorter telomeeesl revealed that
MEN1 mutated PanNETs aldwow longetelomere length(Scarpa et al., 201./Yost of

the DAXXnutated tumoursalso presentedoss of Meninthus indicating misregulation

of common pathways between these chromatin remodeliSsarpa et al.,@.7)
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Figurel7. Chromosomal alterations of PanNETs correlated with mutational status

Sporadic PanNE&salysed are represented according to copy number alteration, telomeres length, ALT
phenotype and corresponding mutations. ATRX and DAXX mutations positively correlated with increased
telomeres lengthfrom Scarpa et al., 2017)

Only one studyhasreported the loss of DAXX in 5% of hyperplasia of pancreatic islets
and 29% of pancreatic miciamdenomas, promoting the hypothesis that loss BIAXX
could also represent an early event in pancreatic neuroendocrine tumorigenesis
(Hadano et al., 2016)

1.7.2 Chromosomal alteration in PanNETs mainly affétesin, P53and
DAXX pathwas/

Copy number variations in PanNETs are matg to gain or loss ofwhole
chromosomes arms. Theost extensivavhole-genome sequencing study has identified
amainly recurrat pattern of whole chromosomal loss, affecting chromosomes 1, 2, 3,
6, 8, 10, 11, 15, 16 and 23carpa et al., 2017)Notably such chromosomal loss affect
genes already known to be involved in PanNBEPsXXs located on chromosome 6p,
MEN21on chromosome 11,0vHLon 3p andEYAla target of Meninlocated on8qg, PTEN

on 1(g (Scarpa, 2019; Sipa et al., 2017)

Regarding chromosomghins the most frequeny amplified regions includeBSPMNN

chromosome 1%nd ULK1on 12q(Scarpa et al., 2017PSPN is one of the four RET

2 Pancreatic micradenomas areneuroendocrine tumars measuring <5 mm in
diameter. They are cordered the precursor of PanNE{Fsadano et al., 2016)
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ligands linked to mTOR activation via PISK B#&E/ERK, JNK, p38MAPK and ERK5
signalling pathwaysRET pathway is usually misregulated in medullary thycartcer
(Kurokawa, Kawai, Hashimoto, Ito, & Takahashi, 20031 is serinethreonine kinase
that is involvel in mTOR/AMPK regulated autopha@ach, Larance, James, & Ramm,
2011)

Another study exploring copy numbaberration in PanNETs on a paneBa@fprimaries
and 11 metastasisgentified mainly copy number gains on chromosomé®h1%), 17p
(20.8%), 7p (18.8%), 99 (18.8%) while genomic lassasg significantly less frequeiyt
and the onlyrecurrent aberratioraffectedchromosome8q (6.3%jGebauer et al., 2014)
Alterations affectinggp, 8q, 9qand 17p correlate with poorer prognosis and survival
(Gebauer et al., 2014)

An older review combird findings from different cohos ((101) non-functional and
functional RNNH's divided ito benign (116) or malignant insmbmas (30) and
gastrinomas (31)highlightedmainly loss othromosomell(q and p) and 6qwhile
gains mainly affected7q, 7q and 20q identifying regions of candidate oncogenes or
tumour suppressor geng&apurso et al., 2012)

Interestingly chromosome 7q amplification could lead to gain of EZH2, the tuataly
component of PRC&inceEZH2ocus is frequentlfound amplified (7q amplification
found in 10 of 26 samples) in sporadic insulinonldsan Wang et al., 20177P53
mutations are quite rarén PanNETBut P53 inactivation ipreferablyachieved via loss
of its locus on chromosome XTapurso et al., 2012; Gebauer et al., 2014; Scarpa et al.,
2017)or via upregulation of its negative regulat@iu et al., 2010)

A workimplying comparative genomic hybrsdiion (CGH) of 171 PanNEdentified
gains of chromosome 4q, 12p and q and 6q, and losses of chromosome 1%idl, p
telomeres) (Hu et al.,, 2010)Overall 70% of weHldifferentiated PamNETsdisplayed
attenuation ofthe P53 pathway via gairtd MDM2 (226), MDM4 (30%), and WIP1 (51%)
(Hu et al., 2010)

The works here reviewerkveala variable pattern in copy number aberrationainly
found in advanced tumar stages reflecting one more heterogeneity of PanNETs and
thusvariabilityin the cohort analysedalthough the mostommonaberratiors are loss

of DAXXMEN1land TP53and amplification of P53 targets
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1.7.3 Expression profilingf PanNETeeveals dedifferentiation and trans
differentiation of the cell of origin

Due to the rarity of PanNETs specimgnonly two studies have performed RNA
sequencingof sporadic PanNETE€han et al., 2018; Scarpa et al., 2047 onestudy
has performedH3K27ac ChiBequencing(Cejas et al., 2019 he study from Laura

¢ I ylab@ratory,comprehensive of 33 PanNEASRS Y G A FASR 'y &l f LK  OS
ATRX/DAXX/EIN1(A-D-M) mutated samples comparedith WT tumours(Chan et al.,
2018) A-D-M groupdisplayupregulation of alphaelllineagegenessuch asARXIRX2
and TM4SF4and lower/heterogeneous expressiorof beta-cell genes such as
PDX1MafA, INS andDLK1 with corresponding tumars not associated with
increased glucagon expressi¢@Ghan et al., 2018ChIRsequencing of 21 PanNETs,
similarly identified three groupsf PanNETSs according to the status of alpha and-beta
cell specific enhancer&ejas et al., 2019)n particular, a strong signal athe ARX
promoter with weak signals at PDX1 identifies the aklglkd subgroup; the opposite
signature is typical athe beta-cell subgroup while PanNETs with ARX/PD&dbde-
positive peaks were common to both grou(3ejas et al., 2019)
Thesestudiesrecognise tranglifferentiation from betato alpha cells as atrong
feature of PanNETand determining increasedaggressiveness when the cgfpe
specification leans towardsphacell markersaand enhancer¢Cejas et al., 2019; Chan
et al., 2018)

The other workbased on RNAequencingf 29 PanNETS, after unsupervised clustering
revealed a grouping independent fromDAM status, generatinghree main clustes
with upregulation ofmetabolism reprogramming and hypoxia genes in the third group
comparedwith the first and secon@Scarpa et al., 2017y he grouping follows a pv®us
work comparing crosspeciesomicsdata ofmiRNAgene expressioand metabolomic
profiling of RIP2Tg2 RT3 mouse model of insulinomaand human PanNET$hree
main subtypes of PanNEifishuman and mouseereidentified: IT (Intermediate), MLP
(metastasis like primary) and MEN1/IT (MEN1 intermedig@apdanandam et al., 2015)
of which two are represented in the cohort §fO | Naik: @rEin group 1 and MLP in
group 3 Interestingly,Sadanandam andolleagues recogniseithat the Intermediate
group of PanNETs expredsgenes of mature beta cells includiRipX1|NS1GCK (GK),
and SLC2A2 (GLUTZ2), while the MLP groups mainly express beta cell immature and
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precursor genes HNF1B and GAT®d&danandam et al., 2013ccording to the authors
theseresults supporthe hypothesis that the ML-Fke phenotype might be originating

from precursoswhile the ITgroup originatesrom betacells (Sadanandam et al., 2015)

1.7.4 Non-coding RNA in PanNETs

Micro RNA (miRNA) are a conserved class of smaaitoding RNAof 20-25 bpthat
assemble with Argonaute proteins into silencing complexes (miRISCs) to direct post
transcriptional silencing of complementary mRNA targésnas & lzaurralde, 2015)
MiRNA profilingof PanNETs haseen performedin few studies in human biopsy and
the RF2 mouse model, wheréumour stage and aggressiveness identifdiferent
MIiRNA classefGrolmusz, Kévesdi, Borka, Igaz, & Patocs, 2018; Klieser 8058;
Sadanandam et al., 2015; Thorns et al., 2004R210 emerged aspossible target since
HIF controls its expression apasitively correlate with metastatic diseasemiR642
was found tacorrelate with Ki6&xpressior(Thorns et al., 2014Klieser and colleagues
identified mMRNA associated with HDACs expression, in particuraiRNA449a
(associated wh HDAC3/4) was found to play a role in PanNETSs proliferéfibeser et
al., 2018)MiR-21, whichtargetsPTENIs also found associated with Ki67 and metastatic
diseasan PanNET&rolmusz et al., 2018)

Many thousands of INncRNA transcripts (at least 13,000) are fouthd uman genome
(Derrien et al., 2012)0ne peculiarityof INCRNA is the presence of repetitive elements
mainly derived by TEapusta et al., 2013}he IncRNA MEGS downregulated in a
variety of cancerg§Y. Zhou, Zhang, & Klibanski, 2012yitrocell studies demonstrated
that MEG3 overexpression blocks MING cell proliferation via downregulatiorfMi T
resulting in reduced cell migration/invasigiModali, Parekh, Kebebew, & Agarwal,
2015) cMET and MEG@8lownregulation were foundn sporadic insulinoma cases
(Modali et al., 2015) ChiPsequencing analysis dflenl KO mESC revealed menin
dependent H3K4me3 at the imprintddl KEIMEG3locus in mESC#\garwal & Jothi,
2012)

LncRNA H19 is also prone to deregulation in PanNEhsupregulation linked to
malignant behaviou(Ji et al., 2019)Meng Ji, Yanli Yao and colleague demonstrated

vitro with RNA puldown and mass spectrometry that H19 bindSF andupon H19
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upregulation PanNET progression is favoured through the PI3K/AKT/CREB failewvay
al., 2019)

Interestingly, both MEG3 and H19 are associated with imprinted dbayhich allele
specific expression was found alteredinsulinomas, without necessary alténg the
expression of related IncRNAHuan Wang et al., 201L7Jhe MEG3DLK1 imprinting
locusalso playsa role in type 2 diabetes, increased methylatminthe Meg3promoter
AY Y2dza S -dells/resultsois ddcreased transcription of MEG3 maternal

transcripts and increased cytokismeediated oxidative streg&Kameswaran et al., 2018)

1.8 mTOR pathwaypregulationpotentiates PanNE&ggressiveness

Mutations in the mammalian target of Rapamycin (MTOR) pathway occur in
approximately 15% of @ANETs, 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 cqdex et al.,@11) mTOR is a conserved Ser/Thr kinase
that regulates cell growth and metabolism in response to environmental Cué$uang

& Manning, 2009; Wullschleger, Loewith, & Hall, 2006)represents acritical
downstream controller of the phosphatidylinositol-Kihase (PI3K)/Akt sighiag
pathway and interacts with several proteins to form two distinct complexes named
MTOR complex 1 (mMTORC1) and 2 (mTQBECa&trol cell proliferatiorand survivalJ.

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

Downregulation or los®f the mTOR negative regulat®TEN and TSC2 correlates with
poorer prognosis of PanNETs and shorter survival tifesChen, Van Ness, Guo, &
Gregg, 2012; Han, Ji, Zhao, Xu, & Lod32Missiaglia et al., 2010;-E. Zhou et al.,
2011) PTEN decreases mTOR activity by reducingidifabilityby catalysingedudion

to PIR (J. Huang & Manning, 2009)

TSC2 is an inhibitor of the mTORC1 comp&&2 and TSCiAndorm a dimer and inhibit
the GTPase activity of Rheb, a critical activator of mTOR sigr{dllifigang & Manning,
2008) When the RABAP domain of TSC2 is mutated, the GTPase activity of Rheb is
enhanced, resulting in the activatiamf mMTORHoogeveeAVesterveld et al., 2012; J.

Huang & Manning, 2008'SC2nutations are also associated withe autosomal
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dominant familial syndrome (incidence between 1.8 and,2#)sing prevalently syic

PanNET&oc, Sugimoto, Kuperman, Kammen, & Karakas, 2017; Larson et al., 2012)
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Figurel8 mTOR Pathway

Schematic representation of the mammalian pathway of rapamycin (mTOR) with focus on the mTORC1
complex. mMTORC1 resmsto nutrients and environmental cues to promote cellular growth. A
phosphorylation cascade pmgpted by IRS. 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 omerine 473 by mTORCZRDK1 isalso activated upon PIP
recruitment. The drug rapamycin strongly and acutely inhibits mMTORC1, while it only affects mTORC2

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

Theexpression of PTEN PanNEWas analysed in a study of 90 patients and 20 controls
Srong expression of MTOR and upregulatioplodsphom-TORwas found irtumours,
whereashealthytissue display strong mTOR anbbwer 53PhosphamTOR(Han et al.,
2013) From the same studyoss of PTERXxpressions more oftenfound in advanced

PanNETsnd wasshown to correlatevith increasedb3Phosphem-TORthus promoting
cell proliferation Figurel9).
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Figurel9. PTEN expression in PanNETs

Loss of PTEN expression was significantly more frequent in advanced (G3 grade) tum6irs. Ki
proliferation index correlates with PTEN expression (*p< 0.05; ** p< 0(@a) et al., 2013)

Previous stidies performed on a smallepatient cohorts had already proposethat
deficiency of PTEN withverexpression 064PhosphamTOR predicgpoor prognosis
(M. Chen et al., 2012;-€. Zhou et al., 2011)

Low levels of PTEM PanNET tissuis also reportedto be associated withtumour
functional statusaggressiveness and progress(dfissiaglia et al., 2010Wlissiaglia and
co-workers performed microarray expression profiling of 72 primanarRETs, 7
metastasis and 10 controlsJow PTEN andSC2 expression PanNETs significantly
associated with shorter diseasee and overall survivgMissiaglia et al., 2010).ow
cytoplasmic PTEN was associated with functional status and more aggressivegumo
while TSC2 had a consistently decreased expression in bstiinomas andnon
functional PanNET®lissiaglia et al., 2010lnterestingly, patients not presenting liver
or lymph node metastasis at diagnosis and low expression of TSC2 had a significantly
shorter diseasdree survivalMissiaglia et al., 2010)

Downregulation of TSC2 and PTENIndin 35% and 60% of the cases analyseggest
that PTEN downregulation might be the preferred way PanNETs adamprfegulation

of cellgrowth via mTOR actitian (Missiaglia et al., 2010)
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Figure20. PTEN and TSC2 levels in PanNETs predict PFS

Reducedprogressionfree-survival for PanNET patients with lower expressio@dPTEN andgb) TSC2.
Fewerthan 50% of patients with decreased expression of mTOR inhibitors will survivéhevid yeas
period, whileother patientssurvive for more than 20 yearfmages fron{Missiaglia et al., 2010)

1.9 Architecture histology anctytologyof PanNETislentify heterogeneous
kind ofneoplasm

PanNET heterogeneity is also responsible for histological varigaidythe morphology
does not always correlate with graditgeid,Balci, Saka, & Adsay, 201Mevertheless

the PanNETommon variantis characterised by a solitary tumoursually from 1 to 5

cm in diameter, with rounded and sharp bordelrs contrasuncommon PanNETSs mimic
cystic or fibroticumours(Capelli et al., 2009PanNETSs are highly vascularised tumours,
and numerous blood vessels encircle the neoplastic (€spelli et al., 2009) Well-
differentiated PanNETSs are distinct néagnswith avariablestroma component, nuclei
centrally located and uniform in size witha £ & | YR LISLILISNE OKNRY!
(chromatin with granular componentg¢apelli et al., 2009; Reid et al., 2014)nong

the most common morphological variantle lipid or clear cdlvariantis characterised

by foamy and microvesitar vacuole in the cytoplasms (can be common to VHL patients)
while theoncocytic variant has eosinophilic cytoplasmsl @rominent nucleol{Capelli

et al., 2009; J. Y. Kim & Hong, 2016; Reid et al., 2014)
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Figure21. PanNETSs cytology

(a)Common PanNETs with saftd pepper chromatiiCapelli et al., 2009(b) Clear cell variant with lipids
vacuoles andc)the oncocytic variant with abundant cytoplasfa. Y. Kim & Hong, 2016)

1.10 Inflammatorysignals irPanNETs

Systemic inflammation can be measured as neutrofghlymphocyteratio (NLRand

can beused asa prognostic marker of different typeof tumours. A study of 95 PanNET
patients (of which 2 were G1,32 diagnosed as G2 and 11 as) GieasuredNLRin
peripheral blood before surger§fong et al., 2017)ncreased NLR was foumal relate

to lymph node metastasiandreducedPFSTong et al., 2017)

A retrospective study H55 PanNETs analyselihicopathological factors, recurrence
andtumour associated mcrophages (TAMHarimoto et al., 2019)ncreased NLR was
mainly found in G2 and G3 PanNETSs and resultegiver white blood cell count, higher
K67 index, higher incidence of lymnpnode metastasis, higher incidence of lymphatic
and neural invasion, and a large number of CD&g¥essing TAM@Harimoto et al.,
2019) Both studés indicate thatncreased NLR rati@ symptom of inflammation
favourPanNETumour progression and could be used as prognostic markers.

Besidesn a work presented at ESMO 2QD. Kate Young@erformedimmune-profiling

of 48 PanNETpatient samples across PanNET subtypes defined in the work of Dr.
Sadanadam(Sadanandam et al., 201%)troduced here iri.7.3 to determine whether
immunotherapy may be a treatment option for some of these patigiteung et al.,
2017) The majority of the MLP subtype and a small portion of insulinomas tumours
were defined as immune higlfYoung et al., 20173hus further suggesting how chronic

infection and immunophenotype distinguish potentially more aggressive PanNETs
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1.11 Pancreas

1.11.1Pancreas development

The pancreas is composetithree 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 apparatu@Cano, Hebrok, & Zenker, 2007; Slack, 1995; Wilson, Scheel, &
German, 2003) Pancreatic development begins from a unique pool of progenitor cells
that transform into the matureorgan containing the three cell typddl. Sander &
German, 1997; Wilson etl., 2003) The development of the pancreas and duodenum
homeobox 1 (Bx1) 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 primor@i (1 dorsal and 2 ventral buds) of the foregut epithelium
(Cano et al.,, 2007; Hebrok, Kim, & Melton, 199Buring mouse E13 to Elthe
pancreatic ductal epithelium contains the progenitor cells able to differentiate into
mature pancreatic cell typesThe endocrine progenitor cells migrate into the
surrounding mesenchyme and aggregate into cell clusters, while exocrine cellssergani
into acini (Ehehalt et al., 2009; Pictet, Clark, Williams, & Rutter,21®&ack, 1995;
Spooner, Walther, & Rutter, 197.0From mouse E15.5 uhkirth, additional steps of
pancreatic cell growth and maturation are observédimilar development ifoundin

humans(Cano et al., 2007)
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Figure22. Pancreas organogenesis in mice

Stages of pancreas development in miBancreatic buds formation begins at approximately E9. The
pancreatic ductal epithelium after successive steps of branching and elongation culminates with
differentiation ofexocrine cells (green) and endocrine cells (blue and(@dho et al., 2007)

1.11.ZEndocringpancreas

The endocrine islets of Langerhans further differentiate into small spherical clusters
composed of at least 5 different cell types secreting hormones in the atronl 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. 20a8¢elthe
presence of glugon producing cells is documented by E9 wheliedsuman hormone
expressingendocrine cells are not detected until5¢8 weeks of gestation (G#%

(Pictet et al. 1972; Gittes 2009; Pan and Brissova 2014; Jennings et al. 2013; Piper et al.

2004). In mousgthe first insulirproducing cells are detecteat E14while in humans
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these are detectedt 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 precursamclude neurogenin3 (GBN3), paired box

6, NKX2.2, NKX6.1, ISLET1, neurogenic differentiation hained box 4 (Lyttle et al.

2008; Sarkar et al. 2008; Jennings et al. 20M3¥).spatiotemporal expression pattern of
these TFsin human foetal pancreas ggests that similar transcriptional regulatory
mechanisms operate in both humans and mice (Jennings et al. 2013; Pan and Brissova
2014).

1.12 Transcription factors essential for pancreas development and glucose
homeostasis

The transcriptionfactors (TF)essental for cell lineage specification from endoderm to
pancreatic isletere PDX1 NGN3and NeuroD (Gradwohl, Dierich, LeMeur, & Guillemot,
2000; Jonsson, Carlsson, Edlund, & Edlund, 1994; Naya et al., 1997)

Mice lacking PX1(previously known as Insulpromoter-factor 1)are apancreatiand

die within two days postnatally due to hyperglycaemia, indicating the importance of
PDXIfor pancreas determinatioiiJonsson et al., 1994NGN3 deficient miceinstead,

fail to develop endocrine cells and die postnatally from diabetes thus indica@idg &

a crucialTFfor endocrine developmentGradwohl et al., 2000NeuroD is essential for
islets cell morphogenesis, miaeking NeuroD die perinatally due to block of pancreas
development at E14/1{Naya et al., 1997)Reintroduction of HuroD using therat
insulin promoter(RIB in mice allows regeneration of beta cells, although these fail
correctly organise isletsf LangerhangH. Huang, Chu, Nem@zaillard, Elberg& Tsai,
2002)

Besides BPX1 NeuroD and MafA are essential for maintaining glucose homeostasis and
stimulate insulin secretion, since these factbnsd theregulatory regions of the Insulin2
promoter (Figure23), (Harrington & Sharma, 200QYlafA, in particular, lesgritical for

cell endocrine differentiation, is essential for maintaining glucose homeogt@lsang

et al., 2005)
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Figure23. Transcription factorgoromoting insulin expression

The regulatory region of the rat insulin Il promoter has specific binding site®ir, MafA and NeuroD.
Adapted from(Harrington & Sharma, 2000)

1.12.1Insight into the role of mature betaellsTFMafA

MafA, theV-maf musculoaponeurotic fiborosarcoma oncogene homolog A, belongs to
the large Maf proteins of basic leucine zipdds essential for lens formation in avians
(Benkhelifa et al., 1998; Kataoka et al., 2002; Ogino & Yasuda, M&&)roteins bind
DNA through the 134 palindromic sequences TGCTGACTCAGCA and
TGCTGACGTCAGCA called MAREs (Maf recognitions elerhen®P E3bdctivator of

the C1/RIPE3b enhancer element within REPpromoter was identified in 2002 as the
TFMafA (Harrington & Sharma, 2000; Kataoka et al., 200. Matsuoka et al., 2003;
Olbrot, Rud, Moss, & Sharma, 2002he RIPE3b complex is composed of RIPE3b1 and
2 elements, of which only the RIPE3b1 is specific to the-tataype, whildhe RIPE3b2
binding complex is detected in different cell typemerefore MafA expression is
preferentiallyconfined tobeta-cells(Harrington & Sharma, 2000;-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 wRBX., under chonically high
glucose concentrationgHarrington & Sharma, 2000; L. K. Olson, Redmon, Towle, &
Robertson, 1993; Sharma, Olson, Robertson, & Stein, 1988)es d MafA KOmouse
models confirmed essential role asegulator of glucosatimulated insulin secretiom

vivo (Zhang et al., 2005MafA-deficient mice are glucose intolerant, display impaired
response to glucose, arginine or ¥Gmulated insulin secteon, and develop diabetes
mellitus, howeverglobal insulin levels are not significantly alter@dhang et al., 2005)
Downregulationof Insulin 1,Insulin 2, X1 Beta2, and Gld2 expressionin MafA-
deficient micesuggest thatMafA is a potent regulator of glucosstimulated insulin

secretionin vivo(Zhang et al., 2005)
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1.13 Endocrine cell plasticity

Endocrinealpha and betacellsretain the ability to be reprogrammael into each othes
celktype. This phenomenoris widely observed in diabetes and canaard is tightly
regulated byDNA methylation anexpression of lineagspecificTFs While alphato-
beta-cell conversion igypically observedh diabetegThorel et al., 201Q0peta-to-alpha
ismore documented ilPanNEModels(F. Li et al., 2015;-8 Jennifer Shen et al., 2010)
In the contex of diabetes under conditions of extreme beteell loss alpha cells are
reprogrammed to the betaell state(Thorel et al., 2010)n the context of betecell
regeneration the factors NGN3, FDXL and MafA were sufficient to conveaicinarcells
into insulinproducing cell§(Q. Zhou, Brown, Kanarek, RajagopalMé&lton, 2008)
BesidesMafA was found tgotentiate the ability of PXL to convert \GN3positive cells
to insulinpositive cells but also to allowCXL mediated reprogramming of alpkzells
into beta-cells(T. Matsuoka et al., 2017)

Key regulatos of cell fate specifidégon from the beta to alpha transitiomre Pdx1 and
NKX.2 (Dhawan, Georgia, Tschen, Fan, & Bhushan, 2011; Papizan et al., 2011; Spaeth
et al., 2017) Betacell deletion of PX1in Ins:Cre/PdxImice resulted in loss of beta
cell identity andbeta to alphacell reprogrammingwithout intermediate expression of
NGN3 (Gao et al., 2014NKX.2 ablation in mice leato loss of KXhypermethylation
in betacells and it is sufficient to convert beteells irto the alphacelllineage(Papizan
et al., 2011) NKX.2 ispresent in a repressive compldgkat includesHDAX1and
DNMT3A (Papizan et al., 2011More specificallyablation of Dnmt1 leaslto the same
phenotype of beta to alphaells conversion as consequence @&RX promoter
demethylation(Dhawan et al., 2011)

An overview of the transcriptional landscape typical of mouse alpha and beta cglls ha
been exploredby Benner and colleague§Figure 24) (Benner et al.,, 2014)The
transcriptional landscapef alpha ad betacell typewas analysed usindjstinctlineage
tracing for alpha and betaelltype (Benner et al., 20147 helns 1-histoneH2 promoter
(mInsEH2bmChernyline) labelled insulirproducing cells in redvhile the S100beGFP
promoter labelled glucagomroducing cells in greefBenner et al., 2014)Double
alpha/beta cellabellingenabledidentification of NGN3,the commonalpha/betacelt
type progenitornot expressingny hormongFigure24). Besides double alpha/beta cell
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labelling enabled identification of TFs of immature and mature alpha/beta cells types

(Figure24).

Immature beta-cells Immature beta-cells Mature beta-cells
Pdx1 Pax6 Insulin MafB Insulin MafB
Pax4 FoxA2 Pdx1 Pax6 MafA Ucn3
Nkx6.1 Foxol ::> Pax4 FoxA2 I:> Pdx1 Pax6
Alpha and Betaearly Isl1 Nkx2.2 Nkx6.1 Foxol Pax4 FoxA2
endocrine NeuroD1 Isl1 Nkx2.2 Nkx6.1 Foxol
Progenitors: @ NeuroD1 Isl1 Nkx2.2
NeuroD1
Neurog3 %
Pdx1
FoxA2 Immature alpha-cells Immature alpha-cells Mature alpha-cells
Arx Pax6 Glucagon Glucagon Ucn3
Isl1 FoxA2 Arx MafB Arx MafB
NeuroD1 Nkx2.2 |::> Irx1 Brn4 |:> Irx1 Brn4
Irx2 Pax6 Irx2 Pax6
Isl1 FoxA2 Isl1 FoxA2
NeuroD1 Nkx2.2 NeuroD1 Nkx2.2

Figure24. Alpha and beta cells specific transcription factors

Alpha and betaell identityareregulated by a complex interplay ofs identifiedfor each differentiated

cell stage via ChlBBequencing of mouse alpha and beta cells labelled with a GDP and mCherry probe
NBaALISOUGAGSted {ATYyATAOl YY) he ones yhirded &8 Fedard Seyisiidely | NB 6 LI
Sy N& OK S R lhagesadaptelfrom (Benner et al., 2014)

The main factorgleterminingterminally differentiated bea and dpha cellstates are
MafAand ARXrespectively which together with BXL are found toplay major rolesin
cellulartransformation in the context of PanNE{Gejas et al., 2019; Chan et al., 2018)

1.14 Current models of PanNETs

1.14.1Genetically engineered mouse models (GEMMSs)

1.14.1.1 Mouse models of insulinomas

The widely used model for studying PanNET development and progression is the murine
RIPiTag (RT2)mouse line. nerated in 1985 by expressing the SV40 largetigen

driven by the rat insulin 2 promoter, the line follows stepwise tumour formation starting
with islets hyperplasia at 3 weeks, angiogenesis switch in abd% Jof the islets,
insulinoma formation and premature death by the age ofl®weeks dued severe

hypoglycaemigHanahan, 1985)
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Figure25. Tumorigenic stages in the RT2 model

Stepwise progression from normal igeb hyperplasia, development of angiogenesis, tumour formation
and rare metastasiicture from(P. Olson et al., 2009)

TheRT2ine has been particularly useful for drug screening and clinical.t@&lsote, it
was crucial to prove that sumiib, targeting VEGF and PDGFR receptor Higga
impairs the growth of PanNETs in mou&eter Olson, Chu, Perry, Nol8tevaux, &
Hanahan, 2011)This modetlisplaysgradual, butthe rapid progression of PanNET with
noticeabledecrease in mouse life spatiherefore not resembling intermediate grade
PanNETSs.

With the advent ofCreLoxPtechnology, the idea of using the RIP1 or 2 to selectively
drivethe loss of gene expression in the endocriveta-cells, in combination witaMenl1
conditional line, lead to a PanNET model closer to development of human tumours from
the homonymous familial syndrome. In 2Q08v0 groups demonstrated that
heterozygous loss of Menin driven bye RIP promoter lead to pancreatic adenomas,
mainly identified as insulinomas, aroundl months of ag¢Bertolino, Tong, Galendo,
Wang, & Zhang, 2003; Crabtree et al., 2008) both models, the development of
parathyroid and pituitary tumorswas alsambserved, possibly due tbie uncontrolled
expression ofCrein other tissues. The group of Crabtree and colleagues tested the
efficiency of RIP 1,2 andgoromoters ard reported most robust efficiency using tReP2
promoter which leadsto hyperplastic slets from 4 weeks of age, adenomas by 5
months of age and multiple adenomas startadgputthe age of six month&rabtree et

al., 2003) Their model however, did not progress to adenocarcinoma, while tGee
LoxPmodeldevelopedby Bertolino and colleagselisplayed®% of tumous progressing

to carcinomas around-82 months, with lymph node metastasis of insulinomas found
in 3 caseg¢Bertolino et al., 2003)

TheinducibleMen1”*/RIP2CréRmouselineisanother variant of theRIRCreline, where
tamoxifen treatment was given & months of age to activate the expression ©fe

followed by mice collection 2.5 months latécines et al., 2017)Mice develped
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insulinomas around the age of 5 monthsdicaing increasing efficiency and specificity
since there were no offarget effects(Lines et al., 2017)

Other Crelineswere tested forgeneration ofconditionalMen1 KOmice: thePdx1-Cre
Men1”" model, although directing loss oMenin in pancreatic progenitors, lead
uniquely to formation of endocrine tumwos, and specifically insulinomas by-1@
months of age, whereas there was no alteration observed in the exocrine pantteas
C Jennifer Shen et al., 2008ubsequenstudiesusing thePdxtCreKO mice haeshown
that loss ofMenin leadto both insulinomas and pituitary endocrine tums through
upregulation of DNMTAhnd consequent hypermethylation of selected genes in both
mice and patients presentingEN1deficiency(Yuan, Claros, et al., 2016)
ChungWong and colleaguebave just developed a new model of BNL neoplasia
combined with FEN losasing thelns1-Credriveror RIP drivefWong et al., 2019 heir
model enphasses the role of FENin PanNETvhich waspreviously underestimated
The Menl-Pten KO models progresmster to G1/G2 stagesnd the mTOR inhibitor
rapamycin delayed the growth and increased suryigabpporting its application in

PanNETreatments(Wong et al., 2019)

1.14.1.2 Mouse model of glucagonomas and mixed hormone PanNETs

A subset of mice in S NJi 2 RIRCye®1€hd model also exhibited the formation of
glucagonomas amongst the majority of insulinomas, while advanced carcinomas
presented weaker expression of baglucagm orinsulin(Bertolino et al., 2003Cell c-
differentiation was the mechanism identified as responsible for both these phenomena
(Bertolino et al., 2003)

Lateronti KS F of I GA 2y -cllF usiagXhye glucagpn piofder ih tiiu
CreMen1KOline was shown to give rise tth insulinomas and med islets tumours,
identifying transdifferentiation ofbetato alphacells as théeadingcause of insulinoma
formation (HC Jennifer Shen et al., 2010n 2015 anotherstudy showed the
development of glucagonomas also the RIRCreMenl line where gluagonoma
display theloss ofMenin expression due to downregulation of betall TFan favaur of
mature alphacells lineage genes such B&fB and Brn4 (F. Li et al., 2015)rans
differentiation from beta to alpha cells and vice versa is recognised asrigéical

mechanismadopted by transformed chd, as discussed in secti@ril3
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1.14.1.3 Models of VHL inactivation

The discovery that VHL germline mutations are also involvethenformation of
endocrine tumous (Binkovitz, Johnson, & Stephens, 198@)d scientistto reproduce

the model in transgenic mouse experimentddL promotes uluitination of hypoxia
inducible factorqHIFMh S -Hh EC -y RO | L €R { K S Ardédr oBdididhs R G A 2 y
of stress, however, HIB stabilised and recruéd to target genes such as vascular
endothelial growth factor (VEGH)oh et al., 1998)

Different attempts to selective KO VHL were performed usingsulin, glucagon or

PDXL drivers(H-C. Jennifer Shen et al.,, 2009he authors found pancreatic lesions
common topatients presenting VHL failial syndrome (microcystic adenomas and fat
replacement of exocrine pancreas) only in mice presenting loss of VHL under control of
the PdxXCrearound the age of 1:26 months(H-C. Jennifer Shen et al., 2009)

1.14.1.4 Xenograft mouse model

Engrafting ofthe BON cell line originatg from human neuroendocrine carcinoma
represens the historical model of patientlerived xenograft (PDX) of PanNEVers et
al., 1991) The replication rate afhe BON1 célline after transplantation into nude mice
leads to tumour formation with 14 days, far togapid to represent a model of
intermediate grade PanNKIEvers et al., 1991)

Two models resembling wallifferentiated PanNETs from patiederived pancreatic
tumourswere recently published:

Transplantation of he well-differentiated NF3 cell line derived from a 3gearold male
presenting lymph node metastasis of insulinom@ micedisplayeda 94% successte
anda growth rate 0f139% + 13% eveffpur weeks(Benten et al., 2018)The N3 cell
line has a proliferation index within the range of weifferentiated PanNETE4.6% =+
1.099, which iclose to theindex of theoriginal tumour(15-2099, and the slowgrowing
phenotype isalso maintainedn vivg where the tumour growth was observed siix
weeks after transplantation.

Moreover, the NT3 line expressd somatostatin receptorespecially SBR2which is the
most relevant for therapeutic targeting. The i8Tcell line synthgses and releass
insulin, thus resembling the insulinomas of origin and it also expréise@sain markers
of betacell differentiation, ncludingCgAand synaptophysinBenten et al., 2018)The

antiproliferative effects ofhe somatostatin analogue octreotide amide mTOR inhibitor
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Everolimusefficiently lead b a 34.8%(P< 0.00) and 31.5%reduction in NT3 cell
numbers after 5 days treatmentespectively(Benten et al., 2018)

PDX modea derived from a liver metastasis of higjnade welldifferentiated
insulinomas, leading to the formation aklow-growingtumour with ki67index of6é and
8% were published at the end of last ye§@Chamberlain et al., 2018 he original
tumour presented two frameshift mutations RTENand additionaimutations inMEN1
and BRCAZenes The PDX tumowvasusedfor efficiency tests othe mTOR inhibitor
Everolimuswhich blocks mTORCAnd the second generatiomhibitors Sepanisertih
which can block both mTORC1 and/iZce were treaed once daily withEverolimug10
mg/kg BW)Sepanisertib (1 mg/kg BW), or vehicle by oral gavage for 28. dayts drugs
reducedtumour growth three fold compared to control sample€Chamberlain et al.,
2018)

The classical cell lis®f PanNET origiare BON and QGHP, originating from a tumour
biopsy obtained from a 6%earold male with neuroendocrine carmma and from
peripancreatic lymph node metastasis of ay&g@rold male with PanNETespectively
(Vandamme et al., 2015 hese lines can secrete unusual hormefte PanNETS: the
BON cell line secretes neurotensin, pancreastatin, serotoninHTH 5
hydroxytryptophan (8HTP), and -hydroxyndoleactic acid (H1IAA) Dbesides
chromogranin A; while the Q&GPcell line secretes 5Hand carcinoembryonic antigen
(CEA) besides somatostatifiVandamme et al., 2015Recent exome sequencing of
these line has challenged the classigalvitro culturing system as the mutational
signature of both lines is divergebetweenthe reports of Boora and Vandamme of
2015 (Boora et al., 2015; Vandamme et al., 201Bpth groups performed exome
sequencing and reported that BON1 and QGP lines harbour homozygous mutations in
the tumour suppressolP53gene conferring a moraggressive behaviour while other
commonly mutatedchromatin remodellers or mTO&enes were found only ithe
Vandamme and notthe Boora report. ATRXmutations and additional loss of
heterozygosity (LOH) in MEN1 were found in btitt BON and QGPL1 lineLH for
PHLDA3 fothe BON line onlyVandanme et al., 2015)Besidesthe BONL1 cell line
harbours 3 mutations in theTSC2jene of the mTOR signalling pathway, explaining the
positive results obtainefor mTOR inhibitory drug8/andamme et al., 2015The BON
cell line was indeed used to show efficient growth inhibition by targetirg mTOR
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pathways withEverolimugZitzmann etl., 2007)and bycombinedtargeting of PI3K and
Rag(Valentino et al., 2014)

1.14.2n vitromodek of ParNETs

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 m@vobaseed et

al., 2014) The cultures were seeded 12-14 well plates coated witkhe extracellular
matrix, and although 13 out of 15 &ve originating from noffunctioning tumours, they
secreted chromograninA under culture condition§Mohamed et al., 2014)While the
testing ofthe somatostatin analogu@cteoride on BON cell lines in monolayer or after
transplantation did not show the expected antiproliferative effe@oreno et al., 2008)
the Octeoride atthe physiological concentration of 1 necreased cell viability and CgA
expressionn the primary NET cell linéslohamed et al., 2014 Besides, this study was
relevant to show thathe new gemration somatostatin analoge Pasireotide is active
undernanomolar scal@hysiological concentration and preseiat different mechanism
for internalisation of the substrate, not involving serine phosphorylation like the
Octeoride. Tlese results indicatdhow the use of modeldetter simulatinghuman

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 patientsunempo
germline mutations represgs a potent tool for studying developmental changes
caused by loss of gene expression. The Addition of Yamanaka reprogramming factors
OCH, X, cMyc, andKLB now represens a wellestablished method to generate
stable iPSC cell lines from human céllakahashet al., 2007) The group led by Ydin
xiongLi has successfully generated iPSC lines from urine derived from a 59-gedr23

old mother and son with multiple endocrine neoplasia syndrof@eo et al., 2017a,
2017b) The iPSC lines can be then differentiated into be#fls or organoids and

represent an exciting platform for drug screening and signalling pathway analyses.
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1.15 Project rationale

The study of PanNETSs bioldugs attractedthe interestresearches in the lsst decade
after discoveries of driver mutations in epigenetic modifiédgo et al., 2011)The
histone H3.3 chaperones ATRX/DAXX, together with the chromatin factor MEN1 are
indeed the most frequently mutated genes of PanN@io et al., 2011IMEN1 function

iIs well characterised both in humarand mice due to the autosomal dominant
syndrome arising fromMEN1loss ATRX/DAXKutations have been implicated in the
maintenance of AL however, it is notclear whether they can a@s tumour driver or
maintenance mutationsdespite being mutated in 44% of PanNETSs.

DAXXmutated PanNETs are associated with more aggressive behaviourthend
development of lymph node and liver metasta@arinoni 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 tonodelthe loss of chromatin remodelleis PanNEThave
focused pmmarily on the pathway linked to the maintenance of telomeres and ALT,
without considering other possible mechanisms influencedbRRX/DAXXutations It
would therefore be interesting to define the link between epigenetic and @R
signalling sincenTORNnhibitors PTEN and TSC2 are fodiosvnregulatedin PanNETS,
but mutations are observed only in about 14% of the cases.

FHC and diabetes emerged as independent risk factors of PanNETSs, yet few studies have
evaluated a potential e of metabolic alteration caused ltlye high sugawesterndiet

ay’ R poskilalink with epigenetic dysregulation.

The most common mutations found in sporadicPanNETs with knowmolecular and

functionalalterationsarelistedin Table2.
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Table2. Summary of PanNET relevant mutations, molecular function grenotypicalteration

Mutation PanNETs tumour drive? Molecularchanges Histological phenotype
Mouse models?

MEN1 Tumour drivetin Uncontrolled cell cycle Hyperplasia, angiogenic
familial, sporadic case progressionalteration of switch, multifocal
and mouse models DNA methylation PanNET development
ATRX Not knowrllack of Deprotection of Bight telomeric foci,
mouse models chromatin chromosome possible development o
instability/ALT liver metastasis
DAXX Not Known/lack of Deprotection of Bight telomeric foci,
mouse models chromatin, chromosome possibledevelopmentof
instability/ALT liver metastasis
PTEN Does not lead to Upregulation of mMTOR Islets hyperplasia,
PanNETSs in mouse signalling improved glucose
models tolerance
TSC2 Yes, in rare familial Upregulation of mMTOR  Solitarycystic tumours
syndrome lack of signalling
mouse model
VHL Yes, irthe familial LY ONBI &SR Vascularised and cystic
syndrome, no tumour  signalling, agiogenesis tumours
formation in mouse
models
TP53 Not found in low Celicycleprogression  Hyperplasia, angiogenic
intermediate PanNETS, switch, aggressive
the RT2mousemodel PanNETs/insulinomas

mimics P53 loss

1.15.10utstanding questions

Clinicaland molecular studiesn PanNETSs raise the following questions:

0 Are ATRX/DAXX PanNETs tumalriver®? Orare ATRX/DAXX maintenance
mutationspromoting tumour progression?

o What is the role of DAXX in tipancreaticendocrine contextPDoesloss of DAXX
influences molecular pathwaysher than telomere maintenance

o How doesthe mTOR pathway synergiseith other mutationsto promote
PanNET aggressness?

o DAXXand PTEN are knowratiiagonise each othen the neurological context,
how do they interact in thgpancreas?

0 How does metabolic alteration affect the endocrine microenvironment?
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1.15.Hypothess

The hypotheses supporting this project are:

o0 Loss ofchromatin 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 ATR&Ss has a lower effecbn
tumorigenesissince it is a regulatory component of the chaperone complex

0 BEpigenetic and transcriptional changes observed in humamnRETs are
recapitulated by DAXX loss in mouse islets

0 Alterations of other pathways (e.g. mMTOR3K/Akt) may be synergistiath
chromatin misregulation pancreatic pathogenesis

o0 Perturbation of metabolisnrmight be linked to tumour driver events.

1.15.30bjectives

Themainaim of the project is:

0 Understanding the role of DAXX during developmehgmeostasis and
tumorigenesis of pancreatic iskby generating anin vivoand/or in vitro model

of DaxxKO in pancreatic islets or iPSC

The generation of the mouse lingll be carried ouusing a classic&@relLoxP breeding
aeaidsSy ONraaAay3da || O2yRAGA2YyIE 5! .. fAYyS
different Crelines. A pancreatic beteell specificCrerecombinase with constitutiv€re
expression I6s1Creline), or an inducibleCrerecombinase leading tavhole-body
deletion of DAXXRosaCrei™ine) will be tested.

While developing the mouse line, am vitro model of DAXXKO suitable for PanNETs
studies will be also set upheCRISPRas%ool for DAXXKOwill be applied to the iRS
model establishedle novoin the laboratory. Once the mutant cell line will bbtained,
the iPSC wibbe directed towards pancreatic betecell fate.

After verifying downregulation of DAXXthe focus will be directed towards the
understanding of DAXX function in the endocrine contéxtvivo physiology, post

mortem IHC and classical biochemistry apprasshill be adoptedfor this purpose.
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If the mouse modeis established the generation of a&NET tumour model could be
stimulatedby adding a seconehutational hit to the system.

A =condary aim will be to:

0 Recapitulate PanNETs tumorigenesis by combining lostheofchromatin

remodeller DAXX with mTOR activation

This secondary aim will be aeled by crossing thBaxx KOmouseline with another

line leading to mTOR upregulation. Conditional difer PTENnNactivationare widely
used in researcliLesche et al., 2002The relation betweerthe upregulation of cell
proliferation andepigeneticdysregulationcould be then explored.

PanNETshallmarks discussed in the introductiowill be used tomeasure the
development of PanNETs or prgmorigenic stageg1.14.]) in the mouse model. ALT
will be challengingo investigate ilmousemodelsbecause laboratory stragharbour
very long telomeres(Zijlmans et al., 199@nd ALT requirethe failure of telomerase
activity achievedafter a dramatic shortage of telometength.

Nevertheless, othehallmarks can be explored in mice and the focus will be directed

towardsthe characterisation of

o Hormone production
o Transdifferentiation/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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2.1 Cell culture

The episomal line of induced pluripotent stem cell (iPS&pcg A18945) was
maintained in feedefree condition on Geltrex matrixir(vitrogen A1413202) and
Essential 8 mediunThermo FisheBcientific A1517001) with the addition of Essential

8 supplement Thermo Fisher Scientifie1517001) and 0.5% Benicillin(10,000 U/ml)
/Streptomycin (100pg/ml) Thermo Fisher Scientifit5070063).The iPSC we cultured

at 37°C in a humidified atmgshere with 5% of C£and kept in culture until 780 % of
confluence, usually reached from 3 to 5 dayslaty media change. The cellsne¢hen

split by incubation for 5 minutes at 32 PBSlifvitrogen 14190250EDTA 0.5 mM
pH8.00 [nvitrogen 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 we detached from the Geltrex matrix with REBTA
0.5M, resuspended igssential 8 Medium with 10% of DMSIhé€rmo Fisher Scientific
20688) and transferred in a freezing contain&igma,C1562 for gradual lowering
temperature at-80°C. After a week the cells are completely frozen and ready to be
transferred in the vapor phase of liquid nitrogen for lontgrm storage.

The human embryonic kidneells293T (HEK293T) cell line used for the virus
production and validation of the CRISERs9 with donor vector system wagltured in
DMEM mediaGibco, Life Technologi€x1885023) supplemented with 10% FBXl{co,

Life Technologies10500064) and 1% ofPenicillin (10,000 U/ml) /Streptorycin
(100pg/ml) Thermo Fisher Scientifit5070063). The cells we routinely grown in T75
flasks and split in ratio 1:5 or 1:10 after 5 miastof incubation in PBBypsin 0.5%
(Gibcq 15400054). In order to perform DN#anipulation,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 cryopreservesmptete DMEM with 10% of DMSO
(Thermo Fisher Scientifi20688) and stored for short period of time -80°C or in the
vapour phase of liquid nitrogen for longer periods.

The human colorectal cancer cell line HCT116 cell line fosetie titration of viruses
wasOdzf G dzZNBE R Ay SarGy5AN8A03) sipfdnkrted with 10% FESkco,

Life Technologies10500064) and 1% ofPenicillin (10,000 U/ml) /Streptorycin
(100ug/ml) Thermo Fisher Scientifit5070063). The cells we maintained at 37C in

a humidified atmosphere with 5% of G@utinely grown till 7680% of confluence in
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T25 flasks and split in ratio 1:5 or 1:10 after 5 minutes of incubation iFTBBSIn 0.5%

(Gibcq 15400054). In order to perform virustration, the HCT116vere plated atthe
concentration of 100,000 per well of a eéelvplate. The cells were cryopreserved

YSRAI O2YLRAaSR 2F np:x: 2F O2YLX Si Sheam®/ 28 Qax
Fisher Scientifji20688) at stored ai80°C for several months or in the vapour phase o

liquid nitrogen for longer periods.
2.2 Generation of transgenic cell lines

2.2.1 CRISPRas9 Technology

Two different strategies of CRISERs9 have been adopted, one based on the induction

of HDR and the second on the NHEJ pathway. The former system desigioed by
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 oDAXXand the selection marker, as shownFigure26:

] a

= ~omologyarm [

DSB generation by
Cas9/gRNA complex

5 Puromycin Cassetie 3 TSSeRNA
HDR using FTV as template Q Cas9
1 for the repair

5 I Homologyarm Puromycin Cassette Homologyarm [ 3’

Figure26. CRISP®as9 Donor vector system f¥AXXKO in cell lines

Strategyadopted for generating a CRISPESZDAXXKO lines based on the induction of a doubteand
break and incorporation of the puromycin cassette after induction of homettitggcted repair. Adapted
from (J. D. Sander & Jourf)14)
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In order to apply this strategy, four different plasmids are needeb(e3).

Table3. Plasmids needed for the donor vector strategy of CRISRIR9

Vectors Function

FTVDonor vector Plasmid containing the homology arms and puromy
cassette

Cas9 Plasmid expressing the Cas9 nuclease

sg4 or sgb tfFAYAR O2y il AyAy3a pQ wb

sg6 orsg7 tfFAYAR O2y il AyAy3a pQ wb

2.2.2 CRISPR/Cas9 verification protocol (surveyor assay)

The PCR on genomic DWAsperformed prior to run the surveyor assay with primers
F_sgDAXX1 and R_sgDAXX1 for genomic DNA from cells transfected with sgDAXX1 or
F_sgDAXXand R_sgDAXX2 for genomic DNA from cells transfected with sgOAEX2

PCR productvasthen purified using a Qiagen purification kQiagen 28106) and the

DNA concentrationwvas measured with Nanodrop. In a PCR tuB80 ng from the

purified DNA wee mixed to 3.2 pl of Herculase Il buffer from the Herculase 1| DNA
polymerase kitAgilent Tech600677) and watewasadded up to a volume of 16 ul. The
mixture was transferred to a thermecycler where the annealing protocolas

performed Table4).

3t SNJ S OK O2Yo0AyldA2y 2F 3IdARSE 6pQIdARS yR 0QIdzA RS

main guides (sg4 and sg6) and alternative guides (sg5 and sg7).
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Table4 Surveyor annealing protocol

Temperature Time Temperature ramp
95°C 10 min

95°C to 85°C (¢2.0°C/sec)
85°C 1 min

85°Cto 75°C (¢0.3°C/sec)
75°C 1 min

75°C to 65°C (¢0.3°C/sec)
65°C 1 min

65°C to 55°C (¢0.3°C/sec)
55°C 1 min

55°C to 45°C (¢0.3°C/sec)
45°C 1 min

45°C to 35°C (¢0.3°C/sec)
35°C 1 min

35°C to 25°C (¢0.3°C/sec)
25°C 1 min

4°C Holdk

After the annealing step 1 pl of Enhancer, 1 pl of Surveyor Nuclease and 2 pl ef MgCl
from the Surveyor KitiDT, 706020) weredded to the PCR tube followed by incubation

at 42°C for 1 hour. The produetasthen run on a 2% agarose gel.

2.2.3 Transfection

HEK293T cells have been transfected by using FuGene reRgemega E2311) Table
5). 5 *1( cells wee plated in a 10 cm dislafter 2 days tharansfection wasstarted at
a confluency of ~6G0%. Briefly 8l of FuGenavere added per eaclrg of plasmid in
100> of DMEM media without supplements prearmed at 37C. The solutiorwas
mixed by inverting the tubes, incubated for 15 minutes at room temapure and then
added drop by drop to the plate. The selectimas started after 48 hours by adding
complete DMEM supplemented with puromycBigma P8833) at the concentration of
3>3AkYE Ay HEHRS3TADE: &S 2 F
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Table5 Reagents used for FuGene transfection

Sample +SOG2NA om >3 FuGene Media
Main guides sg4 + sg6 + Donor Vector + Ca 12>| 400>
Alternative guides sg5+ sg7 + Donor Vector + Ca: 12>l 400>
Non targeting Ntg + Donor Vector + Cas9 9> 300>]
guide

No guides Donor Vector + Cas9 6 >l 200>]
Cas9 only Cas9 2> 100>

2.2.4 Nucleofection

The nucleofection used for IPSC transfection was performed using the Amaxa
Nucleofection kit (onza VPGL004). Brieflythe iPSC we plated in 12 well plates in

ratio 1:3 or 1:4 so as to reach B0% of confluency in about2 days. Orransfection

day the iPSC we treated for 2 hours with Revita cell containing a rock inhibitdrefmo

Fisher A2644501), then detached by incubatidor 5 minutes in PBSn{itrogen
14190250)EDTA 0.5 mM pH8.0hyitrogen 15575020) and centrifuged for 5 minutes

at 700 rpm. Meanwhile the vectors and nucleofector solutiarese warmed up at RT.
Pereachconditon® 3 2 F S IwaKdded ®OAP2(NI2 F y dzOf S2FSOlGA2Y
>f 2F ydzOft S2FSOG2N) b mMH > washddéddothedicel YSy (1 0 @
pellet, transferred to the provided cuvette and placed in the Nucleofector device where

the programme A23 wasapplied. After this passge the cellsvere quickly plated in 1

well of 12 well plates in complete Essential 8 medium supplemented with Revita cell
supplement(Thermo FisherA2644501). After 48 hours the efficiency of transfection
was@SNAFASR i GKS T d2ANGBNRPOSHAILISY AlCINER2: Ored 35S NI
the Cas9 used does express GFP (pX548,ade? for details).

Table6: Reagent used fonucleofection

Sample +S0O0G2NABR om >3 ¢Solution
Main guides sg4 + sg6 + Donor Vector + Cas 100>|
Alternative guides sg5+ sg7 + Donor Vector + Cas¢ 100>l
Non targeting guide Ntg + Donor Vector + Cas9 100>
Cas9 only Cas9 100>
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2.2.5 Transduction ofPSC

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 studyt wasused to deliver the CRISERS9 system that generates the

KO cell lindSanjana, Sham, & Zhang, 2014)0n the day prior the infection the iPSC

were plated at a concentration between 116% in 6 well plates. The lentiviral infection

was started in the evening whegells displayed a confluence of-80%.Essential 8

(Thermo FisheBcientific, A157001) media supplemented withi2pt @ 6 NSy S o p > 3K
was used The titer of lentiviruses usedasMOI 1 because the aim is to have few cells
infected so as to isolate single clones.GhR8ection wasperformed overnight rather

than for 24 hous sincaPSQvere quite sensitive to such treatmerithe mediavasthen

changed on the following morningn te following daypuromycin (Sigma, P8833)
selection wastarted, using aoncentrationof0.3% 3k Y[ ® ¢ Kwhsparrim&lOd A 2 y
for 4 days, aftr which single coloniewere isolated and plated in 24 well plates in
complete Essential 8 (Thermo Fisher Scientific, A1517001) supplemented with
puromycin (Sigma, P8833).

2.3 Cloning

Plasmid amplificationwas performed by transformation withStbl3 homemade

competent bacteria. Brief\ 00> f StBI3hawed on icavere mixed with 1pg to 100ng

of plasmid and incubated for 30 minutes. The incubati@sfollowed heat shock for 45

seconds at 4Z and then 2 more minutes of incubation on ice. Aftet8@0>t 2 ¥ { ®h ®/ d
medium {Thermo Fishel5544034yvereadded to the bacteria incubated for 1 h at’€7

at 250 rpm. The bacteriavere then centrifuged for 3 minutes at 3000 rpm and 5
wereplatedon LB 3+ NJ LX I 6Sa 6AGK wmnn mpiaesglectdh¥d | YLIA O
marker. The following day single colonwesre picked and used to inoculate 3 mL liquid

culture of LB YLIAOAt €AY omnn >3IKY[ OO
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Table7 List of the vectors used in this study

Plasmids

pCMV:G

pPCMV:HIV-1
hDAXXsgRNA1enti CRISPR
hDAXXsgRNAZenti CRISPR
GFPsgRNAlenti CRISPR
EVlenti CRISPR

Reference

Giftffromb® ¢ NRy2Qa [ I O
DAFTG FNRY 50 ¢NRyYy?
GeCK(banjana et al., 2014)
GeCK(sanjana et al., 2014)
GeCK(banjana et al., 2014)
GeCK(banjana et al., 2014)

pX458Cas9 Addgene plasmid 48138
pX330ntg Addgene plasmid X330
hDAXXmain-sg4 Steve Pollard lab
hDAXXalternative-sg5 Steve Pollard lab
hDAXXmain-sg6 Steve Pollard lab
hDAXXalternative-sg7 Steve Pollardab

FTV_Donor Vector Steve Pollard lab

Table8 List of the guide RNAs used for CRISRR9 genome editing

Guide RNA Sequence

non targeting guide p -GCGACCAATACGCGAA@XIC
hDAXXsgRNA1 p {CACCGCTCGTGGAGGAATCAGL &
hDAXXsgRNA2 p {CACCGCAATGCGCCTGTTAA@CDC
hDAXXmain-sg4 p-QGCTAACAGCATCATC@GTGC
hDAXXalternative-sg5 p-GCCCCAGGTGAGGCCGEAXT
hDAXXmain-sg6 p -QCTTCGGGAAAACCGGAIIT
hDAXXalternative-sg7 p -GAGTTTGGCCATGAGTGEHQC

2.4 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 815 cm dishes. The next
morning the HEK293T are-ttansfected with the plasmid of interest and the paging
vectors (pCMV and pVSVG) by using calcium phosphate as following: 24ug of plasmid,
7.2 ug of pCMAG and 15.6 pg of pCMMIV1 are mixed to 900 ul of dd®l and 100 pl

of 2.5M CaGland well mixed by pipetting 10 times. The solution is then left to
equilibrate at RT for 280 minutes. Meanwhile25 mM of &loroquinewere added to

the cell media and placed back in the incubator, while the HBSS twderarmed up

at 37°C. After the DNA solutiorwas equilibrated 1000 ul of HBSSrevadded, mixed 5

timed by pipetting up and down and incubated for exactly one minute. The solasn

then added to the culture media and mixed by rocking the plate in different direction.
79



The cellswere placed back in the incubator for 8 hours at°’G7ollowed by media

change As prof of the Calcium transfectigra particulate at the bottom of the plates
wasobserved after 8 hours of incubation at<€7 An extended incubation for more 48

hours at 37C was required to allowviruses production and packaging. After the

incubaion period the supernatamvascollected and centrifuged at 3000g for 15min to

remove cells and debris. The supernatamis then collected in 50 mL tubes after

FAEOGONI GA2Y GKNRdAzAK | ndnp>Y t+5C FALGSNI ¢
contaminants Bice the vectorswvere produced in noesterile conditions. 1 volume of

cold, sterile 5XPEG for each 4 volume of supernataare then added. The tubewere

mixed by inversion and refrigerated overnight. The following morning the
supernatant/PEG mixturevas centrifuged at 1500g for 30minutes at°@. The
supernatantwasthen discardedand the pellets are centrifuged again for 5 minutes at

1500g. All traces of fluidvere removed by aspiration. The viral pellatas then

resuspended in cold, sterile PBS in 1/50 of the original voline .&st passag&asto

FfAljdz2G GKS LIStfSta Ay Hn>f ASOCCYAONROSY O NAT

2.5 Lentiviral titration

On the day prior transduction HCT116 cellsre plated in 6 wll plates at the
coneentration of 100,000 per well. Orn¢ following day the mediavas changedand

YyS¢ YSRALIF adzllLd SYSy (G SR wak ddled tafdvauviBy S o p
production The lentivirusesvere then added at serial dilution per each well, giag

for example from 1/1200, 1/1100, 1/1000 and so on till 1/500. Two wedse left

without lentivirusesto be used aghe negative and positive control, according to the

addiction of selection marker or not. 24 hours after the infection the meuses

changed again. On thé'4laythe selectiorwasa (i NIl SRY n®p >SSy [ 2 F Lo
P8833)were added to each well, including one of the two without viruses that represent

the negative control. The selectiomasstopped when the cells in the negatieentrol

are completely dead, usually after 4 days. The cells in eaclwend|then counted and

the cell titerwascalculated by relating the viability of each infected well to the Positive

control one using the following formula:

6 Q HBBAE'QQ & & @A & o5 008 i 0
50 G0 60 Q& o P TTTY MHE QQed i
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The wells infected with the serial dilution that will give the 50% of viability compared to

the positive control represesd the motility of infection (MOI) equal to 1.

2.6 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. Micavere housed in individually ventilated cages (IVC) for the control of
ammonia and C&in groups from 2 to 5 mice per cages. All mice were maintained in
C57BL/6 background. Theonstitutive model used in this workwvas the Insulint
Cre/Daxxloxed (Ins1:-Cre/ DaxxKO line) lineThis line was obtainebly crossing th€re
recombinase lineunder the control of the mousensulinl promoter B6 (Cg)
Ins1tml.1(cre)Thor/{The Jackson laboratory)rhorens et al.,, 20150 the P548
(UCLO008, Taconic) ARX conditional line already available iRrof. { £ 2 Y2 Yy A Qa
laboratory carrying théoxP sites flanking the region @axxgene between exons 2 and

7.

Mouse Insulin-1 genomic locus

5! ——V——

1 2 Stop

Targeting vector

5 DTA —{—F7 Cre JHieor

1

3

Conditional KO allele (after FIp recombination)

5 bTA -{—Hice p—— ¥

1

0 Ins-1 coding exons ] FRT site
V777 Ins-1targeted exon

Figure27. Cartoon of the Insulin &Cre line

The Insulinl Cre line presents the Cre recombinase inserted in the Ingutouse gene, under the

control of the Insulily LINR Y2 (G SNJ SELINS & & SRellslzy AljdzSt & Ay LI YONBI (AC
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Mouse Daxx genomic locus

START STOP
1 2 3 4 5 6 7 8

Targeted allele (after homologous recombination)

START STOP

Constitutivel KO allele (after Cre recombination)
sToP

5 e A D>——— 3
1 8

P loxP site B Daxx coding exon

D FRTsite 7 Daxx untranslated region

D F3site [ > Neighbouringgene

Figure28. Cartoon of Daxx conditional locus before and after recombination

The Daxx conditional linearbourstwo 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

ThelnsulintCre/Daxx floxedine displayedd LISOA FA O NBO2 YO AcllsG A2y AY
where DAXXs knockeebut by eliminating the entire body of the proteiifhis line was

then crossed with th&osa eYFP lir{8rinivas et al., 20019r monitoring the expression

of Cretransgene. A line with double DAXRTEN deficiencywas then obtained by

crossing thelnsulinkCreé/Daxx/eYFP floxetine with PTENconditional linewith LoxP

sites flanking the exon ®f PTEN(Lesche et al.,, 2002)o form the Insulink
Cre/Daxx/eYFP/Pten floxedin addition to the InsulintCre driver part of the

experiments was performedsing the inducible lindRosaCrei™(also calledRosaCre

line in figure legendpscrossedto DAXXconditional line to form theRosaCreésR® /Daxx

floxedmouse line
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2.6.1 In vivo mouse experiments

2.6.1.1 Tissue sampling for genotyping

To genotype micea sample from ears was taken when litter are at least 10 days old.
Following a schematic proceduwmhereby pups wee numbered,and a different ear
notch sign is assigned. Fexample,if there are 4 males and 3 females they will be

numbered as follow:

1.1MR;1.2M;13M1R/1L;14M2R; 15FR; 1.6 FL; 1.7 F1R,1L
The number 1 indicatthe generation numbr.

2.6.1.2 Glucose tolerance test IPGTT

For glucose tolerance test miegere starved withad libidoaccess to water for 6 hours
during the day or 126 hours overnight. Blood glucose levels were then meabusag

the glucometer(Aviva NanpRocheith dedicatedstripes. One drop of blood (5 as
sufficientto obtain a glucometer rading Blood samplingvastaken at time 0, then
glucose wasnjection at the concentration of 2g/kg depending on the mouse body
weight and following readingvere taken at 15, 30, 60, 120 and 180 minutes after
injection. All the proceduresvere undertaken under protocol 6 of the project license

80/7240.

2.6.1.3 Tamoxifen treatment

Tamoxifen was using to stimula@reactivation in the inducible linRosaCre?™? Mice
were treated with oral gavage at the age e8&veeks for 5 consecutive days. Tamoxifen
was dissolved in corn oil to make a stock solution of 20 mg/ml. The working

concentration used i80mg/Kg, administrated acading to the mouse weight.
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2.7 lIslets isolatiomnd culture

The praedureadopted for islets isolation has been adapted fr&avier andRutterQ a

protocol (Ravier & Rutter, 201@nd illustrated here following:

Ctl= Ins1-Cre* o ) .
Pancreas inflation Histopaque Islets in culture

? j gradient

Media

:> wfe  istopaque |:>

1083

1
:> omacr
DKO= Ins1-Cre*/Daxx’ _
Histopaque

? —\~ 1117

Figure29. Workflow for isles isolation

Mains steps for isolation and culture of murine islets starting viite selection of mouse colonies,
perfusion with collagenase, application ahistopaque gradient and centrifugation, followed by islets
picking.

Mice were sacrificed by neck dislocatiand deathconfirmed by throat bleedingPost
mortem glucose levelsvere taken soon after death confirmationThe pancreaswas
perfused byinjecting3 mL of collagenas®0che 1121385700)into the bile duciat the
concentration of 1 mg/mLThe pancreata were then collected in a 50 mL Falcon tube
and placed ab T dof optima collagenase activity. After 12 minutes the tubgere
mixed up and down for 20 times and then quickly placed on ice to stop collagenase
activity. The collagenaseaswashed off by adding5mL ofRPMIiwithout supplemens
(Sigma R875800ML) followed bycentrifugation at 1200 rpm for 2 minutes. 3
additional washesat 1200rpm for 2 minutesvere needed to remove traces of
collagenases and fat tissuA.histopaque gradientvith 3 layerswasthen applied to
separate the islets from the exocrine pancredke islet pellet is mixed tat mL of
histopaque 1119Sigma 111932100ML)and placed in a 15 mL tube. 4 mlhadtopaque
1083 (Sigma 10831100ML)were then added drop by drop on the top of histopaque
1119. 4 mL of RPMI without supplememtsre then added todrm the 3 layer. The 15
mL tubeswere centrifuged for 20 minutes at 2500 rpm, with a deceleration option to
prevent disruption of the gradient. After centrifugatipthe isletswere found at the
interfacebetween thehistopaque 1083 and theedia. The isletaere then transferred

to complete RPMI in 10 cm dish ntissueculture treated(Corning CLS430593200EA)

by using a P1000 pipettand then individually pickedith P20 under the microscope
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and transferred to a new dish wittompleteRPMIifree form histopaqueFor complete
media, the RPMNhassupplemented with 10% FBGSibco, Life Technologiek0500064)
and 1% ofPenicillin(10,000 U/ml) /Streptorycin (100ug/ml) Thermo Fisher Scientific

15070063). ThesletswereYF Ay G AySR 4 ote/ AY | KdzYARAT

CQ and used within 4 days from the extraction.

2.8 Islets stimulation

Changes in islets genes expressiorsameasured with glucose stimulatiaf isolated

isletsin KrebsRingerBicarbonateHepes KRBH) buffer

Table9 KRBH Stock solution

Solution Product code Concentration
Mixed Hepesbicarbonate 4X

Hepes 40 mM Sigma, 1001670437 9.53 g/L
NaHC®@8 mM Sigma, 144658 0.672 g/ L
NaCl 40 mM Sigma, 764745 2.338 g/L
ddH.O Millig water UptollL
Mixed salts S5X

NaCl 650 mM Sigma, 764745 37.98 g/L
KCI 18 mM Sigma, 74440-7 1.326 g/L
NaHPQ Sigma, 100421-5 0.345 g/L
MgSQ Sigma, M750600G 0.616 g/L
Cad Sigma, 101449637 1.120g/L
ddH.O Millig water Upto 1L

The stock solutions of Hepedsicarbonate and mixed saligere preparedin separate
bottles, mix toughly with a magnetic stirrerand stdle & ne/ F2 NJ dzLJ G 2
day following islets isolatiod00 mL of KRBWorking solutionwas preparedy mxing

25 mL of HepeBicarbonate (4x), 20 mL of mixed salts (5x) and 55 mL of deionised water.
The solutiorhad an acidic pHvhichwas adjustedo 7.4 with Na®. 0.1 % of BSLCell
Signalling 9998S) was used to stabilise the KRBH bufien filter steriised with a 22

pum filter before using. Per each mouse préfe scheme inFigure30 was followed
About 150 islets of different sizegere selected under the microscope in 10 cm dishes
with low adherence Qorning, CLS43053500EA) and incubated in KRBH buffer
supplemented wih 3 mM glucos€Sigma50-99-7) for 1 hour. Half of the isletwere

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 iskts were collected under the microscope amaced inTRIzol(Ambion,

15596026) for RNA extraction.

24h after Islets extraction

I

~150 islets Incubated in KRBH buffer
supplemented with 3 mM of Glucose

~75 islets incubated in low ~75 islets incubated in High

glucose 3mM for 1h more glucose 17mM for lor 2 h
e —
o VLT & » Q&g ° R

Figure30. 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 glucoseafter this primary incubation the islets are collected and equally divided in two dishes,
one supplement with low and the othevith high glucose (3 or 17 mM respectively). After the secondary
incubation, the islets are ready for downstream analysis.

2.8.1 Betacell sorting

Atleast100 isletswvere collected with a P200 and incubated in 5 mL of-PB$sin 0.5%
(Gibco,15400054) for 5 nnutes at 37 C. Afterincubation,the isletswere dissociated
with a P200 by pipetting vigorously up and down. After adding 5 mL of [Siutha
R8758500ML) supplemented with0% FBSJibco, Life Technologie)500064) and
1% of Penicillin (10,000 U/ml) /Streptorycin (100pug/ml) Thermo Fisher Scientific,
15070063), the cellswere centrifuged for 5 minutes at 300 x g. The pellet is
resuspended in 1 mL of sorting buffer (Complete RPMI, DAPI 1:18@f0a B2661)

25 mM Hepes{igma H0887)n a 15 mL tube. Dapi allowelilscriminaton ofdeadcells
from the alive ones whichwere sorted with the greerchannel using the FACS Aria lll.

TheCancer Institute sorting facilityelped with the cell sorting.

2.9 RNA extraction

Total RNA extractiorwas performed following the acidic phenol/chloroform method

after collecting the islets or cells in cultureTiRlzofreagent (Ambion, 15596026). The

cells or islets collected iMRIzokan be storedaty ns/ 2NJ RANBOGf & LINRBOS
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miRNeasy kit (Qi&m, 217004) protocol or thelassic PheneChloroform procedure

here explainedlsletswere collected in 500 pl ofRIzoteagent (Ambion, 15596026) and
incubated at room temperature for 10 minutes after vortexing to perform cell l{sis.
phase separatin0.2 volumes of 100% Chlorofoi(fWR, 22711.324)100 pl) are added

to the Eppendorf tube mixed by vortexing and incubated fe3 hinutes at room
temperature. The agueous and organic phaseldbe observed, the tubewere then
centrifuged at 13000 rpn2fNJ M p Y A Y BaiiRNA précipitatiomn thedpernatant

was carefully collected and placed into a new 1.5 ml Eppendorf tRdease and
pyrogeniree, 2 ul of glycogen RNA grade are mixed to the supernatant to further RNA
precipitation and finally 0.8 yome of IsopropanolVWR, 20842.323400 pl)were
added to the tube. The solutiowasmixed and incubated at room temperature for 15
YAydziSas F2tf26SR o0& OSYOGNRTFdAZAl GA2was | @
visible as a white pellet, the supetiaat wasremoved by using a 100Bilson pipette

and the pellet wasvashed in for 3 times in 1 ml of 75 % Ethanol solutions followed by
centrifugation at 13000 rpomfor5my dzi Sa& + G n e/ dnoré Kshle dudng £ S (i
ethanol washes. After the last wh the RNAvasresuspended in Risse free deionised

water, measured byanodrop and storeday n ¢/ @

2.9.1 Reverse transcription dbtal RNA

The RNA extracted from isletgas reverse transcribed to form cDNA using random
primers method using HigB8apacity cDNA Reverse Transcription Kit (Applied Biosystem,
4368814).0.1-1 pug of total RNAvere transcribed in a reaction volume of 20 (Table

10).

Table10. cDNA reagents

Reagents 2X reaction
10 X RT Buffer 2 ul

dNTPs (10 mM each) 1.25 ul
10X Random Primers 2 pl
Multiscribe Reverse Transcriptase 1p

ddH0 Up to 10 pl
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The mix 2X isombined with0.1-1 pg of total RNA dilutech 10 pl and transferred to a

thermo-cycler(Tablell).
Table11l cDNA thermacycler steps
Steps Temperature and time
1 25°C for 10 min
2 37°C for 120 min
3 85°C for 5 min
4 K | n

Once the cyclevascompleted the cDNAvasdiluted to a final volume 0100 or 20 pl
in deionised waterThe cDNAvas ready to be used for followp analyses or stored at

20°C

2.10 RealTime PCR

The Reallime PCR or quantitative PCR (gP®@B&3 performed with the delta ct
compaitive method(2" " /) imethodby comparing the target gene expression to the
expression of a housekeeping gene, usually actin or GAPDH. The master miassed
either the FasiSyber Green master miXtiermo Scientifi4835612) or the PowerUP
standardmix. The reactiorwasprepared in triplicate for each samplecluding controls

(Table12).

Tablel2. RTPCR reaction mix

Reagents Volumes for 1 reaction
2 X SybeMix 10 pl
FW_P (10pM) 1 ul
RV_P (10pM) 1 ul
cDNA* 2 ul
ddHO0 6 pl

* 2ul of cDNAdepends on the sample concentration aoarresponds.e. to 5 ng of the originak50ng of
RNA used for the cDNA reaction

Sample concentration was calculated applying the following formula:

n/ ¢Ct {argetd S y Stifefebence gene).

nn/ gCtfargeta I YLIh B 6 NBEFSNBEYOHECEH b 6UARS 0 T
R=2nn/¢

n/¢r RAAGIYyOS 0SGeSSy OGO @I f dSa

R= relative expressiamtio



2.11 Genomic DNA extraction

To extract genomic DNA the cellgerefirst collected and lysed overnight at &5in lysis
buffer composed of 10 mM Tris pH 7Sigma,T1503), 10 mM EDTA&i¢gma,E5134),
0.5% SDSS({gma,L3771) and 406 3 k Pfdteinase Kigma,P2308).On the following
morning the samplesvere incubated for 15 minutes at 9& for inactivation of
Proteinase K. In order to precipitate the protein 0.5 volumes of 5M Na@h@M2670)
were added to the vial, mixed briefly and incubated atf@T5 minutes. The samples
werethen centrifuged in a benchtop centrifuge at 13000 rpm for 10 minutes@t Fhe
supernatantwas collected and transferred to a fresh tube where one volume of
isopropanol YWR,20842.323)was added to precipitate the DNA.h€& vialswere
centrifuged again at 13000 rpm for 10 minutes 4C4a white DNA pellevasthen
visible. The supernatantaspoured off, and the DNA pellet washed by adding 1 ml of
70 % EthanolRisher bioreagent8P2818.4) followed by centrifugation aBA00 rpm
for 5 minutes at 4C. The Ethanalasthen poured off, and the pellet aidried for 510
minutes. The DNAvasthen resuspended in 10 mM Tris pH 8%igma,T1503) and

stored at £C for short period to prevent degradation.

2.12 Genotyping

For genotyping purpose, a simplified procedure for DNA extraction is followed for a less
clean, but faster preparation. DNiasextracted from ear samples placed at°@5for 1

hour in 150 pl of lysis buffer (25 mM NaG&igima,S5881) and 0.25 mM EDT3idna,
E5134)). The lysisasstopped by adding 150 pl of neutrsihg buffer (50 mM Trizma
base Sigma T1503), after centrifugation at 12000 rpm for 3 minutes the Didéready

to be used for PCR.he DNA polymerase used for genotypings the highfidelity
Dream Taq (Thermo Fisher Scientific, K1081) with the cycltmms inTablel3 and
oligos inTablel4.
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Table13. Genotyping PCR cycle

Seps Temperature and tine Cycle:
1 95 °C for 5 minutes
95 °C for 30 seconds
Specific Ta for 30s Repeat steps-2 for 34 times
72°C for 1m
72°C for 10m
hold at 4 °C

O 01~ WN

Table14 Oligos for genotyping

Primers name Sequence | Notes GreenTaq_T
Ins1-Creline
F_Ins1-Cre GCTGGAAGATGGCGATTAGC Mutant = 675 bp 60°C
F_WT_insl GTCAAACAGCATCTTTGTGGTC Wild type = 488 bp
R _com_Insl | GGAAGCAGAATTCCAGATACTTG  Hetrozygote = 488 and 675 bp
Daxx floxed line
29_DAXX GGAGGGAGTCGAAGAGTTGG Expected bands: 226 WT and 350 bp KD 60°C
30_DAXX TGCGTTTCCTGTCTTTCGG Expected bands: 226 WT and 350 bp KO
DAXX geno REC GCTCACGCCTTTAGTCCGAA 61.9°C
33_DAXX AGATCCTGTCTCTCCTGTCTATCEXpected bands: 216 WT and 375 bp KO
34_DAXX CACTGGGTAGACTAGACTGTEGGEXpected bands: 216 WT and 375 bp KO
RosaCré""line
Rosa26_MutR\ CGGTTATTCAACTTGCACCA Mutant = ~450 bp 58°C
Rosa26_comFW AAGGGAGCTGCAGTGGAGTA  Heterozygote = ~450 bp and 297 bp
Rosa26_WT RY CCGAAAATCTGTGGGAAGTC Wild type = 297 bp
Pten floxed line
PTEN WT_F CAAGCACTCTGCGAACTGAG WT=156 bp 61°C
PTEN MUT_R AAGTTTTTGAAGGCAAGATGC Mut 328 bp, Het= 156 and 328 bp
Rosa-eYFRloxed line
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

2.13 Protein extraction

Total protein content optimised for DAXX western blotting was isolated with the
following lysis buffer: 50 mM Tris pH8igma,T1503), 0.5 mM EDTA&igma,E5134),
150 mM NaClSigma,M2670), 0.5% SDEigher ScientificBP1311), 1% TriteX 100
(Sigma,T8787) and the ddition of phosphatase inhibitor 25 mM Na&igma,201154)
and 0.2 mM Sodium Orthovanadat8igma,S6508) and Complete protease inhibitor
EDTA FreeRoche05892791001)Celllysiswasperformed for 30 minutes on icafter
collecting and washing cells iBB The cellsvere sonicated for 4 seconds and 40%
amplitude with the sonic vibracell available in the laboratory. After sonicatioa
lysateswere centrifuged at 13000 rpm for 10 minutes &CAto pellet cell debrides. The
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proteinswere ready to be quatified with the BCAcolorimetric assay PRierce,23225)
which measureshe optical density (O.D.) at 562 nM of BSA protein standards in serial
dilutions and lysatesProtein concentrationwas calculatedusingthe standard curve

method.

2.14 Western Blotting

The western blottingvasperformed in protein denaturing conditions using ¥@8cine
SDSPolyacrylamide homemade gel with concentration depending on the protein size,
for looking at DAXX 8% gefas routinely used. The SDS gel electrophoreses
performed for 90 minutes at 90volts in 1X running buffer with 0.1% SDSsher
Scientific BP1311), from the 10X running buffer stock made with 3M of GlySigeng,
G8898) and 0.5M of TriSigma,T1503). The proteinsere denatured for 5 minutes at
95°C in a tlermal block at and then loaded on the gel in concentration variable between
5 and 50ug diluted in 4XLaemmlesample buffer BioRad 161-0737) with 20% -
mercaptoethanol $igma,M6250). Once the rurwas completed the proteinswere
transferred in wetconditions on a nitrocellulose membranarfiersham 10600002) in
transfer buffer made of 10% v/v of running buffer and 20% v/v of Methax@V/R,
20903368). The transfewas performed for 150 minutes at 65 valtat 4°C. The
membranewasthen blocked in 5% eomercial milk in PBSween 0.1%Sigma P2287)

for 1h at RT. The primary antiboshasincubated overnight a#°C. he following day
the membranes weravashed 3X 5 minutes in PB®een 0.1%Sigma P2287) and then
incubated with the fluoreconjugated secormaty antibody for 1h at RT. After 3X10
minutes washes in PBBveen 0.1%Sigma P2287), the membranesere developed
with the Odyssey machind-or primary and secondary antibody source and dilution
refer to Tablel6.

2.15 Immunoprecipitation

For each immunoprecipitatigtHEKR93T cellsvere plated at the concentration efx1(®

in a 15 cm dish. After two days, the cellere about 70% percent confluent and reéya

for collection in lysis buffer. For DAXX immunoprecipitation the procedure was
optimised by lysing the cells in RBSysis buffer ( 1% PBS, 1%10& Sigma,T8787,
1mM EDTASigma EC208149-4 ) supplemented with 200ul of protease inhibitors 25X

(Roche,05892791001)and the following phosphatase inhibitors: 10mM N&tgma,
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201154) 2mM NaV(Qs Sodium OrthovanadateSfgma, S6508), 1mM DTT, 20mM
HONaO17P> (Sodium pyrophosphate decahydrate). Each dish was first washed with
PBS, then 1.5 mL of cofefe lysis buffer was added to the plate. Cells were scraped and
collected in 2 x 1.Bppendorf tubes and lysed on ice for 30 minutes. After ljsecells

were sonicated for 6 seconds 40% amplitudeand pelleted with max speed at 14000
rpm for 15 minues and 4C. At this point90 pl of protein extract were kept as input
reference, then BCA protein assay was performed to determine protein concentration.
500800 pg were transferred to a new 1.5 mL Eppendorf tube for the
Immunoprecipitation performed witd0 pl of Protein A/G agarose beads in FBE&r¢e
204521) and 1.5 ug 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 beadsscentrifuged for 15
seconds at max spee@p pl of supernatantwere collectedas output reference The
beads were then washed three times in 1 mL of-EBfsffer without inhibitors followed

by a 15 seconds centrifugation step. On the last wash a 25G needle attached to the
aspirator was used to aspirasdl the liquid without touching the beads. The beads were
then diluted in 20 pl of 1:2aemmlebuffer, boiled at 98C for 5 minutesind stored ar;

20°C or run directly onraSDSpage prepared with 15 spacembsto keep the proteins

compacted. 1Qul ofimmunoprecipitatedwere usedfor one experiment.

2.16 Immunofluorescence

To perform immunofluorescencélF)on cellslines, the cellsvere plated on coverslip
and grownuntil 70% of confluence-or islets prep, the isleigsere kept for 24 hours on
laminin (Sigma L2020 coated well, to allow thena mild attachment. The cells/ islets
were then fixed in 4% Paraformaldehyde (PFA) freshly prepared from 16X Bharkn©
Fisher,28908)for 20 minutes After fixations cellsvere washed 2X 5 minutes in RBS
Tween 01% Gigma P2287) and permédwised in0.1%Triton-X 100 $igma,18787) for
15 minutes After 5 minutes PBSween 0.1%Sigma P2287)washing the cellg islets
were incubated for 1h at RT in blocking buffer made ofrigmal goat serum (NGS)
(Sigma G9023) PBSTween 0.1% Sigma P2287).Primary antibody incubatiomas
performed overnight at 4C inantibodies diluted to theoptimal concentration (for
details seeTablel6) in blocking buffer. The following dafter 3X5 minutes washes in
5% NGEigma G9023)PBSTween 0.1%Sigma P2287) the cells/isletsere incubated

in the secondary antibodffour conjugatedfor 1h at RT. The celigere thenwashed 2X
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5 minutes iNNG% PBSTween 0.1%Sigma P2287), and incubated in HoechSigma,
B2261) used in concentration 1:10000 in PBS for staining of nuclei. After 15 minutes of
incubation, the cellsverewashedone more timen PBS and then mounted ohd slides

with Fluoresave Calbiochem 345789). Once the slidesere dried, imageswere
acquiredusingthe Leica microscope AxDbserver Z1, or Leica confocal microscope LSM

880 with Airyscan.
2.17 Immunohistochemistry

2.17.1Haematoxylin & Eosin

The histological staining for haematoxylin and eosin (H&&9 performed on 3um
sections of mouse tissuermalin-fixed, paraffirembedded(FFPE), previously fixed in
10% of neutral buffered formalin (NBF) buffer for 24h straight after tissueath.
The tissue rehydration waperformed through repetitive incubation ian alcohols

gradient as follow:

o 5 minutes in 100% Xylene
0 5 minutes in 100% Xylene
o0 5 minutes in 100% Xylene
0 5 minutes in 100% Ethanol
0 5 minutes in 100% Ethanol
0 5 minutes in 80% Ethanol

0 5 minutes in 70% Ethanol

The ethanolwascompletely removed through several washes in deionised water. The
sectionswere then incubated for 5 minutes in haematoxylin, washed for 5 minutes in
water and then incubated for 5 minutes in EoBdn counterstain The slideswere then
dehydrated in the same sequence of alcohol gradients used for the rehydration but in
the inverted order.At the end the slideswere mounted with mounting media for
histology 6igma,44581) for prolonged preservation. The slides weransed with
NanoZoomeiXR Digital slide scanner C12000 and the staining were analysed by using
the NDP software. The NDP software was Bdsendocrine area quantification because

it allows to draw a line around the islet and calculate immediately the.dre@ majority

of the HE staining were performed by the UCL Cancer Institute IHC facility.
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2.17. 2DABImmuno-histochemistry (IHC)

¢KS AYYdzy2KAadul2ft 2-Biantnobdenzidine {DAP)Awdsdperfbrndtd oo o
3um sections of mouse tissue embedded in parafflfR[E), 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:

0 5 minutes in 100% Xylene
0 5 minutes inl00% Xylene
o0 5 minutes in 100% Xylene
0 5 minutes in 100% Ethanol
0 5 minutes in 100% Ethanol
0 5 minutes in 80% Ethanol

0 5 minutes in 70% Ethanol

The ethanolwas completely removed through several washes in deionised water. In
order to perform antigen unmaskinghe retrieval modulewas run overnight in the
retriever machineEmsdiasum62706 Retriever 2100), with citric buff@igma C1909),

1M ofat pH 6.00. The following morning the slidesre washed in deionised water and
the tissuewascircumscribed with a pap peto form a hydrophobic barrier. The staining
was then performed with the Novolink Polymer detection kieica RE7294K) based on
non-biotin polymeriecHRP antibody conjugates. Briefly the slidese first incubated

for 10 minutesin the perxidase blocKor blocking endogenous peroxidase reaction,
then washed twice for 5 minutes in PB®een 0.5%. Aftewashingsteps the slides
were incubated in protein block for@minutes, followed by two washes in PB8een
0.5% agpreviouslydescribed Primary antibody incubatiowasperformedfor 1h at RT,
followed by two washes in PBSveen 0.5%. After thee washes thesecondary (post
primary kit solution) antibody incubatiomasperformed at RT fo80 minutes After PBS
washes, the polymesolution incubationwas performed for an additional 30 minutes
followed by two washes in PBSveen 0.5%Theslideswerethenready to be incubated

in DAB chromogenic solution for the appropriate time, usually one minute. The excess
of DABwasremoved bywashing withrunning tap water Hematoxylin incubatiorior 5

minuteswas used to counterstainAfter the nucleastaining,the slidesare rehydrated
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through several incubatiain gradient alcohols in inverted order, starting from the 70%
Ethanol. The mouimmg media for histologySigma44581) is used for lonaerm storage
of the stained tissue. A list of the Antibody used is summariséchinlel6. Thestaining
of pancreatic marker asquantified by counting the hormone expressing cells per each
islet compared to the total number of islet cells using the Photoshop countingBteria
Miranda from the IHC facility performed manual staining of insulilucagon,

somatostatin and MafA of.5- and 1216-monthsold mice.

2.17.3StainingQuantifications

Quantification of Mah protein expression was performed using Intensity quantification
with Image J. The RGB colour imagesconverted to a 1ébit grayscale image, then the
thresholdwasset to identify the area of interest. If the image hakigh background,
this can be reduced by removing for example pixels with intensity lowen tel
intensity (i.e.=2). After removing ¢hbackground, the picture is converted to black a
white with pixel intensity from 0 to 255. The intensiyasthen analysed by setting the
measurement for area and mean intensity relative to the threshold. The reaglte
saved and export iExcel.

Here bllowing the action steps to perform for Image J quantificatidhF pictures

1) 1)Image->Option-> Conversior> Scale when converting

2) Image-> Type> 16bit (The picture become greyscale)

3) Image-> Duplicate

4) Adjust-> ThresholdRedcolour was used fosetting the threshold, record the
setting for all the control and Knoalut 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 otlines (This will generate aircle with a
number on each nucleus andtable with correspondentresults whichcanbe

exported on Excel).
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For IF pictureghe mean intensity per nucleus of stained celias calculated (i.e. MafA
positive nuclei) while for |6 the average intensity of stained cells.

For IHC quantification, a similar procedure is followed:

1) Image Type> 8bit (The picture become greyscale)

2) Image-> Duplicate

3) Adjust-> Threshold (Red colour was used for setting the threshold, record the
settingfor all the control and Knoe&ut 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).

2.18 Methods for genomic analysis

2.18.1RNAsequencing

eYFRexpressing beta cells from Ctl and DKiGemvereFACSorted in the green channel
to isolate a pure population of beteells which was used for RNA extraction and

sequencingThe Cancer Institute sorting facility performed FAG®ing on the samples.

2.18.1.1 Bioanalyzer

The Boanalyzer wasused to verify RNA integrity for the samples to use for RNA
sequencing. The RNA from sorted beta cells is within the rangd @ing/ml, hence the
Agilent RNA 6000 Pico kit was used. The RNA is first denatured by incubatia dbi70

2 minutes to mininse secondary structures. Befqoeeparing athip, the reagents wee

left to equilibrate to room temperaturdor 30 minutes and a new chip walaced on

the priming station. 9 pl of the gelye 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 plungesreleased slowly to the

1 mL position. 9 luof RNA conditioning solution we then loaded onto the dedicated
well (CS)5 pl of the RNA marker weloaded in the ladder dedicated well (with ladder
symbol) and in each of the 11 sample wells. 1 pl of diluted Pico ladder was loaded onto
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the ladder dedicated well. 1 pl of each sampias thenpipetted 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 ZNE in Bonn. The library was prepared using polyA pull down and RNA
SeqiencingSystem V2 kit (NuGen) followed by 75bp sirggid sequencing.

2.18.2Methods for DNA methylation analysis

The DNA methylation analysis was performed on samples previously prepareaf.in P

/] KNAaaAS ¢KANI ¢S hd Muminaf InfisignNHuih@M&hylatpadsy 3

BeadChipl analysed the 450BeadClaiggay data using the ChAMP2 pipeline (Tiaalgt

2017). Different samples wes 'y f @SR Ay 3AINRdzLla 2F (62
Control islet samples versus ATRX/DAXX loss samples. ChAMP2 was used to load the idat
files, perform BMIQ normalisation of typel 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 pathwaysteraction was performed usinghe web
WEBbased GEne SeT AnalLysis Toolkit on http://www.webgestalt.org/. More
specifically,misregulated genes identified with RM&quencing 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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2.19 Antibodies and oligos tables

Information of oligos sequences for ffTCR, and antibodies source and dilution are in
Tablel5andTablel6.

Table15RTFPCR oligospecific for mus musculus:

Target FW Oligo RV Oligo Origin

Daxx GATGACTATAGGCCAGGC( TCGTCTCTTCTGTCTCTC Salomoni lab.

I -Actin AGCCATGTACGTAGCCATC GCTGTGGTGGTGAAGCT (Feng et al.,
2017

Insulin-1 CTGGTGGGCATCCAGTAA( CAAAAGCCTGGGTGGGT This \)Nork

Insulin-2 CTCTCTACCTGGTGTGTGC TGGGTAGTGGTGGGTCT. This work

Pro-Gln GCTTATAATGCTGGTGCAA TTCATCTCATCAGGGTCC (Petersen et al.,
2018

Somatostatin GGCTGCCACCGGGAAACA AGCTTTGCGTTCCCGGG! (Pete)rsen eal.,
201

MafA GAGGAGGTCATCCGACTG, GCACTTCTCGCTCTCCAC (gdiz)ef et al,
2014

Pdx1 GAAATCCACCAAAGCTCAC CGGGTTCCGCTGTGTAA! (Papi)zan et al.,
2011

Arx TTCCAGAAGACGCACTACC TCTGTCAGGTCCAGCCT( (Papi)zan et al.,
2011

Men-1 TTCTTTGAAGTGGCCAATG TCATAAAATCGCAGCAGC ('Sen; et al,
2017

FoxA2 ATCCGCCACTCTCTCTCCT CAGTGCCAGTTGCTTCTC (lgete)rseﬂ etal,
2018

Mnx-1 AAGCGTTTTGAGGTGGCTA CCATTTCATTCGGCGGTT (E0|i91)er et al,
2014

Ngn3 GAGGCTCAGCTATCCACTC GAGGCGCCATCCTAGTT!( This 3vork

Pten GGACCAGAGACAAAAAGG! CAGTGCCACGGGTCTGT. This work

Meg3 CTGTGCACCTCTACCTCCTG TAGGGCACTGGTTCAAGGT (Kameswaran
et al., 2018)
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Antibody anti;
Insulin
Insulin
Glucagon
Glucagon
Somatostatin
Somatostatin
DAXX

ATRX

PTEN

PTEN

MafA

Pdx1

Ki67

H3.3

H3

H3 K27me3
P-S6K
TOTS6K
P-4EBP1
TOF4EBP1
eYFP

Cre

i -Actin
P-62(SQSTM1)
AlexaFluoro
h-488

AlexaFluoro
h-555

AlexaFluoro
h-647

AlexaFluoro
h 555

Company
SCBT
SCBT
Boster
Cell Marque
GeneTex
Bio-Rad
SCBT
SCBT
CST
DAKO
CST
Abcam
Abcam
Millipore
Millipore
Millipore
CST
CST
CST
CST
CST

CST
Sigma

SCBT

Life
Technology
Life
Technology

Life
Technology

Life
Technology

Tablel16 Antibodies

Cat. Num. Species
8033 mouse
9168 Rabbit
MA1047 Mouse
259R14 Rabbit
GTX71935 Mouse
83300009 Rat
7152 Rabbit
15404 Rabbit
9552S Rabbit
M3627 Mouse
79737 Rabbit
47383 Goat
16667 Rabbit
09-838 Rabbit
06-755 Rabbit
07-449 Rabbit
2215S Rabbit
2317S Mouse
2855S Rabbit
9644S Rabbit
2956S Rabbit
15036S Rabbit
Ab441 mouse
48402 mouse
A11008 Goatanti
rabbit
A31570 Donkey
anti
mouse
A31571 Donkey
anti
mouse
A21424 Donkey
anti rat
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Dilution
1:200

1:200

1:100

1:300

1:100

1:300
1:100/1:1000
1:100/1:1000
1:200/1:1000
1:100
1:1000
1:1000
1:200

1:100
1:1000
1:100
1:1000
1:500

1:1000
1:1000
1:100

1:100
1:10000

1:1000

1:500

1:500

1:500

1:500

Application
IF, IHC
IF, IHC
IF, IHC
IF, IHC
IF, IHC
IF, IHC
IF, WB
IF, WB
IF, WB
IHC/IF
IHC/IF/WB
IF

IF, IHC
IF, IHC
IF, IHC
IF, IHC
WB
WB
WB
WB
IHC, IF

IHC
WB

wB

IF2nd

IF/2nd

IF/2nd

IF/2nd



Secondary Thermo 35518 Goat antt  1:5000 wB/2

anti-mouse Fisher mouse
Secondary Thermo 35571 Goat antt  1:5000 wB/2d
anti-rabbit Fisher rabbit
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Chapter 3

Novel approaches to model PanNETs

101



3.1 Novel pproachestowards thegeneraton of a new model to study
PanNETSs

In order toestablisha model ofsporadicPanNET,st is desirableto introduce genetic
mutations occurringin epigenetic and metabolic regulatory proteins besides Menin
found mutated inboth familial andsporadic PanNETB®espite multiple attempts to
model PanNETi& mouse, themost usediine uses &RIPdriver often canbined witha
Menl conditionalalleleto makeRIRMenl KOtransgenic ling1.14.7). The phenotype
observed in most of the casesfisnctional insulinomas or glucagonomas rather than
non-functional PanNETSs, althoufEN1mutations have been reported to occur in non
familial PanNETS, in a subset or more aggressive and metsestasimours(Jiao et al.,
2011) Recent discoveries &iTRX and DAXKromatin remodeller mutations occurring
in 43% of sporadic PanN&@isesthe question that they may act asmour suppressor
genes, together with the weknown Menin driver(Jiao et al., 2011)

Nevertheless, the role @hromatin remodellers in the endocrine pancreas has not been
properly explored. Heréoth in vivoandin vitro approaches were tested to establish a
new modelof PanNETBased on the observation that loss of DAXX leadlseé@oorest
outcome in PanNETatients(Marinoni et al., 2014; Pipinikas et al., 201the focus was
mainly on DAXX as major regulatory protein in Panélgllas achaperore talking to
histones and DNAGoldberg et al., 2010)
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3.2 Results

3.2.1 Establishment of théns1-Cre/Daxxloxed line

The InsulinCre (Ins1-Crg constitutive line generatedn Bernard Thorer@aboratory
(Thorens et al., 2015yvas crossedo the DAXX conditional line available Rrof.
{Ff2Y2YyAQato dehetate tdé to2eNBsiCre/DaxxKO mouse line.Ins1
expression around embryonic day 134 €1314) leads to Cre mediated flox
recombination and excision tiie Daxxgene bodywith loss of DAXX protein expression
in viva Ins-1 is constrained to betaells representing about 5% of the entire pancreas
hence,genomic DNA extraction from a pancreas biopsy reveals the presence of the
DAXX recombined alle(®axxn) specifically in the pancredfigure31a). To evaluate
the recombination efficiency genomic DNA was extracted from mouse iSpexific
PCR primers for botthe floxedand n Daxxafter excision of thegenebody confirmed
60% recombinatiorin islets (Figure31b). Loss of DAXX was then confirmed by looking
at DAXX transcript witqgRFPCRand DAXXprotein with IF and WB from isolated islets
(Figure31). The expression @reand its specificity was also verified usi@gespecific
staining d FFPE tissue or IF on isolated islets at early and late time dihtS and 12
months,respectively(Figure31d-e). AsinsLCreline is constitutive, Creis continuoudy

active in pancreatic betaells (Figure3le).
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Figure31. Assessing the efficiency of DAXX loss in thelCreDaxxKO line

(a) FCRfor the Daxxrecombired allele(n Dax® which dsplaysamplificationonly in the pancreagn=1
mouse,age 1 month)(b) PCRor Insl:Creor WT-Crein a Ctl and DKO mougleft panel) PCRor WT,
floxedor n Daxxdisplaying 60% of genomic recombinationthe DKO sampléniddle pane); PCRor p
Daxxwhich waspositive only inthe DKOmouse (right pane). (c) gRFPCRin a Ctl and DKO mouse
confirming 60% of BXXdown-regulation inDKQOislets(n=3 miceper genotypeage 4 monthsiP= 0.0003,

{ G dzR St¢si); 3IF (=1 mouseper genotype age 4 monthsiand (e) WBfor DAXXn a Ctl and DKO
mouse (n=1 mouseper genotype age 2 monthsjrom isolated isletshowingloss of DAXJ the DKO
mouse (f) IHC ofCrein a Ctl and DKO mouge=1mouseper genotypeagel.5 monthg; (g) IF ofCrein a
Ctl and DKO mousmsnfirming thatCre is confined to the isletsiucleiand stable overtime (n=1mouse

per genotype agel2 months.

Histologicakharacterisatiorof DaxxKO phenotypddescribedn chapter 4wascarried
outin thenovellns:Cre/Daxx K@ne andfurther characterised with thenducibleRosa
Cré&RTfDaxx floxed line which causesvhole-body KO of DAXX afteramoxifen

treatment. The RosaCré&RTfDaxx KO line has previoushbeen used in Salomofi &
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laboratory, where it was proverthat DAXX recombination waefficient DAXX was

efficientlydownregulated inpancreatic isletsoo (Figure32).
0.498
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Figure32. DAXX downregulation in thRosaCre&R"dine

gRTFPCRn Ctl and DK@nice showingdown-regulation of DAXX transcript in tiRosaCre-ER7Daxx KO
line, (n=3 miceper genotypeP’ n ®n ¢y X teftli dzRSy G Qa

3.2.2 Establishment of théns1k-Cre/Daxx/Pten/eY HRoxed line

Loss of DAXX alone in the pancreatic islets is not sufficient to aeivFansformation
and PanNET developmeas further discussedn chapter4, therefore PTEN loswas
also introduced to the systenwith the aim of promoting a tumour permissive
environment.Theline was then optimised with the introduction othe RosaeYFRillele

to follow the expression o€rewith the fluorescent tag

3.2.3 PTENexpressiorin the doubleDaxx/PterKO nouse line

ThePtenconditional linewas generated in 200@_esche et al., 2008 promote mTOR
activation, through downregulation of the tumour suppressor Phosphatase and Tensin
Homolog (PTE). The line can be used to modulate PTEN expression in homazpgo
hemizygaisfor complete or partial loss of PTEN expresskxamples of different levels

of PTEN downregulaticare shown irFigure33.
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Figure33. Assessing loss of PTEN in pancreatic islets

(a) IFof PTEN and GHi®a Ctl and double KO moudisplaying PTEN lossthre double KO mousdn=1
mouse per genotypeage3.5 months), (b0gRFPCR of PTEN @l and Pterd' /Dax¥'" double KO rite,
displaying > 90% transcript reduction (n=2 npee genotype age4 months). (cHRFPCR of PTEN Cil

and Pten'» PKO mouséisplaying 50% of transcripeéduction (n=1 mouseer genotype age4 months),

and (d) WBof PTEN in Citl andte™ PKO mousalisplaying 50% of PTEN loss (n=1 mouse, age= 8
months).

106



3.2.4 Breeding difficulties and limitation in generating quadruple
transgenic mice

The generation of thedouble Daxx/PtenKO has been challenging for three main

reasons:

1) InslandPtengenes in the mouse genome are on the same chromosome, at less
than 50 cM of distance. The vicinity Ins1 and Ptendoes not allow the alleles
to segragate independently during meiosis;
Insulinl location= Chromosome 19: 52,264,2%2,265,476orward strand
Ptenlocation= Chromosome 19: 32,757,432,826,160 forward strand.

2) The females carrying th@reallelein combination withthe conditional allele for
DAXX and PTE8&Nd to die during pregnancgyTablel?);

3) DoubleDAXXand PTENmutant are less frequent than predictedhowing that

they are not well tolerateqTablel9).

Anexample ofquadruple transgenibreeding whereCreexpression i®nly on the male
was chosen t@voidpregnancy complication linked to DARXENoss of expression in
the female(Table18). In this caseCrewas always in heterozygosis time offspring,
therefore it was possible to calculatbe frequenciesof predicted genotype, without
reduced recombination efficiency due ftenand Inslrecombination Nevertheless,
the offspring harbars a much lower number of double KO than expeci@able19),
indicating thatthe combination of doubld®axxPtenKO is sublethah total of 20 double
KO miceomo- or hemizygous foDaxx/Ptenwere obtained and analysed during the last
year, thedouble KQphenotype will be introduced in chapters 4 and 5.

Example of genotyping results kigure34, details of genotyping offspring analysed in
Table20.

107


https://www.ensembl.org/Mus_musculus/Location/View?db=core;g=ENSMUSG00000035804;r=19:52264297-52265476;t=ENSMUST00000039652

Tablel7 Breeding examplef Ins1-Cre females

DOB Genotype Breeding End date and reason
03-04-18 InslCre/Dax{/Ptertt’/eYFP'"t  06-07-18  Culled for sickness
22/07/18
09-04-18 InskCre/Daxxt//Pten/eYFP!T  06-07-18  Culled for breathing
problems20/07/2018

Table18 Breeding examplef WT-Crefemale

Sex Genotype
Male Ins1Cre’* Daxxit Ptenfwt Y Fpwt
Female Ins1Cra"wt Daxxf PTENWt eYFP/f

Table19 Mendelianratio in double DaxxPtenKO breedings

Mendelian ratio Expected (%) Observed (%)
DaxX¥ Pten"' eYFPV' /e YFP ! 12.5 0
DaxX 'Pter?"'"eYFPV /eYFP ! 25 138
DaxX 'Ptet'™ eYFP" /eYFP I 125 27.6
Dax¥"Ptert'" eY FPV 12.5 17.2
Dax}¥'"Pterf'" eYFP N 125 138
Dax¥"" Pten"™t eYFPU'/eYFP ! 12.5 27.6

Figure34. Genotyping example

PCR for amplifyinBosaeYFRallele, flox and WPten flox and WDaxx Ins:Creand WT-Cre
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Table20 Detailed frequency of genotype observed

Number FEX Genotype
1 F DaxX 'Pterf'™ eY FP
2 F Dax¥"Ptert eY FPW
3 F Dax¥t"Pter'" e YFPY
4 F Dax¥"Ptert eY FPW
5 F DaxX 'Pter'™ eYFP !
6 M Dax¥"Pter'" eYFP I
7 M DaxX 'Ptert'™ eY FP"
8 F Dax¥ Ptet™t eYFP 1
9 F Dax¥"Pterf'" eYFP I
10 F DaxX¥'"Pter'" eYFPI
11 F DaxX 'Pte"™ eYFP !
12 F DaxX "Ptef'™t eYFP !
13 F Dax¥"Pter eY FPW
14 M* DaxX "Pten""eYFP !
15 M Dax¥t" Pte'™t eY FP/N
16 M DaxX 'Pterf'™ eY FPI
17 F Dax¥v"Pterf'™ eYFP I
18 F DaxX 'Pterf'™ eY FP
19 F DaxX "Pterf'" e YFPW
20 F Dax¥t" Pte'™t eY FP/"
21 F Dax¥"Pterf'" eYFP I
22 M Dax¥t Pte'™t eY FP/"
23 M Daxx¥" Ptert"™t eYFP I
24 F Dax¥t" Pten™t eY FP/"
25 F Dax¥" Ptert'™t eY FP"
26 F Dax¥" Ptert'™t eY FP"
27 M DaxX "Pter'™t eY FPN
28 M DaxxX 'Pterf'" e YFPY
29 M DaxX "Pterf'" eYFPW

M*= mouse found dead after genotyping
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3.3 Setting ughe PanNETmodelin vitro

3.3.1 Establishment of iPSC lines harbouring loss of DAXX

While setting up the mouse modshn in vitro approach was also followed to generate
a stable DaxxKO iPSC line which can be then transforrmgd any cell layerin vitro
models of PanNET are scarand the physiology of endocrine celis vitro is
substantially different from whas observedn vivo(1.14.2. Studies on iPSC technology
promise to faithfully reproduce betaell development and functionaliPagliua et al.,
2014; Rezania et al., 2014herefore this approachvas chosenA CRISPRas9 system
was adopted and validated first HER93T cells before proceeding with iP®Werify
that the guides would work in a cell lirthat waseasy to maintain and manipulate
before passing to the iPS&hich aremore challenging to transfect and expensive to

keep in culture

3.3.2 Validationof the CRISPRas 9 system fdDAXXKO in HEK293nd
iIPSC.

The CRISPR (clustered regularly interspaced shiimtpamic repeats)/Cas9 technology
was adopted for knocking olRAXXn iPSC. The system is based on DNA destded
breaks induced by the Cas9 nucleasdich recognises specific genomic sequences,
targeted with guide RNA. The guide RBA sequence 020-25 nucleotides presenting
homology for a region on the genome preceding the prspacer adjacent motif (PAM)

& Slj dzS y-N@&Go ,0uhich is recognised by Casvhich cleawes the DNA
approximately 3 bases upstream the PAM sequd@ung et al., 2013)The DNAreaks
can either induce insertions or deletion mutationadels) via the erreprone non
homologous engoining (NHEJ) repair pathway or to esderextert activate the
homologydirected repair (HDR) pathway with generation of precise, defined
modifications at a specific locus in the presence of an exogenausbduced repair

template Figure35) (Hsu, Lander, & Zhang, 2014; Ran et al., 2013)
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Figure35. CRISPR technology

Two different pathwagactivated by Casdnduced DNA doublstrandedbreaksare presented: the NHEJ
pathway, with consequent indel mutationsand the HDR, which produces precise gene editiigu(
Lander, and Zhang 20)4

In the present studytwo different strateges have been adopted, one based on the
induction of HDR and the second on the NHEJ pathway. The former sygstgigned by
our collaborator Steve Pollayt based on the use of four different vectors: one for each
guide RNApne for the nuclease and one hosting the donor vector, which present
homology for the targeted region between exons 2 and DéiXXand the puromycin
cassette (see sectidh2.1of chapter 2for details).

This system was first validated in HEK293T geitgy theFu-Gene reagent HEK293T cells
were grown in 10 cm dishesyith the 4 different vectorgl vector for each guide, Cas9
vector and donor vectorfollowed by puromycin selection. During the selection
conspicuouscell deathwas observed with consequent growth of némtransformed
clones in all the conditions except the one transfected only WithCas9 vector. After
one week ofpuromycinselection the genomic DNA was collectewin each condition
plus WT untreated HEK293Y schematic oDAXX locus before and after transfection is
displayed inFigure36a).

The efficiency of the CRISEBRSs9 system was evaluated with a PCR approach, designing
primers acrosshe DAXX inggion locus, to make sure the cassette would be specifically
targeted(Figure36b). In order to verify that the puromycin cassette is really inserted in
the HEK293T genonirethe different conditions that generated positive clongsimers
0S06SSy GKS dphad promofeRr weie K&signeédrigure 36¢c). The PCR

amplificationgavea positive result for all the clones except the \WFigure36c). Next, it
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was shown that the insertion of the cassette took place inright genomic locus only

in the samples transfected with the correct RNA guides. Primers annealing outside exon
2 and inside the Ealpha promoter were used to showsertionofi KS pQ K2 Y2f 238
(Figure36e). Primers annealing inside the S\(#0be siteand inside exon 7 were used

to showinsertionofti KS 0 Q K 2 Mdufe3®fdThe reshii¥ coofirm that the entire
cassette was inserted uniquely in the samples carrthiegnain and alternative guides.

The region between theavo-homologyarm was also amplified={gure36d). The variety

of bands obtained reflects the fact that the analysis is performed on mixed clones,
whichthe Cashucleases generatedifferent indel.

The disruption ofthe DAXXlocus between exom2 and 7 wadurther confirmed by
downregulation of DAXXtranscript and lower level of DAXX protemeasuredby
immunofluorescence and Wgigure37). The immunofluorescence resalhighlight
DAXXdepleted nucleiin main guide (rain g) and alternative guide ltag) samples

(Figure37a).
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Figure36. CRISPRas9 design and genomic confirmation@AXXgene dsruption

(a) DAXXocus before and after genomic manipulation with full or partial cassette insertion. (b) Oligo
designed to verify CRISIPRSs9 modificationyl=Marker, Main g= main guides, Alt g= alternative guides,
No g = no guide used, Ntg= ntargetingguide, WT=WDAXXNC= negative contro(c) PCR to verify
unspecifidnsertion of the cassette(d)PCR to verify full insertion of CRISPA&9 cassetteargeted tothe
DAX>genomiclocus (expected band of 3150 hf@)PCR to verifyraply5Q K2 Y2 f 23¢é [edVZ
band of 2200 bp only in Main g and Alt g sampi@ECR to verify antiiyo Q K2 Y2t 23¢é | N¥Y X
band of 1490 bp only in Main g and Alt g samples.
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Figure37. Assessing loss of DAXX expression in HEK293T.

(a)IF of DAXX in HEK293T transfected as following: Ntgtangeting-guide; No g= Cas9 and donor vector
without guides, Main g= main guides + donor vector + Cas9; Alt g= alternative guides + donor vector +
Ca$®. Loss of DAXX expression is observedain g andAlt g samples(b) WB of transfected samplgsdus
WTHEK293T, two different antib@ek for DAXX were testedn both cases downregulation of DAXX is
efficiently achieved in main g, alt g and partially in the No g samples, indicating that tloé¢ tasgeting

vector without guides can still lead to disruption of DAXX lo(@)8VB quantificatiorshowing 886 protein
downregulation irelt g and % % in sample main; gd) RFPCRurther confirmedthat the samples main g

and alt g carry efficient dowegulation of DAXX transcript

114



3.3.3 Nucleofectionof iPEto deliver the CRISRRas9 system fddbAXXKO

The CRISP®Ras9 strategy based on HDR induction was applied to iPSC. Diffdrently

the HEK293T cell line, iPS cells are difficult to transfect andrly suitable method for
transgene delivery is electroporation. In this study nucleofection, a novel versitie of
electroporation approach was used, which creates little pores in the nuclei of the cells.
The nucleofection was performed on 4 differe@mbinations: main guides, alternative
guides, norargeting guide and Cas9 onlyas negative control An estimation of
transfection efficiency was evaluated Ilstaining cells forCa®, giving about5%
efficiencyafter 48 hours of transfectiofFigure38).

Cas9

DAXX Dapi

DAXX + Cas9+

gDAXX-Cas9 iPSC

Figure38. Nucleofection efficiency in iPSC

NucleofectedPSC are tlose expressg Cas9TheYellow arrow indicatea transfected cell wherdAXX
is efficientlyknocked out.

The puromycin selection was started 48h after transfection. Cell death was observed
soon after selection and followed lsjow growth of the transformed clones. 3 colonies
per condition survived theedection and were expanded. An analysis of DAXX expression
by immunofluoresernce revealed thaDAXXKO was not achieved in any of the clones
selected per conditior{fFigure39a). This negative result can be explained by the low
chance of transfecting four vectots a single cell.

In order to obtain KO of DAXX in iPSC another approach considtieguse of a shRNA
vectorbackbone containing Cas9 and a single guide was used. This system is based on
the activation of NHEJ and indel modificati¢h?2.1). The system used is the lenti
CRISPR2 generated in Zhang laboratdiyanjana et al., 201g)eviouslytested in BM

cell lines in David Michd@ &boratory and applied to the iPS directly After virus
titration, the iP&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 evaluatigk first instance by

immunofluorescence (Figure 39b). The downregulation of DAXX seethnot to be
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lethal for iPSC, however the colonies setelatere heterogeneus for DAXX expression
(Figure39b). The downregulation of DAXX walso validatecoy WB on two clone<C5

and Cl14eneratedusing gDAXXduide RNA(Figure39-c). gDAXX1 clones harboGg-

70% of DAXX downregulatioompared to the expression of gGFP, a sample transfected
with a viral CRISPR/Cas9 system daiolya guide against GFP, used as a positive control
(Figure39c). The proof that the CRISRFas9 system is working and the Cas9 is editing
the genomes shown by the surveyor assay on two clones of gDAKKXLre39d). The
surveyor nucleases recogaiand cleaves mismatches due to the presenceiofle
nucleotide polymorphisms (SNPs) or small insertions or deletions. Therefore, the smear
present on the gel in the clones of gDAXX1 C5 and C14 indicatéke@as9 is editing
the genome(Figure39d).
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Figure39. Knockingout DAXXusing theCRISPR/Casystem in iPSC.

(a) IF of DAXX inPSQransfected with the donor vector system, main g = main guides + Cas9 + donor
vector; alt g= alternative guides + Cas9 + donor vector, Ntg=targeting-guide + Cas9 + donor vector.

(b) IF and (c) WBbf DAXXin iPSC transfected with the shRNA+CRIGR®R sysem (selectedDAXXKO
clones shown: gt5 in IF and WB and @14 in WB)(d) Surveyorassay confirimg genome editingn g1

¢5 and gicl4.
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3.4 Discussion

PanNET is rare kind of neoplasm, although presenting a malignant potential to
metastasize, theycan grow for decades without giving particulamgytoms (T. R.
Halfdanarson et al., 2008; J. C. Yao et al., 200&) slowgrowing nature of the tumours
has madaet difficult over theyearsto establidra model suitable for laboratory research.
Besidesthe bestdescribed models RT2where PanNETS provokedby Rat Insulin I
promoter driver expression of the SV4Qarge Tantigen Thisresembésan aggressive
tumour, whileendocrinologists andesearchersstill lack an intermediate stage model
of PanNETHanahan, 1985)

Here | reported the attempt to model PanNHJy introducing mutations in the H3.3
loading pathwayeported to be mutated in human PanNETSs less than a decad@ago

et al., 2011)It is known thatdss of DAXX is associated with the shortest life expectancy
in PanNET patienthpwever,its role in the pancreatic microenvironment has not been
properly investigated. Therefore, we decidéal focus on the chromatin remodeller
DAXX which directly interacts withhistones H3 and H4nd istherefore expectedto
havemore regulatory functioathan ATRXvhich is mainly a DNKelicase(Gibbons et
al., 1997 Xue et al., 2003Puring the first year of the project, two different approash
were followed, onein vitro, based on the use of genetically engineered iPSC Wwhésh
can be differentiatednto pancreatic betecells and anin vivomodel based on té use

of the InsX-Credriver to directloss ofDAXXin pancreaticheta cells.

3.4.1 Generationof the Insulin2Crd DaxxKOdouble Daxx/PtenKOline.

A classical approachased onCrelLoxP technologywas adoptedto generat mice
harbouring KO ofDAXX inpancreaticislets. Amongst pancreatispecific Cre lines
available RipCre Pdx2CreandNgn3Creshow ofttarget recombination, due to specific
promoter activity in other tissues, especially in brain regions su¢heaypothalamus
(Song, Xu, Hu, Choi, & Tong, 20Wjile Insulinl based Cre lines did not show
detectable recombination in the brain andere therefore suggested as a better
alternative for pancreatic studig®©ropeza et al., 2015The choice of thénsulinl as
the driver for Cretransgene expressiowas chosen because of specificity bata-cells

with no visible recombination in the bra{iThorens et al., 2015)
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Other Crelines,include the human Growth Hormone (hGH) minigene as a component
of the transgene construct to reinforc€re expression, such as thedxtCré2® line
together with severalCrelines based on thdnsulinl or RP, displayimpaired glucose
metabolism(Brouwers et al., 2014) SNY I NR ¢ K2NBy aQ 3IMNRBldzL) g K2
Creline used in this work did not report the inclusion of hHG fragment in their transgenic
vector (Thorens et al., 2015)

| washappy to proceedvith the Ins1CreDaxxKO model after confirmation of cdlhe
specificity and efficienDAXXdownregulationto 60/70% d that found in pancreatic
islets.About 60 % of genomic recombination is satisfactory considering that-bella
represent 6070% of islets cell composition. The line chosenduastitutive expression

of Creto address questionfor a potential role of DAXX in betell maturation and
development.

Next, Isought to reinforce the tumour drivingotential adding asecondhit to the
Ins1CreDaxx KO ling after veifying that DAXX loss does not lead to neoplastic
transformation around 1215 months.

mTORmMutationsoccurin about 1415% of sporadic PanNETSs, the most frequemet
associated with loss of tumour suppresspreteins TSC2 and PTHEBIaoet al., 2011;
Scarpa et al., 2017/Frurthermore down-regulationof PTEN and TSC2 is documented in
PanNET tumowwithout mutations ofthe correspondinggenegMissiaglia et al., 2010)

A recentstudy looking at glioblastoma oncogenesidserved aphysical interaction
between DAXX and PTERenitez et al 2017) PTENis supposed tacontrol H3.3
depositionthrough inhibition ofDAXXinteraction (Benitez et al., 2017)n the same
study,Daxxmutations in combination with lossf PTEN expressiavere associated with
increasedsurvival time in tumour xenograf(8enitez et al., 2017)

| decided to introduce PTEN loss to the system using the line developgéahip W a
lab in 2002 leading to complete loss of protein functiiesche et al., 200decause
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
detectthe development of PanNETs upon PTEN loss indmta(Nguyen et al., 2006;
Stiles et al., 2006aJ hereforejn case of PanNET formation, tumour development might
be due tothe synergistic effect of both DAXX and PT&dé rather than PTEN loss alone.
PTEN partial or total dowregulation according to thediero/homozygous condition

used in the isletsvas observed in théns1-Cre/PtenKO line consistent with previous
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studiesusingthe same PTEN conditional lif€igure33) (Nguyen et al., 2006; Stiles et
al., 2006a) When crossingInsl-Cre+mice to hetero/homozygousDAXX andPTEN
conditional lines| noticed lower doublé&nockoutfrequency than expecte@Tablel19
and Table20). SncePtenandins1 genesare on the same chromosome less than 50 cM
apart, the recombination frequency between the two genssdduced. | further noticed
that females carrying bothPten and Daxx conditional allels in addition to Cre
expression tended to die during pregnan@ablel?7) and the frequency of the double
KO was lower than expecteghen using a breeding combination whdpéenor Ins-1
are forcedto be heterozygaisin the offspring(Tablel9).

This observationindicates that a combination of DAXX and PTEN ladsing
embryogenesis gives a potential si@thal phenotype. The reasons could foeind in
the role of DAXX aspro-apoptotic factor (P. Salomoni & Khelifi, 20Q&hich combined
with loss ofPTENwhich isalsoknown to inhibit cell migration and promote apoptosis
couldpotentiate islets apoptosisausingnouse death.

Developmenbf diabetes associated with pregnanmyuld be responsible for the loss of
pregnant femalesgiven that both DAXX and PTEN loss neght affecs glucose
homeostasisas further discussed in chapted and 5Unfortunately, the association
between DAXX and metabolistlkecame clear after the first double KO breeding
attempts and theautopsywas not performed on the females lost duriqgregnancy.

Hence it is not possible to know the real reastmr mousedeath.

3.4.2 Comments about the generation BIAXXO iPSC lines

Pancreatic betaells are unique for their ability to produce insulirresponsdo glucose
and for beingnaturally slow diwding, given the growth rate (estimated with a
mathematical model)of 0.5% in the adult rodent pancreg8onnerWeir, 2000;
Finegood, Scaglia, & Bonréfeir, 1995) Suchslow replication ratesombined with the
ability to produce and secrete insullmve madehe development of a cell line suitable
for laboratory research and presentiadl the glucoseelated functionality of betecells
difficult over the yeas. Most of the cell lines used in research are in faetivedfrom
insulinomas such as the MINi6e described in sectiorl.14.20r derivedfrom human
cell manipulation such as thEndoG | m O S(Ralvassard &t @l., 2011yhis line

derives from human fetal cells transduced with SV40LT, engrafted in mouse
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insulinoma induction transduced with hTERT and-ergraftedin the mouse before
obtaining theEndoG | m O SHué to thellaiSof an ideal cefiodel for pancreatic
beta-cells, | thought to use IPSC technologgr KO ofDAXXand for following the
transformationof transgeniaells to theendoderm layer angbancreatiebeta cell fate.

At the beginning of the project in 201there were already a feywioneerprotocolsfor
iPSderived betacells claiming the generation of functional betells expressing specific
endocrine markers and producing insulin tdesel comparableto human betacellsin

vitro after 2025 days of differentiatiorfPagliuca et al., 2014; Rezania et al., 2014)

Two different CRISPBas9 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 recombinatio The former system based on the HDR mechanism was first
validated in HEK293T wherewts foundto be very efficientleading toloss ofmore

than 70% of DAXX protemeasuredwith WB and IKFigure37). CRISPR based on the
HDR induction is the cleaner amdost precise modification of the genosn with
transient expression of Cas9 nuclease and reducethafet effects Nevertheless, this
systemresulted invery low efficiency when applied to iPS cdtis which the probability

of introducingfour vectors in one cell is quite lgwlue to low transfection efficiency
(Figure38). Although cells wer@ositively selected for puromycinone of theselected
clones displayedKOof DAXXFigure39a). A second system was then adopted for iPSC
manipulation, based on the use of a viral construct expressing the CREZPRassette.
The systenhad alreadybeenvalidated in GBM cell lings a collaboratof &boratory
andwas directly applied to iPSC. After viral infection and puromycin selediiberent
colonies were manually picked and tested for DAXX degualation Two clones(C5

and Cl4jisplayeddownregulation of DAXX testdry WB and efficient genome editing
tested by theCasSurveyor assagFigure39d).

121



3.5 Conclusions

The iPSC work was performed in paraiéh the mouse lineoreeding during the first
yearof researchand generation oDAXXKO iPSC lines coincided with validatioDAXX
recombination in thdnskCre/Dax¥O mouse lineSince it was proven thahe mouse
model harbaurs efficient KOof the Daxxgene and correspondg lack ofproteinin the

islets,it was decided tdocus on thein vivowork given thehigher power of research
based on mouse modleng, which isstill one of the best tools tgstudyhuman disease.
The characterisation of botBaxxand Pten/DaxxKO mouse lingintroduced here is

examinedn the following chapters.
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Chapter 4

Histochemicaphenotypingof Daxxand
DaxxPten double KO mice
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4.1 Characterisation of mouse lines

PanNETs arahighly heterogeneous kid of neoplasmwith low backgroundmutations

and low proliferation index, usually between 2 and 20% @&dr 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 somaf the PanNET
hallmaiks which could arisein Daxx and/or Daxx/PtenKO beta-cells by assessing
hormone production and islets cell size and appearana time Theprogression from
normal islets to islet hyperplasia/dysplasia and PanNET development has been well
described inthe RT2 mode(Hanahan, 1985; P. Olson et al., 2)QBerefore, it was
possible to identifywhether degenerative changewere recapitulated in aging Daxx
andDaxx/PterkKOmice.
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4.2 Results

The phenotypeof DaxxKO and doubl®axx/PtenKOmicewas carried out witHHC/IF
and HE analysis 6FPElidetaken at different time pointsThepathologistProf.Marco
Novelli performed histological characterisation dhe DAXX and DAXX/PTEN loss

phenotype.Samples used for immunophenotyping are summarisetainle21.

Table21. Samples used for histology

Sample Weight Glucose Genotype Notes
g mmol/I

6W-A 18.1 6.5 Ins1Cr& eYRPT

6w-B 19.9 7 Ins1Cr¢&/ eYP'

6w-C 17 6.3 Ins1Cr&/ eYFP

6w-D 23.8 9 Ins1Cré& Daxx¥/ eYFIP

6w-E 18.6 6.5 Ins1Cr& DaxxX/ eYFIP

6w-F 18.8 9.3 Ins1Cré& Daxx¥/ eYFP"

3m-PKO na 9.7 Ins1Crd& Pterf’/ e YFP'

3m-2KO (Dhet) na 125  InsiCr&Daxx''/ Pten/ eYFP"

3m-Ctl na 9 Ins1Cr& eYFP'

8m-CtlA 50 9.7 Ins1Cré&f eYFPt

8m-Ct-B 47 7.6 Ins1Cr& eYFP'

8m-2KOA na na Ins1Cr& DaxX / Pteri’/ eYFPY  body lumps/
inflammation

8m-2KGB 48 6.9 Ins1Cré& DaxxX'/ Pterl"/ eYFP'!f

8m-PKO 34.7 7.8 Ins1Cr¢ Pterl/ eYFP!

12m-CtFA 48 6.9 Ins1Cr& eYFP!

12m-Ctl-B 51.7 10.2 Ins1Cré& eYFPt

12m-CtiC 50.7 10.2 Ins1Cr& eYFP!

12m-CttD 50.7 10.2 Ins1Cré& eYFPt

14m-DKGA 30.4 9.3 Ins1Cr& Daxx/ eYFP" Weight loss

14m-DKGB 20 8.6 Ins1Cr&f Daxx/ eYFPH Severeweight loss

13m-DKGC 44 9.4 Ins1Cré& Daxx¥/ eYFP!

16m-DKGD 33.7 75 Ins1Cr& Daxx/ eYFPH Weight loss

12m-2KOA(Dhet) 47 10.2  Ins1Cr& Daxx'/ Pteri’/ eYFP

12m-2KOB(Dhet) 42.8 7 Ins1Cré& Daxx"/ Pteri’ / e YFPY

12m-2KGC(Dhet) 46 9.1 Ins1Cr&/ Daxx'!/ Pten' / e YFP!

11m-2KGD(Dhet) 40 5.9 Ins1Cr& Dax¥/ Pteri" / eYFP'  body lumps/
severe inflammation

18m-CtlA 53 6.6 Daxy

18m-DKOA 38 8.2 Ins1Cr&f Daxxf
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4.2.1 Islets morphology antiormone quantificationin the Insk-CreDaxx
KO line

Islets size was measured across different samples taking slides cut at 100 nm of distance
for young mice (2 monthor younger) and 150 um for older or aged mi2ar 3 slides

per mice were used for quantificatiomhe endocrine area was calculateging the NDP
software for histologyHormone quantification was performed at later time poirtts

12-16 monthsand at least 710 islets per sample were quantified by countitig
number of positivecells expressing insuliglucagon or somatostatin per islétmageJ

or Photoshop wasused for cell counting.

The effect of DAXX loss wiarst assessed adn early time point of 6 weeks and in aged
mice of 12 to 16 month®or the Ins:-Cré DaxxKO line Forthe early time point 3 slides

for each ofthe 3 controls (Ctl)and DaxxKO(DKO)nice(Table21) were used to measure

islet area At 1.5 months theaverage and total islet size in Ctl and DKO mice were
evaluated by grouping the islets in small (< 500AuE Y SRAdzY oO0X pnnn |y
um?), andlargeo XX wm n A)JDaxxKO Yhicalisplay a significant increaselargeislets
averagesize and total endocrine are@igure40a). This value an be biased by the
pancreassampling area since the isleise more abundant in the tailTo avoid this, the
pancreas was minced in pieces before embeddma@void the sampling issudhe
production of insulin, glucagon and somatostatithe more abundantpancreatic
hormones,wasat similar levels imontrols andDKOsamplesat early time point(Figure

40b).
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a)

Average islet size Total endocrine area
25000 800000+ o
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< 20000 == DKO Emm_ ‘ == DKO
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b) Somatostatin

6w-Ctl B 6w-Ctl A

6w-Ctl C

6w-DKO B 6w-DKOA

6w-DKO C

Figure40. Assessing DAXX phenotype at early time points of 1.5 months

(a) Average isletsize(left) and total endocrine area (righ8it 6 weeks in 3n1-Cre controls (Ctl) and 3
DaxxKO (DKOinice. Largeisletsin DKOmice displaysignificantly increasedverage(two-way ANOVA,
P=0.0005, Sidak posest), and total endocrine area (twavay ANOVAR=0.0003, Sidak posest). (b) IHC
of insulin, glucagon, and somatostafiom 3 Ctland3 DKOat 6 weeksSimilarstaining pattern for insulin
at the middle of the islis, glucagon around islets edges and somatostatin mainly in one et si
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Next, the islet area at late time points of 16 monthswas analysedA tendency
towards reduced endocrine aramasobserved in DKO samples compared with Ctl, an
inverted trend with respect to early time poirih 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 pA), mediumf mnannn FyRIfr o yRNAF NBBaxxd XX onnn.
KO mice display a significant decre@sédarge islets average size but not in the total
endocrine areaKigure41a). Neverthelesslarge islets Gaussian distributiaentifies a
curve shifted towards lef{Ctl mean=50436, DKO mean=439%k)d amuch smaller
AUCof DKO mice (180000 pincompared witithe AUCof Ctl micg350000 pm) (Figure

41b) therefore suggesting overall islets size reduction.

Three slides per sample were used for islet size quantification at later time pOings.
issueof late-stage quantificationis the tendency twardshyperglycaemiaf the Insl
Creline by itself(as further explained itChapter $ whereby some Ctbamples may
display islet e reduction(as observed in DKO sam@éA).

Hormone productiorwas quantified only at later time points on the observation that
DKOsamples seen at the microscope, seemed to have reduced insulin content in some
of the islets (representative images of G and DKEA in Figure 42a). Hormone
quantification considering £tl and 4 DKOdoes not highlight significant differences
between groupsKigure42b). The insulin content Gaussian distribution of DKO mice is
shifted towards left (Ctl mear.3 DKO mean#0.7) indicating an overall insulin
reduction Figure42c). me DKOsamples (DK@, andC) harbouindeed anincreased

number of islets with reduced insulin contemigure42d).
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Figure4l. Analysis of islets appearance at late time points

(a) Average islets size (left) and total endocrine area (right) at 6 weekmiRCFe controls (Ctl) and 4
DaxxKO (DKO) mice. Large islets in DKO mice display significantly decreased average/ (ANOVA,
P=0.0125 Sidak pogest), but not total endocrine area. (K3aussiardistribution of small, medium and
largeislets.Ctl and DK@ausianalmostoverlaps in small isle{&tl mean=4765, DKO mean=454éit),
DKO Gaussian is shifted towards right compared Ctl in medium isletqCtl mean=15733, DKO
mean=16771)Ymiddle), DKGZaussian ishifted towards left comparedo Ctl in large islets (righ{(Ctl
mean=50436, DKO mean=43951gt{t) hence highlightindargeisletsreduced size
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Figure42. Assessing hormone production iDaxxKO mice at late time points

(a) IF ofnsulin, glucagon and somatostatinane Ins:-Cre+control (12mCtFA) andone DaxxKO mouse
(14mDKGB) (a).(b) IF hormone quantification irofir controls {2 mCtl AD) and four DaxxKOmice
(14mDKQGA and B; 12m DKO C and (e Sudent t-test on the mean of Ctl and DK@as n3. (c)
Gaussian distributionf insulinin Ctl and DK@nice. In large isletsPKO Gaussian is shifted towards left
compared with Ct{Ctl mean=77.3 DKO mean=7ChiQhlighting reduced insulin. (d) Insulin content per
islets inGl and DKOmice.DKO B and C harbour more islets with reduced insulin content compared with
Ctlmice.
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4.2.2 Islets morphology and size the RosaCré&R"fDaxxfloxedline

Islets morphology waalso estimatedn RosaCré&R™micecollected at 6 months, mainly
used to validatdDaxxKO phenotypdChapter 5 samples details are imable22). Rosa
Cré&RTIDaxxKOmice displayglobalreduction of endocrine areéFigure43).

a) b)
Average area size Total endocrine area
*
40000+ B RosaCre Cil 800000+ mm RosaCre Ctl
B RosaCre DKO B RosaCre DKO
30000+ 600000
o~ o~
£ 20000+ E 400000+
= =
10000+ 200000+
0- 0-
o 2 ‘t.o o o *_0
& & & ¢
<® & € &
& &

Figure43. Islets area quantification irRosaCré&R?mice

(a)RosaCré&R™CtlandRosaCré&RfDaxxKQisletsaverage sizand (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 significantfieaeased in DKO compared with Ctl mice (Studeest = 0.0169)
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4.2.3 Islet morphology in the doublBaxXPten KO line

Islet morphology was evaluated in doulidaxx/PtenKO mice at early time points of 3.5
months and late time points of 8 and 12 months. Dudteeding difficultiessome of
the double KO mice are heterozygous for DAXXfaly KOfor PTENfull double KO
micewere only analysed at 8 months of age.

At 3.5 months islet size was measured in one mouse per genotype: one contréteone
KO(PKO)]Nd one doubleDaxx/PtenKO withDaxxin heterozygosi§2KGD? ¢y sample
details inTable21. Loss of PTEN in the pancreas leada significant increase in large
isletsaverage(Figure44a). 2KOD? U fnice harboured two islet80%largerin sizethan
the largestfound in the PKO mouseHgure44b). Due to the lack of replicates, the total

endocrine area was natalculated RepresentativeHEimages of increased islets area

are shown irFigure44c.
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Figure44. Assessing the phenotype of double KO mice at 3.5 months

(a) Averageand (b) individual islets size ins:Cre+control (Ctl),PtenKO(PKQ and double KO mouse
(2KOD? Uy(n=1 mouse per genotype, age= 3.5 monti® O an@KGD? ! Hisplay a significant increase
in large isletaveragecomparedto Ctlaverage(ordinary oneway ANOVARP=00218) (c)HE section@n
Ctl, PKO an8KGD? i /PtenKO results in islets hyperplasia in both PKO2#@D? @1
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At the 8months timepoint one PKO, two Ctl and two full double KO (2KO) mice were
used for quantificatior{sample details iTable21). Three slides per samples were used
for islet area estimation.

The islets average size was comparable between Ctl, PKO and 2K@®iguce4ba),
althoughdouble KO an®O micestill displayedfew islets much bigger than GHigure

45¢). 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 increas@~igure45b).

The islets Gaussian distribution shows tR&Oand 2KQA mice dsplayed some islets

of 200,000 um, doublethe sizeof the average islets of contro(Eigure45c).

Thecohort of miceavailable at 8 monthgvastoo small for statistical quantificatioof
pancreatic hormoge production nevertheless, staining patterns were evaluated across
the different genotypesThe double KO mougKGA has abnormal glucagon expression

in medium/big islets, compared witGtl and PK©@ontrols(Figure45d).
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Figured5. 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 sizelns1-Cre+control (Ctl), Pten KO (PKO) and double KO mice (2KO),
(n=2 mice for Ctl and 2KO, n=1 mouse for PKORgea}sian distribution of islets size in Ctl and DKO mice,
(small islets mean= 4268 Ctl, 5055 PKO, 4744 2KO; medium islets mean= 17113 Ctl, 18280863K0O,
2KO0, large islets mean= 57177 Ctl, 73766 PKO, 55026(8KIGL of insulin, glucagon, and somatostatin
from CthA, PKO and 2k®mice Somdargeisletsin the 2KO Amousedisplayedan increased number of
glucagon and somatostatin expressing cetimpared with controls.

At later time pointsof 11-12 months the four double KO samples analysedre all
heterozygous for DAXX. Ttatal endocrine areavasconsiderably increased in double
KO micgFigure46a). TheGaussian distribution of islets separated by size shows islets
larger than 100000 pfAonly indouble KO micéFigure46b); however, the averageslet

sizeis not significant when compared wittontrol (Figure46a).
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Figure46. Assessing the phenotype od double KO mice at late time points.

(a) Average and total islets sizelits1-Cre+control (Ctl) and double KO mice (2408 )! (n=4 mice per
genotype)Thetotal area per islet is considerably increased?KO micgtwo-way ANOVA,P=0.0117,
Sidak postest). (b) Gaussian distribution of small, medium and large islets, (small islets mean=4765 Citl,
4736 2KO, medium islets mea5733 Ctl, 17200 2KO? ! rand large islets mean= 50436 Ctl, 71927-2KO

D¢ iy Large islets mean is increasied2KO D? U further confirmingincreased islets size BKG D 07
compared to Ctl.
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In 1112 months old miceasimilarpattern of hormone expressing cells is observed for
insulin and somatostatin across the different genotyp€kjcagon however, had a
different patternand wagdiminished in all the 2k©? i 8amples angin particular2KG

B and D harbour some islets wiew or no stained cell@~igure4?7).
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Figure47. Representative IHGf glucagon at late time points.

Images of glucagon IH@mM 11-12 montks-old mice. TwdnsZ1-Cre+controls (CHC and D) were compared
with 4 double KO (2Kk@* i 1A, B, C and Dhice A trend to lower glucagon staining is observed in 2KO
D¢ i Bamples, in particulaKO D? ¢ B and Dmiceharboured some islets witdfew or no positive cells.
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4.2.4 Double KO mice can develop system inflammation

Two mice out of the 20 double KXainalysed were culledue to development oivhole-
body inflammation, with pus bulb formatioffFigure48). Oneof the micewas8m-2KO
A culled at 8 month@Figure48c) and the othewas11m PKOD? ¢ D culled at 11 months
(Figure 48d). Enlarged spleen (Figure 48c-d), inflamed liver (Figure 48d) and
inflammatory cells infiltrating in the pancreg&igure 48d.2), all signs of systemic
inflammationwere underlined

Pancreatic islete&’eremore vascularise(Figure48c.1,d.1) and the pancreas harboed
fat vacuoles (Figure48d.1).Of note both mice with inflammation weréemalebreeders,
but they never gave birth to any pup and were not pregnant when culled.

The development of PanNETs wast found in the micegeven in the mice which
developed acutenflammation HE froncontrols samplesit 8 months Figure48 aand
b) highlight big rouneshaped islets iBm Ctl Abiggerin the PKP mougkan the control
8m Ctl AFigure48a-b)

One of the 12 months controls 12@tl D Figure48e) displayfocal fat replacementa
symptom of pancreas degeneration, possibly due to a combinationeh@@ndinsl
Creexpression Kigure48e). This feature was not found in the other contras 12
months.

One of the doubl®ax»¥¢ U 'Pter? "mice(2KO ¥ i 1B) displagd some PanNET hallmarks
such hasabundantfat replacement in the pancreas and islet hyplasia of note one

isletwasalmost 1 mmin diameteron the longest sidéFigure48f.2).
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Figure48. Analysis of mice with systemic inflammation and PanNETSs histological markers

(a)Lowpower HEof an 8 months contromouse(CtHA) (a) anda.1-2) high power HBf big rounded islets.
(b) Low power HE froma PtenKO (PKO) at 8 months witletail of some rounded isletgp. 2)one islet is
566 pumin diameter. (c)Lowpower HEof the double KO mousat 8 months with inflammation (2K®)
showingenlarged spleen and highower imagesshowing (c.1) avascularisedslet and(c.2)a mouse
picture with blue arrowhead indicating a body lunfpontinuesnext page).
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(d) Lowpower HE from the double KO mouael1l months with inflammation (2K0? ©D), (d.1) high
power magnificationon vascularised islets, black arrowhead indiogblood vessel and fat vacuoldd,2)
inflamed ares of the pancreagd.3)us bulb formed in the endocrine areg@) Lowpower HEof a 12
months control mouse(CttD) (e.1)and high power HEocused on a big rounded islet affat vacuoles
(black arrowhead)(f) Lowpower HEof a12 months contromouse(2KOD? “1B)and (f.1) high power HE
focused on extensive fat replacement affd?) hyperplastic islets of 976 pran the longest side and
224,172 and 37um on thesmaller sides
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4.2.5 Synergistic DAXX/PTEN loas lead tacelHate reprogramming

The eYFP reporter foCreexpressionin our systemallows InsICret+ beta-cells to be
traced over time. This is crucial to understandcdiltfate reprogramming a well-
documentedmechanism of diabetes and PanNEBlsoarisingin our system.

Double staining of glucagon and eYFP idewtigiecagon cells originaltefinedasinsl-
Crer beta-cells which underwentellfate reprogrammingo then become alphaells.
This mechanism was followed at 3.5 and 8 monthBanx/PtenKO mice and at 1 year
in controls anddaxxKO mice.

At 3.5 monthssome transdifferentiated cells were observed PtenKO samples, more
frequently in thedouble KQ(3.5m 2K@? “y'and never in the control&igure49).

At the later time points of 8 monthsco-localisation of eYFP and glucagon was
performed in 8n-CttA, 8mPKOand 8m2KGA (ne ofthe mice with inflammation).
Low power images highlight avérse eYFP stainiqmattern mainly within the cente of
the islets, with glucagon mainly localised at islets edgeoitn 8m-CttA and 8mPKO
compared with the 2KO sample where the cellsre more spaced, eYFpositivecells
were less conspicuoysand the glucagon is more abundaffigure50). Furthermore,
more glucagon/eYFP colocalisedllswere found in the2KOA (Figure50c). At the 8

Y 2 y i K amintsdmé Solocalised celigere visible alsdn control sampls (Ctl and
PKOJ)Figure50a-b), neverthelessaminimumof 4 colocalised celiser isletwere visible

in the 2KGA (Figure 50c), compared to amaximum of 4 in the Ctl Aand PKO
Colocalisation was confirmed with 68Xagnification where glucagon expressing cells
were found to overlap with the nucleus and eYFRjre51).

At late time points of 1214, months were one control (CHA) and twoDaxxKOmice
(DKGA and Byere assayed for colocalisatiobow powetimages of eYFP and glucagon
highlight a diinct staining pattern for eYFP DKOsamples where the stained cells
appear more disorganised thatl(Figure52). One bgislet from the CHA displagthree
cells colocalisenh a large isletwhereasDKOA and B display colocalization in both small
and big isletgFigure52a). High power images confirm colocalizationCttA and DKO
AandB Figureb2b).
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Figure49. Cellate reprogramming at 3.5 months double KO mice

(a)Low powerlFof glucagon and eYHiPcontrol (Ctl) Pten KO (PK@nddouble KOZKOD? iymice, o=1
mouse per genotype, age=3.5 monthgJhite arrowhead indicate cells expressing glucagon and eYFP
(b) High power images afashed linesareasin (a). Double stained cells were not observed in €0
displayed some colocalised cellhich weremore frequert in the 2KO samplé).
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