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Abstract 

Transient expression of the transcription factor Neurogenin 3 (NGN3) during pancreatic 

development is essential for the specification of endocrine progenitors that give rise to all 

endocrine cell types in the pancreas. These include insulin-secreting β cells, which are vital in 

maintaining glucose homeostasis, with their loss resulting in type 1 diabetes. NGN3 

overexpression in ductal and acinar cells of the exocrine pancreas promotes exocrine-to-

endocrine transdifferentiation, generating α, β and δ cells. Accordingly, transient NGN3 

expression is a hallmark of in vitro β cell differentiation protocols. Absence of pancreatic islets 

and the development of a diabetic phenotype have been described for Ngn3 knockout mice and 

pigs, while null NGN3 mutations in human patients result in neonatal diabetes. Due to its 

importance in endocrine development and to its ability to induce pancreatic plasticity, a better 

understanding of NGN3 regulation could help improve the yield and maturity of β cells 

generated in vitro, as well as provide strategies for promoting exocrine-to-β-cell 

transdifferentiation in situ.  

In this thesis, I identified two new NGN3 interactors, USP7 and HUWE1, with known roles in 

the ubiquitin-proteasome pathway, and investigated their role in NGN3 post-translational 

regulation. I used HEK293A cells and iPSC-derived pancreatic progenitors to assess whether 

modulating HUWE1 and USP7 activity affected NGN3 ubiquitination and stability, while also 

analysing the role of NGN3 phosphorylation in these interactions. Inhibiting HUWE1 activity 

had no effect on NGN3 stability. However, USP7 overexpression led to the deubiquitination 

and stabilisation of NGN3 in HEK293A cells, while USP7 inhibition impaired the generation 

of NGN3+ endocrine progenitors and β-like cells during iPSC-to-β-cell differentiation. 

Furthermore, these findings were recapitulated in a Usp7 conditional knockout mouse model, 

with adult mice exhibiting smaller islets and increased blood glucose levels. 
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This study uncovers a new USP7-dependent mechanism for NGN3 post-translational 

regulation. During pancreatic development, USP7-mediated deubiquitination of NGN3 reduces 

its ubiquitination by ligases such as FBW7, preventing its proteasomal degradation. In turn, 

this results in NGN3 accumulation in the cell, promoting endocrine specification and allowing 

for the generation of pancreatic islets. 

  



4 
 

Acknowledgements 

First and foremost, I would like to thank my main supervisor, Dr Rocio Sancho, for the insight and 

support she has provided throughout my PhD and during the writing of this thesis. Her guidance has 

been fundamental not only in the completion of this project, but also in my growth as a research 

scientist. 

I would also like to thank my 2nd supervisor, Prof Francesca Spagnoli, as well as Dr Davide Danovi, Dr 

Aileen King and Prof Agi Grigoriadis, who formed my PhD committee, for their valuable help and 

advice. Many thanks to our collaborator Dr Jessica Nelson, for her help with the in vivo experiments 

described in this thesis. 

Further thanks to the Wellcome Trust for funding this project, and Dr Fay Minty, who in her role as the 

administrator of this programme has provided me with much-appreciated assistance, making the entire 

process a lot easier to navigate. 

I wish to thank the members of the Sancho lab, Cristina Garrone, Dr Sergio Pedraza-Arevalo, Dr Mario 

Alvarez-Fallas and Theoni Demcollari for their support, friendship, and for the collegial environment 

they helped create. Alongside our colleagues at the CSCRM, you are an essential part of what made 

working here such an amazing experience.  

Apart from my friends in the lab, I would like to offer even more thanks to those outside of it, whose 

outspoken hatred of their consultancy jobs has achieved the considerable feat of reinforcing my decision 

to pursue a career in academia.  

Finally, I would like to thank my family for their unwavering support throughout my life, including 

during my PhD. I am privileged to have them and the safety net that they have always provided, even 

from 1,000 miles away.    



5 
 

Table of contents 

Abstract ................................................................................................................ 2 

Acknowledgements.............................................................................................. 4 

Table of contents ................................................................................................. 5 

Table of figures .................................................................................................... 8 

Table of tables .................................................................................................... 10 

List of abbreviations ......................................................................................... 11 

Chapter 1: Introduction ................................................................................... 17 

1.1 The pancreas ................................................................................................................... 17 

1.1.1 Human pancreas development ................................................................................. 17 

1.1.2 Mouse pancreas development .................................................................................. 22 

1.1.3 Diabetes ................................................................................................................... 26 

1.1.4 Strategies for β cell generation ................................................................................ 27 

1.2 NGN3 ............................................................................................................................. 30 

1.2.1. NGN3 structure and function ................................................................................. 30 

1.2.2. NGN3 transcriptional and post-translational regulation ......................................... 33 

1.2.3. Ubiquitination and E3 ubiquitin ligases ................................................................. 35 

1.3. HUWE1 as an E3 ubiquitin ligase................................................................................. 38 

1.3.1 Structure, function and known substrates ................................................................ 38 

1.3.2. HUWE1 in health and disease ........................................................................... 43 

1.3.3 Role in cancer and potential as therapy target ......................................................... 44 

1.4 USP7 as a deubiquitinase ............................................................................................... 45 

1.4.1 USP7 structure, function, and known substrates ..................................................... 45 

1.4.2. USP7 loss of function in mice and human ......................................................... 50 

1.4.3. Role of USP7 cancer and potential as therapy target ......................................... 51 

1.5. Aims of this thesis ..................................................................................................... 53 

Chapter 2: Methods .......................................................................................... 55 

2.1 Mouse lines .................................................................................................................... 55 

2.2 Cell culture ..................................................................................................................... 55 

2.2.1 Expansion of cell lines ............................................................................................. 55 

2.2.2 Cell transfection ....................................................................................................... 57 

2.2.3 Cycloheximide chase assay ..................................................................................... 57 



6 
 

2.2.4 NGN3 transcriptional activity assay ........................................................................ 57 

2.2.5 3D Russ pancreatic progenitor differentiation to β cells ......................................... 58 

2.2.6 3D Hogrebe pancreatic progenitor differentiation to β cells ................................... 59 

2.3 Molecular biology techniques ........................................................................................ 61 

2.3.1 RNA extraction ........................................................................................................ 61 

2.3.2 cDNA reverse transcription ..................................................................................... 61 

2.3.3 Quantitative reverse transcription PCR (RT-qPCR) ............................................... 61 

2.3.4 Immunoblotting ....................................................................................................... 62 

2.3.5 Immunoprecipitation ............................................................................................... 65 

2.3.6 Ubiquitination assay ................................................................................................ 66 

2.3.7 DNA cloning............................................................................................................ 67 

2.3.8 Bacterial transformation and plasmid preparation ................................................... 68 

2.3 Histology and imaging ................................................................................................... 69 

2.3.1 Immunofluorescent staining of cell monolayers ..................................................... 69 

2.4.2 Immunofluorescent staining of Matrigel dome sections ......................................... 70 

2.4.3 Immunofluorescent staining of E14 mouse embryo sections .................................. 70 

2.4.4 Image analysis ......................................................................................................... 71 

2.4.5 Haematoxylin and eosin staining of tissue sections ................................................ 72 

2.5 Bioinformatics techniques .............................................................................................. 72 

2.5.1 scRNA-seq dataset analysis ..................................................................................... 72 

2.5.2 Filtering of mass spectrometry hits ......................................................................... 73 

2.6 Statistical analysis .......................................................................................................... 73 

Chapter 3: Multiple interactors may contribute to Ngn3 post-translational 

regulation ........................................................................................................... 74 

3.1 Introduction .................................................................................................................... 74 

3.2 Generation and characterisation of NGN3 phosphomutant plasmid constructs ............ 76 

3.3 IP-MS assay reveals NGN3 interactors with roles in ubiquitination ............................. 83 

3.4 Gene expression patterns of Ngn3, Huwe1 and Usp7 during pancreatic development . 84 

3.5 Discussion ...................................................................................................................... 87 

Chapter 4: Characterisation of the HUWE1/NGN3 interaction .................. 91 

4.1 Introduction .................................................................................................................... 91 

4.2 NGN3 phosphorylation at the C-terminus promotes its interaction with Huwe1 .......... 92 

4.3 Heclin treatment decreases NGN3 ubiquitination but does not stabilise exogenous 

NGN3 in HEK293A cells ..................................................................................................... 95 

4.4 Heclin treatment does not increase NGN3 stability during iPSC differentiation .......... 98 



7 
 

4.5 BI8622 treatment does not stabilise exogenous NGN3 or decrease its ubiquitination 102 

4.6 Discussion .................................................................................................................... 103 

Chapter 5: USP7 deubiquitinates and stabilises NGN3 .............................. 106 

5.1 Introduction .................................................................................................................. 106 

5.2 USP7 overexpression deubiquitinates NGN3 in HEK293A cells ................................ 107 

5.3 USP7 overexpression stabilises NGN3 in HEK293A cells ......................................... 111 

5.4 NGN3 phosphorylation levels play a role in interaction with USP7 ........................... 114 

5.5 Discussion .................................................................................................................... 118 

Chapter 6: USP7 impairment leads to reduced pancreatic endocrine 

differentiation .................................................................................................. 121 

6.1 Introduction .................................................................................................................. 121 

6.2 USP7 knockout leads to impaired endocrine differentiation in mice ........................... 122 

6.3 USP7 inhibition during iPSC-to-β-cell differentiation in vitro impairs generation of β-

like cells due to reduction in NGN3 stability ..................................................................... 126 

6.4 Discussion .................................................................................................................... 129 

Chapter 7: Discussion ..................................................................................... 133 

7.1 Introduction .................................................................................................................. 133 

7.2 Phosphorylation plays an integral part in NGN3 post-translational regulation ........... 135 

7.3 HUWE1 inhibition does not significantly stabilise NGN3 .......................................... 138 

7.4 USP7 deubiquitinates and stabilises pro-endocrine transcription factor NGN3 .......... 139 

7.5 Research limitations ..................................................................................................... 142 

7.6 Concluding remarks ..................................................................................................... 144 

References ........................................................................................................ 146 

 

  



8 
 

Table of figures 

Figure 1. Schematic diagram of the human and mouse pancreas. ....................................... 18 

Figure 2. Stages of human pancreatic development. ............................................................ 20 

Figure 4. Relative expression of NGN3 protein during mouse pancreatic development ..... 25 

Figure 6. Schematic of NGN3 protein sequence .................................................................. 31 

Figure 7. Schematic of the FBW7-mediated NGN3 degradation pathway via the UPS 

system ................................................................................................................................... 35 

Figure 8. Schematic of the ubiquitin proteasome system in the context of degradative 

ubiquitination ....................................................................................................................... 37 

Figure 9. Diagram of HUWE1 protein structure .................................................................. 39 

Figure 10. Diagram of USP7 protein structure .................................................................... 46 

Figure 11. Generation and validation of single-site NGN3 phosphorylation mutants ......... 78 

Figure 12. Characterisation of the mouse and human NGN3-S199A/F mutant .................. 82 

Figure 13. Identification and validation of NGN3 interactors Huwe1 and Usp7 through an 

IP-MS experimental pipeline ............................................................................................... 84 

Figure 14. Huwe1 and Usp7 are expressed in the developing human pancreas .................. 86 

Figure 15. NGN3 phosphorylation facilitates NGN3/HUWE1 interaction ......................... 94 

Figure 16. Heclin treatment decreases NGN3 ubiquitination but does not contribute to its 

stabilisation........................................................................................................................... 96 

Figure 17. Heclin-mediated inhibition of HUWE1 does not stabilise NGN3 during 

endocrine differentiation ...................................................................................................... 99 

Figure 18. Heclin-mediated inhibition of HUWE1 does not boost β-like cell generation . 101 

Figure 19. BI8622-mediated HUWE1 inhibition does not stabilise NGN3 or prevent its 

ubiquitination ..................................................................................................................... 102 

Figure 20. Exogenous USP7 and USP7-C223A interact with NGN3 in a HEK293A 

overexpression system........................................................................................................ 109 

Figure 21. Exogenous USP7 deubiquitinates NGN3 in a HEK293A overexpression model

 ............................................................................................................................................ 110 

Figure 22. USP7 overexpression stabilises exogenous NGN3 in HEK293A cells ............ 112 

Figure 23. USP7 overexpression stabilises exogenous hNGN3 in HEK293A cells .......... 114 

Figure 24. Lower levels of NGN3 phosphorylation lead to a reduction in the NGN3/USP7 

interaction ........................................................................................................................... 115 



9 
 

Figure 25. The NGN3/USP7 interaction is not significantly impaired by mutation at the 

S14, S38, S160, S174, S183, S187 or S199 predicted phosphorylation sites .................... 117 

Figure 26. Conditional Usp7 knockout in the pancreas of mouse embryos depletes NGN3+ 

endocrine progenitors at E14.............................................................................................. 123 

Figure 27. Conditional Usp7-/- in the pancreas during mouse embryonic development leads 

to decreased α, β and δ cell numbers and a diabetic phenotype ......................................... 125 

Figure 28. USP7 inhibition during iPSC-to-β-cell differentiation destabilises NGN3 and 

impairs endocrine specification .......................................................................................... 128 

Figure 29. Updated diagram of NGN3 proteasomal degradation pathway ........................ 135 



10 
 

Table of tables 

Table 1. Culture media for iPSC-derived pancreatic progenitor organoids ......................... 56 

Table 2. Differentiation media for 3D Russ differentiation ................................................. 58 

Table 3. Differentiation media for 3D Hogrebe protocol..................................................... 60 

Table 4. Sequences of human RT-qPCR primers ................................................................ 62 

Table 5. Settings for RT-qPCR reactions. ............................................................................ 62 

Table 6. Reagents and volumes necessary for 10 ml of 10% SDS-PAGE resolving gel and 

2 ml of stacking gel .............................................................................................................. 63 

Table 7. Primary and secondary antibodies used for immunoblotting. ................................ 64 

Table 8. Sequences of forward (F) and reverse (R) primers used for cloning. .................... 67 

Table 9. Primary antibodies used for immunofluorescent staining. ..................................... 69 

Table 10. Secondary antibodies used for immunofluorescent staining. ............................... 70 

 



11 
 

List of abbreviations  

AMY2B Amylase 2B 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

DAPI 4',6-Diamidino-2-Phenylindole 

ASCL1 Achaete-Scute Family BHLH Transcription Factor 1 

ATP Adenosine triphosphate 

ATCC American Type Culture Collection 

ANOVA ANalysis Of VAriance 

ARX Aristaless Related Homeobox 

ARM Armadillo (repeat-like domains) 

ATOH1 Atonal BHLH Transcription Factor 1 

bHLH basic Helix-Loop-Helix 

BH3 Bcl-2 homology region 3 

BSA Bovine serum albumin  

C57BL/6 C57 black 6 

CPA1 Carboxypeptidase A1 

CK2 Casein kinase II 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeat 

cDNA Complementary DNA 

CRL4B Cullin4B-Ring E3 ligase complex  

Ct cycle threshold 

CDK1 Cyclin Dependent Kinase 1 

CHX Cycloheximide 

CK19 Cytokeratin 19 

DE Definitive Endoderm 

DUB Deubiquitinase 

D Differentiation day 

DMSO dimethyl sulfoxide 



12 
 

DNTM1 DNA methyltransferase 1 

DMEM Dulbecco's Modified Eagle's Medium 

E1B-55K E1B 55-kilodalton protein 

E Embryonic day 

ESC Embryonic Stem Cells 

W Embryonic week 

EP Endocrine Progenitors 

EGFP Enhanced Green Fluorescent Protein 

EGF Epidermal Growth Factor  

EBNA1 Epstein-Barr nuclear antigen 1  

EDTA Ethylenediaminetetraacetic acid  

FBW7 F-box and WD repeat domain-containing 7 

FGF Fibroblast Growth Factor  

FGF10 Fibroblast Growth Factor 10 

FR3T3 Fisher rat 3T3 

FBS Foetal Bovine Serum 

FOXA2 Forkhead boX A2 

GATA4 GATA-binding protein 4 

GO Gene Ontology 

GLIS3 Glis family zinc finger 3  

GCG Glucagon 

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 

GSK3 Glycogen Synthase Kinase 3β 

GFP Green Fluorescent Protein 

GMP Guanosine monophosphate 

H2AX H2A histone family member X  

HSPC Haematopoietic stem and progenitor cells  

HUWE1 
HECT, UBA And WWE Domain Containing E3 Ubiquitin Protein 

Ligase 1 



13 
 

HA Hemagglutinin  

H&E Haematoxylin-and-Eosin 

HNF1A Hepatocyte nuclear factor-1 alpha  

HNF6 Hepatocyte nuclear factor 6 

HAUSP Herpesvirus-associated ubiquitin-specific protease 

HES1 Hes Family BHLH Transcription Factor 1 

His Histidine (tag) 

HECT Homologous to E6-AP Carboxy Terminus  

HRP Horseradish peroxidase 

HEK293 Human Embryonic Kidney 293 

HEK293A Human Embryonic Kidney 293A 

HEK293T Human Embryonic Kidney 293A 

ICP0 Human Herpes Virus (HHV) Infected Cell Polypeptide 0 

HIV Human immunodeficiency virus 

HipSci Human Induced Pluripotent Stem Cell Initiative  

hNGN3 human NGN3 

IP Immunoprecipitation 

iPSCs Induced Pluripotent Stem Cells 

INS Insulin 

ITS-X Insulin-Transferrin-Selenium-Ethanolamine 

JMS Juberg-Marsidi syndrome  

KGF Keratinocyte growth factor 

LB Liquid Broth 

MAGE-L2 MAGE Family Member L2 

MRI Magnetic resonance imaging 

MS Mass spectrometry 

MonoUb Monoubiquitination 

MDM2 Mouse double minute 2 homolog 

MIN6 Mouse insulinoma 6 



14 
 

MAFA Musculoaponeurotic Fibrosarcoma oncogene family, A 

MAFB Musculoaponeurotic Fibrosarcoma oncogene family, B 

MCL-1 Myeloid leukemia 1 

NGN3 Neurogenin 3 

NEUROD1 Neuronal Differentiation 1 

NKX2.2 NK2 Homeobox 2 

NKX6.1 NK6 Homeobox 1 

NEAA Non-essential amino acids 

NT Not treated 

NOTCH1 Notch homolog 1, translocation-associated 

OCT Optimal cutting temperature compound 

O/N Overnight 

PAX4 Paired Box 4 

PTF1A Pancreas Associated Transcription Factor 1a 

PANC1 Pancreatic Adenocarcinoma-1 

PDX1 Pancreatic And Duodenal Homeobox 

PDAC Pancreatic ductal adenocarcinoma 

PFA Paraformaldehyde 

PHF8 PHD Finger Protein 8 

PMSF Phenylmethylsulfonyl fluoride 

PTEN Phosphatase and tensin homolog 

PBS Phosphate Buffered Saline 

PLK1 Polo Like Kinase 1 

PEI Polyethylenimine 

PCR Polymerase chain reaction 

PP Polypeptide positive 

PolyUb Polyubiquitination 

PVDF Polyvinylidene fluoride 

PGT Primitive gut tube  



15 
 

PCA Principal Component Analysis 

PCNA Proliferating cell nuclear antigen 

PHD3 Prolyl hydroxylase 3 

p53 Protein p53 

PPM1G Protein Phosphatase, Mg2+/Mn2+ Dependent 1G 

RT-qPCR Real time quantitative polymerase chain reaction 

RING Really Interesting New Gene  

RING2 Really Interesting New Gene 2 

RBR RING-between-RING  

RT Room temperature 

Ser-Pro Serine-Proline 

SNP Single nucleotide polymorphism 

scRNA single-cell RNA  

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

SST Somatostatin 

SHH Sonic Hedgehog  

SOX9 SRY (sex-determining region Y)-box 9  

SEM Standard error of the mean 

TUBE2 Tandem Ubiquitin Binding Entities 2 

TEMED Tetramethylethylenediamine  

TRAF TNF receptor associated factor 

TRIM27 Tripartite Motif Containing 27 

TBS-T Tris-buffered saline-Tween 

T1D Type 1 Diabetes 

T2D Type 2 Diabetes 

Ub Ubiquitin 

USP7 Ubiquitin Specific Peptidase 7 

USP Ubiquitin Specific Proteases  



16 
 

UBA Ubiquitin-associated 

UPS Ubiquitin-proteasome system 

UBL Ubiquitin-like 

UMAP Uniform Manifold Approximation and Projection 

UCN3 Urocortin 3 

HUBL USP7/HAUSP UBL domains 

HUBL12 USP7/HAUSP UBL domains 1-2 

HUBL123 USP7/HAUSP UBL domains 1-2-3 

HUBL45 USP7/HAUSP UBL domains 4-5 

vIRF1 Viral Interferon Regulatory Factor 1 

W Embryonic Week 

WT Wildtype 

WASH Wiskott-Aldrich syndrome protein and SCAR homolog 

XLID X-Linked Intellectual Disabilities 

   



17 
 

Chapter 1: Introduction 

1.1 The pancreas 

1.1.1 Human pancreas development 

In humans, the pancreas is located on the posterior wall of the abdominal cavity, between the 

stomach and the duodenum. It is a mixed gland, consisting of a large exocrine compartment 

comprising the pancreatic ducts and acini, and a much smaller endocrine compartment 

organised in pancreatic islets (Fig. 1). Acinar cells are arranged in grape-like clusters, each 

connected to the ductal system via centroacinar cells found at the ductal periphery. They secrete 

digestive enzymes, such as trypsin, lipase, and amylase into the ductal network, which 

eventually drain into the main duct (the duct of Wirsung). In turn, the main duct then empties 

into the duodenum, where secreted enzymes participate in the digestion of ingested proteins, 

lipids, and carbohydrates. 

Pancreatic islets, also called the islets of Langerhans, are located between acinar clusters, and 

contain endocrine α, β, δ, ε and polypeptide-positive (PP) cells, which secrete glucagon, 

insulin, somatostatin, ghrelin, and pancreatic polypeptide, respectively. Despite its relatively 

small size, the endocrine compartment of the pancreas plays an essential role in glucose 

metabolism. Low blood glucose levels induce α-cells to secrete glucagon, a catabolic hormone. 

Glucagon triggers glycogenolysis in the liver, increasing glucose and fatty acid concentrations 

in the blood. In contrast, high blood glucose levels trigger secretion of insulin by β cells. Insulin 

is an anabolic hormone that promotes glucose absorption into liver, fat, and skeletal muscle 

cells. Glucagon itself has been shown to induce β-cell insulin secretion (Samols, Marri, and 

Marks 1966). This enacts a negative feedback loop in which β-cell-secreted factors such as 
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insulin and zinc inhibit glucagon secretion from α-cells (Franklin et al. 2005). The interplay 

between glucagon and insulin secretion is a crucial part of maintaining glucose homeostasis.  

 

Figure 1. Schematic diagram of the human and mouse pancreas. In both human and mouse, the pancreas 

is made up of a large exocrine compartment containing the acini and pancreatic ducts, and a smaller 

endocrine compartment organised in islets and containing α, β, δ, ε and PP cells. In the human pancreas, 

acinar secretions first drain into intercalated ducts, which then drain into intralobular ducts, followed 

by interlobular ducts, to finally converge into the duct of Wirsung, which runs alongside the whole 

pancreatic gland and empties into the duodenum adjacent to the entrance of the common bile duct; in 

the mouse pancreas, the three lobes (gastric, splenic and duodenal) each drain into their corresponding 

duct, with the gastric and splenic duct merging, before all three empty into the bile duct. At the islet 

level, while the standard β-cell core/non-β-cell mantle islet type can be found in both mice and humans, 

the human pancreas will often exhibit increased islet heterogeneity, with bigger islets showing a more 

dispersed pattern with non-β cells present in the islet core. 

 

As an additional regulatory layer, β-cell activation results in secretion of Urocortin 3 (UCN3), 

a hormone found to stimulate somatostatin secretion in pancreatic δ-cells, which, in turn, 

inhibits β-cell insulin secretion (Van Der Meulen et al. 2015) and may also play a role in the 

inhibition of glucagon secretion by α-cells (Huising et al. 2018). Somatostatin secretion, as 

well as secretion of pancreatic polypeptide, has been shown to also be stimulated by ε-cell-



19 
 

secreted ghrelin (Arosio et al. 2003), known as the “hunger hormone” for its role in regulating 

food intake. Finally, pancreatic polypeptide secreted by PP cells has been shown to play a role 

in gall bladder relaxation and inhibition of enzyme secretion by the exocrine pancreas 

(Greenberg et al. 1978), slowing down digestion. 

In chick (Matthias Hebrok, Kim, and Melton 1998) and mouse (F. C. Pan and Wright 2011) 

embryogenesis, pancreatic development is initiated when, due to signalling from the notochord, 

the adjacent foregut loses expression of sonic hedgehog (SHH), allowing expression of 

pancreatic and duodenal homeobox factor 1 (PDX1). In the chick, notochord expression of 

FGF2 and ActivinβB represses SHH expression in the pre-pancreatic region (Matthias Hebrok, 

Kim, and Melton 1998; S. K. Kim, Hebrok, and Melton 1997), while in mouse mutation of 

activin receptors ActRIIA and ActRIIB leads to pancreatic hypoplasia and foregut patterning 

defects (S. K. Kim et al. 2000), indicating a similar role for activin signalling in murine 

pancreatic development. Furthermore, loss of SHH signalling inhibitors PTCH1 and HHIP in 

mice resulted in a similarly impacted pancreas, suggesting that these may also facilitate the 

initiation of normal pancreatic development (M. Hebrok et al. 2000; Kawahira et al. 2003). 

Contact with endothelial cells from the dorsal aortae, which, in the mouse, become interposed 

between the notochord and the dorsal foregut endoderm at E9, further aids the expansion of the 

dorsal bud (Jacquemin et al. 2006). In contrast to the dorsal region of the foregut, initiation of 

pancreatic development in the ventral region depends on signalling from tissues other than the 

notochord, such as the cardiac mesoderm and the vitelline veins (Azizoglu and Cleaver 2016; 

Deutsch et al. 2001; Lammert, Cleaver, and Melton 2001).  

PDX1 is a key transcription factor for pancreatic development, with PDX1+ progenitors giving 

rise to all main pancreatic lineages (Jonsson et al. 1994; Offield et al. 1996), and impaired 

PDX1 activity resulting in pancreatic agenesis (Stoffers et al. 1997). During human embryonic 
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development, SHH expression is excluded from the presumptive pancreatic endoderm by week 

4 (W4) and PDX1 expression visible by W5 (Jennings et al. 2013). PDX1+ cells then give rise 

to a dorsal pancreatic bud and two ventral buds, marked by expression of PDX1, SRY (sex-

determining region Y)-box 9 (SOX9) and GATA binding protein 4 (GATA4) (Fig. 2). At this 

time, microlumens start developing within the dorsal pancreas that will later generate a luminal 

network for the drainage of acinar secretions into the intestine (Jennings et al. 2013).  

 

Figure 2. Stages of human pancreatic development. After W4, SHH expression is lost in the presumptive 

pancreatic endoderm, allowing PDX1 expression. PDX1+ multipotent progenitors at the periphery with high 

GATA4 expression make up the “tips” domain and will generate the acinar cells in the exocrine pancreas, while 

GATA4low progenitors make up the pancreatic “trunk”, which will give rise to the pancreatic ducts, as well as the 

endocrine compartment of the pancreas. At W8, NGN3 expression will push “trunk” progenitors towards an 

endocrine cell fate, while maintained SOX9 expression delineates ductal cells. 
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During W7, SOX9+/GATA4low/NKX6.1+ (Homeobox protein Nkx-6.1) pancreatic 

progenitors within the central, duct-like structures form the “trunk” domain, which will later 

give rise to the ductal and endocrine cells within the pancreas. Peripheral 

SOX9+/GATA4+/NKX6.1+ progenitors form the “tips”, which will eventually generate the 

pancreatic acini (Jennings et al. 2013). Also during W7, the left bud of the ventral pancreas 

gradually disappears, while the right ventral bud fuses to the dorsal pancreas, after the rotation 

of the stomach and duodenum (Henry et al. 2019). 

Starting with W8, some trunk progenitors lose SOX9 expression and gain Neurogenin 3 

(NGN3) (Jennings et al. 2013), a transcription factor whose transient expression is essential for 

the development of the endocrine pancreas (Sheets et al. 2018; Pinney et al. 2011). NGN3 

expression peaks between W10-14 (Fig. 3) and significantly decreases by W18-21, with no 

NGN3+ cells detected after W31 of human pancreatic development (Jennings et al. 2013; 

Salisbury et al. 2014). These NGN3+ endocrine progenitors generate all endocrine cell types 

in the pancreas, with β cells emerging first, followed by α and δ cells later in W8, and PP cells 

in W9 (F. C. Pan and Brissova 2014). ε cells were already present in the pancreas at W13, but 

at this stage were found as single cells scattered throughout the exocrine tissue (Andralojc et 

al. 2009). After W21, ε cells had clustered and re-localised around existing islets, forming a 

crescent-shaped layer at their periphery. Moreover, while immature, polyhormonal endocrine 

cells can be observed between W9-W15 of embryonic development, as endocrine cells mature, 

they become monohormonal (Bocian-Sobkowska et al. 1999). In the adult islet, transcription 

factors such as PDX1, MAFA and NKX6.1 co-express with insulin, marking mature β cells 

(Lyttle et al. 2008; Zhu et al. 2017).  
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Figure 3. Relative expression of NGN3 protein during human pancreatic development (Jennings et al. 

2013). NGN3 protein expression in the human developing pancreas peaks between W10-W14, with few NGN3+ 

cells remaining by W31. 

While in the trunk endocrine progenitors emerge during W8, at the same time, tip progenitors 

gain carboxypeptidase A1 (CPA1) expression. They completely lose NKX6.1 and SOX9 

expression by W10 and W14, respectively, giving rise to GATA4+ acinar cells, clustered 

around SOX9+ centroacinar and ductal cells from the trunk domain (Jennings et al. 2013). 

Within the trunk, definitive ductal structures, with intercalated, intralobular and interlobular 

ducts can be detected at W24-32 (Adda, Hannoun, and Loygue 1984), but when ductal cells 

become terminally differentiated, if at all, remains unknown (F. C. Pan and Brissova 2014).  

1.1.2 Mouse pancreas development 

The mouse pancreas comprises the same main cell types as the human one, with an exocrine 

compartment including the acini and ductal network, and an endocrine compartment containing 

islets with α, β, δ, ε and polypeptide-positive (PP) cells. However, in contrast to the human 

pancreas, the murine pancreas is not as well-defined organ, being diffusely distributed within 

the mesentery of the proximal small intestine. It is composed of three distinct lobes (duodenal, 



23 
 

splenic and gastric), all drained by a large interlobular duct into which the duodenal, splenic 

and gastric ducts converge (Dolenšek, Rupnik, and Stožer 2015).  

As far as the endocrine compartment is concerned, earlier studies reported major differences 

between mouse and human islet architecture. Mouse islets were described as having a β-cell 

core, surrounded by a mantle made up of mostly α-cells, while human islets showed a 

seemingly random layout, with different endocrine cell types interspersed throughout the islet 

(Cabrera et al. 2006; A. Kim et al. 2009). However, more recent studies have suggested that 

while human islets are more heterogeneous in terms of endocrine cell type composition, 

medium-sized human islets still tend to exhibit a similar architecture to that found in rodents, 

with β-cell cores surrounded by a non-β-cell mantle (Bonner-Weir, Sullivan, and Weir 2015). 

However, large human islets containing higher percentages of α-cells seemed more likely to 

present a non-standard architecture, with heterogeneity higher in some donors than in others 

(Bonner-Weir, Sullivan, and Weir 2015). 

Pancreas formation in rodents is generally split into a primary, secondary and tertiary transition. 

During the primary transition (E8.5–E10.5 in the mouse), pre-differentiated cells give rise to 

proto-differentiated cells which express pancreas-specific proteins at low levels (Jørgensen et 

al. 2007). In this stage, pancreatic progenitors proliferate forming a stratified epithelium 

characterised by expression of PDX1, HLXB9, PTF1A, NKX6-1, and NKX2.2 (Jørgensen et 

al. 2007; Dassaye, Naidoo, and Cerf 2016). The secondary transition (E13.5-E16 in mouse) 

oversees the conversion of proto-differentiated cells into fully differentiated cells (Jørgensen 

et al. 2007), while during the tertiary transition (E16.5-Postnatal), differentiated cells within 

the pancreas undergo remodelling and maturation (Dassaye, Naidoo, and Cerf 2016). 
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Within the primary transition, murine pancreas formation is first evident at E9.5, when the 

dorsal bud of the pancreas emerges, followed by the ventral bud at E10. However, PDX1 

expression can be observed as early as E8.5 (Villasenor, Chong, and Cleaver 2008). At E10.5 

PDX1, NKX6.1 and PTF1A are highly co-expressed in the epithelium of both pancreatic buds. 

By E11.5, during the secondary transition, NKX6.1 expression becomes restricted to the 

pancreatic “trunk”, while expression of PTF1A delineates the pancreatic “tips” (Jørgensen et 

al. 2007; Schaffer et al. 2010). PTF1A is known to regulate transcription of genes that encode 

enzymes secreted by acinar cells, such as elastase and amylase (Rose et al. 2001). Research by 

Schaffer et al suggests that NKX6.1 could be responsible for the transcriptional repression of 

PTF1A in multipotent progenitors during a critical time window before E14, under the control 

of the Notch signalling pathway, which favours NKX6.1 expression (Schaffer et al. 2010). 

This, in turn, would prevent the expression of acinar-specific genes downstream of PTF1A, 

resulting in the commitment of the cells to a bipotent progenitor “trunk” fate. At E12.5, after 

gut rotation, the dorsal and ventral buds fuse, becoming one organ. After E13, during the 

secondary transition, “tips” cells further differentiate to form the pancreatic acini, starting to 

synthesise enzymes such as amylase and trypsinogen (Pictet et al. 1972). 

In contrast to human pancreatic development, NGN3 expression during the development of the 

mouse pancreas is biphasic (Fig. 4): Ngn3 transcripts are present in a first wave of expression 

between E8.5 and E11 (Villasenor, Chong, and Cleaver 2008), during the primary transition. 

This is followed by a second wave between E12.5 and E17.5, during the secondary transition, 

with a peak at E15.5 (Villasenor, Chong, and Cleaver 2008; Apelqvist et al. 1999). At protein 

level, NGN3 expression has been observed at E10.5, after which it decreases until E11.5 

(Villasenor, Chong, and Cleaver 2008). The second wave starts by E12 and peaks at E15.5, 

followed by decreasing NGN3 expression until only few NGN3+ cells are left at E18.5 

(Villasenor, Chong, and Cleaver 2008; Mellitzer et al. 2004).  



25 
 

 

Figure 4. Relative expression of NGN3 protein during mouse pancreatic development (Villasenor, Chong, 

and Cleaver 2008). NGN3 expression in mouse pancreatic development is biphasic, with a first wave of 

expression at E10-W10.5 and a second wave between E12-E18.5, peaking at E15.5.  

During the secondary transition, NGN3+ endocrine precursors give rise to the majority of 

endocrine cells found in islets at the end of gestation. Out of the different endocrine cell types 

in the pancreas, α cells are believed to emerge first during mouse pancreatic development (Rall 

et al. 1973; F. C. Pan and Wright 2011), as opposed to the human pancreas, in which β cells 

can be observed before all other endocrine cell types (F. C. Pan and Brissova 2014). Multiple 

transcription factors with roles in endocrine lineage specification have been identified, such as 

ARX, whose expression promotes an α cell fate (Collombat et al. 2007), and PAX4, which is 

essential for β cell specification (Collombat et al. 2009). The absence of both PAX4 and ARX 

expression appears to boost δ cell numbers (Collombat et al. 2005). Similarly to β cell 

development in the human pancreas, expression of certain transcription factors, such as PDX1, 

MAFA and NKX6.1, is essential for β cell maturation and function (Aramata et al. 2005; F. C. 

Pan and Wright 2011). However, in contrast to human β cells, mouse β cells lose expression of 

transcription factor MAFB in order to achieve maturity (Nishimura, Takahashi, and Yasuda 
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2015; Artner et al. 2010), while this phenomenon is not observed in human pancreatic 

development (Dai et al. 2012). 

During the tertiary transition, differentiated PP cells are generated and endocrine cells within 

the pancreas migrate to neighbouring exocrine tissues to initiate the formation of pancreatic 

islets. Postnatally, β cells within mouse islets can proliferate to maintain β cell mass, although 

this ability gradually declines between postnatal week 4 and after weaning (Teta et al. 2007; 

Rankin and Kushner 2009). Similarly, acinar cells continue to proliferate and mature 

postnatally, until weaning (Desai et al. 2007). 

1.1.3 Diabetes 

Diabetes constitutes a group of chronic disorders characterised by impaired glucose 

metabolism, resulting in high blood sugar levels. If left untreated, it can lead to serious 

complications such as diabetic ketoacidosis, hyperosmolar hyperglycaemic state (Kitabchi et 

al. 2009), cardiovascular and kidney disease, cognitive impairment (Saedi et al. 2016) and even 

death. The great majority of diabetes cases fall into the category of either Type 1 (T1D), or 

Type 2 diabetes (T2D). Despite being grouped together based on similar symptomatology, the 

two disorders have distinct causes, disease mechanisms and treatment options. T2D is 

responsible for over 90% of diabetes cases worldwide (Y. Wu et al. 2014). Although it 

normally occurs in patients over the age of 40, more recently it is being increasingly diagnosed 

in younger people, including adolescents (Viner, White, and Christie 2017). In T2D, the patient 

develops insulin resistance, with cells no longer able to respond adequately to normal insulin 

levels, resulting in dysregulated glucose homeostasis. A failure of β cells to compensate for the 

increasing insulin demands of the body further contributes to the development of T2D (Saisho 

2015), but the exact trigger for insulin resistance onset is still unknown. In some cases, T2D 
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can be controlled through lifestyle changes, while metformin treatment, as well as insulin 

injections can also be prescribed (Turner 1998). 

In T1D, insulin-producing β-cells in the pancreas are destroyed due to an autoimmune reaction 

(Yoon and Jun 2005), resulting in impaired insulin production, abnormal blood glucose levels 

and dysregulated glucose metabolism (Atkinson, Eisenbarth, and Michels 2014). T1D makes 

up roughly 10% of diabetes cases overall, but accounts for the majority of diabetes cases in 

patients under 15 years old. Most people affected being diagnosed before the age of 20 

(Katsarou et al. 2017). As T1D pathology derives from insulin insufficiency, T1D requires 

lifelong treatment, with multiple insulin injections necessary throughout the day. In some cases, 

patients can benefit from other treatment options, such as continuous subcutaneous insulin 

infusion to regulate insulin levels (Roze et al. 2015), or transplantation of pancreatic islets 

aiming to replenish β-cells in the patient’s pancreas (Zinger and Leibowitz 2014). Although 

this strategy has helped restore normoglycemia and insulin independence in many Type 1 

diabetics, the effects are usually short-term, with most patients becoming insulin dependent 

again after 5 years (Rickels and Paul Robertson 2019). Moreover, a shortage of islets available 

for transplantation and the fact that the transplant must be accompanied by immunosuppression 

currently limit the clinical benefits of this therapy. 

1.1.4 Strategies for β cell generation 

To address the limitations of current T1D therapies, multiple studies have looked into the 

possibility of generating β cells in vitro (Pagliuca et al. 2014; Hogrebe et al. 2020; Pagliuca 

and Melton 2013). Induced pluripotent stem cells (iPSCs) have been a particularly attractive 

starting point, as they are pluripotent stem cells obtained through adult somatic cell 

reprogramming. This means that they could potentially be sourced from the patient, 
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reprogrammed, expanded, differentiated, and re-implanted without the need for 

immunosuppression. iPSC-to-β-cell differentiation protocols generally attempt to recapitulate 

consecutive pancreatic developmental stages, starting with the definitive endoderm (DE) and 

followed by the primitive gut tube (PGT), posterior foregut (PF), pancreatic progenitor, 

endocrine progenitor (EP) and ultimately hormone-expressing cells (Russ et al. 2015; Trott et 

al. 2017). This is achieved via modulation of pathways involved in pancreatic development, 

and by induction of characteristic markers, such as PDX1 during the PF stage, NKX6.1 during 

the pancreatic progenitor stage and NGN3 during the EP stage. Additional triggers, such as 

induction of actin cytoskeleton depolymerisation at the start of the EP stage, can further 

improve β cell generation and function (Hogrebe et al. 2020). However, despite several 

different protocols existing for the differentiation of iPSCs into β-cells, obstacles such as 

insufficient β-cell maturation  and in vitro treatments unsuitable for downstream clinical 

applications remain (Matthias Hebrok 2012; Shahjalal et al. 2018). 

A new avenue of investigation has been opened by the discovery that certain in vivo triggers, 

such as pancreatic ductal ligation, inflammation, or induced overexpression of certain 

transcription factors, are able to induce plasticity in situ (Fig. 5). This results in limited 

transdifferentiation between different cell types within the pancreas (Demcollari, Cujba, and 

Sancho 2017). For instance, β cell reconstitution through δ cell reprogramming in response to 

injury has been previously described in juvenile patients (Chera et al. 2014). Interestingly, 

overexpression of key transcription factors, NGN3, PDX1, and MAFA, was sufficient to 

reprogram mouse exocrine pancreatic cells to insulin+ β-like cells (Zhou et al. 2008). NGN3 

overexpression on its own could induce transdifferentiation to somatostatin+ cells in 40% of 

infected cells, while overexpression of both NGN3 and MAFA could generate both glucagon+ 

and somatostatin+ cells (Weida Li et al. 2014). No transdifferentiation was observed when 

overexpression PDX1 or MAFA, on their own or together, in the absence of NGN3. This re-
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affirms the essential role of NGN3 in the generation of endocrine cells within the pancreas, 

with PDX1 and MAFA required for β cell fate specification and maturation. Similarly, 

overexpression of PDX1, NGN3 and MAFA successfully induced insulin expression in cells 

from other endoderm-derived tissues, such as intestine (Y. J. Chen et al. 2014) antral stomach 

(Ariyachet et al. 2016), and liver (Banga et al. 2012). Due to the relative abundance of these 

cell types compared to β cells in both the diabetic and the healthy patient, harnessing this 

plasticity to generate β cells in situ provides a promising alternative to in vitro generation of β 

cells from iPSCs. However, the clinical use of adenoviral or lentiviral vectors such as the ones 

used in these studies may not be straightforward, due to safety concerns regarding 

immunogenicity and off-target effects. 

Figure 5. Diagram of cell plasticity triggers that result in transdifferentiation to endocrine pancreatic cells. 

Overexpression of Ngn3, Pdx1 and MafA induces transdifferentiation to β cells in exocrine cells in the pancreas, 

as well as non-pancreatic cells such as antral, enteroendocrine and bile duct cells. FBW7 loss induces ductal-to-

endocrine cell plasticity, generating α, β, and δ cells. Schematic adapted from Demcollari et al (Demcollari, Cujba, 

and Sancho 2017). 

Besides transcription factor overexpression, loss of E3 ubiquitin ligase FBW7 can induce 

ductal-to-endocrine cell plasticity in mice (Sancho et al. 2014). This is due to the fact that 

NGN3 is a substrate for FBW7-mediated ubiquitination. Loss of FBW7 results in decreased 
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NGN3 ubiquitination, decreased degradation through the ubiquitin proteasome system (UPS), 

and increased stability of an otherwise unstable NGN3. NGN3 accumulation then pushes the 

cell towards endocrine transdifferentiation, similarly to its effect during pancreatic 

development. However, transdifferentiation efficiency is still less than 1% (Sancho et al. 2014). 

Therefore, additional pathways may be responsible for the regulation of NGN3 stability and 

endocrine specification in the pancreas. As NGN3 expression is a key factor in the generation 

of endocrine pancreatic cells, both during development and in the adult pancreas, through 

exocrine-to-endocrine cell reprogramming, further research into its post-translational 

regulation could reveal new ways to improve endocrine cell generation in general, and β-cell 

generation in particular. 

1.2 NGN3 

1.2.1. NGN3 structure and function 

Due to its essential role in pancreatic endocrine specification, as well as its potential use in 

inducing exocrine-to-endocrine plasticity in the adult pancreas, NGN3 has been widely studied. 

NGN3 is a basic helix–loop–helix (bHLH) 23kDa transcription factor whose transient 

expression during pancreatic development is essential for the emergence of the endocrine 

pancreas. It is encoded by the Neurog3 (Ngn3) gene with only one coding exon (Sommer, Ma, 

and Anderson 1996), and contains 214 amino acids, with a c-terminal activation domain and a 

bHLH domain located between positions 83-135 (Fig. 6A). The activation domain facilitates 

the interaction of NGN3 with transcription co-regulators such as CBP and p300 (Breslin et al. 

2007; Vojtek et al. 2003). In particular, it has been shown that the activation domain of NGN3 

is necessary for its interaction with transcription factor HNF1α, which, in turn, is required for 

the induction of Pax4 gene expression (Smith et al. 2003). The bHLH domain is made up of 

DNA-binding basic region (b) followed by two α-helices separated by a variable loop region 
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(HLH) (Ferré-D’Amaré et al. 1993). HLH-promoted dimerization with the same, or other 

bHLH transcription factors allows the basic regions of the newly formed homo- or 

heterodimers to bind hexanucleotide sequences (Ohsako et al. 1994; Murre et al. 1989). As a 

Class A bHLH transcription factor, NGN3 can bind “E-box” hexameric DNA sequences 

(CANNTG), such as E1 and E3, when found in a heterodimeric complex with transcription 

factor E47 (Breslin et al. 2007; Huang et al. 2000). The bHLH domain is entirely conserved 

between murine and human NGN3, while the protein itself is 75% conserved between the two 

species.  

In mouse, NGN3 expression has been detected during embryonic development in the restricted 

region of the developing spinal cord, in the hypothalamic region and in pancreatic endocrine 

progenitors (Sommer, Ma, and Anderson 1996). Additionally, NGN3 expression is also 

essential for the differentiation of enteroendocrine cells in the stomach and intestine, and the 

maintenance of gastric epithelial cell identity (C. S. Lee et al. 2002). 

 
Figure 6. Schematic of NGN3 protein sequence. A. NGN3 is a 214 amino acid protein, containing a bHLH 

domain (residues 83-135) and an activation domain at the C-terminus. B. Serine residues that are part of serine-

proline phosphorylation motifs within the human NGN3 sequence. C. Serine residues that are part of serine-

proline phosphorylation motifs within the mouse NGN3 sequence. 

Within pancreatic development, NGN3 activates the transcription of multiple downstream 

target genes whose expression is essential for endocrine specification, such as NeuroD1 (Huang 

et al. 2000), Insm1 (Mellitzer et al. 2006), Rfx6 (Soyer et al. 2010), Pax4 (Gasa et al. 2008) 

and Nkx2-2 (Gasa et al. 2008). In the case of NeuroD1, for instance, NGN3 induces expression 
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by forming a heterodimer with transcription factor E47 and binding to the E1 and E3 boxes 

within the NeuroD1 promoter (Huang et al. 2000).  

The importance of NGN3 expression during pancreatic development has been highlighted by 

Ngn3 knockout studies in mouse (Gradwohl et al. 2000) and pig (Sheets et al. 2018) embryos. 

In both cases, embryos failed to develop pancreatic islets and the animals exhibited a diabetic 

phenotype after birth, either dying shortly after, or requiring humane euthanasia. In humans, 

homozygous Ngn3 mutations have been linked to cases of congenital malabsorptive diarrhoea 

due to a lack of enteroendocrine cells within the intestine (Jan N Jensen et al. 2007; Ünlüsoy 

Aksu et al. 2016). The patients had not initially presented with neonatal diabetes, as was the 

case in mouse and pig studies, although they did eventually develop diabetes during childhood 

(Sayar et al. 2013). It was hypothesised that this was due to the fact that the Ngn3 mutations in 

these patients were hypomorphic, rather than null, with a study in human embryonic stem cells 

(ESC) showing that while Ngn3 knockout prevented differentiation towards pancreatic 

endocrine cells, a 75-90% knockdown of Ngn3 still allowed for some endocrine cell generation 

(McGrath et al. 2015). Indeed, neonatal diabetes was reported in patients with more severe 

Ngn3 mutations (Pinney et al. 2011; Rubio-Cabezas et al. 2011). However, even in these cases, 

low C-peptide levels were detected in the patients’ blood, indicating the existence of a small, 

but functional population of insulin-producing cells. This suggests that although NGN3 

expression is responsible for endocrine specification in the human pancreas, there may still be 

an alternate way for a limited supply of endocrine cells to be generated. Nevertheless, NGN3 

activity is still necessary for the formation of a fully functional endocrine compartment in the 

pancreas, with even hypomorphic mutations in the Ngn3 gene resulting in childhood-onset 

diabetes.  
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1.2.2. NGN3 transcriptional and post-translational regulation 

Within the pancreas, transient NGN3 expression during embryonic development plays an 

essential role in endocrine specification. As NGN3 expression is no longer detected in the 

human pancreas after gestational W31, strict regulatory pathways must be in place to ensure 

the NGN3 expression peak subsides, allowing endocrine precursor cells to proceed towards a 

mature endocrine fate. Multiple transcription factors have been found to regulate Ngn3 gene 

expression. Firstly, a Notch-dependent mechanism for Ngn3 transcriptional regulation was 

identified, wherein intermediate Notch activity promotes expression of SOX9, which in turn 

activates Ngn3 gene expression (Shih et al. 2012). Despite SOX9 being essential for the 

induction of Ngn3 expression, further endocrine differentiation requires downregulation of 

SOX9, which is achieved via transcriptional inhibition of Sox9 by NGN3. In contrast, high 

Notch activity induces expression of HES1, a repressor of Ngn3 transcription (Shih et al. 2012). 

In addition to SOX9, other transcriptional activators of Ngn3 expression have been identified, 

such as HNF6 (Jacquemin et al. 2000), HNF1α (J. C. Lee et al. 2001), FOXA2 (J. C. Lee et al. 

2001), PDX1 (Oliver-Krasinski et al. 2009) and GLIS3 (Y. Yang et al. 2011). Moreover, 

transcription factor NGN3 operates on a positive auto-feedback loop, activating its own 

transcription (Shih et al. 2012; Ejarque et al. 2013), so even though NGN3 may downregulate 

expression of some of its transcriptional activators, such as SOX9, it can still maintain its own 

gene expression at high levels. The end of this positive auto-feedback loop is likely facilitated 

by Ngn3 transcriptional repressors such as HES1, by an increase in NGN3 protein degradation, 

or by a combination of the two.  

Once generated, NGN3 goes through an additional layer of strict post-translational regulation, 

with the half-life of human NGN3 being roughly 1 hour (X. Zhang et al. 2019). The half-life 

of mouse NGN3 has been shown to be as low as 11 minutes when exogenously expressed in 
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MIN6 cells (Azzarelli et al. 2017), but over 15 minutes when overexpressed in HEK293T cells 

(Sancho et al. 2014), suggesting that different cell types may vary in their expression of proteins 

necessary for NGN3 post-translational regulation. 

NGN3 is degraded through the UPS system and can be ubiquitylated on lysines, the N-terminus 

and on non-canonical residues, such as cysteines, serines and threonines (Roark, Itzhaki, and 

Philpott 2012). NGN3 interacts with, and is ubiquitinated by the E3 ubiquitin ligase FBW7, 

and this interaction is facilitated by phosphorylation at the S183 residue on NGN3 by kinase 

GSK3β (Sancho et al. 2014) (Fig. 7). GSK3β consensus site (S183-S187) is conserved between 

mouse and human NGN3, further emphasising the importance of the GSK3β/FBW7 pathway 

in NGN3 post-translational regulation. Serine-to-alanine mutation of NGN3 residues S183 and 

S187 leads to the doubling of mouse NGN3 half-life (Azzarelli et al. 2017), as a lack of 

phosphorylation at those residues impairs the NGN3/FBW7 interaction, preventing NGN3 

ubiquitination and proteasomal degradation. However, Azzarelli et al identified five additional 

predicted phosphorylation sites for mouse NGN3 containing a serine-proline (Ser-Pro) motif: 

S14, S38, S160, S174 and S199 (Fig. 6B). Mutating all five sites, in addition to S183, leads to 

further NGN3 stabilisation, with NGN3 half-life increasing from roughly 11 minutes, to over 

52 minutes (Azzarelli et al. 2017). This indicates the possibility that phosphorylation at all, or 

at some of these sites plays a role in additional pathways for NGN3 regulation. While the 

human NGN3 protein does not contain serine-proline motifs at residues 14, 160, and 199, it 

does contain serine-proline motifs at other positions throughout the protein, with S161, S165 

and S204 being possible phosphorylation sites (Fig. 6C). Some of these sites, such as S161 and 

S165, in addition to other serines not part of serine-proline motifs, are sequentially 

phosphorylated in response to phosphorylation at the S183 residue, but do not appear to 

undergo phosphorylation independently of S183 (Krentz et al. 2017), while mutating S204 does 

not appear to have any effect on NGN3 stability, activity or phosphorylation status (X. Zhang 
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et al. 2019). A lower number of phosphorylation sites could explain, in part, the longer half-

life of human NGN3 compared to mouse, although other phosphorylation sites could still exist 

within the NGN3 amino acid sequence, even in the absence of a traditional serine-proline motif. 

 

Figure 7. Schematic of the FBW7-mediated NGN3 degradation pathway via the UPS system. NGN3 

phosphorylated at S183 is recognised by FBW7 and ubiquitinated. Ubiquitinated NGN3 is then targeted to the 

proteasome for degradation.  

1.2.3. Ubiquitination and E3 ubiquitin ligases 

One of the main post-translational modifications responsible for NGN3 regulation is 

ubiquitination. During the ubiquitination process, ubiquitin, an 8.6 kDa protein, is added to a 

lysine residue of a substrate, playing an important role in protein function and degradation. 

Protein ubiquitination requires three enzymatic steps and is initiated by a ubiquitin-activating 

enzyme (E1), which activates ubiquitin (Ub) in an ATP-dependent manner and forms a 

thioester linkage between the C-terminus of ubiquitin and the active site cysteine (Cys) of E1. 

Ubiquitin is then transthiolated to the active site of a ubiquitin-conjugating enzyme (E2) and 

generates an E2~Ub thioester (Metzger et al. 2014). Ubiquitin protein ligases (E3) transfer the 

ubiquitin chain from the E2~Ub thioester to lysine residues on the ubiquitination substrate, 

with the carboxyl group of the carboxy-terminal Gly residue of ubiquitin being covalently 
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conjugated to the ε-amino group of an internal Lys in the substrate. Other residues containing 

thiol- or hydroxyl- groups, like cysteine, serine or threonine, can also serve as ubiquitination 

sites, although this is less common (Cadwell and Coscoy 2005; X. Wang et al. 2007). E3s are 

the main contributors to ubiquitination specificity, as they are relatively diverse, with 500–

1000 different enzymes encoded by the mammalian genome (Varshavsky 2017). In turn, this 

diversity has made them potential targets for therapeutic interventions (Nalepa, Rolfe, and 

Harper 2006). In contrast to ubiquitin ligases, deubiquitinases (DUB) can remove ubiquitin 

from their substrates. 

Proteins can be ubiquitinated either at a single residue or at multiple residues. Moreover, each 

site can be either monoubiquitinated, when a single ubiquitin molecule is added, or 

polyubiquitinated, when the initial ubiquitin molecule serves as a substrate for the binding of 

further ubiquitin molecules, forming a ubiquitin chain. Different ubiquitination patterns can 

lead to different fates for the substrate (Petroski and Deshaies 2003). In the case of 

polyubiquitination, a ubiquitin molecule can bind to any of the seven lysine residues found in 

another ubiquitin molecule (K6, K11, K27, K29, K33, K48 or K63), but most commonly this 

binding occurs at the K48 or K63 sites. Polyubiquitination via the K48 site generally tags the 

substrate protein for degradation (Fig. 8), while polyubiquitination through a K63-linkage and 

monoubiquitination play roles in processes such as signal transduction, endocytosis and 

vesicular sorting (Hicke and Dunn 2003). Polyubiquitination events on less conventional lysine 

residues seem to also target proteins for degradation, similarly to those involving K48-linkages 

(P. Xu et al. 2009). 
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Figure 8. Schematic of the ubiquitin proteasome system in the context of degradative ubiquitination. 

Ubiquitin activating enzyme E1 binds free ubiquitin and transfers it to ubiquitin-conjugating enzyme E2. 

Ubiquitin ligase E3 can then transfer the ubiquitin onto its substrate, resulting in either mono- or 

polyubiquitination. The ubiquitinated substrate is then either deubiquitinated by a deubiquitinase or targeted for 

proteasomal degradation. While the substrate is degraded, the ubiquitin chain is disassembled and recycled. 

E3 ubiquitin ligases classically act through one of two mechanisms: some act as a catalytic 

intermediate in ubiquitination, similarly to E1 and E2. Other E3s can act as a scaffold to 

mediate the transfer of ubiquitin directly from the E2~Ub thioester to the substrate. The first 

mechanism is used by E3s from the Homologous to E6-AP Carboxy Terminus (HECT) family, 

while Really Interesting New Gene (RING) E3s use the latter (Metzger et al. 2014). A third E3 

family, the RING-between-RING (RBR) E3s, act through a HECT/RING hybrid mechanism: 

they contain an E2-binding RING domain, as well as a second domain (RING2) that forms an 

E3~Ub intermediate, through a Cys residue in its active site (Wenzel et al. 2011).  

Genomic studies have predicted the existence of 300 different RING E3s in the human genome, 

while only identifying 28 potential HECT E3s (Wei Li et al. 2008). These 28 HECT E3s can 

recognize their substrates either directly or with the help of adaptor proteins and can be further 
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divided into the Nedd4 family (9 ligases), the HERC family (6 ligases) and other HECTs (13 

ligases), based on the architecture of the protein’s N-terminus. 

1.3. HUWE1 as an E3 ubiquitin ligase 

1.3.1 Structure, function and known substrates 

One of the 13 ligases that makes up the “other HECTs” family is HUWE1 (HECT, UBA and 

WWE domain-containing protein 1), a 482 kDa E3 ubiquitin ligase encoded by the Huwe1 

gene found on the X chromosome. HUWE1 contains a ~350 amino acid HECT domain at its 

C-terminus, made up of two lobes (N-lobe and C-lobe) connected by a hinge loop (Pandya et 

al. 2010). While the N-lobe contains an E2 binding region (residues 4150–4200), the C-lobe 

contains the catalytic cysteine (Cys-4341) essential for Huwe1’s enzymatic function. The 

HUWE1 HECT domain also contains a conserved structural element, the α1 helix of the N-

lobe, which stabilises the domain, limiting autoubiquitination (Pandya et al. 2010). 

In addition to its C-terminus HECT domain, at the N-terminus HUWE1 contains two Armadillo 

(ARM) repeat-like domains, a WWE domain, normally associated with proteins involved in 

the regulation of ubiquitin-dependent proteolysis, a BH3 (Bcl-2 homology region 3) domain 

present in all Bcl-2 family proteins (Zhong et al. 2005), a ubiquitin-associated (UBA) domain 

involved in ubiquitin binding (Hofmann and Bucher 1996; Wilkinson et al. 2001) and a UBM1 

domain of unknown function (Fig. 9). The BH3 domain is important in the interaction of 

HUWE1 with Bcl-2 family substrates, such as MCL-1, which HUWE1 normally 

polyubiquitinates and targets for degradation in response to DNA damage, leading to apoptosis 

(Zhong et al. 2005). The WWE domain likely plays a role in the recognition of specific 

substrates (Aravind 2001).  
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Figure 9. Diagram of HUWE1 protein structure. The HECT catalytic domain is preceded by an activation 

segment (act) and a dimerisation region (dim). The HECT domain contains the catalytic cysteine C4341, essential 

for HUWE1’s enzymatic activity. 

A previous study has shown that the catalytic activity of HUWE1 is down-regulated by the 

formation of an asymmetric dimer, held together by weak interactions (Sander et al. 2017). 

This suggests that the ensemble of HUWE1 is dynamic in solution and that HUWE1 has the 

ability to self-regulate its catalytic activity.  HUWE1 is also capable of self-ubiquitination via 

its HECT domain, participating in its own post-translational regulation (Pandya et al. 2010). 

Additionally, Cullin4B-RING E3 ligase (CRL4B) ubiquitinates HUWE1, targeting it for 

degradation in response to DNA damage (Yi et al. 2015). Depletion of CRL4B leads to 

HUWE1 stabilisation, which in turn destabilises MCL-1 and facilitates apoptosis. While self-

ubiquitination, or ubiquitination by other E3 ligases such as CRL4B, lead to its degradation 

through the ubiquitin-proteasome system, deubiquitination by USP7S, the isoform of 

Ubiquitin-specific-processing protease 7 (USP7) phosphorylated at Ser18, results in HUWE1 

stabilisation (Khoronenkova and Dianov 2013).  

HUWE1 localisation appears to vary from tissue to tissue. While in the case of brain and testis 

cells it is generally found in the nucleus, in other tissues, such as spleen, thymus, bone marrow, 

liver, kidneys and muscle, it is localised in the cytoplasm, most commonly in the cells of the 

epithelium (Liu et al. 2007). In the case of the Purkinje cells in the cerebellum, HUWE1 is 
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found in both cellular compartments, although it is present to a lesser degree in the nucleus. 

This is also the case for cultured cell lines, such as FR3T3 or HEK293 cells (Liu et al. 2007). 

In the pancreas, HUWE1 is expressed in the nucleus as well as in the cytoplasmic compartment 

of both endocrine and exocrine cells (Uhlén et al. 2015).  

HUWE1 has been shown to ubiquitinate a vast array of different substrates (Yue Xu, Anderson, 

and Ye 2016), including, transcription factors involved in cell fate decisions, like ASCL1 

(Urbán et al. 2016) and ATOH1 (Cheng, Tong, and Edge 2016). Both ASCL1 and ATOH1 are 

bHLH proneuronal transcription factors. HUWE1 ubiquitinates ASCL1 at lysine residues 

within its bHLH domain, promoting its degradation (Gillotin, Davies, and Philpott 2018). In 

the adult mouse hippocampus, this mechanism has been shown to push proliferating stem cells 

towards a quiescent fate, preventing the depletion of the stem cell pool and ensuring long-term 

neurogenesis potential (Urbán et al. 2016). While phosphorylation at serine-proline (SP) sites 

has been linked to the stability of both ASCL1 and ATOH1 (F. R. Ali et al. 2014; Cheng, Tong, 

and Edge 2016; Forget et al. 2014), a connection has not yet been drawn between ASCL1 

phosphorylation and the ubiquitin-proteasome system. In contrast, it has been shown that 

phosphorylation at the S328 and S339 residues targets murine ATOH1 for HUWE1-mediated 

ubiquitination, followed by proteasomal degradation (Forget et al. 2014). As ATOH1 plays a 

role in the proliferation and differentiation of cerebellar granule neuron progenitors, in the 

absence of HUWE1, ATOH1 accumulates in the cell, leading to migratory and differentiation 

defects in cerebellar organotypic cultures (Forget et al. 2014). These findings further emphasise 

the important role HUWE1 plays in cell fate decisions, not only during embryonic development 

but also in adult tissues. Moreover, in addition to the role ATOH1 plays in neuronal 

development, it is also an important regulator of secretory cell generation in the intestine 

(VanDussen et al. 2012). Here, prolyl hydroxylase 3 (PHD3) competes with ATOH1 for 

HUWE1 binding, leading to a decrease in ATOH1 ubiquitination and an increase in its 
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stabilisation, which in turn pushes the cell towards a secretory Goblet cell fate (Yi ming Xu et 

al. 2020). Certain similarities between ATOH1 and NGN3, such as their bHLH structure, post-

translational regulation mechanisms, function in neural development and role in the 

differentiation of enteroendocrine cells in the intestine, raise the possibility that HUWE1 may 

also be involved in the ubiquitination and degradation of NGN3. 

Furthermore, there is precedent for HUWE1 sharing its substrates with FBW7, a previously 

identified interactor of NGN3, as in the case of p53 and MYC (Tripathi et al. 2019; Sato et al. 

2015), both involved in tumorigenesis and cancer progression  (D. Yang et al. 2018; Adhikary 

et al. 2005). Inactivation of HUWE1 in a human lung cancer cell line resulted in increased p53 

stability due to a decrease in p53 ubiquitination, which in turn led to decreased cell proliferation 

(D. Yang et al. 2018). Moreover, the same study revealed that increased Huwe1 expression in 

lung cancer patients was associated with a worse prognosis.  

While HUWE1-mediated ubiquitination of p53 leads to its degradation, in the case of MYC, 

the effect of its interaction with HUWE1 is two-fold. Firstly, lysine residues at the carboxy 

terminus of MYC serve as ubiquitination sites for K63-linked polyubiquitination by HUWE1 

(Adhikary et al. 2005). Mutating these lysine residues to arginine inhibits MYC ubiquitination 

and leads to a decrease in the ability of MYC to activate a subset of its downstream target 

genes, involved in cell proliferation, cellular metabolism, and protein synthesis. Further 

experiments from the same study have suggested that this is due to the decreased ability of non-

ubiquitinated MYC to bind co-factor p300 at the transcription site of these genes. These 

observations are in line with previous findings that show K63-linked polyubiquitination plays 

a role in processes other than the proteasomal degradation of the substrate (Hicke and Dunn 

2003). Secondly, MYC has also been shown to undergo HUWE1-mediated K48-linked 
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polyubiquitination, with HUWE1 deficient cells showing increased MYC stability (Inoue et al. 

2013).  

Similarly, different studies have painted contrasting pictures of the role of HUWE1 in DNA 

repair. Its ubiquitination of DNA polymerase β leads to reductions in base excision repair 

(Parsons et al. 2009), while its interaction with PCNA and monoubiquitination of H2AX 

alleviates replication stress (Choe et al. 2016). The contradictory roles of HUWE1 in MYC 

regulation, as well as in DNA repair, suggest that the effect of HUWE1 on individual substrates 

may be context-dependent and differ based on cell-type. This is particularly likely as we know 

that the cellular localisation of HUWE1 varies between different organs and tissues.  

Furthermore, there is also variation in the types of polyubiquitin chains generated from 

HUWE1-mediated ubiquitination. In addition to the traditional K48- and K63-linked 

polyubiquitination, HUWE1 has also been shown to assemble K6- and K11-linked chains onto 

its substrates, like in the case of mitofusin-2 (Michel et al. 2017). Although research into the 

functions of K11- and K6-linked ubiquitin chains is limited, it has been suggested that K11-

linked chains play an important role in cell division (Wickliffe et al. 2011), while K6-linked 

chains may be involved in DNA damage response (Elia et al. 2015). Interestingly, K6-linked 

chains showed a 75% decrease in abundance in HUWE1-/- HeLa cells (Elia et al. 2015), 

suggesting that at least in some cell lines, HUWE1 may be responsible for the majority of K6-

linked polyubiquitination in the cell. These studies reveal an additional level of complexity to 

HUWE1 function, making it even more difficult to predict the overall effect of HUWE1 activity 

on a given cell process of pathway. 
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1.3.2. HUWE1 in health and disease 

Due to its virtually ubiquitous expression in the body and its role in the regulation of essential 

cell processes like proliferation, apoptosis and DNA repair, dysregulation of HUWE1 activity 

can lead to severe phenotypes, and in particular to a considerable number of X-Linked 

Intellectual Disabilities (XLID) (Froyen et al. 2008; Bosshard et al. 2017). Missense mutations 

in HUWE1 have been described as a potential cause for Juberg-Marsidi syndrome (JMS) and 

Brooks syndrome (Friez et al. 2016), as well Say-Meyer syndrome (Muthusamy et al. 2019), 

all presenting with intellectual disability, developmental delay and cranial malformations, 

among other symptoms. Analysis of lymphoblastoid cell transcriptomes from five XLID 

patients with different HUWE1 mutations has revealed a set of differentially expressed genes 

known to be modulated by the p53 signalling pathway (Aprigliano et al. 2021). As p53 is a 

known substrate for HUWE1 ubiquitination, these results suggest that the studied mutations 

impair HUWE1 activity, leading to a decrease in p53 ubiquitination, an increase in its stability, 

and p53 accumulation in the cells. The same study has shown that the upregulation of p53 

signalling results in a reduced ability of JMS patient-derived induced pluripotent stem cells 

(iPSCs) to differentiate into neural cells, likely explaining the pathology of XLID associated 

with HUWE1 missense mutations (Aprigliano et al. 2021). Huwe1 is also one of 17 candidate 

genes linked to West Syndrome, a form of early infantile epileptic encephalopathy, in a 2018 

study by Peng et al (J. Peng et al. 2018), and one of 33 candidate genes linked to autism 

spectrum disorders in a 2012 study by Nava et al (Nava et al. 2012).  

While a lot of focus has been placed on the role HUWE1 mutations play in XLIDs, 

dysregulated HUWE1 expression is also a feature of other, more common pathologies. 

HUWE1 has been established as an essential regulator of cardiac homeostasis, with expression 

being reduced in left ventricular samples from end-stage heart failure patients (Dadson et al. 
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2017). Cardiac-specific Huwe1 knockout mice experienced cardiac hypertrophy and premature 

mortality, as myocardial c-MYC was stabilised due to reduced polyubiquitination, 

downregulating Pgc-1α, Pink1, and mitochondrial complex proteins expression (Dadson et al. 

2017). Separately, HUWE1 inactivation specifically in murine pancreatic β-cells led to p53 

stabilisation and β-cell death, resulting in a severe diabetic phenotype (Ning Kon et al. 2012). 

A similar result was observed when Huwe1 was knocked out in all pancreatic cells using a 

Pdx1-Cre Huwe1fl/fl system, leading to a decrease in β-cell mass as a result of p53 activation 

(L. Wang et al. 2014). Interestingly, other pancreatic cell populations, such as α cells, did not 

seem to be affected, with pancreas weight and architecture consistent between genotypes, 

suggesting that β-cells are particularly vulnerable to Huwe1 loss.  

1.3.3 Role in cancer and potential as therapy target 

As a regulator of multiple substrates tied to tumorigenesis, HUWE1 has been widely 

investigated as a potential therapeutic target. However, different tumour types exhibit 

sometimes opposite patterns of HUWE1 expression. A meta-analysis of HUWE1 expression 

in different tumour types has found that HUWE1 is overexpressed in leukaemia and lung 

cancer, but downregulated in brain cancer, lymphoma, sarcoma and testicular seminoma (Su 

et al. 2019). Indeed, Huwe1 knockout in the A549 human lung adenocarcinoma cell line led to 

decreased proliferation and colony formation capacity, due to an upregulation in p53 signalling 

(D. Yang et al. 2018). Similarly, Huwe1 knockdown significantly decreases growth of 

haematopoietic stem and progenitor cells (HSPC) with constitutive expression of the 

KRASG12V oncogene (Ruckert et al. 2020). Plasma cells from Multiple Myeloma patients 

showed significantly increased HUWE1 levels compared to healthy donors, while HUWE1 

inhibition led to decreased viability and cell cycle arrest in the JJN3 myeloma cell line 

(Crawford et al. 2020).  
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In contrast, HUWE1 has also been suggested to act as an intestinal tumour suppressor, via the 

Wnt pathway (Dominguez-Brauer et al. 2016). Huwe1 deletion or mutations were detected in 

a significant number of uterine cervical carcinoma patients alongside c-MYC amplification, 

while siRNA-mediated silencing of Huwe1 resulted in c-MYC overexpression and increased 

proliferation of cervical cancer primary cells in vitro (Bonazzoli et al. 2020). Additionally, 

more aggressive tumour biology in Black/African-American breast cancer patients compared 

to White/Caucasian patients has been associated, in part, with a HUWE1 missense mutation 

more common in the former cohort (Andey et al. 2020). Therefore, in the context of 

carcinogenesis, the effect of HUWE1 on tumour growth and patient prognosis is highly 

unpredictable, with HUWE1 knockdown slowing down proliferation of some cancer cell types, 

while promoting proliferation in others. 

1.4 USP7 as a deubiquitinase 

1.4.1 USP7 structure, function, and known substrates 

In contrast to E3 ubiquitin ligases such as HUWE1, deubiquitinases are enzymes that remove 

ubiquitin from their substrates. USP7 (also known as herpes-associated ubiquitin-specific 

protease HAUSP) is a 135 kDa member of the Ubiquitin Specific Proteases (USP) family of 

deubiquitinases and is encoded by the Usp7 gene, which is found on chromosome 16 and made 

up of 35 different exons. The protein consists of a TRAF-like (Tumour necrosis factor 

Receptor–Associated Factor) domain at the N-terminus, followed by a catalytic core domain 

and five C-terminal ubiquitin-like domains (UBL1-5) grouped in three units, in a in a 2+1+2 

pattern (Holowaty et al. 2003; Faesen, Dirac, et al. 2011) (Fig. 10). The TRAF-like domain, as 

well as the UBL domains, recognise and interact with various USP7 substrates (Hu et al. 2006; 

Ashton et al. 2021). The TRAF domain has an eight-stranded, antiparallel β-sandwich fold 

(Saridakis et al. 2005) and is essential for USP7 nuclear localisation (Zapata et al. 2001). It 
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binds substrates that contain a P/A/ExxS motif using residues D164 and W165 located in a 

shallow groove on its surface (Sheng et al. 2006; Chavoshi et al. 2016), suggesting that 

substrates may have to compete for binding.  

 

Figure 10. Diagram of USP7 protein structure. USP7 contains a TRAF-like domain at the N-terminus, followed 

by its catalytic domain and a C-terminal region that encompasses the five Ubiquitin-like domains (UBLs). The 

first two and last two UBLs are grouped into HUBL12 and HUBL45, respectively. The HUBL45 region binds to 

the catalytic domain to self-activate USP7, while UBLs 1, 2 and 3 serve can serve as a binding site for GMP-

synthase, resulting in further USP7 activation. 

Other substrates, such as DNTM1, bind to an acidic pocket in the region of the five UBL 

domains, through a KG-linker. The C-terminal region of USP7 includes UBL1-5, and in 

addition to recognising substrates, the region has proved essential for the enhancement of USP7 

catalytic activity (Ma et al. 2010; Faesen, Dirac, et al. 2011). The last UBL unit in the C-

terminus region, containing USP7/HAUSP UBL domains 4 and 5 (HUBL-45) helps self-

activate USP7 by binding to a “switching” loop between residues W285 and F291 of the 

catalytic domain and organizing the active site, leading to an increased affinity for ubiquitin 

and a 100-fold increase in USP7 activity. This process is made possible by the linkers 

connecting the different domains, which allow for flexibility and interdomain arrangement. 

Additionally, hyperactivation of USP7 can be achieved by binding of GMP-synthase to the 

first three UBL domains (HUBL123), as this allosterically stabilises the HUBL45-mediated 

active state (Faesen, Dirac, et al. 2011).  
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The catalytic core domain of USP7 binds ubiquitin and cleaves the isopeptide bond between 

ubiquitin and a substrate (Pozhidaeva and Bezsonova 2019). It contains a catalytic triad made 

up of amino acids C223, H464 and D481. However, the distance between the H464 and C223 

sidechains has been calculated at 9.7 Å, which is not in close enough proximity for meaningful 

interactions to occur (Hu et al. 2002). Substrate binding triggers a change in conformation and 

bring the catalytic triad residues closer together (Molland, Zhou, and Mesecar 2014; Hu et al. 

2002). 

USP7 has low tissue specificity, being widely expressed in most organs in the adult human 

(Uhlén et al. 2015), including the pancreas and other endoderm-derived organs, such as liver 

and intestine. Due to its ubiquitous expression, and to its important role in processes such as 

cell cycle, DNA repair, chromatin remodelling, and epigenetic regulation (Z. Wang et al. 2019), 

USP7 activity in the cell is tightly regulated. USP7 undergoes phosphorylation at residues S18 

and S963 and ubiquitination at K869 (Fernández-Montalván et al. 2007), with these post-

translational modifications influencing USP7 activity. For instance, CK2-mediated 

phosphorylation at S18 creates favourable binding conditions for substrate MDM2, while S18-

dephosphorylated USP7 has higher affinity for p53 binding (Khoronenkova et al. 2012). In 

response to ionising radiation, phosphatase PPM1G dephosphorylates USP7 at S18, leading to 

USP7 deubiquitinating and stabilising p53, which accumulates in the cell and initiates the p53-

dependent DNA damage response (Khoronenkova et al. 2012). Moreover, S18 

dephosphorylation also leads to a destabilisation of USP7. This fact, alongside previous work 

showing that a catalytically inactive mutant of USP7 has decreased stability compared to 

wildtype (Alonso-De Vega et al. 2015), might suggest a role for USP7 in self-deubiquitination. 

Indeed, other members of the USP deubiquitinase family that USP7 is part of have been shown 

to deubiquitinate and stabilise themselves (Mei et al. 2011). However, aside from S18, not 
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much is known about the role of other post-translational modifications on USP7 (R. Q. Kim 

and Sixma 2017). 

USP7 can deubiquitinate both mono- and polyubiquitinated substrates, removing K6-, K11-, 

K27-, K29, K33-, K48- and K63-linked chains, although doing so less efficiently in the case 

of K27 and K29 chains (Faesen, Luna-Vargas, et al. 2011). Additionally, different mechanisms 

are used for the depolymerisation of K48- and K63-linked chains by USP7, resulting in faster 

USP7-mediated depolymerisation for K63-linked chains than K48-linked ones (Kategaya et al. 

2017). USP7 is unable to deubiquitinate M1-linked chains, which are chains formed through 

linkage of the C-terminal glycine of the incoming ubiquitin to the N-terminal methionine of 

the preceding ubiquitin, instead of to a lysine residue (Pozhidaeva and Bezsonova 2019).  

Similarly to HUWE1, USP7 has been shown to interact with a large array of substrates with 

diverse functions within the cell, such as n-MYC, PTEN, and TRIM27 (Pozhidaeva and 

Bezsonova 2019). Through its effect on the MAGE-L2-TRIM27 ubiquitination complex, as 

well as its interaction with actin nucleating protein WASH, USP7 plays a key role in endosomal 

protein recycling (Hao et al. 2015). In this pathway, the MAGE-L2-TRIM27 complex adds 

K63-linked polyubiquitin chains onto WASH, activating it for endosomal actin assembly and 

protein recycling. USP7 deubiquitinates E3 ubiquitin ligase TRIM27, preventing its 

degradation, while also deubiquitinating WASH, inactivating it (Hao et al. 2015). Thus, USP7 

plays a complex part in the fine-tuning of the pathway. 

USP7 is involved in interactions with several viral proteins, such as EBNA1, ICP0, vIRF1, 

E1B-55K and HIV Tat (Z. Wang et al. 2019). In the case of EBNA1, a protein involved in 

activation of latent Epstein-Barr virus genomes, it is believed that the protein outcompetes p53 

to bind to USP7, preventing apoptosis of infected cells (Saridakis et al. 2005). A similar 
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mechanism may be involved in the interaction of USP7 with vIRF1, a Kaposi sarcoma 

herpesvirus protein (Chavoshi et al. 2016). In both cases, inhibition of USP7 may decrease 

virulence of these viruses. Of particular interest is the interaction between USP7 and the HIV 

Tat protein, which is responsible for enhancing viral production after infection with Human 

Immunodeficiency Virus (HIV). USP7 deubiquitinates and stabilises Tat, leading to an 

increase in HIV production, while HIV infection stabilises USP7 (A. Ali et al. 2017), 

suggesting that small molecule inhibitors of USP7 may help suppress HIV viral production.  

Several studies have reported that USP7 loss impairs cell cycle progression and cell 

proliferation (Giovinazzi et al. 2013; Reverdy et al. 2012), with multiple cell cycle proteins 

identified as USP7 substrates. One way in which USP7 impacts the cell cycle is by 

deubiquitinating histone demethylase PHF8, which in turn regulates expression of cyclin A2, 

an essential regulator of the cell division cycle (Q. Wang et al. 2016). PLK1, an early trigger 

for G2/M transition, was also found to interact with USP7 and be deubiquitinated and stabilised 

by it (Y. Peng et al. 2019). In contrast, USP7 inhibition destabilised PLK1, inducing cell cycle 

G2/M arrest and apoptosis. While such interactions have pushed USP7 to the forefront of 

potential cancer therapy targets, as its inhibition slows down cell proliferation, toxicity as a 

result of USP7 inhibition has been described. A recent study has suggested that this is caused 

by activation of CDK1 in response to USP7 inhibition, with USP7 involved in limiting CDK1 

activity (Galarreta et al. 2021). Lowering CDK1 activity can therefore help circumvent this 

issue.   

While the involvement of USP7 in cell cycle and proliferation make it an attractive target for 

research into novel cancer therapies, its contribution to other essential cellular processes, such 

as DNA damage repair, telomere maintenance, DNA replication (Valles et al. 2020) and the 

regulation of important pathways such as Wnt/β-catenin signalling (Ji et al. 2019) suggest that 
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impaired USP7 expression may have complex and extensive consequences in a non-cancer 

context. However, in comparison, relatively little research has been carried out into the role of 

USP7 outside of tumorigenesis and cancer progression. While previous Usp7 knockout studies 

have shown that USP7 is essential during embryonic development (N. Kon et al. 2010), for 

instance, its role in this process has not been fully elucidated. 

1.4.2. USP7 loss of function in mice and human 

Homozygous Usp7 knockout in mice leads to early embryonic lethality (N. Kon et al. 2010), 

in part due to impairment of the USP7/MDM2/p53 regulation pathway. As a p53 knockout in 

Usp7-/- only partially rescued the phenotype, it is likely that other pathways are affected by 

Usp7 knockout. Furthermore, conditional Usp7 knockout in the murine brain proved similarly 

lethal (N. Kon et al. 2011). No cases of USP7 homozygous-null mutations have ever been 

documented in humans (Fountain et al. 2019), likely due to early embryonic lethality, further 

emphasising the crucial role USP7 plays during development.  

The newly named Hao-Fountain syndrome is caused by heterozygous USP7 mutations and has 

been first described in 2015 study. Hao et al identified seven individuals with intellectual 

disability, seizures and autism spectrum disorders who featured USP7 de novo heterozygous 

loss-of-function mutations (Hao et al. 2015). The same study suggested that the role of USP7 

in the MAGE-L2-TRIM27/WASH pathway may explain the observed pathology, as the 

hypothalamus, where MAGE-L2 expression is enriched in the mouse brain, is implicated in 

multiple symptoms linked to USP7 and MAGE-L2 mutations, such as autism and Prader-Willi 

syndrome. However, this possible link has not yet been validated. 

A second study provided additional information about the seven previously described cases, 

while also identifying an additional 16 (Fountain et al. 2019). Symptoms such as speech and 
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developmental delay, intellectual disability, autism spectrum disorders, eye anomalies, 

hypotonia and abnormal MRIs were observed in over half of the affected individuals. Out of 

the 15 individuals that underwent an MRI, 11 showed paucity of white matter as well as 

additional alterations to gross brain structure, such as a thinning of the corpus callosum, and 

abnormally shaped ventricular systems of the central nervous system. While these findings 

further support an essential role for USP7 in brain development, with even heterozygous USP7 

mutations being detrimental to development, other organs, including the pancreas, remain 

seemingly unaffected.  

1.4.3. Role of USP7 cancer and potential as therapy target 

USP7 seems to be upregulated in many cancers, including some bladder, prostate, colon, liver, 

and lung cancers, while being downregulated in others, for example head and neck, breast and 

brain (Hussain, Zhang, and Galardy 2009). n-MYC, a known oncogene and driver of 

neuroblastoma tumorigenesis, is a substrate for USP7 (Tavana et al. 2016). USP7 

deubiquitinates and stabilises n-MYC, with high USP7 levels in neuroblastoma patients being 

linked to poorer prognosis. Small molecule inhibition of USP7 in mice implanted with n-MYC 

amplified human neuroblastoma cell lines led to a significant reduction in neuroblastoma cell 

proliferation (Tavana et al. 2016), supporting the hypothesis that chemical inhibition of USP7 

could be a workable strategy for future neuroblastoma therapies. 

Another USP7 substrate, PTEN, is a tumour suppressor gene with phosphatase activity which 

inhibits tumour cell migration and proliferation. PTEN activation and its translocation to the 

nucleus is dependent on monoubiquitination, often at residues K289 or K13 (Trotman et al. 

2007). USP7 can deubiquitinate PTEN, inactivating it and blocking its nuclear import (Morotti 

et al. 2014). This is an issue when USP7 expression is dysregulated like in the case of certain 
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cancers, such as chronic lymphocytic leukemia, as PTEN is prevented from reaching the 

nucleus and enacting its tumour-suppressing role (Carrà et al. 2017). Like in the case of 

neuroblastoma cells, USP7 inhibition arrests growth and induces apoptosis in chronic 

lymphocytic leukemia cells, this time by re-starting translocation of PTEN into the nucleus 

(Carrà et al. 2017). 

In contrast, a 2006 study by Masuya et al found that in a cohort of 131 patients with non-small 

cell lung cancer, 45.0% of carcinomas showed decreased USP7 expression and 44.3% showed 

a reduction in p53 expression, with 71% of all carcinomas exhibiting one, the other, or both. 

Decreased expression of both proteins was a predictor for poor prognosis, suggesting that 

reduction in USP7 expression may promote tumorigenesis via a p53-dependent pathway 

(Masuya et al. 2006). 

Finally, in the context of pancreatic ductal adenocarcinoma (PDAC), a particularly lethal type 

of cancer resistant to most existent therapies, chemical inhibition of USP7 slowed cell growth 

and induced apoptosis in some PDAC lines, while it had no significant effect in others, such as 

the PANC1 line (H. Chen et al. 2020). However, treatment with USP7 inhibitor P22077 did 

increase PANC1 sensitivity to doxycycline treatment, indicating that USP7 expression in some 

PDAC lines may help cells maintain chemoresistance. Furthermore, when USP7 expression in 

PANC1 was disrupted using CRISPR-Cas9 methods, cells showed slower growth and 

increased doxycycline sensitivity in vitro, while also generating significantly smaller tumours 

after implantation into nude mice (H. Chen et al. 2020). While these studies are encouraging, 

the contrasting effects of USP7 in different cancer types suggest that despite its low tissue 

specificity, its expression, regulation, function, and interactions may vary from tissue type to 

tissue type. 
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1.5. Aims of this thesis 

In type 1 diabetes, patients’ β-cells are destroyed by an autoimmune reaction, resulting in a 

lack of insulin secretion and high blood glucose levels. While symptoms can be kept under 

control with insulin injections, therapies that aim to help patients achieve insulin independence, 

such as islet transplantation, are still limited by the low supply of available islets, while iPSC-

derived β-cells have not been able to achieve sufficient maturity to be a clinically viable option. 

Several studies have shown that overexpressing key transcription factors such as NGN3, PDX1 

and MAFA in exocrine pancreatic cells can induce exocrine-to-endocrine transdifferentiation, 

resulting in β-cell generation. In particular, stabilisation of proendocrine transcription factor 

NGN3, whose expression during pancreatic development leads to the generation of all 

endocrine lineages in the organ, has been shown to stimulate exocrine-to-endocrine plasticity. 

A 2014 study by Sancho et al has shown that E3 ubiquitin ligase FBW7 ubiquitinates NGN3, 

targeting it for proteasomal degradation, and that FBW7 loss leads to NGN3 stabilisation, 

pushing a small number of cells to transdifferentiate to α, β and δ cells. However, the efficiency 

of this process is still under 1%, raising the question of whether there are other pathways 

involved in NGN3 regulation that could be targeted for further NGN3 stabilisation. 

This thesis identifies new pathways involved in NGN3 regulations and investigates whether 

modulation of these pathways affects β cell generation. The main objectives were: 

1. Identify and validate new regulators of NGN3 stability 

 

2. Describe the mechanism through which these regulators interact and modulate NGN3 

expression 

 



54 
 

3. Investigate the effect of these interactions on NGN3 stability and β cell generation in 

an iPSC 3D differentiation model. 

The hypothesis of this study was that novel NGN3 interactors play a role in its regulation, thus 

impacting the differentiation of pancreatic endocrine cells. We identified E3 ubiquitin ligase 

HUWE1 and deubiquitinase USP7 as interactors of NGN3 from a mass-spectrometric analysis 

of NGN3 immunoprecipitation samples. To investigate the mechanisms of these interactions, 

we overexpressed NGN3 in HEK293A cells and assessed its ubiquitination status and stability 

in response to USP7 overexpression and HUWE1 inhibition. Finally, we inhibited HUWE1 

and USP7 during iPSC-to-β-cell differentiation and analysed the effect of the inhibition on 

NGN3 expression and endocrine cell differentiation. 
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Chapter 2: Methods 

2.1 Mouse lines 

Mouse lines were generated by intercrossing Usp7Flox/Flox (N. Kon et al. 2011), Pdx1-Cre 

(Hingorani et al. 2003) and Rosa26-LSL-YFP (Srinivas et al. 2001) mice on a C57BL/6 

background. All strains were genotyped by Transnetyx. All animal experiments were approved 

by the Francis Crick Institute Animal Ethics Committee and conformed to UK Home Office 

regulations under the Animals (Scientific Procedures) Act 1986 including Amendment 

Regulations 2012. The study is compliant with all relevant ethical regulations regarding animal 

research. With the exception of processing, cryosectioning and immunofluorescent staining of 

E14 mouse embryos, all animal work presented in this project was carried out by Dr Jessica 

Nelson, from the Behrens lab. 

2.2 Cell culture 

2.2.1 Expansion of cell lines 

HEK293A (Thermofisher, R70507) and PANC1 cells (ATCC, CRL-1469) were grown in 

DMEM (Gibco, 61965026) with 10% foetal bovine serum (FBS, Sigma-Aldrich, F7524-

500ml) and 1% penicillin/streptomycin. Cells were passaged weekly with TryplE (Gibco, 

12604021). For experiments thar required inhibition of GSK3β or HUWE1, 24 h treatment 

with 10 μM CHIR99021 (Sigma Aldrich, SML1046) was used to inhibit GSK3β, while 

HUWE1 was inhibited with either 20 μM Heclin (Sigma Aldrich, SML1396) or 10 μM BI8622 

(Generon, HY-120929) for 24 h.  

The Kute-4 healthy iPSC line was kindly provided by the Human Induced Pluripotent Stem 

Cell Initiative (HipSci) (https://www.hipsci.org/). iPSC-derived pancreatic progenitors were 

https://www.hipsci.org/
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generated in the lab by Ana-Maria Cujba, using the STEMdiffTM Pancreatic Progenitor Kit 

(Stem Cell Technologies, 05120). The differentiation was done following manufacturer’s 

instructions, with some modifications: cell seeding was 500,000 cells/well (in 12-well plates) 

and 42,000 cells/well (in black 96-well plates) and the first stage of differentiation was 

extended to three days, as also recommended by the manufacturer. iPSC-derived pancreatic 

progenitors were then cultured in Matrigel (Corning, 356230) domes as organoids, following 

the protocol previously established by Tuveson et al (Boj et al. 2015) (Table 1). Cells were 

passaged every 7-10 days by dissolving the Matrigel in TryplE (5 min, 37°C, on shaker). After 

organoid dissociation, organoids were resuspended in Matrigel and replated, with 10.5 µM Rho 

Kinase inhibitor Y-27632 (Sigma-Aldrich, Y0503-1MG) added to the media for the first two 

days of culture. Media was then changed every 2 days, without Y-27632. 

Table 1. Culture media for iPSC-derived pancreatic progenitor organoids 

Reagent  Concentration Supplier Catalogue no. 

Advanced DMEM/F-12 0.78 ThermoFisher Scientific 12634010 

1M HEPES 1X ThermoFisher Scientific 15630049 

Penicillin/Streptomycin 1X Sigma Aldrich P4458-100ml 

GlutaMAX Supplement 1X ThermoFisher Scientific 35050038 

A83-01 (TGF Beta Inhibitor) 0.5 µM Sigma Aldrich SML0788-5MG 

mEGF 0.05 µg/mL Peprotech AF-100-15-1000 

FGF-10 0.1 µg/mL Peprotech 100-26-500UG 

Gastrin I 0.01 µM Sigma Aldrich SCP0151-1MG 

mNoggin-conditioned media 10 % Francis Crick Institute - 

N-acetylcysteine 1.25 mM Sigma Aldrich A9165-5G 

Nicotinamide 10 mM Sigma Aldrich N0636-100G 

B27 supplement 1X ThermoFisher Scientific 17504-044 

R-spondin-conditioned media 10% Francis Crick Institute - 

Y-27632* 10.5 µM Adooq Bioscience A11001  

*Only added after splitting 
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2.2.2 Cell transfection 

Transfection of HEK293A and PANC1 cells was carried out using the previously described 

Polyethylenimine (PEI) transfection protocol (Longo et al. 2013), adjusted for different plate 

formats and plasmid DNA concentrations. Briefly, cells were plated onto tissue culture dishes 

just below confluency and left to attach overnight. For transfection into a 10 cm dish, 10 μg of 

DNA were mixed with 250 μl of Optimem and incubated for 10 min. 30 μl of PEI were 

simultaneously incubated in another 250 μl of Optimem, then added to the DNA mix and 

further incubated at room temperature for 20 min, before being pipetted dropwise onto the 

tissue culture dish containing the previously plated cells. 

2.2.3 Cycloheximide chase assay 

HEK293A or PANC1 cells were seeded onto 12-well plates (250,000 cells/well). After 24h, 

cells were transfected with a total of 1 µg plasmid DNA and incubated for 48h. Cells were then 

treated with 100 µg/ml cycloheximide for 15, 30 or 60 min in the case of mNGN3 experiments, 

or 30, 60, 90 or 180 minutes in the case of hNGN3 experiments. Untreated controls were also 

kept. Cells were then washed with PBS, scraped off and processed for immunoblotting. 

2.2.4 NGN3 transcriptional activity assay 

To assess NGN3 transcriptional activity, HEK293A cells were transfected with HA-NGN3, 

alongside a pGL3[NeuroD1/GFP] plasmid vector able to induce GFP expression under the 

control of the NeuroD1 promoter (NGN3 target). The plasmid was generated in the lab by Dr 

Mario Alvarez, by cloning the NeuroD1 promoter into the pGL3 basic EGFP backbone 

(Addgene, 128053). After 48 h, cells were harvested, lysed, and processed for immunoblotting. 

Samples were run on a 4-20% Polyacrylamide precast gel (Biorad), transferred to a PVDF 

membrane and blotted for NGN3, GFP and Vinculin.  
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2.2.5 3D Russ pancreatic progenitor differentiation to β cells  

Confluent Matrigel domes with Kute-4 iPSC-derived pancreatic organoids were detached 

intact from the plate and transferred to a 6-well plate (maximum 12 domes per well) for 

suspension culture. β-cell differentiation was then initiated from the pancreatic progenitor stage 

onwards using a previously described protocol (Russ et al. 2015) with the addition of 

adjustments made by Trott et al (Trott et al. 2017) (Table 2).  

Table 2. Differentiation media for 3D Russ differentiation 

Day Reagent Concentration Supplier Catalogue no. 

1-2 

DMEM (25 mM 

Glucose) 
- 

ThermoFisher 

Scientific 
31966-021 

B27 50X 0.5X 
ThermoFisher 

Scientific 
A14867-01 

Retinoic acid 1 µM Sigma Aldrich R2625-100mg 

mEGF 50 ng/ml Peprotech AF-100-15-1000 

3-4 

DMEM (25 mM 

Glucose) 
- 

ThermoFisher 

Scientific 
31966-021 

B27 50X 0.5X 
ThermoFisher 

Scientific 
A14867-01 

mEGF 50 ng/ml Peprotech AF-100-15-1000 

KGF 50 ng/ml R&D Systems 251-KG-010 

5-9 

DMEM (25 mM 

Glucose) 
- 

ThermoFisher 

Scientific 
31966-021 

B27 50X 0.5X 
ThermoFisher 

Scientific 
A14867-01 

LDN-193189 500 nM Stemgent 04-0074 

TBP 30 nM Millipore 565740-1MG 

ALKi II 1 μM Axxora 
ALX-270-445-

M001 

KGF 25 ng/ml R&D Systems 251-KG-010 

10-20 

DMEM (2.8 mM 

Glucose) 
- 

ThermoFisher 

Scientific 
21885-025     

Glutamax 100X 1X 
ThermoFisher 

Scientific 
35050061 

NEAA 100X 1X 
ThermoFisher 

Scientific 
11140035 

 

Domes were kept in suspension, on a shaker at 100 rpm for the duration of the differentiation, 

with daily media changes. Domes were treated with 20 µM Heclin for 24 h on differentiation 
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day 6 (D6) or 8 (D8) or remained untreated. For each timepoint (D0, 5, 7, 9, 12 and 16), one 

dome from each condition (untreated, early treatment, or late treatment) was harvested for RNA 

extraction, and another for cryosectioning and immunostaining. 

 

2.2.6 3D Hogrebe pancreatic progenitor differentiation to β cells 

Similarly to the 3D Russ differentiation protocol, Matrigel domes containing Kute-4 iPSC-

derived pancreatic organoids were detached and transferred to suspension culture in a 6-well 

plate. Differentiation to β-cells was achieved by following the recently described protocol by 

Hogrebe et al (Hogrebe et al. 2020), with the media being changed daily (Table 3), and the 

domes kept in suspension, on a shaker at 100 rpm. 

 Domes were harvested at D5 for RNA extraction, after which 5 µM GNE6640 was added to 

the daily media for half of differentiating until D12 of the protocol. After D5, treated and 

untreated domes were harvested for mRNA extraction and immunostaining at D6, D9, D12 and 

D20. RNA extraction samples were frozen as pellets and kept at -80°C until the end of the 

differentiation, when all samples were processed at the same time. Domes reserved for 

immunostaining were fixed, equilibrated in 30% sucrose, encapsulated in OCT (ThermoFisher 

Scientific, 361603E), and stored at -80°C before cryosectioning. 
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Table 3. Differentiation media for 3D Hogrebe protocol 

Day Reagent Concentration Supplier Catalogue no. 

  MCDB 131 media - Corning 15-100-CV 

1-4 

Glucose  0.44 mg/ml Sigma Aldrich G7528 

Sodium bicarbonate 1.754 mg/ml Sigma Aldrich S5761 

BSA 20 mg/ml Sigma Aldrich A9647-100G 

ITS-X 5 µl ThermoFisher Scientific  41400-045 

GlutaMAX 1X ThermoFisher Scientific 35050061 

Vitamin C  0.044 µg/ml Sigma Aldrich A4544 

Penicillin/Streptomycin 1X Sigma Aldrich P4458-100ml 

KGF 50 ng/ml R&D Systems 251-KG-010 

LDN193189 200 nM Cambridge Bioscience 11802-1mg-CAY 

TPPB 500 nM Tocris Bioscience 53431 

Retinoic acid 0.1 µM Sigma Aldrich R2625-100mg 

SANT1 0.25 µM Sigma Aldrich S4572-5MG 

5-12 

Glucose 3.6 mg/ml Sigma Aldrich G7528 

Sodium bicarbonate 1.754 mg/ml Sigma Aldrich S5761 

BSA 20 mg/ml Sigma Aldrich A9647-100G 

ITS-X 5 µl ThermoFisher Scientific  41400-045 

GlutaMAX 1X ThermoFisher Scientific 35050061 

Vitamin C 0.044 µg/ml Sigma Aldrich A4544 

Penicillin/Streptomycin 1X Sigma Aldrich P4458-100ml 

Heparin 10 µg/ml Sigma Aldrich H3149-100KU 

ALK5i II 10 µM Enzo Life Sciences ALX-270-445 

Betacellulin 20 ng/ml R&D Systems 261-CE-050 

Retinoic acid 0.1 µM Sigma Aldrich R2625-100mg 

SANT1 0.25 µM Sigma Aldrich S4572-5MG 

T3 1 µM Merck 64245-250MG-M 

XXI 1 µM Merck 595790-1MG 

Latrunculin A* 1 µM Sigma Aldrich L5163-100UG 

13-20 

Glucose 0.46 mg/ml Sigma Aldrich G7528 

BSA 20 mg/ml Sigma Aldrich A9647-100G 

GlutaMAX 1X ThermoFisher Scientific 35050061 

Penicillin/Streptomycin 1X Sigma Aldrich P4458-100ml 

Heparin 10 µg/ml Sigma Aldrich H3149-100KU 

NEAA 1X ThermoFisher Scientific 11140035 

ZnSO4 0.168 µg/ml Merck 10883 

Trace Elements A 1 µ/ml 25-021-CI Corning 

Trace Elements B 1 µl/ml 25-022-CI Corning 

* Only added on Day 5    
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2.3 Molecular biology techniques 

2.3.1 RNA extraction 

Samples were processed using the RNeasy mini kit (Qiagen, 74106) according to 

manufacturer’s instructions. Pelleted samples were resuspended in 300 µL lysis buffer, and all 

samples were homogenised by being passed through syringes with 21-gauge needles. The RNA 

in each sample was quantified using the NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific) and maintained at -80°C or used for complementary DNA (cDNA) preparation. 

2.3.2 cDNA reverse transcription 

cDNA was prepared from extracted RNA using the QuantiTect Reverse transcription kit 

(Qiagen, 205314) according to manufacturer’s instructions. Generally, reactions of 300-1000 

ng RNA were set up, keeping the quantity of RNA reverse transcribed the same for all samples 

within the same experiment. After cDNA reverse transcription, cDNA was diluted in nuclease-

free water to a concentration of 10 ng/µl, then stored at -20°C. 

2.3.3 Quantitative reverse transcription PCR (RT-qPCR) 

Triplicate reactions were set up for each sample, each in a 10 µl volume, within a 384-well 

plate (Biorad, HSP3841 or Applied Biosystems, 4309849). For each reaction, 5 µl SYBRGreen 

Master Mix (ThermoFisher Scientific, 4385614), 1.75 µl of nuclease-free water and 1.25 µl of 

2.5 µM forward and 2.5 µM reverse primer mix (1:1 ratio) (Table 4) were added to 15-20 ng 

of cDNA. Negative controls were also set up for each primer pair, replacing cDNA with 2 µl 

of nuclease-free water. The plate was sealed and centrifuged at 1000 g for 5 minutes, then 

loaded into either a CFX 384 Touch RT-qPCR machine (Bio-Rad), or a 7900HT Fast Real-

Time PCR System (Applied Biosystems). Run conditions can be found in Table 5. For each 
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sample, triplicate Ct values were averaged and only samples with Ct values lower than the 

negative control were taken into account. The average Ct for each sample was then normalised 

by the average Ct of housekeeping gene Gapdh, yielding ΔCt. The relative expression for each 

gene of interest was then determined by calculating 2– ΔCt. 

Table 4. Sequences of human RT-qPCR primers 

Gene Forward Primer (5' to 3') Reverse Primer (5' to 3') 

AMY2B TCGCAAGTGGAATGGAGAG GCTCTGTCAGAAGGCATGAA 

CK19 GCCACTACTACACGACCATGG CAAACTTGGTTCGGAAGTCAT 

FBW7 GTTTGGTCAGCAGTCACAGG TGATGTTGTCTCTCATTTGT 

GAPDH TTGCTTGTAGCCAAATTCGTTG ATTGCCCTCAACGACCACTTT 

GCG TTCCCAGAAGAGGTCGCCATTGTT CAACCAGTTTATAAAGTCCCTGGCGG 

HUWE1 TCCTCGTGGGATTCGTTG CTCTGGATCACTAACCCAC 

INS AGGCTTCTTCTACACACCCAAG CACAATGCCACGCTTCTG 

MAFA GCTTCAGCAAGGAGGAGGTCAT TCTGGAGTTGGCACTTCTCGCT 

NEUROD1 GGTGCCTTGCTATTCTAAGACGC GCAAAGCGTCTGAACGAAGGAG 

NGN3 CTCGGACCCCATTCTCTCTT CTTCTGGTCGCCAAGTTCA 

NKX2-2 GGGACTTGGAGCTTGAGTCCT GGCCTTCAGTACTCCCTGCA 

NKX6-1 CACACGAGACCCACTTTTTC CCGCCAAGTATTTTGTTTGT 

PDX1 CACATCCCTGCCCTCCTAC GAAGAGCCGGCTTCTCTAAAC 

SST GAGAATGATGCCCTGGAACCTGAAGA ATTCTTGCAGCCAGCTTTGCGT 

USP7 ACCCTCAGACGGACCAAAAT TACACCATTTGCCATCCCCT 

 

Table 5. Settings for RT-qPCR reactions. 

Step Cycles Time (s) Temperature (°C) 

1 x1 180 95 

2 x40 
3 95 

25 60 

3 x1 
15 60 

- 60-95 (0.5°C step) 

 

2.3.4 Immunoblotting 

Cells were washed with PBS, pelleted, and lysed in 50 µl NP40 lysis buffer (containing 20 mM 

Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.2% IGEPAL, 10% Glycerol) supplemented with 

0.1 M Sodium Fluoride (NEB, P0759), 10 mM Phenylmethylsulfonyl fluoride (Sigma-Aldrich, 
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PMSF-RO), 10 mM Orthovanadate (NEB, P0758) and Protease inhibitor cocktail (Sigma-

Aldrich, P8340-5ML). Lysis was carried out on ice, for 15 minutes. Samples were then 

centrifuged at 13000 rpm, 4°C, for 5 minutes, the supernatant was isolated and the protein 

concentration in each sample quantified using a Bradford assay kit (BioRad, 5000006), with 

bovine serum albumin (BSA) standards. Lysate corresponding to 50 µg of protein was then 

added to 8 µl of 4x Laemli Buffer (Genetex, GTX16355) and made up to 32 µl with NP40 lysis 

buffer. Samples were boiled at 95°C for 10 min, then stored at -20°C.  

Samples were resolved on homemade 10% SDS-PAGE gels (Table 6) alongside Colour 

Prestained Protein ladder (NEB, P7719S) for 1-1.5 h, at 120V, in 1x Tris/Glycine/SDS running 

buffer (BioRad, 1610732).  

Table 6. Reagents and volumes necessary for 10 ml of 10% SDS-PAGE resolving gel and 2 ml of 

stacking gel 

Reagent 
Volume (for 

resolving gel) 

Volume (for 

stacking gel) 
Company Catalogue no. 

Water 4 ml 1.4 ml - - 

30% Protogel 3.3 ml 0.33 ml Geneflow A2-0072 

1.5M Tris HCL (pH 8.8) 2.5 ml 0.25 ml Sigma Aldrich 10812846001 

10% SDS 0.1 ml 0.02 ml Sigma Aldrich L3771  

10% Ammonium 

persulfate 
0.1 ml 0.02 ml Sigma Aldrich  A3678-100G  

TEMED 0.004 ml 0.002 ml Sigma Aldrich T9281  

 

Gels were transferred to Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs (BioRad, 

1704156) using the Turbo Transfer system (BioRad), at 13V for 7 min. Membranes were 

blocked with 5% non-fat dry milk diluted in 1x TBS-Tween (TBS-T) buffer (Severn Biotech, 

20-7310-10) for 1 h at room temperature (RT), then blotted with primary antibody diluted in 

blocking buffer (Table 7) for 1.5 h at RT, or overnight (O/N) at 4°C. Membranes were washed 

with 1x TBS-T buffer for 3 x 5 min, then blotted with HRP-conjugated secondary antibodies 
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(Table 7) diluted in blocking buffer for 1 h, at RT. No blotting with secondary antibodies was 

carried out in the case of HRP-conjugated primary antibodies. After 3 x 5 min washes with 1x 

TBS-T buffer, membranes were incubated with Clarity Western ECL Substrate kit reagents 

(BioRad, #1705061) for 3-5 min and developed in a ChemiDoc Touch imaging system 

(BioRad). All blotting and washing steps were carried out on a shaker. 

Table 7. Primary and secondary antibodies used for immunoblotting. 

Antibody Species Company Catalogue no. Dilution 

Anti-GFP rabbit Cell Signalling 2956S 1:1000 

Anti-HA-Tag rabbit Santa Cruz sc-804 1:1000 

Anti-HA-Tag mouse Cell Signalling 2367S 1:1000 

Anti-HUWE1 rabbit Atlas Antibodies HPA002548 1:1000 

Anti-MDM2 rabbit GeneTex GTX100531-S 1:1000 

Anti-Mouse IgG (H+L)-

HRP 
goat Jackson ImmunoResearch 115-035-146-JIR 1:5000 

Anti-Myc-Tag mouse DSHB 9e10c 1:1000 

Anti-NGN3 mouse DSHB F25A1B3 1:1000 

Anti-p53 mouse CellSignalling 2524S 1:1000 

Anti-Rabbit IgG (H+L)-

HRP 
goat Jackson ImmunoResearch 111-035-144-JIR 1:10000 

Anti-USP7 rabbit Abcam ab4080 1:1000 

Anti-Vinculin-HRP  mouse Santa Cruz SC-73614-HRP 1:1000 

Anti-β-Catenin mouse 
BD Transduction 

Laboratories 
610153 1:1000 

 

Protein expression was calculated in ImageJ, by quantifying the mean gray value of protein 

expression bands, subtracting the background and normalising protein of interest bands by 

housekeeping protein Vinculin. 
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2.3.5 Immunoprecipitation 

HEK293A cells were plated onto 10 cm tissue culture dishes (Corning) and transfected with a 

1:3 DNA:PEI ratio. After 24-48h, samples were treated with 1 µM proteasomal inhibitor 

MG132 (Alfa Aesar, J63250.MA) for 6h. Samples were then centrifuged at 13000 rpm, 4°C, 

for 5 minutes, the supernatant was isolated and the protein concentration in each sample 

quantified using a Bradford assay kit (Biorad, 5000006), with bovine serum albumin (BSA) 

standards. Input control samples were processed as previously described in the immunoblotting 

protocol, with lysate (50 µg of protein) being boiled in 1x Laemli Buffer, at 95°C for 10 min, 

then stored at -20°C. For immunoprecipitation, a lysate volume corresponding to roughly 1 mg 

of protein was made up to 500 µl with lysis buffer and incubated with 25 µl of washed Pierce™ 

Anti-HA Magnetic Beads (ThermoFisher Scientific, 88837) or 50 µl of anti-FLAG-Magnetic 

beads (Sigma-Aldrich, M8823-1ml) on a vertical shaker, O/N, at 4°C. The beads were washed 

5 times with lysis buffer, then resuspended in 1x Laemli Buffer in NP-40 buffer and boiled at 

95°C for 10 min.  

Both input control and immunoprecipitated samples were resolved on homemade 10% SDS-

PAGE gels, or 4–20% Mini-PROTEAN® TGXTM Precast Protein Gels (BioRad, 4561096) in 

the case of NGN3/HUWE1 immunoprecipitation experiments, for 1-1.5 h, at 120V. Gels were 

transferred to Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs (BioRad, 1704156) using 

the Turbo Transfer system (BioRad), at 13V for 7 min. For NGN3/HUWE1 

immunoprecipitation experiments, the top part of the gel, containing HUWE1, was cut and 

transferred separately, for 10 min at 13V, followed by incubation of the transfer cassette at 4°C 

for 10 minutes, and another 10 min transfer at 13V. The lower section of the gel was transferred 

as normal. The membranes were then processed as described in the Immunoblotting section. 
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The relative amount of co-immunoprecipitated protein was quantified in ImageJ, by subtracting 

the background from the mean gray value of each band, then normalising the resulting mean 

grey value of the output co-immunoprecipitated protein band by the resulting mean grey value 

of the immunoprecipitated NGN3 band in the same sample. 

2.3.6 Ubiquitination assay 

HEK293A cells were plated into 10 cm tissue culture dishes (Corning) at a seeding density of 

2.5-3 x 106 cells/dish. After 24h, for HUWE1 inhibition assays, cells were transfected with 2.5 

µg HA-NGN3 plasmid DNA and 2.5 µg ubiquitin (Ub-His) plasmid DNA, with a 1:3 DNA:PEI 

transfection mix. An empty pcDNA3 vector was used for co-transfection with either Ub-His or 

NGN3, as a control. 24 h post-transfection, half of NGN3/Ub-His co-transfected cells were 

treated with 20 μM Heclin or 10 μM BI8622. After 18 h, all samples were treated with 1 µM 

proteasomal inhibitor MG132 (Alfa Aesar, J63250.MA) for a further 6h, then cells were 

harvested, lysed, and processed for immunoprecipitation, as previously described. For 

immunoprecipitation, 350 µg of protein from each sample were made up to 500 µl and 

incubated with 10 µl of washed anti-ubiquitin TUBE 2 beads (LifeSensors, UM402). After 

incubating for 2.5 h at RT on a vertical shaker, beads were washed as per manufacturer’s 

protocol. Both input controls and immunoprecipitation samples were then boiled and resolved 

on a 10% SDS-PAGE gel, as described in the Immunoblotting section. 

For USP7 overexpression assays, cells were transfected with 2.5 µg HA-NGN3 plasmid DNA, 

3.5 µg Ub-His (wildtype, K48R or K63R) plasmid DNA and 2.5 µg Flag-USP7 or Flag-

USP7C223A. In the case of USP7 titration experiments, varying amounts of Flag-USP7 plasmid 

DNA were used for transfection, from 0.5 to 2.5 µg. Empty pcDNA3 vector was used to make 

up the total amount of DNA added to each sample to 10 µg. After 42 h, cells were treated with 
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1 µM MG132 for 6 h, then harvested, lysed and the amount of protein quantified. For 

immunoprecipitation, 350 µg of protein from each sample were made up to 500 µl with lysis 

buffer and incubated with 14 µl of washed TUBE2 magnetic beads (LifeSensors, UM402M) 

for 2.5 h at RT, on a vertical shaker. Beads were then washed as per manufacturer’s instructions 

and samples were processed for immunoblotting as previously described, alongside input 

controls.  

2.3.7 DNA cloning 

HA-NGN3 mutants (S14A, S38A, S160A, S174A and S199A) and the Flag-USP7C223A mutant 

were generated through site-directed mutagenesis PCR, from the original pcDNA3.HA-NGN3 

vector and pcDNA.FLAG-USP7 vector respectively (Table 8).  

Table 8. Sequences of forward (F) and reverse (R) primers used for cloning. 

Primer Sequence (5' to 3') 

NGN3-S199A F AGGTGCCCAGCGCCCCATCC 

NGN3-S199A R GGATGGGGCGCTGGGCACCT 

NGN3-S174A F GCTCTATCTACGCCCCAGTCTCCCAA 

NGN3-S174A R TTGGGAGACTGGGGCGTAGATAGAGC 

NGN3-S160A F GAGCTGGGGGCCCCCGGAGG 

NGN3-S160A R CCTCCGGGGGCCCCCAGCTC 

NGN3-S38A F CCCCACCTGCCCCCACTCTC 

NGN3-S38A R GAGAGTGGGGGCAGGTGGGG 

NGN3-S14A F CCATCCAAGTGGCCCCAGAGACACAAC 

NGN3-S14A R GTTGTGTCTCTGGGGCCACTTGGATGG 

BamHI-hNGN3  ATTAAGGATCCATGACGCCTCAACCCTCG 

hNGN3-XbaI GCGGATCTAGATCACAGAAAATCTGAGAAAGC 

hNGN3-S199F F GGCCACCTTTTCCGCCTGCTTG 

hNGN3-S199F R CCGGTGGAAAAGGCGGACGAAC 

USP7-C223A F AGGGAGCGACTGCTTACATGAACAG 

USP7-C223A R GTCCCTCGCTGACGAATGTACTTGT 

 

The human version of the pcDNA3.HA-NGN3 plasmid was generated by amplifying the 

hNGN3 sequence from the Hygro-iNGN3 plasmid (Addgene, 75340), adding BamHI and XbaI 
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cutting sites at the 5’ end and 3’ end respectively (Table 8). Both the pcDNA3.HA-NGN3 

backbone, and the PCR-amplified insert were then digested with BamHI (NEB #R0136) and 

XbaI (NEB #R0145), according to NEB instructions, excising the mouse NGN3 sequence from 

the backbone. Samples were then purified from a 1.5% agarose gel using the Monarch DNA 

Gel Extraction Kit (NEB, #T1020) and the pcDNA.HA backbone was ligated to the hNGN3 

insert according to the T4 ligase NEB protocol. The pcDNA3.HA-hNGN3-S199F mutant 

plasmid was generated through site-directed mutagenesis, with pcDNA3.HA-hNGN3 as a 

template. Plasmids were expanded in One Shot® TOP10 competent cells and successful 

introduction of desired mutations or inserts was validated through sequencing by Source 

Bioscience. All PCR reactions were set up using the Q5® High-Fidelity PCR Kit (NEB, 

E0555), following manufacturer’s instructions. 

The USP7-Flag, Ub-K48R-His and Ub-K63R-His constructs were kindly provided by the 

Behrens Lab, at the Institute of Cancer Research. 

2.3.8 Bacterial transformation and plasmid preparation 

One Shot® TOP10 competent cells were thawed and incubated with plasmid DNA for 15 min 

on ice, then heated to 42°C for 90 s and cooled for a further 2 min on ice. 1000 µl liquid broth 

(LB) media without antibiotics were added to the cells, and the sample was incubated at 37°C 

for an hour. Cells were pelleted, resuspended in 50 µl LB and spread onto 1:1000 Ampicillin 

agar plates, which were then incubated at 37°C O/N.  

Colonies were then picked, expanded in LB with 1:1000 Ampicillin O/N at 37°C, and mini-

prepped using the Monarch® Plasmid Miniprep Kit (NEB, #T1010), or midi-prepped with the 

QIAGEN® Plasmid MIDI Kit (Qiagen, 12145). DNA quantification was carried out on a 

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). 
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2.3 Histology and imaging 

2.3.1 Immunofluorescent staining of cell monolayers 

For immunofluorescent imaging, cells were plated onto µClear PS F-bottom 96 well plates 

(Greiner, 655090) at a seeding density of 25,000 cells/well. After transfection and/or treatment, 

cells were washed with PBS and fixed for 20 min in 4% paraformaldehyde (PFA) at RT, then 

further washed for 3 x 5 min with PBS. Cells were permeabilised with 0.3% Triton-X (Sigma 

Aldrich, T8787) in PBS for 5 min at RT, then blocked for 1 h, covered, on the shaker, at RT, 

in 5% donkey serum in PBS. After blocking, primary antibodies (Table 9) diluted in blocking 

buffer were added onto the cells and left to incubate O/N at 4°C, in the dark.  

Cells were then washed 3 x 5 min with PBS and incubated with secondary antibodies (Table 

10) diluted in PBS and 2.5 µg/ml DAPI for 1 h, at RT, covered. After 3 x 5 min washes in PBS, 

cells were imaged with a Leica SP8 Confocal microscope. 

Table 9. Primary antibodies used for immunofluorescent staining. 

Antibody Species Company Catalogue no. Dilution 

Anti-CK19 rat DSHB TROMAIII 1:200 

Anti-glucagon mouse Sigma G2654-100UL 1:200 

Anti-HUWE1 rabbit Atlas Antibodies HPA002548 1:200 

Anti-insulin guinea pig Dako A0564 1:300 

Anti-NGN3 mouse DSHB F25A1B3 1:100 

Anti-NGN3 sheep R&D AF3444 1:50 

Anti-PDX1 rabbit Cell Signalling 5679 1:200 

Anti-PDX1 guinea pig abcam ab47308 1:200 

Anti-somatostatin rabbit Dako A0566 1:300 

Anti-USP7 rabbit Abcam ab4080 1:200 

Anti-α amylase rabbit Sigma A8273 1:200 
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Table 10. Secondary antibodies used for immunofluorescent staining. 

Antibody Company Catalogue no. Dilution 

Donkey anti-Rat 647 Jackson ImmunoResearch 712-605-150-JIR 1:500 

Donkey anti-Rabbit 488 Jackson ImmunoResearch 711-545-152-JIR 1:500 

Donkey anti-Mouse RR-X Jackson ImmunoResearch 715-295-151-JIR 1:500 

Donkey anti-Mouse 488 Jackson ImmunoResearch 715-545-151-JIR 1:500 

Donkey anti Rabbit RR-X Jackson ImmunoResearch 711-295-152-JIR 1:500 

Donkey anti-Mouse 647 Jackson ImmunoResearch 715-605-151-JIR 1:500 

Donkey anti-Rabbit 647 Jackson ImmunoResearch 711-605-152-JIR 1:500 

Goat anti-Guinea Pig RR-X Jackson ImmunoResearch 706-295-148-JIR 1:500 

Goat anti-Guinea Pig 647 Jackson ImmunoResearch 706-605-148-JIR 1:500 

Donkey anti Sheep RR-X Jackson ImmunoResearch 713-295-147-JIR 1:500 

 

2.4.2 Immunofluorescent staining of Matrigel dome sections 

Pancreatic organoid domes collected throughout the differentiation (Russ and Hogrebe 

protocols) were fixed in 4% PFA for 20 min at RT, washed for 3 x 10 min with PBS and 

equilibrated in 30% sucrose in PBS, O/N at 4°C. Domes were then embedded into OCT 

(ThermoFisher Scientific, 361603E) and cryosectioned into 10 µm-thick frozen sections, which 

were then permeabilised, blocked and stained (Table 9,10) as previously described for 

immunofluorescent staining of cell monolayers. Slides were washed 3 times with PBS, 

mounted with ProLong™ Gold Antifade Mountant (ThermoFisher Scientific, P36934) and 

imaged on a Leica SP8 confocal microscope.  

2.4.3 Immunofluorescent staining of E14 mouse embryo sections 

E14 wildtype and Pdx1-Cre; Usp7-/- mouse embryos were generously provided by the Behrens 

Lab, at the Institute of Cancer Research. Embryos were fixed in 4% paraformaldehyde (PFA) 

at 4°C, O/N, on a shaker, washed for 3 x 10 min in PBS, equilibrated in 20% sucrose for 24h 

at 4°C, and embedded into OCT. The blocks were then sectioned longitudinally, and frozen 

sections (10 µm thickness) containing the embryonic pancreas were collected.  
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Section slides underwent heat-mediated antigen retrieval in 10 mM sodium citrate buffer 

(pH 6.2). The buffer was pre-warmed in a microwave until gently bubbling before slides were 

submerged and heated for 5 minutes in the microwave on 50% power. Slides were then allowed 

to sit in the buffer to cool for 30 min, followed by 3 x 5 min washes in PBS and permeabilization 

in 0.03% Triton X-100 for 5 min. After another set of 3 x 5 min washes in PBS, slides were 

blocked for 1h at RT in PBS with 10% foetal bovine serum (FBS), 3% bovine serum albumin 

(BSA), 0,05% Triton X-100, 0,05% Tween 20 and 0.25% fish gelatin. The sections were then 

stained with primary antibodies (Table 9) diluted in blocking buffer, in the dark, at 4°C, O/N, 

washed in PBS, then stained with secondary antibodies (Table 10) and DAPI (2.5 µg/ml) 

diluted in PBS, in the dark, for 1 h at RT. Slides were washed 3 times with PBS, mounted with 

ProLong™ Gold Antifade Mountant (ThermoFisher Scientific, P36934) and imaged on a Leica 

SP8 confocal microscope. 

2.4.4 Image analysis 

Image analysis was carried out in ImageJ, with cells counted manually using the Cell Counter 

function. For images of Matrigel dome sections, the percentage of NGN3+, INS+, GCG+ and 

SST+ cells was calculated, out of total cell numbers within the same frame, with at least 7 

frames quantified for each sample. 

For images of E14 mouse embryo sections, the proportion of endocrine progenitor cells within 

the pancreas was assessed by calculating the percentage of NGN3+ cells out of all pancreatic 

cells in the frame, delineated by PDX1 expression. For each embryo, 5 different frames were 

quantified. 
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2.4.5 Haematoxylin and eosin staining of tissue sections 

Slides with frozen E14 mouse embryo sections were incubated in Haematoxylin for 1 min to 

stain the cell nuclei, then washed under running tap water before immersion into 1% acid 

alcohol for 5 s, to remove cytoplasmic staining. Slides were then left to wash under running 

water for 2 min for bluing, followed by a 20 s incubation in 1% Eosin, prompt rinsing with 

cold water and dehydration in 70% ethanol for 3-5 s. The sections then underwent two 

sequential 1 min incubations in absolute ethanol and two sequential 2 min incubations in 

xylene. Slides were mounted with ProLong™ Gold Antifade Mountant (ThermoFisher 

Scientific, P36934) and scanned on a Nanozoomer 2.0RS slide scanner (Hamamatsu). 

2.5 Bioinformatics techniques 

2.5.1 scRNA-seq dataset analysis 

The human foetal pancreas dataset was initially published by Yu et al (Yu et al. 2021) and 

accessed from OMIX (https://bigd.big.ac.cn/omix/; identifier OMIX236). Dataset processing 

was carried out in R by Cristina Garrone, a PhD student in our lab, using the Seurat package: 

cells were subset based on the percentage of mitochondrial genes (<15%) and feature counts 

(>500, <4000), data was normalised using the SCTransform() function with a Gamma-Poisson 

Generalized Linear Model and the top 3000 variable genes were selected. Dimensionality 

reduction was performed via Principal-component analysis (PCA) and cells were clustered with 

the FindClusters() function, with a resolution of 0.2. The FindMarkers() function was used to 

analyse differential gene expression and the top differentially expressed genes were used to 

determine identity of each cluster. Epithelial cell clusters were then subset, re-clustered at a 

resolution of 0.5, and labelled according to the top differentially expressed genes.  
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2.5.2 Filtering of mass spectrometry hits 

HEK293A cells were transfected with either the HA-NGN3 construct (pcDNA3.HA-NGN3) 

or an empty pcDNA3 control vector and immunoprecipitation of the HA-tag was carried out. 

Duplicate HA-NGN3 immunoprecipitated samples, alongside a pcDNA3 control, were then 

sent for Mass Spectrometry analysis at the Centre of Excellence for Mass Spectrometry, within 

King’s College London. The resulting list of hits was filtered with the help of Scaffold Viewer 

software, at 95% protein threshold, 1 minimum peptide and 95% peptide threshold. A hit was 

deemed a potential interactor of NGN3 if it appeared in the HA-NGN3 transfected samples at 

a Protein Identification Probability higher than 0%, but not in the empty pcDNA3 transfected 

control.  

2.6 Statistical analysis 

Statistical analysis was carried out on all experiments with at least three biological replicates. 

All graphs show mean values per group, with error bars representing the standard error of the 

mean (S.E.M). Unpaired Two-tailed Student’s t-test and one-way Analysis Of Variance 

(ANOVA) statistical tests were performed accordingly for comparison between groups and are 

described in each figure legend, alongside corresponding P-values and sample sizes. Within 

datasets analysed by ANOVA, multiple comparisons between a control group (wildtype or 

untreated, as mentioned in figure legends) and each of the other groups were done using 

Dunnett’s correction, unless otherwise specified. 
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Chapter 3: Multiple interactors may contribute to Ngn3 post-

translational regulation 

3.1 Introduction 

NGN3 is a transcription factor whose transient expression during pancreatic development is 

essential for the generation of the endocrine pancreatic compartment. Its importance is 

emphasised by in vivo studies in mice and pigs, in which loss of NGN3 in the embryonic 

pancreas leads to an absence of islets and a diabetic phenotype post-partum (Gradwohl et al. 

2000; Sheets et al. 2018). Moreover, null NGN3 mutations in humans have been shown to 

cause neonatal diabetes, while less severe mutations can still lead to the onset of diabetes during 

childhood (Pinney et al. 2011; Rubio-Cabezas et al. 2011; Sayar et al. 2013). NGN3 

overexpression, alongside other transcription factors such as PDX1 and MAFA, has been 

shown to induce exocrine-to-endocrine transdifferentiation in acinar and ductal pancreatic cells 

(Zhou et al. 2008; Demcollari, Cujba, and Sancho 2017). Moreover, currently available 

protocols aiming to differentiate embryonic stem cells (ESCs) or iPSCs towards β cells 

consistently include steps that recapitulate embryonic NGN3 expression patterns during the 

differentiation process (Hogrebe et al. 2020; Russ et al. 2015; Trott et al. 2017). Therefore, the 

ability of NGN3 to act as a driver for pancreatic cell fate plasticity and its essential role in β 

cell differentiation points at it as a potential target to improve in vitro and in situ β cell 

generation protocols. 

One way to indirectly modulate NGN3 expression is to take advantage of pathways that play a 

role in its post-translational regulation. NGN3 undergoes phosphorylation at multiple sites, 

some of which are known to target it for ubiquitination and degradation through the ubiquitin-

proteasome system. For instance, FBW7, an E3 ubiquitin ligase, recognises NGN3 
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phosphorylated at the S183 residue by kinase GSK3β and facilitates its ubiquitination and 

degradation (Sancho et al. 2014). In turn, FBW7 loss stabilises NGN3 and induces ductal-to-

endocrine cell transdifferentiation (Sancho et al. 2014), an outcome similar to that of direct 

NGN3 overexpression. However, efficiency of transdifferentiation as a result of FBW7 loss is 

still relatively low. Identifying additional pathways that play a role in the regulation of NGN3 

could open new avenues for the optimisation of endocrine cell generation protocols, either as 

a result of exocrine-to-endocrine plasticity, or of iPSC-to-β-cell differentiation. Moreover, a 

more detailed investigation of NGN3 post-translational modifications, in particular 

phosphorylation, and how it affects protein stability and function, could provide insight into 

the complex mechanisms involved in NGN3 regulation and function during pancreatic 

development. Therefore, we set out to analyse the effect of individual Ser-Pro motif 

phosphorylation sites on the mouse NGN3 protein, mutating them one by one and assessing 

the ability of the protein to induce gene expression of NGN3 downstream targets, as well as 

cellular localisation of the protein and changes to its molecular weight. One of the generated 

mutants, NGN3-S199A, exhibited markedly different characteristics to the wildtype protein, 

prompting us to investigate it further in the context of the human NGN3 protein, particularly 

as this site had been linked to T2D progression (Jackson et al. 2004; J. Li et al. 2008). 

To uncover new NGN3 regulatory pathways, we carried out an immunoprecipitation-mass 

spectrometry (IP-MS) assay in which we pulled down HA-tagged NGN3 and analysed its co-

immunoprecipitated interactors. In particular, we focused on possible interactors with known 

functions in the ubiquitin-proteasome system, such as HUWE1 and USP7. We further validated 

these interactions through immunoprecipitation of HA-NGN3, followed by immunoblotting. 

Finally, as these experiments were carried out in a HEK293A NGN3 overexpression model, 

we analysed a publicly available single cell RNAseq (scRNAseq) dataset containing gene 
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expression data from different developmental timepoints of the human foetal pancreas, to 

assess the expression pattern of HUWE1 and USP7 during the NGN3 expression window. 

3.2 Generation and characterisation of NGN3 phosphomutant plasmid 

constructs 

Murine NGN3 contains several serine and threonine amino acid residues that could be targeted 

for phosphorylation. Concurrent mutation of six of these serines, S14, S38, S160, S174, S183, 

and S199 was shown to stabilise NGN3 (Azzarelli et al. 2017). However, as the individual role 

of each site in NGN3 post-translational regulation has not been previously investigated, with 

the exception of S183 (Sancho et al. 2014), it is not yet known which of these sites contribute 

to this stabilisation. Therefore, we generated single-mutant NGN3 constructs based on the 

wildtype pcDNA3.HA-mNGN3 plasmid vector through site-directed mutagenesis PCR (Fig. 

11A). Despite not being part of a Ser-Pro motif site, S187 has been shown to be a 

phosphorylation site for NGN3 (Sancho et al. 2014). Therefore, an NGN3-S187A 

phosphomutant construct was also included in further experiments, alongside the NGN3-2SA 

(mutations at S183/S187) and NGN3-6SA mutants. In addition to plasmid sequencing, the 

plasmids were validated by transfection into HEK293A cells which then underwent fixation 

and staining for NGN3. All samples showed distinct NGN3 signal except for the untransfected 

control, indicating that all mutant plasmids could successfully induce NGN3 expression (Fig. 

11B). Interestingly, although NGN3 expression is generally nuclear, some cytoplasmic 

expression could be observed in all mutants, as well as in the wildtype (WT) NGN3 transfected 

sample. This is likely due to the high levels of exogenous NGN3 protein in the HEK293A 

overexpression system, as it is not routinely observed in endocrine progenitors during 

pancreatic development.  
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As NGN3 can promote its own transcriptional activation, we set out to investigate whether 

phosphorylation at any of the mutated sites is required for NGN3 transcriptional activity. We 

overexpressed each mutant in HEK293A cells and analysed their ability to activate the 

transcription of the known NGN3 downstream target NKX2.2. Additionally, a previously 

described transcriptionally inactive NGN3 mutant, NGN3-T120A, was also tested, as a 

negative control. After normalisation to housekeeping gene GAPDH, NKX2.2 gene expression 

was significantly increased by NGN3 WT overexpression (Fig. 11C) compared to both the non-

transfected (NT) control (p=0.0004) and the sample transfected with the NGN3-T120 

transcriptionally inactive mutant (p=0.0002). Moreover, NKX2.2 expression was significantly 

lower in samples transfected with the NGN3-S160A (p=0.0195), NGN3-2SA (p=0.0277) or 

NGN3-6SA (p=0.0084) mutants compared to NGN3 WT, suggesting that some 

phosphorylation events may promote NGN3 transcriptional activity. Interestingly, despite the 

fact that NGN3-2SA appears to be less transcriptionally active than NGN3 WT, the NGN3-

S183A and NGN3-S187A single mutants do not appear to show a similar trend. As these are 

the two sites mutated within the NGN3-2SA construct, this could indicate that aside from 

phosphorylation events at a particular site (e.g. S160), a lower level of overall protein 

phosphorylation could also impair NGN3 transcriptional activity.  

Although residues S14, S38, S160, S174, S183 and S199 are all part of Ser-Pro motifs within 

the mouse NGN3 protein, and therefore predicted phosphorylation sites, whether or not they 

are actually phosphorylated has not yet been determined. To further analyse the 

phosphorylation status of these mutants, we expressed each construct in HEK293A cells and 

investigated protein weight through immunoblotting (Fig. 11D).  
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Figure 11. Generation and validation of single-site NGN3 phosphorylation mutants. A) Map of 

phosphorylation sites on newly generated single-site NGN3 phosphomutants, alongside the NGN3-6SA and 

NGN3-2SA mutants. B) Immunofluorescent staining of exogenous WT or mutant NGN3 (green) after transfection 

into HEK293A cells. C) Gene expression of Nkx2.2 normalised by Gapdh in HEK293A cells transfected with 

either wildtype of mutant NGN3. Error Bars = S.E.M, n=4, * p<0.05, ** p<0.01, *** p<0.001, Ordinary One-

Way ANOVA, Dunnett’s Multiple Comparisons Test against NGN3 WT sample. D) Immunoblot of NGN3 WT 

alongside newly generated mutants.  
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Wildtype NGN3 protein runs at 36 kDa, with two additional higher bands between 36-43 kDa 

as a result of phosphorylation. Complete or partial depletion of the higher of the two 

phosphorylation bands is observed in the NGN3-S183A and NGN3-S160S mutants, 

respectively. This is indicative of a decrease in phosphorylation levels due to their impaired 

phosphorylation site. However, none of the other single mutants show these modifications. It 

is likely that the lack of a phosphorylation event at a single site will not alter the molecular 

weight and charge of the protein by a sufficient amount to result in a visible difference in an 

immunoblotting assay. In the case of NGN3-S183A, previous research has shown that 

phosphorylation at this site can trigger additional phosphorylation events at other sites within 

the NGN3 protein (Krentz et al. 2017). This suggests that impairment of this site may result in 

the loss of multiple phosphorylation events at other sites, leading to the noticeably lower 

molecular weight. The partial depletion of the top NGN3-S160A band compared to the bands 

that correspond to less phosphorylated protein forms suggests that impairment of the S160 site 

could similarly affect total NGN3 phosphorylation levels, albeit to a less severe degree than 

impairment of S183. 

Surprisingly, mutation of the S199 site seems to lead to a major alteration in NGN3 molecular 

weight, with additional bands detected at around 43 kDa, 50 kDa and above 55 kDa. When we 

inhibited protein synthesis in cells overexpressing either NGN3 WT or NGN3-S199A (Fig. 

12A), NGN3 WT protein expression half-life was around 15 minutes, in line with previous 

reports (Sancho et al. 2014). However, in the case of the S199A mutant, while the band 

corresponding to the normal molecular weight of NGN3 WT did not show improved stability 

(p = 0.0644 at 15 mins and p = 0.2147), the upper expression bands were significantly more 

stable than wildtype NGN3 at the 15 min (p=0.0064) and 30 min (p=0.0013) timepoints, with 

protein levels even slightly rising throughout the experiment (Fig. 12B). As protein synthesis 

was inhibited, the source of the rise is likely due to the normal molecular weight NGN3 protein 
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already in the cell being modified, leading to an increase in its molecular weight. This may 

suggest that the S199A mutant starts out at a similar molecular weight as WT NGN3, but that 

unlike WT NGN3, it undergoes post-translational modifications that lead to an increase in 

molecular weight, impaired degradation, and accumulation in the cell.  

To our knowledge, this phenomenon has not been previously described, as the role of the S199 

site in mouse NGN3 function and regulation has not been extensively studied. While in the 

murine protein the S199 residue is part of a Ser-Pro motif, this is not the case for the human 

protein. In humans, NGN3 contains either a serine or a phenylalanine residue at position 199, 

with allele responsible for the Phe being present in 57% of the global population, compared to 

43% for the Ser allele (Auton et al. 2015). The Phe residue is more common at position 199 in 

African, East Asian and South Asian populations, while the Ser allele is the majority allele in 

European and American populations (Auton et al. 2015). Although multiple studies have 

investigated the effect of this polymorphism on diseases such as T1D and T2D, their findings 

have varied. On its own, S199F has not been identified as a major indicator of predisposition 

to T1D or T2D in Danish or Japanese cohorts (J N Jensen et al. 2001; Okada et al. 2001). 

However, it may contribute to an increase in fasting blood glucose levels, 2-hour blood glucose 

levels and T2D risk when coupled with additional risk alleles in genes such as NEUROD1 and 

HNF1A (Jackson et al. 2004). Moreover, in a cohort of T2D patients, S199F was linked to 

increased proinsulin levels and disease progression (J. Li et al. 2008). An association between 

S199F and hyperglycaemia was also identified in a cohort of patients with ketosis-prone 

diabetes, a phenotypically defined type of diabetes common in male patients of West African 

ancestry (Louet et al. 2008). The same study showed that the S199F mutation did not majorly 

affect NGN3 transcriptional activity, indicating that a different mechanism might be 

responsible for the observed link between the polymorphism and hyperglycaemia in these 

patients. This fact, coupled with the noticeable change in molecular weight of mouse NGN3 
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after introduction of the S199A mutation, raises the question of whether dysregulated NGN3 

post-translational modifications in the S199F variant could be responsible for the observed 

phenotypes.  

To investigate this, we generated a human NGN3 plasmid vector (pcDNA3.HA-hNGN3) as 

well as a plasmid containing the sequence for the NGN3-S199F mutant (pcDNA3.HA-NGN3-

S199F) and performed preliminary immunoblotting experiments to assess their stability, 

molecular weight, and transcriptional activity. Surprisingly, the human NGN3-S199F mutant 

does not show a similar molecular weight pattern to the murine NGN3-S199A (Fig. 12C). 

Instead, it can be observed as a single band, at the same height as wildtype hNGN3. An 

additional higher band found below 43 kDa in the wildtype hNGN3 is absent in the S199F 

mutant, suggesting that in humans, this polymorphism may generate an NGN3 phosphomutant. 

In a cycloheximide chase experiment, both the wildtype hNGN3 and the hNGN3-S199F mutant 

appear to be relatively stable, with slightly increased stability observed in the mutant (Fig. 

12D,E).  

To determine whether the S199F mutant is transcriptionally active, we overexpressed either 

NGN3 WT or NGN3-S199F in HEK293A cells, alongside a pGL3 vector that induces EGFP 

expression under the control of the NeuroD1 promoter. Both NGN3 WT and NGN3-S199F 

were able to induce EGFP expression (Fig. 12F), with EGFP protein levels being over four 

times higher in the S199F transfected cells (Fig. 12G). This could indicate that the S199F form 

of the protein has enhanced transcriptional activity. To definitively assess whether the 

differences identified between the two protein forms are significant, further repeats of these 

experiments will need to be performed. However, these preliminary results are promising, as 

they may help inform future research into the effect of this polymorphism on T2D progression. 
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Figure 12. Characterisation of the mouse and human NGN3-S199A/F mutant. A) Immunoblotting for 

exogenous NGN3 (WT and S199A) in HEK293A samples from cycloheximide chase experiments. B) 

Quantification of NGN3 WT and NGN3-S199A protein levels normalised by vinculin in cycloheximide chase 

experiments. S199A (low) represents the band at normal wildtype height, while S199A (high) represents the band 

above normal wildtype height. Error bars = S.E.M, n=3, *: p<0.05, **: p<0.01, Two Way ANOVA, Sidak’s 

Multiple Comparison Test against WT sample for each timepoint. C) Immunoblotting for the HA tag in samples 

transfected with the newly generated human HA-NGN3 WT and HA-NGN3-S199F mutant. D) Immunoblotting 

for exogenous hNGN3 (WT and S199F) in HEK293A samples from a cycloheximide chase experiment. E) 

Preliminary quantification of NGN3 WT and NGN3-S199F protein levels normalised by vinculin in a 

cycloheximide chase experiment, n=1. F) Immunoblotting for NGN3 and GFP in NGN3 transcriptional activity 

assay samples. HEK293A cells were transfected with NGN3 WT or NGN3-S199F and a pGL3 plasmid inducing 

GFP expression under regulation from the NeuroD1 promoter. GFP protein levels were used as an output for 

NGN3 transcriptional activity. G) Preliminary quantification of GFP protein levels from NGN3 transcriptional 

activity assay, normalised by exogenous NGN3 protein levels, n=1. 
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3.3 IP-MS assay reveals NGN3 interactors with roles in ubiquitination 

Published research (Azzarelli et al. 2017; Sancho et al. 2014), as well as our previous results 

emphasise the role of post-translational modifications in NGN3 stability and function. 

Therefore, we wanted to investigate whether additional, unexplored pathways may be involved 

in the post-translational modification of NGN3, thus contributing to its regulation. To identify 

new interactors of NGN3, we transfected HEK293A cells with either the HA-NGN3 construct 

(pcDNA3.HA-NGN3) or an empty pcDNA3 control vector and carried out 

immunoprecipitation of the HA tag (Fig. 13A). Two HA-NGN3-immunoprecipitated sample, 

as well as a pcDNA3 control were then sent for mass spectrometry analysis. The resulting 

interactors are involved in pathways such as RNA binding and ubiquitin protein ligase binding, 

among others (Fig. 13B). 

Of particular interest were interactors such as E3 ubiquitin ligase HUWE1 and deubiquitinase 

USP7, as it has been previously shown that ubiquitination plays an essential role in NGN3 post-

translational regulation (Sancho et al. 2014). However, while HUWE1 was identified with a 

Protein Identification Possibility of 99% and 100% in each of the two HA-NGN3 samples, 

respectively, USP7 had a Protein Identification Possibility of 100% in one of the samples and 

only 9% in the other (Fig. 13C). Therefore, we further validated these interactions through 

additional HA-NGN3 immunoprecipitation experiments, followed by immunoblotting for both 

HUWE1 and USP7. Bands could be detected for both endogenous HUWE1 and USP7 in the 

immunoprecipitated HA-NGN3 sample, but not in the pcDNA3 control (Fig. 13D), confirming 

that both USP7 and HUWE1 interact with NGN3 within the HEK293A NGN3 overexpression 

system.  
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Figure 13. Identification and validation of NGN3 interactors Huwe1 and Usp7 through an IP-MS 

experimental pipeline. A) Diagram of IP-MS strategy for NGN3 interactor identification. B) Main GO Molecular 

Function terms for NGN3 interactors identified through IP-MS, based on EnrichR GO Molecular Function 2021 

database. C) Mass spectrometry Protein identification probabilities of NGN3 interactors involved in ubiquitin-

related post-translational modifications in duplicate NGN3 pulldown samples and pcDNA3 control. D) 

Immunoblotting for endogenous HUWE1 and USP7 in NGN3 immunoprecipitation sample and pcDNA3 control. 

3.4 Gene expression patterns of Ngn3, Huwe1 and Usp7 during pancreatic 

development 

Both HUWE1 and USP7 are expressed at protein level in the adult pancreas (Uhlén et al. 2015). 

Our previous results show that exogenous NGN3 can interact with endogenous HUWE1 and 

USP7 in an in vitro, HEK293A system. However, this does not necessarily mean that the 

interaction routinely takes place in vivo, as it is still unknown whether Usp7 and Huwe1 are 

expressed in the developing pancreas during the Ngn3 expression window. To further 

investigate Huwe1 and Usp7 expression patterns, we decided to reanalyse a publicly available 
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scRNAseq dataset generated from human pancreatic tissue harvested at different gestational 

weeks (W8 to W19) throughout embryonic development (OMIX236). Epithelial cell clusters 

in the dataset, such as ductal, acinar and endocrine cells, were used for the analysis (Fig. 

14A,B). As expected, Ngn3 gene expression was found in endocrine progenitor cells (Fig. C). 

However, it was also present in some cells in the Beta, Alpha and Delta Cell clusters. These 

are likely immature β, α, or δ cells that have not yet lost Ngn3 expression completely. Indeed, 

these cells were primarily found in the W16 sample, with much fewer present by W18-19 (Fig. 

14B).  

Huwe1 expression was detected in all clusters, including the Endocrine Progenitor cluster 

which also exhibited Ngn3 expression (Fig. 14D). Usp7 expression could also be observed in 

all clusters, similarly to that of Huwe1 (Fig. 14E). Surprisingly, while Fbw7 expression was 

present, it seemed to be less abundant than Huwe1 or Usp7 (Fig. 14F), despite the fact that it 

is a known regulator of NGN3. As the FBW7/NGN3 interaction was mostly described in the 

adult mouse pancreas, it is unknown whether FBW7 plays a role in NGN3 regulation during 

pancreatic development, or if its limited expression during this time prevents the activity of the 

pathway. Alternatively, while Huwe1 and Usp7 show more widespread gene expression in the 

dataset, this is not always indicative of higher expression at protein level. Hes1, a 

transcriptional repressor of Ngn3 (Shih et al. 2012), is highly expressed at early developmental 

timepoints (W8-10) (Fig. 14G). As expected, as its expression decreases, Ngn3 expression 

starts to increase. Interestingly, Hes1 expression does not recover later in development, despite 

Ngn3 levels plummeting after W16. This suggests that Hes1-mediated transcriptional 

repression of Ngn3 is not responsible for the loss of Ngn3 expression observed after its W10-

W14 peak during normal pancreatic development. As NGN3 operates on a positive auto-

feedback loop, activating its own transcription, one way to downregulate Ngn3 gene expression 

could be by destabilising NGN3 at protein level.  
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Figure 14. Huwe1 and Usp7 are expressed in the developing human pancreas. A) UMAP projection of 

pancreatic epithelial cells. Cells are coloured by assigned cluster. B) UMAP projection of pancreatic epithelial 

cells. Cells are coloured by developmental timepoint. C) Expression of Ngn3 across the scRNA-seq dataset. D) 

Co-expression of Ngn3 (red) and Huwe1 (blue) across the scRNA-seq dataset. E) Co-expression of Ngn3 (red) 

and Usp7 (blue) across the scRNA-seq dataset. F) Co-expression of Ngn3 (red) and Fbw7 (blue) across the 

scRNA-seq dataset. G) Expression of Ngn3, Hes1, Huwe1, Usp7 and Fbw7 across developmental timepoints in 

the scRNA-seq dataset.  
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Both Huwe1 and Usp7 show similar expression patterns throughout development, being more 

widely expressed during the earlier timepoints (W8, W10, W14) and preceding the start of 

Ngn3 gene expression (Fig. 14G). Expression of Huwe1, Usp7 and Fbw7 declines after W14, 

this time preceding the end of the Ngn3 expression window at W16. Like FBW7, the main 

function of HUWE1 and USP7 is the post-translational modification of their substrates. This, 

combined with the fact that we have observed their interaction with NGN3 at protein level, 

suggests that they may play a role in the post-translational regulation of NGN3. Additionally, 

NGN3 protein stability can impact its gene expression, as NGN3 is capable of activating its 

own transcription. Therefore, it is possible that changes in Huwe1 and Usp7 gene expression, 

if reflected at protein level, could have an indirect impact on Ngn3 gene expression. However, 

while the results from this dataset analysis are promising, further experiments will need to be 

carried out into the NGN3/HUWE1 and NGN3/USP7 protein-protein interactions and how 

they affect NGN3 stability in order to fully elucidate their effect on pancreatic development. 

3.5 Discussion 

In this chapter, we have identified potential pathways involved in NGN3 post-translational 

modifications and degradation. Firstly, we generated overexpression vectors for five predicted 

mouse NGN3 phosphorylation sites and characterised them alongside previously described 

phosphomutants, such as NGN3-S183A, NGN3-S187A, NGN3-2SA and NGN3-6SA. We 

have shown that while exhibiting similar cellular localisation, primarily in the nucleus, some 

mutants, such as NGN3-S160A, NGN3-2SA and NGN3-6SA, are less able to induce the 

transcription of NGN3 downstream targets such as Nkx2.2. In the case of NGN3-6SA, this is 

surprising, as in a previous study, NGN3-6SA was shown to be more transcriptionally active 

than wildtype when overexpressed in a ductal organoid system (Azzarelli et al. 2017). 

However, in this study, NGN3 overexpression was constitutive after lentiviral transduction, 
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rather than transient like in the case of transfected cells. The same study described a 

significantly higher stability of the NGN3-6SA mutant compared to wildtype. Therefore, 

depending on how long after infection the cells were harvested, the accumulation of NGN3-

6SA in the cells could be orders of magnitude higher than that of wildtype NGN3. Thus, the 

increased expression of NGN3 target genes could be due to an increased amount of NGN3 

protein accumulating in the cell, rather than an increase in NGN3 transcriptional activity. 

However, this cannot be confirmed without normalisation by NGN3 protein levels in the 

infected cells at the time of RNA extraction. Among the six sites mutated within the NGN3-

6SA mutant, S160A was the only one whose impairment caused a decrease in NGN3 

transcriptional activity, pointing towards a potential role of this site in NGN3 function. 

Separately, NGN3-2SA, which includes mutations at the S183 and S187 residues, also showed 

a decreased ability to induce Nkx2.2 expression, suggesting that decreases in total 

phosphorylation levels could also inhibit NGN3 transcriptional activity.  

The Western blot analysis demonstrated that S199A exhibits multiple bands at higher 

molecular weight in addition to the normal molecular weight band (~36 kDa) shown by 

wildtype NGN3. These could be indicative of post-translational modifications incurred by 

NGN3 in the absence of S199 phosphorylation. As these bands have not been described in the 

NGN3-6SA mutant (Azzarelli et al. 2017), it is possible that the particular post-translational 

modifications responsible for the bands in the NGN3-S199A mutant are facilitated by 

phosphorylation at one of the other sites mutated within the NGN3-6SA protein. While 

modified NGN3-S199A is more stable than NGN3 WT (Fig. 12A), the S199A mutant does not 

appear to be more transcriptionally active (Fig. 11C), suggesting that either these modifications 

impair NGN3 transcriptional activity due to conformational changes of the protein, or that the 

protein may be sequestered in other cellular compartments such as the cytoplasm, and thus 

prevented from activating its downstream targets. However, cellular localisation of NGN3-
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S199A showed no noticeable differences compared to the wildtype protein or to other mutants, 

suggesting that the post-translational modifications are most likely responsible for the 

increased stability and decreased transcriptional activity of NGN3-S199A.  

While the Ser-Pro motif at the S199 site is not conserved in human NGN3, S199F is a widely 

described polymorphism in humans, with roughly 57% of the global population exhibiting a 

phenylalanine residue at NGN3 position 199. As the mouse S199A mutant showed striking 

differences compared to the wildtype protein, and the S199F polymorphism had been weakly 

linked to T2D progression in humans, we wanted to investigate whether the human version of 

the protein showed similar alterations to the murine NGN3-S199A mutant. We therefore 

generated overexpression plasmids for either wildtype human NGN3 or of the S199F mutant. 

The human S199F mutant did not recapitulate the alterations observed in the mouse mutant, 

instead being a likely phosphomutant. While one preliminary experiment has suggested S199F 

may be slightly more stable, and up to 4x more transcriptionally active than the wildtype 

protein, further replicates would need to be performed in order to determine whether these 

observations are statistically significant.  

In addition to characterising the effect of phosphorylation at different NGN3 sites on protein 

function, we identified new NGN3 interactors that may play a role in regulating its stability. 

Both HUWE1 and USP7 co-immunoprecipitated with exogenous NGN3. As the former is an 

E3 ubiquitin ligase, and the latter a deubiquitinase, this finding opens up the possibility that 

pathways other than FBW7-mediated ubiquitination may contribute to NGN3 proteasomal 

degradation.  

At the transcriptional level of Ngn3 regulation, Hes1, a transcriptional repressor of Ngn3, is 

likely not responsible for the decrease in Ngn3 expression at later developmental timepoints, 
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as it is not highly expressed after W12 (Fig. 14G). While this could mean that other repressors 

of Ngn3 transcription fulfil this role later in development, another possibility is that rapid 

NGN3 protein degradation prevents it from propagating the positive auto-feedback loop by 

which NGN3 activates its own transcription, leading to a decrease in Ngn3 gene expression. 

Therefore, validation of new interactors with roles in ubiquitination and deubiquitination, such 

as HUWE1 and USP7, could help elucidate the mechanisms for NGN3 regulation in the 

developing pancreas. Both Huwe1 and Usp7 are expressed at higher levels than Fbw7 during 

pancreatic development (Fig. 14 D-G). While this is only reflective of Huwe1 and Usp7 mRNA 

levels, and could differ at protein level, it is encouraging that expression of both potential 

interactors can be detected within the Ngn3 expression window. Therefore, as we have shown 

that HUWE1 and USP7 interact with NGN3 at protein level in an NGN3 overexpression 

system, and that expression of both genes is present in the pancreas during normal embryonic 

development, further chapters will characterise these interactions and investigate their effect 

on exogenous and endogenous NGN3 stability, as well as on endocrine cell generation. 
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Chapter 4: Characterisation of the HUWE1/NGN3 interaction 

4.1 Introduction 

Phosphorylation plays a key role in NGN3 regulation. Specifically, phosphorylation at the 

S183-S187 motif is essential for the interaction of NGN3 with FBW7, an E3 ubiquitin ligase. 

Impairment of this site leads to a decrease in NGN3 ubiquitination and a subsequent 

stabilisation of the protein, due to decreased degradation (Sancho et al. 2014). However, 

concurrent impairment of five other NGN3 phosphorylation sites leads to further stabilisation, 

indicating that other pathways may also play a role in NGN3 post-translational regulation 

(Azzarelli et al. 2017). As NGN3 expression is an essential part of pancreatic endocrine 

differentiation, identifying and describing these pathways could allow for a more finely tuned 

regulation of NGN3 in the process of β cell generation, both in vitro, in the case of iPSC-to-β-

cell differentiation protocols, and in situ, when attempting to trigger exocrine-to-endocrine cell 

plasticity. 

One of the potential NGN3 interactors we have identified in our IP-MS assay was HUWE1, a 

HECT E3 ubiquitin ligase. Huwe1 is expressed during human pancreatic development in the 

Ngn3 expression window, allowing for the possibility that the two proteins could interact in an 

in vivo setting during embryonic development. HUWE1 also shares certain substrates, such as 

p53 and MYC (Tripathi et al. 2019; Sato et al. 2015; D. Yang et al. 2018; Adhikary et al. 2005), 

with FBW7, which is also expressed during the NGN3 expression window in the developing 

pancreas and is a known NGN3 interactor. Furthermore, HUWE1 is involved in the regulation 

of other bHLH transcription factors, such as ASCL1 and ATOH1(Cheng, Tong, and Edge 

2016; Gillotin, Davies, and Philpott 2018). It is therefore not excluded that bHLH transcription 
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factor and FBW7 substrate NGN3 could also be a substrate for HUWE1-mediated 

ubiquitination.  

In a preliminary experiment, we showed that endogenous HUWE1 co-immunoprecipitates with 

exogenous NGN3 in HEK293A cells. While this is promising, this finding on its own may not 

necessarily translate into an important role for HUWE1 in NGN3 post-translational regulation. 

Therefore, we wanted to analyse the mechanism behind this interaction and determine whether 

HUWE1 ubiquitinates NGN3, whether this ubiquitination leads to its degradation and whether 

this interaction can be modulated in order to stabilise NGN3 and boost β cell differentiation. 

Additionally, as phosphorylation plays an important role in the interaction of NGN3 with 

FBW7, we wondered whether the NGN3/HUWE1 interaction is also dependent on NGN3 

phosphorylation, and if so, whether any particular phosphorylation sites were especially 

important. In this chapter, we set out to address these questions in a HEK293A NGN3 

overexpression system, as well as in an endogenous NGN3 expression model during iPSC-to-

β-cell-differentiation. 

4.2 NGN3 phosphorylation at the C-terminus promotes its interaction with 

Huwe1 

The interaction between NGN3 and E3 ubiquitin ligase FBW7 is promoted by GSK3β-

mediated phosphorylation at residue S183 of NGN3 (Sancho et al. 2014). Therefore, we wanted 

to investigate whether a similar mechanism is involved in the interaction between NGN3 and 

HUWE1, another E3 ubiquitin ligase we recently identified as a possible NGN3 interactor. To 

first determine if NGN3 phosphorylation plays a role in the interaction, we transfected 

HEK293A cells with either HA-NGN3 WT, HA-NGN3-2SA or HA-NGN3-6SA and carried 

out immunoprecipitation assays using anti-HA beads. Western blotting confirmed the presence 
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of HUWE1 in the immunoprecipitated samples, supporting our initial identification of HUWE1 

as an interactor (Fig. 15A). Interestingly, NGN3-2SA and NGN3-6SA were significantly less 

able to pull down HUWE1 compared to NGN3 WT (p=0.0116 and p=0.0002, respectively, 

One-Way ANOVA with Dunnett's multiple comparisons test), with a 2x reduction in HUWE1 

levels in the NGN3-2SA pulldown sample, and a more than 6x reduction in the NGN3-6SA 

pulldown sample (Fig. 15B). This suggests that phosphorylation plays a role in the 

NGN3/HUWE1 interaction, as it is the case for the NGN3/FBW7 interaction. However, while 

both NGN3-2SA and NGN3-6SA contain the S183A mutation, NGN3-6SA appears to be more 

severely affected in its ability to interact with HUWE1 than NGN3-2SA. It is therefore likely 

that sites other than S183 also facilitate the NGN3/HUWE1 interaction.  

To identify which particular phosphorylation sites may contribute to the interaction, we 

repeated the experiment with the single-site phosphorylation mutants (S14A, S38A, S160A, 

S174A, S183A, S187A, S199A). While all the NGN3 phosphomutants were able to pull down 

endogenous HUWE1 (Fig. 15C), the S174A, S183A, S187A and S199A mutants were 

significantly less capable of doing so compared to NGN3 WT (p=0.0226, p=0.0016, p=0.0226, 

p=0.0005, respectively, One-Way ANOVA with Dunnett's multiple comparisons test) (Fig. 

15D). This seems to indicate that phosphorylation towards the C-terminus of NGN3 promotes 

its interaction with HUWE1. However, in order to assess the ability of each mutant to pull 

down HUWE1, we normalised the amount of HUWE1 in the immunoprecipitated sample by 

the amount of NGN3 in the same sample. This was done to account for increased NGN3 

stability in some of the mutants, or transfection efficiency.  
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Figure 15. NGN3 phosphorylation facilitates NGN3/HUWE1 interaction. A) Immunoblotting for endogenous 

HUWE1 in immunoprecipitation samples for NGN3 WT, NGN3-2SA or NGN3-6SA. B) Quantification of 

HUWE1 protein levels co-immunoprecipitated with NGN3 WT, NGN3-2SA or NGN3-6SA normalised by NGN3 

levels in the same sample; n=5 C) Immunoblotting for endogenous HUWE1 in immunoprecipitation samples for 

NGN3 WT or mutants S14A, S38A, S160A, S174A, S183A, S187A and S199A. D) Quantification of HUWE1 

protein levels co-immunoprecipitated with NGN3 WT or mutants, normalised by NGN3 levels in the same 

sample; n=3-16. Error Bars = S.E.M, * p<0.05, ** p<0.01, *** p<0.001, Ordinary One-Way ANOVA, Dunnett’s 

Multiple Comparisons Test against NGN3 WT sample.  
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As we have shown that the S199A mutant has substantial post-translational modifications that 

may impact its conformation and function, its increased stability in the cell may not be an 

accurate reflection of the amount of protein available to interact with HUWE1. Therefore, in 

the case of S199A, the significant reduction in co-immunoprecipitated HUWE1 may not occur 

due to a lack of phosphorylation at the S199 site, but due to the other post-translational 

modifications the mutant suffers as a result of this mutation. 

4.3 Heclin treatment decreases NGN3 ubiquitination but does not stabilise 

exogenous NGN3 in HEK293A cells 

As HUWE1 is an E3 ubiquitin ligase, we wanted to investigate whether the HUWE1/NGN3 

interaction leads to HUWE1-mediated ubiquitination of NGN3. We transfected HEK293A 

cells with NGN3 WT alongside a His-tagged ubiquitin overexpression plasmid obtained from 

the Behrens Lab, at the Institute of Cancer Research. To inhibit HUWE1 activity, we treated 

cells with 20 μM of Heclin, a HECT E3 ubiquitin ligase inhibitor, for 24 h, before processing 

the samples for ubiquitin immunoprecipitation assays. While ubiquitinated NGN3 is detected 

in both Heclin-treated and untreated samples (Fig. 16A), there is a small, but significant (p= 

0.0099, Student t-test) decrease in NGN3 ubiquitination after Heclin treatment (Fig. 16B), 

indicating that HUWE1, may play a role in NGN3 ubiquitination.  

As ubiquitination events, especially K48-linked polyubiquitin chains, are a hallmark of the 

proteasomal degradation pathway, it is possible that HUWE1-mediated ubiquitination of 

NGN3 targets it for degradation, similarly to its interaction with FBW7. Moreover, as we have 

previously determined that the NGN3/HUWE1 interaction is promoted by phosphorylation 

near the NGN3 C-terminus, a lack of phosphorylation at these sites may stabilise the protein, 

by circumventing the interaction with HUWE1. We therefore used Heclin to chemically inhibit 
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HUWE1 in HEK293A cells transfected with either NGN3 WT, NGN3-2SA or NGN3-6SA 

(Fig. 16C).  

 

Figure 16. Heclin treatment decreases NGN3 ubiquitination but does not contribute to its stabilisation. A) 

Immunoblotting for exogenous NGN3 in Ub-His pulldown assay with and without Heclin treatment (20 μM, 24 

h). B) Quantification of ubiquitinated NGN3 with or without Heclin-mediated HUWE1 inhibition; Error bars = 

S.E.M, n=3, Student t-test, **p<0.01 C) Immunoblotting for exogenous NGN3 WT, 2SA and 6SA with or without 

20 μM Heclin or 10 μM CHIR99021 treatment (24 h). D) Quantification of exogenous NGN3 WT, 2SA and 6SA 

after HUWE1 or GSK3β inhibition; Error bars = SEM, n=5-7, Ordinary One-Way ANOVA, Dunnett’s Multiple 

Comparisons Test against Control sample, *p<0.05. 
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As a positive control for NGN3 stabilisation, we also included experimental conditions where 

GSK3β, the kinase that targets NGN3 for FBW7-mediated ubiquitination, is inhibited with 10 

μM CHIR99021. Surprisingly, despite Heclin treatment leading to a decrease in NGN3 

ubiquitination, it did not stabilise either NGN3 WT or the 2SA and 6SA phosphorylation 

mutants (Fig. 16D). While the small decrease in ubiquitination seen in previous experiments 

may not be sufficient for NGN3 stabilisation, it is also possible that HUWE1-mediated 

ubiquitination of NGN3 is non-degradative, with different types of polyubiquitin chains 

playing different roles in regulating the stability, localisation and function of the substrate. 

Indeed, HUWE1 can add K6- and K11-linked polyubiquitin chains to its substrates (Michel et 

al. 2017), aside from the more common K48- and K63-linked chains. 

GSK3β inhibition significantly (p= 0.0195) stabilised NGN3 WT (Fig. 16D), consistent with 

previous findings (Sancho et al. 2014). There was no change in the stability of the NGN3-6SA 

mutant. This could be explained by the impairment of the S183 site in this mutant, which is 

part of the phosphodegron motif targeted by GSK3β. However, despite containing mutations 

at the S183 and S187 residues, both part of the GSK3β-targeted motif, the NGN3-2SA mutant 

still exhibited significant stabilisation after CHIR99021 treatment, compared to untreated 

NGN3 (p= 0.0135). This suggests that other sites among the six mutated residues within the 

NGN3-6SA mutant may routinely be recognised and phosphorylated by GSK3β, contributing 

to NGN3 degradation. The difference in stability between the NGN3-6SA and NGN3-2SA 

mutant may be explained by this phenomenon, even in the absence of other pathways for NGN3 

degradation. 
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4.4 Heclin treatment does not increase NGN3 stability during iPSC 

differentiation 

We previously investigated whether Heclin-mediated HUWE1 inhibition could stabilise NGN3 

in a HEK293A NGN3 overexpression system. To address this question in an endogenous 

expression model, we carried out pancreatic-progenitor-to-β-cells differentiation assays, 

adapting a protocol from Russ et al (Russ et al. 2015; Trott et al. 2017) (Fig. 17A). Ngn3 gene 

expression could be detected by D7, two days after the initiation of the endocrine progenitor 

differentiation stage (Fig. 17B). On D8, we treated half of our organoid domes with 20 μM 

Heclin for 24 h. No significant differences in Ngn3 gene expression were detected between the 

treated and untreated samples on D9, at the end of the treatment, or on D12, during the peak of 

Ngn3 expression. This is, however, not surprising, as the expected effect of HUWE1 on NGN3 

regulation would occur at the post-translational level. After D12, when cells are transferred to 

low glucose maturation media, Ngn3 expression decreases, allowing for the maturation of 

endocrine cells. These Ngn3 expression patterns confirm the successful induction of endocrine 

differentiation in our pancreatic progenitors.  

As we had previously found fluctuations in Fbw7, Usp7 and Huwe1 gene expression during 

human pancreatic development (Fig. 14G), we wanted to further analyse the expression 

patterns of these genes during in vitro endocrine differentiation. We identified expression of 

all three genes at the start of the endocrine progenitor stage (D5). All three showed a dip in 

expression on D9, then increased again at D12 (Fig. 17C). This could reflect the corresponding 

decrease in expression at W12 of foetal pancreas development (Fig. 14G). However, this 

change in gene expression in vitro was not statistically significant due to high variability in 

differentiation efficiency between experimental replicates.  
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Figure 17. Heclin-mediated inhibition of HUWE1 does not stabilise NGN3 during endocrine differentiation. 

A) Simplified diagram of the adapted Russ differentiation protocol. B) Ngn3 gene expression normalised by 

Gapdh in Heclin-treated and control samples. Error bars = S.E.M, n=3, Student t-test against control sample from 

the same timepoint. C) Gene expression levels for Fbw7, Huwe1 and Usp7 across differentiation timepoints, 

normalised by Gapdh. D) NGN3 immunofluorescent staining in control and Heclin-treated samples at D9. E) 

Percentage of NGN3+ cells in control and Heclin-treated samples. Datapoints represent triplicate experiments, 

with five immunostaining images quantified per experiment. Error bars = S.E.M, n=3, Student t-test.  
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To investigate whether Heclin treatment affected NGN3 protein stability, we carried out 

immunofluorescent staining for NGN3 on frozen sections of D9 samples, after Heclin 

treatment. We could confirm the presence of NGN3 in the cells at protein level (Fig. 17D). 

However, there was no significant difference in the percentage of NGN3+ cells between 

Heclin-treated and control samples. This is consistent with previous results obtained from the 

HEK293A NGN3 overexpression system, where Heclin treatment did not stabilise NGN3. It 

is therefore likely that HUWE1 does not play a part in NGN3 stabilisation. 

Finally, while Heclin-mediated HUWE1 inhibition did not affect NGN3 stability, it could still 

have an effect on NGN3 function if ubiquitination of NGN3 by HUWE1 is mostly non-

degradative. Therefore, we wanted to assess whether the Heclin treatment had any effects 

downstream of NGN3, particularly on the generation of β-like cells. We carried out 

immunofluorescent staining for insulin (INS), glucagon (GCG) and somatostatin (SST) on 

frozen sections from D16 samples and could successfully identify cells positive for each of the 

three hormones. This indicates the presence of β-like, α-like and δ-like cells at the end of the 

differentiation (Fig. 18A). However, no significant differences between the treated and non-

treated samples were identified in the percentage of INS+ cells (Fig. 18B), or in gene 

expression levels (Fig. 18C), suggesting that NGN3 function and its ability to activate genes 

that push cells towards an endocrine fate are not affected by HUWE1 inhibition.  
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Figure 18. Heclin-mediated inhibition of HUWE1 does not boost β-like cell generation. A) 

Immunofluorescent staining for INS, GCG and SST in control and Heclin-treated D20 differentiation samples B) 

Percentage of INS+ cells in control and Heclin-treated samples. Datapoints represent triplicate experiments, with 

five immunostaining images quantified per experiment. Error bars = S.E.M, n=3, Student t-test. C) Ins, Gcg and 

Sst gene expression normalised by Gapdh in Heclin-treated and control samples. Error bars = S.E.M, n=3, Student 

t-test against for D20 against control sample from the same timepoint.  
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4.5 BI8622 treatment does not stabilise exogenous NGN3 or decrease its 

ubiquitination  

As Heclin is an inhibitor of HECT E3 ubiquitin ligases in general, we wanted to determine 

whether a specific HUWE1 inhibitor would affect NGN3 ubiquitination and stability 

differently to Heclin. We therefore repeated the ubiquitination and stability assays in our 

HEK293A NGN3 overexpression system, this time treating cells with 10 μM BI8622, a specific 

HUWE1 inhibitor, for 24 h (Fig. 19A-D).  

 

Figure 19. BI8622-mediated HUWE1 inhibition does not stabilise NGN3 or prevent its ubiquitination. A) 

Immunoblotting for NGN3 in BI8622-treated, CHIR99021-treated, or untreated samples. B) Quantification of 

NGN3 in samples treated with 10 μM BI8622, 10 μM CHIR99021 or untreated normalised by Vinculin. Error 

bars = S.E.M, n=3, **p<0.01, One-Way ANOVA, Dunnett’s Multiple Comparisons Test against Control sample. 

C) Immunoblotting of ubiquitin pulldown assay in samples transfected with NGN3 and ubiquitin and treated with 

BI8622. D) Quantification of NGN3 protein expression in ubiquitin pulldown assays with or without BI8622 

treatment. Error bars = S.E.M, n=4, Student t-test.  
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Similarly to Heclin, BI8622 treatment did not stabilise NGN3 (Fig. 19A). In contrast, 

CHIR99021 treatment successfully stabilised NGN3 (p=0.034), consistent with results from 

previous experiments (Fig. 16D).  Surprisingly, despite the fact that Heclin treatment 

significantly decreased NGN3 ubiquitination (Fig. 16B), BI8622 treatment did not affect 

NGN3 ubiquitination (Fig. 19D). This suggests that the effect of Heclin on NGN3 

ubiquitination may not be a direct effect of Huwe1 inhibition, but instead a consequence of 

Heclin inhibiting other HECT E3 ligases that could be involved in NGN3 regulation. 

4.6 Discussion 

In this chapter, we characterised the NGN3/HUWE1 interaction, its dependence on NGN3 

phosphorylation and its effect on NGN3 ubiquitination and stability. Firstly, we investigated 

whether the interaction was affected by mutations in different NGN3 phosphorylation sites. 

Immunoprecipitation experiments for NGN3 WT, NGN3-2SA and NGN3-6SA showed that 

NGN3-2SA and NGN3-6SA were significantly less able to pull down HUWE1, with NGN3-

6SA being more severely affected (Fig. 15A,B). This finding indicates not only that the S183-

S187 phosphorylation motif promotes the NGN3/HUWE1 interaction, like in the case of 

FBW7, but also that other phosphorylation sites impaired in the 6SA mutant may be involved. 

Therefore, we repeated the experiment using the previously generated single-site mutants, to 

determine which sites in particular facilitate the interaction between NGN3 and HUWE1. 

NGN3-S174A, S183A, S187A and S199A, all including mutations at sites close to the C-

terminus of NGN3, showed a significantly reduced ability to pull down HUWE1 compared to 

wildtype (Fig. 15C,D). However, in the case of NGN3-S199A, it is uncertain whether the lower 

amount of HUWE1 pulled down is due to a lack of phosphorylation at the S199 site, or due to 

the dramatic post-translational modifications the protein undergoes, as a result of the mutation. 
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We proceeded to investigate the effect of HUWE1 inhibition on NGN3 ubiquitination and 

stability. We transfected HEK293A cells with NGN3 and Ub-His and proceeded to chemically 

inhibit HUWE1, either with 20 μM Heclin, or 10 μM BI8622, for 24 h. Ubiquitin pulldown 

assays showed that while Heclin treatment significantly decreased NGN3 ubiquitination (Fig. 

16A,B), BI8622 treatment had no effect (Fig. 19C,D). As Heclin generally inhibits HECT E3 

ubiquitin ligases and BI8622 is specific to HUWE1, one possibility for this difference could be 

that the decrease in ubiquitination after Heclin treatment is not due to HUWE1 inhibition, but 

instead due to inhibition of another HECT E3 ubiquitin ligase that is involved in NGN3 

ubiquitination. However, despite this decrease in ubiquitination, NGN3 is not significantly 

stabilised by either treatment (Fig. 16B,C, Fig. 19A,B). This suggests that the decrease in 

NGN3 ubiquitination seen after Heclin treatment may reflect a decrease in non-degradative 

ubiquitination, regardless of whether this is due to inhibition of HUWE1 activity or inhibition 

of another HECT E3 ubiquitin ligase. 

As these experiments were carried out in an exogenous NGN3 overexpression system, we 

wanted to determine whether our findings would be recapitulated in an endogenous NGN3 

expression model, during iPSC-to-β-cell differentiation. We adapted the previously described 

Russ protocol (Russ et al. 2015; Trott et al. 2017) to induce endocrine differentiation in iPSC-

derived pancreatic organoids encapsulated in Matrigel domes. We then subjected the cells to 

Heclin treatment for 24 h, between D8 and D9, in the middle of the NGN3 expression window, 

to investigate whether HUWE1 inhibition would affect NGN3 stability and β-cell generation. 

However, no significant differences were found between treated and untreated samples in the 

percentage of NGN3+ cells at D9 (Fig. 17D,E), of INS+ β-like cells at D16 (Fig. 18A,B), or in 

overall Ngn3 (Fig. 17B), Ins, Gcg or Sst (Fig. 18C) gene expression levels throughout the 

differentiation.  
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These findings indicate that targeting HUWE1 activity would most likely not be a suitable 

option when trying to modulate NGN3 stability and boost endocrine differentiation. Despite 

interacting with NGN3 in a phosphorylation-dependent manner, HUWE1 does not seem to play 

a significant role in NGN3 degradation, at least under the tested conditions. While it is possible 

that the role of HUWE1 on NGN3 ubiquitination and stability is limited to specific 

developmental timepoints, or that additional components of the ubiquitination machinery are 

needed in order to enable HUWE1-mediated NGN3 ubiquitination, further experiments would 

need to be carry out to investigate these possibilities.  

Lastly, during our experiments we used CHIR99021 treatment as a positive control for NGN3 

stabilisation, as it inhibits GSK3β, preventing phosphorylation at NGN3 residues S183-S187 

and impairing NGN3 ubiquitination and degradation. Surprisingly, we found that the NGN3-

2SA mutant, in which both the S183 and S187 sites are impaired, was still stabilised by 

CHIR99021 treatment (Fig. 16D). One explanation could be that GSK3β exerts other, indirect, 

effects on NGN3 stability that are independent of its phosphorylation of S183-S187. However, 

if this was the case, the NGN3-6SA mutant would likely also be stabilised by GSK3β 

inhibition. The fact that the NGN3-6SA mutant is not stabilised by CHIR99021 treatment 

suggests that the stabilisation of NGN3-2SA is likely due to one or more of the other sites 

mutated in NGN3-6SA being targets for GSK3β-mediated phosphorylation. Future research 

could investigate which of the five sites (S14, S38, S160, S174, S199) are targeted by GSK3β 

for phosphorylation, and whether phosphorylation at these sites contributes to the recognition 

of NGN3 by FBW7, or other interactors involved in its post-translational regulation. 
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Chapter 5: USP7 deubiquitinates and stabilises NGN3 

5.1 Introduction 

NGN3 expression is essential for the development of the endocrine pancreas. Mouse 

(Gradwohl et al. 2000) and pig (Sheets et al. 2018) Ngn3 knock out embryos fail to develop 

pancreatic islets, leading to a diabetic phenotype soon after birth. In humans, homozygous 

missense Ngn3 mutations such as R107S and R93L affect the ability of NGN3 to activate 

transcription of downstream targets such as NEUROD1 and have been linked to congenital 

malabsorptive diarrhoea (Jan N Jensen et al. 2007; Ünlüsoy Aksu et al. 2016), with patients 

eventually developing diabetes neonatally (Pinney et al. 2011; Rubio-Cabezas et al. 2011) or 

during childhood (Sayar et al. 2013). While NGN3 is only expressed transiently during 

pancreatic development and is typically not present in the adult pancreas, NGN3 

overexpression in exocrine pancreatic cells from adult mice, alongside key transcription factors 

PDX1 and MAFA, can induce reprogramming towards INS+ β-like cells (Zhou et al. 2008). 

These studies emphasise the importance of NGN3 expression for the in vitro and in situ 

generation of endocrine cells, including β cells, which are depleted in T1D patients. Therefore, 

a deeper understanding of the NGN3 regulatory pathway and of how it can be modulated could 

help improve the efficiency of in vitro β-cell differentiation protocols, as well as contribute to 

new T1D therapies aiming to address β-cell loss. 

While previous studies have shown that at the transcriptional level, Ngn3 expression can be 

repressed by HES1 (Shih et al. 2012) and activated by factors such as HNF6 (Jacquemin et al. 

2000), HNF1α (J. C. Lee et al. 2001), FOXA2 (J. C. Lee et al. 2001), PDX1 (Oliver-Krasinski 

et al. 2009) and GLIS3 (Y. Yang et al. 2011), NGN3 is heavily regulated at the post-

translational level. Phosphorylation at specific sites on NGN3 promote its interaction with E3 
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ubiquitin ligase FBW7, which ubiquitinates NGN3 and targets it for proteasomal degradation 

(Sancho et al. 2014). However, in our IP-MS experiment, we identified additional possible 

NGN3 interactors that could play a role in its regulation, such as deubiquitinase USP7. To our 

knowledge, no interactions between NGN3 and a deubiquitinase have previously been 

described, despite the existence of ample research on the topic of NGN3 post-translational 

regulation and its degradation through the ubiquitin-proteasome system (Sancho et al. 2014; 

Azzarelli et al. 2017; X. Zhang et al. 2019).  

As ubiquitination contributes to NGN3 degradation, the interaction of NGN3 with a 

deubiquitinase could provide new methods for NGN3 stabilisation and in vitro β-cell 

generation. Therefore, we first aimed to validate and characterise the NGN3/USP7 interaction 

in an exogenous expression HEK293A system, through NGN3 immunoprecipitation 

experiments. We then carried out ubiquitination assays, to investigate whether USP7 

deubiquitinates NGN3, followed by USP7 titration experiments and cycloheximide chase 

assays, to assess whether USP7-mediated deubiquitination stabilises NGN3. Finally, as 

phosphorylation was shown to play a role in the interaction of NGN3 with both FBW7 and 

HUWE1, we compared the ability of the wildtype (WT) NGN3 protein and the previously 

generated NGN3 phosphorylation mutants to interact with, and be stabilised by, USP7. 

5.2 USP7 overexpression deubiquitinates NGN3 in HEK293A cells 

We previously identified USP7 as a potential NGN3 interactor in our IP-MS experiment and 

showed that endogenous USP7 can co-immunoprecipitate with exogenous NGN3 in our 

HEK293A system. USP7 can stabilise its substrates by cleaving off their ubiquitin chains, thus 

preventing their proteasomal degradation. Therefore, it is possible that USP7 could play a role 

in NGN3 post-translational regulation, stabilising it during pancreatic development. To 
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investigate the effect of this interaction on NGN3 ubiquitination and regulation, we used an 

USP7 overexpression plasmid vector (pcDNA3.Flag-USP7) obtained from the Behrens Lab, at 

the Institute of Cancer Research. We generated a catalytically inactive USP7 mutant (Flag-

USP7C223A) plasmid through site-directed mutagenesis PCR on pcDNA3.Flag-USP7 (Fig. 

20A). Including the Flag-USP7C223A catalytically inactive mutant alongside Flag-USP7 WT in 

future experiments ensured that any observed effects of USP7 on NGN3 stabilisation were due 

to the catalytic activity of USP7. After co-transfection of HEK293A cells with HA-NGN3 and 

either Flag-USP7 or Flag-USP7C223A, we immunoprecipitated NGN3 by its HA tag and 

analysed the ability of Flag-USP7 and Flag-USP7C223A to co-immunoprecipitate with NGN3 

through immunoblotting (Fig. 20B). NGN3 successfully pulled down both forms of USP7, with 

no significant differences detected between the output protein levels of Flag-USP7 and Flag-

USP7C223A (Fig. 20C). This was expected, as the C223A mutation should only affect the 

catalytic site of USP7 and should not impair its ability to bind substrates.  

Once we confirmed that both Flag-USP7 and Flag-USP7C223A interact with exogenous NGN3, 

we set up ubiquitination assays to investigate the effect of USP7 on NGN3 ubiquitination. 

Firstly, we transfected HEK293A cells with HA-NGN3, His-Ub and increasing concentrations 

of Flag-USP7 (0, 0.5, 1, 2.5 μg). Cells were treated with MG132, to prevent the proteasomal 

degradation of ubiquitinated NGN3. Ubiquitinated proteins in the cell lysate were 

immunoprecipitated using TUBE2 anti-ubiquitin beads. Western blotting revealed decreasing 

NGN3 ubiquitination levels with increasing USP7 levels (Fig. 21A). Quantification of 

polyubiquitinated (55 kDA and above) NGN3 revealed a significant decrease in NGN3 

ubiquitination upon co-transfection with 1 μg (p=0.0085) or 2.5 μg (p=0.0101) of USP7 

plasmid DNA, while the decrease in NGN3 monoubiquitination (band visible above 43 kDA) 

was not significant. These results show that USP7 overexpression leads to NGN3 

deubiquitination in a dose-dependent manner. 
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Figure 20. Exogenous USP7 and USP7-C223A interact with NGN3 in a HEK293A overexpression system. 

A) Diagram of C223A mutation within the structure of the USP7 protein. B) Immunoblotting for NGN3 and Flag 

in an HA-NGN3 immunoprecipitation experiment. Both Flag-USP7 and Flag-USP7-C223A were detected in the 

immunoprecipitation output. Image is representative of n=4 experiments C) Quantification of USP7 and USP7-

C223A in the output of HA-NGN3 immunoprecipitation experiments, normalised by immunoprecipitated NGN3 

levels and USP7 input levels in each sample. Error bars = S.E.M, n=4, Student t-test. 

To confirm that the decrease in NGN3 ubiquitination after USP7 overexpression is due to the 

catalytic activity of USP7, we repeated the experiment, co-transfecting cells with NGN3 and 

2.5 μg of either Flag-USP7 or Flag-USP7C223A (Fig. 21C). Flag-USP7 overexpression resulted 

in a significant decrease in NGN3 polyubiquitination (p=0.0432), while overexpression of the 

Flag-USP7C223A mutant had no significant effect (Fig. 21D) on NGN3 ubiquitination. NGN3 

monoubiquitination levels were not significantly affected by co-transfection with either 

wildtype or mutant USP7, consistent with previous findings (Fig. 21D).  

Different types of polyubiquitin chains have distinct regulatory effects on their substrate, with 

K48- and K63-linked polyubiquitin chains being the most commonly described. K48-linked 

chains generally target their substrate for proteasomal degradation, while K63-linked chains 

play a role in processes like signal transduction, endocytosis (Hicke and Dunn 2003). While 

we have shown that USP7 can deubiquitinate NGN3, whether this process affects all 

ubiquitination events, or whether it is specific to a certain type of polyubiquitin linkage is still 

unknown.  
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Figure 21. Exogenous USP7 deubiquitinates NGN3 in a HEK293A overexpression model. A) 

Immunoblotting for exogenous NGN3 in Ub-His pulldown assay with or without USP7 co-transfection (0, 0.5, 1, 

2.5 μg DNA). B) Quantification of mono- (band at 43 kDa) and polyubiquitinated (bands above 55 kDa) NGN3 

with or without USP7 co-transfection, normalised by input NGN3, n=3. Error bars = S.E.M, **p<0.01, *p<0.05, 

Two-way ANOVA with Dunnett’s multiple comparison correction against corresponding Control sample. C) 

Immunoblotting for exogenous NGN3 in Ub-His pulldown assay after co-transfection with 2.5 μg Flag-USP7 or 

Flag-USP7C223A.  D) Quantification of mono- and polyubiquitinated NGN3 after co-transfection with either Flag-

USP7 or Flag-USP7C223A, normalised by input NGN3, n=4. Error bars = S.E.M, *p<0.05, Two-way ANOVA with 

Dunnett’s multiple comparison correction against corresponding Control sample. E) Immunoblotting for 

exogenous NGN3 in Ub-His pulldown assay with overexpression of either His-UbK48R or His-UbK63R, and with or 

without USP7 overexpression. F) Quantification of ubiquitinated NGN3 with or without USP7 co-transfection, 

after overexpression of either His-UbK48R or His-UbK63R, normalised by input NGN3, n=3. Error bars = S.E.M, 

*p<0.05, Student t-test.  
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To answer this question, we repeated the experiment, replacing the His-Ub overexpression 

construct with two different ubiquitin mutants, His-UbK48R and His-UbK63R. In these mutants, 

the lysine residue at position 48 or 63, respectively, was mutated to arginine, preventing the 

use of the site in the formation of polyubiquitin chains. Therefore, NGN3 polyubiquitination 

in samples where the K48R mutant is overexpressed would be limited to mostly K63-linked 

chains, while in samples where K63R is overexpressed, these would be mostly K48-linked 

chains. Co-transfection of K48R or K63R mutant Ub and USP7 decreased NGN3 

ubiquitination by 45.5 ± 6.5% in K48R-transfected samples (p=0.0107) and by 71.9 ± 26.2% 

in K63R-transfected samples (p=0.0211), suggesting that USP7 is able to remove both K63 

and K48-linked polyubiquitin chains from NGN3. As K48-linked chains typically target their 

substrate for degradation, it is possible that the interaction with USP7 could have a stabilising 

effect on NGN3, as it results in the cleavage of its K48-linked polyubiquitin chains and 

prevents it from being targeted to the proteasome. 

5.3 USP7 overexpression stabilises NGN3 in HEK293A cells 

We have previously shown that USP7 can interact with, and deubiquitinate, exogenous NGN3 

in a HEK293A overexpression system. Furthermore, K48-linked polyubiquitin chains, which 

generally target the substrate for proteasomal degradation, are likely among the types of 

ubiquitin chains removed from NGN3 by USP7. To investigate whether USP7 overexpression 

could stabilise NGN3, we transfected HEK293A cells with HA-NGN3, alongside increasing 

concentrations of USP7 plasmid DNA (Fig. 22A). Co-transfection with USP7 at a 1:2 

USP7:NGN3 ratio (0.25 μg USP7 : 0.5 μg NGN3) was sufficient to significantly stabilise 

NGN3 (p=0.0398), resulting in a more than 2x increase in NGN3 protein levels (Fig. 22B). Co-

transfection with 0.375 μg and 0.5 μg USP7 similarly led to NGN3 stabilisation (p=0.0218 and 

p=0.0098, respectively). No change in NGN3 stability was observed upon co-transfection with 
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the USP7C223A mutant, indicating that the stabilising effect of USP7 is dependent on its catalytic 

activity (Fig. 22B).  

 

Figure 22. USP7 overexpression stabilises exogenous NGN3 in HEK293A cells. A) Immunoblotting of NGN3 

in samples co-transfected with Flag-USP7 or the Flag-USP7C223A catalytically inactive mutant. B) Quantification 

of NGN3 immunoblotting in samples co-transfected with either Flag-USP7 or Flag-USP7C223A, normalised by 

Vinculin, n=3. Error Bars = S.E.M, *p<0.05, **p<0.01, ***p<0.001, Two-way ANOVA with Dunnett’s multiple 

comparison test against Control sample (NGN3 co-transfected with empty pcDNA3 vector). C) Immunoblotting 

of NGN3 in cycloheximide chase assay co-transfected with either Flag-USP7, Flag-USP7C223A or empty pcDNA3 

vector. Samples were collected at 0, 15, 30 and 60 minutes after the initiation of cycloheximide treatment. D) 

Quantification of NGN3 protein levels throughout cycloheximide chase experiments after co-transfection with 

Flag-USP7, Flag-USP7C223A or empty pcDNA3, normalised by Vinculin and by the untreated control (0 min) for 

each condition, n=4. Error Bars = S.E.M, *p<0.05, **p<0.01, ***p<0.001, Two-way ANOVA with Dunnett’s 

multiple comparison test against pcDNA3 co-transfected sample from the corresponding timepoint.  

To confirm that the stabilisation of NGN3 by USP7 takes place at the post-translational level, 

we carried out cycloheximide (CHX) chase assays, inhibiting protein synthesis and analysing 

the stability of NGN3 with or without Flag-USP7 co-transfection (Fig. 22C). While in the 

absence of exogenous USP7, the half-life of NGN3 is below 30 minutes, upon co-transfection 

with USP7 NGN3 degradation is blocked, with NGN3 levels remaining relatively constant 
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until the end of the experiment (Fig. 22D). USP7 overexpression achieves significant NGN3 

stabilisation 15 (p=0.044), 30 (p=0.0019) and 60 (p=0.0006) minutes after the start of CHX 

treatment, while no significant changes in stability are observed upon co-transfection with 

USP7C223A. These results indicate that USP7 stabilises NGN3 at the post-translational level by 

deubiquitinating it and preventing its proteasomal degradation. 

To validate our findings in a human NGN3 overexpression system, we repeated these 

experiments with the pcDNA3.hNGN3-HA construct (Fig. 23A-D). USP7 overexpression 

successfully stabilises exogenous hNGN3 (Fig. 23A,B). However, this requires a higher 

USP7:NGN3 DNA co-transfection ratio (3:4 as opposed to 1:2 for the murine NGN3 

experiments) in order to achieve significant NGN3 stabilisation (p=0.1398, p=0.1386, 

p=0.0440, p=0.0236 for 0.125, 0.25, 0.375 and 0.5 μg USP7, respectively). CHX chase 

experiments in HEK293A cells in which HA-hNGN3 is overexpressed revealed a much longer 

half-life for hNGN3 compared to the murine protein (Fig. 23C,D). However, co-transfection 

with USP7 still stabilises hNGN3 significantly at 60, 90 and 180 min after the beginning of 

CHX treatment (p=0.1885, p=0.0009, p=0.0091, p=0.0022 at the 30, 60, 90 and 180 min 

timepoints, respectively).  
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Figure 23. USP7 overexpression stabilises exogenous hNGN3 in HEK293A cells. A) Immunoblotting of 

hNGN3 in samples co-transfected with Flag-USP7. B) Quantification of NGN3 immunoblotting in samples co-

transfected with either Flag-USP7, normalised by Vinculin, n=4. Error Bars = S.E.M, *p<0.05, One-way ANOVA 

with Dunnett’s multiple comparison test against Control sample (hNGN3 co-transfected with empty pcDNA3 

vector). C) Immunoblotting of NGN3 in cycloheximide chase assay co-transfected with either Flag-USP7 or 

empty pcDNA3 vector. Samples were collected at 0, 30, 60, 90 and 180 minutes after the initiation of 

cycloheximide treatment. D) Quantification of NGN3 protein levels throughout cycloheximide chase experiments 

after co-transfection with Flag-USP7 or empty pcDNA3, normalised by Vinculin and by the untreated control (0 

min) for each condition, n=3-5. Error Bars = S.E.M, *p<0.05, **p<0.01, ***p<0.001, Two-way ANOVA with 

Sidak’s multiple comparison test against pcDNA3 co-transfected sample from the corresponding timepoint. 

5.4 NGN3 phosphorylation levels play a role in interaction with USP7 

Phosphorylation plays an essential role in NGN3 post-translational regulation (Azzarelli et al. 

2017), mediating the interaction between NGN3 and FBW7, an E3 ubiquitin ligase which 

ubiquitinates it and targets it for proteasomal degradation (Sancho et al. 2014). Our own 

experiments have indicated that phosphorylation at the C-terminus of exogenous NGN3 

promotes its interaction with E3 ubiquitin ligase HUWE1 (Fig. 15D) in HEK293A cells. As 
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we have previously shown that USP7 can interact with, and deubiquitinate, NGN3, we set off 

to investigate whether NGN3 phosphorylation also played a role in the USP7/NGN3 interaction 

(Fig. 24).  

 

Figure 24. Lower levels of NGN3 phosphorylation lead to a reduction in the NGN3/USP7 interaction. A) 

Immunoblotting for NGN3 and Flag in an HA-NGN3 immunoprecipitation experiment. Flag-USP7 was detected 

in the immunoprecipitation output for both HA-NGN3 and HA-NGN3-6SA. Image is representative of n=5 

experiments. B) Quantification of Flag-USP7 co-immunoprecipitated with either HA-NGN3 or HA-NGN3-6SA, 

normalised by NGN3 output and USP7 input from the corresponding sample, n=5. Error Bars = S.E.M, *p<0.05, 

Student t-test. C) Immunoblotting for exogenous NGN3 (HA-NGN3 and HA-NGN3-6SA) in Ub-His pulldown 

assay after co-transfection with Flag-USP7.  D) Quantification of mono- and polyubiquitinated NGN3 after co-

transfection with Flag-USP7, normalised by input NGN3, n=3. Error bars = S.E.M, **p<0.01, Two-way ANOVA 

with Tukey’s multiple comparison correction against corresponding Control sample.  

We first co-transfected HEK293A cells with Flag-USP7 and either HA-NGN3 or HA-NGN3-

6SA, an NGN3 mutant containing mutations at six different predicted phosphorylation sites. 

Immunoprecipitation of HA-tagged NGN3 and NGN3-6SA showed significantly less co-

immunoprecipitation of USP7 with the NGN3-6SA mutant (p=0.0102) (Fig. 24A,B), 
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suggesting that lower NGN3 phosphorylation levels may impact its ability to interact with 

USP7. However, as we know NGN3 phosphorylation at sites such as S183 promotes its 

ubiquitination, it is also possible that the effect of phosphorylation on the NGN3/USP7 

interaction is indirect, through its effect on ubiquitination. 

To investigate this, we carried out ubiquitin pulldown assays in samples transfected with USP7 

and either HA-NGN3 or HA-NGN3-6SA (Fig. 24C). As expected, USP7 overexpression 

resulted in significant deubiquitination of HA-NGN3 (p=0.0058, p=0.0070 for 

monoubiquitination and polyubiquitination, respectively), while no significant decreases in 

ubiquitination were observed for the 6SA mutant. However, the 6SA mutant shows limited 

ubiquitination, even in the absence of USP7 overexpression, likely due to its reduced 

phosphorylation levels. Therefore, it is possible that impaired phosphorylation leads to lower 

ubiquitination of NGN3-6SA, which in turn results in its decreased interaction with USP7.  

Alternatively, one or more of the six mutated phosphorylation sites may play a role in 

promoting the NGN3/USP7 interaction. To investigate this possibility, we repeated the HA-

NGN3 immunoprecipitation assays, including samples transfected with each of the previously 

described single-site HA-NGN3 mutants (S14A, S38A, S160A, S174A, S183A, S187A, 

S199A). USP7 successfully co-immunoprecipitated with all tested mutants (Fig. 25A). We 

found no significant differences between any of the mutants and wildtype HA-NGN3 in their 

ability to pull down USP7 (Fig. 25B). Therefore, it is unlikely that any of the individual 

phosphorylation sites are essential for the USP7/NGN3 interaction. To determine whether 

USP7 can still stabilise the different phosphorylation mutants, we overexpressed USP7 

alongside each of the mutants in HEK293A cells.  
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Figure 25. The NGN3/USP7 interaction is not significantly impaired by mutation at the S14, S38, S160, 

S174, S183, S187 or S199 predicted phosphorylation sites. A) Immunoblotting for NGN3 and Flag in an HA-

NGN3 immunoprecipitation experiment. Flag-USP7 was detected in the immunoprecipitation output for WT 

NGN3, as well as for all single-site mutants tested. Image is representative of n=4 experiments. B) Quantification 

of Flag-USP7 co-immunoprecipitated with WT or mutant NGN3, normalised by NGN3 output and USP7 input 

from the corresponding sample, n=4. Error Bars = S.E.M, One-way ANOVA with Dunnett’s multiple comparison 

correction. C) Immunoblotting for NGN3 in samples transfected with either Flag-USP7 or the empty pcDNA3 

vector control, and NGN3 (WT or one of the tested mutants). Image is representative of n=3 experiments. D) 

Quantification of NGN3 (WT or mutant) protein levels from immunoblotting of samples transfected with either 

Flag-USP7 or pcDNA3 empty control, normalised by Vinculin, n=3. Error Bars = S.E.M, *p<0.05, **p<0.01, 

Two-way ANOVA with Sidak multiple comparison correction.  
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While all mutants seemed to be stabilised by co-transfection with USP7 (Fig. 25D), this 

stabilisation was only statistically significant for the wildtype HA-NGN3 (p= 0.0154), HA-

NGN3-S38A (p=0.0049), HA-NGN3-S174A (p=0.0200), HA-NGN3-S187A (p=0.0128) and 

HA-NGN3-2SA (p=0.0091). However, as we only carried out a total of three experimental 

replicates, it is possible that our statistical analysis was not powerful enough to detect 

significant differences after correction for multiple comparisons in the case of other mutants 

that are visibly stabilised by USP7 overexpression (Fig. 25C). Further experimental repeats 

could increase the statistical power of the analysis and provide more robust evidence of the role 

of NGN3 phosphorylation in its interaction with USP7. 

 5.5 Discussion 

In this chapter, we validated and characterised the interaction between NGN3 and USP7 in an 

overexpression HEK293A system. First, we carried out immunoprecipitation experiments for 

HA-NGN3 in cells transfected with both pcDNA3-HA-NGN3 and a pcDNA3.Flag-USP7 

construct. Like in the case of endogenous USP7 (Fig. 13D), exogenous USP7 co-

immunoprecipitates with NGN3. (Fig. 20B). Previous literature (Sancho et al. 2014), as well 

as our own research into HUWE1, has indicated that NGN3 phosphorylation plays an essential 

role in its interactions. We therefore investigated whether NGN3 phosphorylation mutants were 

able to interact with USP7 in the same way as the wildtype protein. While the NGN3-6SA 

mutant showed a significantly lower ability to pull down USP7 (Fig. 24A,B), no significant 

differences were observed between the single-site mutants (S14A, S38A, S160A, S174A, 

S183A, S187A, S199A) and wildtype. This may indicate that instead of particular NGN3 

phosphorylation sites playing a role in the NGN3/USP7 interaction, a lack of overall NGN3 

phosphorylation is responsible for the decrease in the NGN3-6SA/USP7 interaction. As USP7 

is a deubiquitinase, and NGN3 phosphorylation at certain sites promotes NGN3 ubiquitination, 



119 
 

it is also possible that a lack of NGN3 ubiquitination, rather than the phosphorylation itself, 

prevents NGN3 from interacting with USP7, provided that NGN3 undergoes USP7-mediated 

deubiquitination.  

Indeed, in ubiquitination assays where NGN3, USP7 and wildtype ubiquitin are overexpressed, 

a 1:2.5 USP7:NGN3 DNA transfection ratio is enough to significantly decrease NGN3 

polyubiquitination (Fig. 21A,B). A similar decrease in NGN3 ubiquitination is not observed 

when Flag-USP7 is replaced with the catalytically inactive Flag-USP7C223A mutant, indicating 

that the effect of USP7 on NGN3 ubiquitination is due to its catalytic activity as a 

deubiquitinase, rather than a result of other regulatory pathways, such as NGN3 transcription. 

By comparison, the NGN3-6SA mutant exhibits low ubiquitination levels even in the absence 

of USP7 overexpression (Fig. 24C,D), possibly explaining the observed decrease in the NGN3-

6SA/USP7 interaction, compared to the wildtype protein. 

USP7 also deubiquitinates NGN3 in experiments where wildtype ubiquitin is replaced by 

UbK48R and UbK63R mutants unable to form K48-linked and K63-linked polyubiquitin chains, 

respectively (Fig.21EF). As chains formed by the K48R mutant will be mostly K63-linked 

chains and vice versa, our results suggest that USP7 is able to remove both K63-linked and 

K48-linked polyubiquitin chains from NGN3. K48-linked ubiquitination is typically 

degradative, targeting its substrate to the proteasome (Swatek and Komander 2016). Therefore, 

by removing K48-linked chains from NGN3, USP7 could play a role in modulating NGN3 

stability. As we were particularly interested in finding ways to stabilise NGN3, we decided to 

investigate whether USP7 overexpression could prevent its degradation. Indeed, similarly to 

its effect on NGN3 ubiquitination, USP7 overexpression leads to NGN3 stabilisation in a dose-

dependent manner (Fig. 22A,B). Furthermore, co-transfection of NGN3 with USP7 in CHX 

chase experiments prevents NGN3 degradation (Fig. 22C,D), confirming that the stabilising 
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effect of USP7 on NGN3 stems from preventing NGN3 degradation, rather than from 

promoting NGN3 synthesis. These results are also mirrored in experiments where mouse HA-

NGN3 is replaced with the newly generated HA-hNGN3 plasmid, inducing expression of 

human NGN3 (Fig. 23A-D). Despite the increased stability of hNGN3 compared to the mouse 

protein, USP7 overexpression still leads to significant further stabilisation. These findings are 

encouraging, as they indicate that targeting USP7, unlike HUWE1, could be a viable path 

towards NGN3 modulation during endocrine differentiation. However, additional in vitro and 

in vivo validation would need to be carried out, to determine whether USP7 has a similar effect 

on NGN3 stability within an endogenous expression system and whether the interaction has 

any impact on endocrine cell fate beyond the endocrine progenitor stage. As we have 

previously shown that Usp7 is expressed during the Ngn3 expression window in the developing 

human pancreas, and that the decrease in Usp7 expression precedes that of Ngn3, it is possible 

that USP7 is one of several interactors regulating NGN3 stability during embryonic 

development. While the decrease in Ngn3 transcriptional repressor HES1 early in pancreatic 

development provides an explanation for the initiation of the Ngn3 expression window after 

W8, we do not know, as of yet, what causes the sudden end of this window after W16. With 

HES1 expression at this timepoint still low, and expression of E3 ubiquitin ligases such as 

FBW7 and HUWE1 decreasing after W14, it is not excluded that another mechanism may be 

responsible for the decrease of NGN3 expression. Further investigation into the role of USP7 

in endocrine development may therefore uncover new mechanisms that govern NGN3 

expression and endocrine specification in the developing pancreas. 
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Chapter 6: USP7 impairment leads to reduced pancreatic 

endocrine differentiation 

6.1 Introduction 

NGN3 expression in the embryonic pancreas is transient and tightly controlled (Salisbury et al. 

2014; Roark, Itzhaki, and Philpott 2012). NGN3 is not generally detected in the pancreas past 

W31 of human foetal development (Jennings et al. 2013; Salisbury et al. 2014) and,  in the 

absence of NGN3+ endocrine progenitors, β cell neogenesis is not believed to occur in the 

adult human pancreas except as a result of stressors such as pregnancy or type 2 diabetes (Butler 

et al. 2010; Yoneda et al. 2013).  

The pathways regulating NGN3 expression are complex. At the transcriptional level, HES1, a 

component of the Notch pathway, acts as a transcriptional repressor of NGN3, while SOX9 

can induce Ngn3 transcription but is then downregulated by NGN3 itself, to allow for further 

endocrine differentiation (Shih et al. 2012). Additionally, NGN3 can act as an activator of its 

own transcription (Shih et al. 2012; Ejarque et al. 2013), suggesting that a layer of post-

translational regulation involving enzymes such as FBW7 are required to ensure NGN3 is 

degraded and unable to maintain the positive auto-feedback loop, so that endocrine progenitors 

can progress towards a mature, functional fate. Therefore, while the results presented in the 

previous chapter are promising, our HEK293A system relying on NGN3 overexpression may 

not recapitulate normal NGN3 regulation to the extent needed for validation of the 

USP7/NGN3 interaction.  

To address this, we collaborated with Dr Jessica Nelson from the Behrens lab on an in vivo 

mouse study, investigating the consequences of USP7 loss on the developing murine pancreas. 
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In particular, we assessed the effect of a Usp7 conditional knockout on the endocrine progenitor 

pool in mouse embryos, as well as on the size and functionality of the endocrine compartment 

in adult mice.  

Lastly, despite the many similarities between the human and murine pancreas, some 

differences, particularly in NGN3 expression patterns during development, do exist. For 

instance, while there is biphasic NGN3 expression during mouse pancreatic development 

(Villasenor, Chong, and Cleaver 2008), only one expression wave has been detected in the 

development of the human pancreas (Jennings et al. 2013). Moreover, while NGN3 loss leads 

to a complete lack of endocrine cells in the murine pancreas (Gradwohl et al. 2000), low levels 

of c-peptide can be detected in the blood of human patients with null NGN3 mutations (Pinney 

et al. 2011; Rubio-Cabezas et al. 2011), indicating that a small number of β cells may still 

develop in the absence of NGN3. Therefore, a thorough investigation of the role of USP7 in 

NGN3 regulation and endocrine specification would require further validation in a system that 

can more closely mimic human pancreatic development, featuring endogenous NGN3 

expression. To achieve this, we used a human iPSC-to-β-cell differentiation model to assess 

the effect of USP7 chemical inhibition on NGN3 stability and endocrine cell generation.  

6.2 USP7 knockout leads to impaired endocrine differentiation in mice 

In the previous chapter, we showed that USP7 can deubiquitinate NGN3 in an overexpression 

HEK293A system, leading to its stabilisation in the cell. To validate our findings in an in vivo, 

endogenous expression model, we collaborated with Dr Jessica Nelson (Behrens Lab, Institute 

for Cancer Research) to generate Pdx1-Cre Usp7-/- mice (Fig. 26A) and investigated the effect 

of Usp7 knockout on the development of the endocrine pancreas. As the knockout is 

conditioned by expression of Pdx1, its effects would be limited to tissues such as the pancreas 
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and duodenum, avoiding the previously described embryonic lethality (N. Kon et al. 2010) as 

a consequence of the indiscriminate knockout of Usp7. This allowed us to assess the USP7-/- 

phenotype in both embryonic and adult mice. 

 

Figure 26. Conditional Usp7 knockout in the pancreas of mouse embryos depletes NGN3+ endocrine 

progenitors at E14. A) Schematic of pancreatic-specific Usp7 knock-out mouse. B) H&E staining of Usp7+/+ and 

Usp7-/- mouse embryo sections. The pancreas is marked by the red dotted line. C) Immunofluorescent staining for 

NGN3 (red) and PDX1 (green) in the pancreas of E14 Usp7+/+ and Usp7-/- mouse embryos. Scale bar = 50 μM, 

40x Magnification. D) Quantification of NGN3 immunofluorescent staining in Usp7+/+ and Usp7-/- mouse 

embryos, normalised by the number of PDX1+ cells, n=6 (6 embryos per genotype with 5 frames quantified for 

each embryo). Error bars = S.E.M, ***p<0.001, Unpaired Two-tailed Student t-test. 
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Firstly, we collected Usp7+/+ and Usp7-/- mouse embryos at E14, when NGN3 should be highly 

expressed at protein level (Villasenor, Chong, and Cleaver 2008). H&E staining of sections 

generated from these embryos reveals the presence of a similarly developed pancreas in both 

wildtype and Usp7-/- embryos (Fig. 26B), indicating that at least until this developmental stage, 

Usp7 knockout did not produce noticeable changes in pancreas architecture. However, 

immunofluorescent staining for NGN3 revealed significantly fewer NGN3+ endocrine 

progenitors in Usp7-/- embryos compared to wildtype (0.79 ± 1.01% vs 5.15 ± 1.75%, 

p=0.0004, Unpaired Two-Tailed Student t-test) (Fig. 26C,D), indicating that USP7 plays an 

essential role in NGN3 stabilisation during pancreatic development. 

As NGN3 expression is essential for the specification of endocrine cells in the pancreas, we 

next investigated how the USP7 knockout had affected the development and function of the 

pancreas in adult mice (5-7 weeks). Immunohistochemical staining experiments revealed 

visibly smaller islets in Usp7 knockout mice compared to wildtype (Fig. 27A), as emphasised 

by significantly decreased insulin staining (p<0.0001, Unpaired Two-tailed Student t-test) (Fig. 

27B). Additionally, immunofluorescent staining for GCG and SST, alongside c-Peptide, shows 

significant decreases in the proportion of α cells and δ cells, as well as β cells in the pancreas 

of Usp7-/- mice (Fig. 27F-I). As all major endocrine cell types were affected by the knockout, 

this finding provides further proof of the essential role played by USP7 in endocrine cell 

specification through its regulation of NGN3. While knockout mice exhibit a 2x lower pancreas 

weight compared to control (Fig. 27D), this can be mostly explained by the lower body weight 

of these mice (Fig. 27C). As islets make up less than 5% of the pancreas volume (Paredes et 

al. 2014; Eriksson et al. 2013; Ionescu-Tirgoviste et al. 2015), it is improbable that the decrease 

in islet size would lead to a roughly 50% decrease in pancreas weight. In addition to lower 

pancreas and body weight, Usp7 knockout mice also exhibit elevated blood glucose levels (Fig. 

27E) suggesting a diabetic phenotype, a likely consequence of reduced β-cell numbers.  
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Figure 27. Conditional Usp7-/- in the pancreas during mouse embryonic development leads to decreased α, 

β and δ cell numbers and a diabetic phenotype. A) Histological and immunohistochemical analysis of Insulin 

expression in Usp7+/+ and Usp7-/- pancreatic tissues from 5-7 weeks old mice. Scale bar on left is 200µm and scale 

bar on right is 100µm. B) Quantification of Insulin positive staining area (n=10-11). C) Whole body weight (in 
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grams) in indicated mice, measured in 5-7 weeks old mice. D) Weight (in grams) of pancreas in indicated mice, 

in 5-7 weeks old mice. E) Circulating blood glucose concentrations measured in indicate mice, in 5-7 weeks old 

mice. F) Representative images of immunofluorescent staining for C-peptide (white), Somatostatin (SST; red), 

Glucagon (GCG; blue) and DAPI (teal) in Usp7+/+ and Usp7-/- pancreatic tissues from 5-7 weeks old mice. Scale 

bar is 50µm. G) Quantification of C-peptide positive staining area (n=10-11 mice per group). H) Quantification 

of Somatostatin (SST) positive staining area (n=10-11 mice per group). I) Quantification of Glucagon (GCG) 

positive staining area (n=10-11 mice per group). J)  Representative images of immunofluorescent staining for 

Amylase (red), CK19 (green), C-peptide (white) and DAPI (blue) in Usp7+/+ and Usp7-/- pancreatic tissues from 

5-7 weeks old mice. Scale bar on top is 200µm, and scale bar on bottom is 100µm. K) Quantification of Amylase 

positive staining area (n=11-12 mice per group). L) Quantification of Amylase positive staining area (n=11-12 

mice per group). Error bars = S.E.M, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All data included in this 

figure was collected and analysed by Dr Jessica Nelson (Behrens Lab). 

Despite the dramatic effect triggered by Usp7 knockout in the endocrine compartment of the 

murine pancreas, no significant differences were detected in the expression of ductal marker 

CK19 or acinar marker Amylase (Fig. 27J-L) between knockout and wildtype mice, suggesting 

that the exocrine compartment was not affected by loss of USP7. Considering the decreased 

body and pancreas weight of knockout mice, it is not excluded that the Usp7 knockout could 

have additional, detrimental effects on pancreatic development. However, our findings show 

that endocrine cell generation in particular was disproportionately affected by USP7 loss. This 

is consistent with decreases in NGN3 stability and endocrine progenitor numbers during 

embryonic development. 

6.3 USP7 inhibition during iPSC-to-β-cell differentiation in vitro impairs 

generation of β-like cells due to reduction in NGN3 stability 

We previously showed that exogenous NGN3 and USP7 can interact in HEK293A cells, with 

USP7 deubiquitinating and stabilising NGN3. Furthermore, USP7 loss in the mouse pancreas 

during embryonic development leads to destabilisation of NGN3, a reduction in the endocrine 

progenitor pool, decreased islet size, and elevated blood glucose levels. While these findings 

strongly indicate a key role for USP7 in endocrine specification in the pancreas, it is still not 

clear whether they can be recapitulated in an endogenous NGN3 expression model of human 

pancreatic development. Therefore, we employed an iPSC-derived pancreatic progenitor 
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differentiation model to investigate the effect of USP7 inhibition on NGN3 expression and 

endocrine cell generation. We adapted the Hogrebe protocol (Hogrebe et al. 2020), switching 

from 2D to a 3D differentiation within Matrigel domes in suspension (Fig. 28A) and treated 

the cells with GNE6440 (Kategaya et al. 2017), a chemical inhibitor specific to USP7, for the 

duration of the endocrine progenitor stage (D5-12). At D12, immunofluorescent staining for 

NGN3 reveals a significant decrease in the percentage of NGN3+ cells after GNE6640 

treatment compared to the control (5.09% ± 2.97 vs 14.88% ± 4.71, p=0.0043, Unpaired Two-

tailed Student t-test), supporting our in vivo findings (Fig. 28B).  

Immunofluorescent staining for INS, GCG and SST at D20 (end of differentiation) showed 

successful differentiation to β-, α- and δ-like cells in the control samples (Fig. 28D), while the 

percentage of INS+ β-like cells in the GNE6640-treated samples was significantly decreased 

(4.54% ± 3.71 vs 11.32 ± 4.96, p= 0.0403, Unpaired Two-tailed Student t-test) (Fig. 28E). 

However, decreases were not significant in the case of GCG (1.91% ± 0.86 vs 3.57% ± 1.57, 

p=0.0711, Unpaired Two-tailed Student t-test) or SST (11.01% ± 3.87 vs 15.01% ± 5.51,  

p=0.2214, Unpaired Two-tailed Student t-test).  

Despite a lower percentage of NGN3+ cells in GNE6640-treated samples at D12, Ngn3 gene 

expression was not significantly decreased (Fig. 28F). This indicates that NGN3 protein 

stabilisation, rather than upregulated Ngn3 transcription, is responsible for the increase in 

NGN3+ progenitor numbers. In contrast, we found significantly decreased gene expression of 

Ins (0.36 ± 0.14 vs 1.09 ± 0.55 p=0.0004, Two-way ANOVA with Sidak correction) and Gcg 

(0.62 ± 0.35 vs 3.65 ± 3.91, p=0.0361, Two-way ANOVA with Sidak correction) in GNE6640-

treated samples at D20. No change was observed in Sst gene expression in GNE6640-treated 

samples at D20 (6.06 ± 2.45 vs 33.43 ± 44.18, p=0.0995, Two-way ANOVA with Sidak 

correction). 
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Figure 28. USP7 inhibition during iPSC-to-β-cell differentiation destabilises NGN3 and impairs endocrine 

specification. A) Diagram of the adapted Hogrebe protocol. B) NGN3 immunofluorescent staining in control and 

GNE6640-treated samples at D12. C) Quantification of NGN3 immunofluorescent staining in D12 control and 

GNE6640-treated samples. Datapoints represent separate differentiation experiments. Error bars = S.E.M, n=5, 

Student t-test. D) Immunofluorescent staining for INS, GCG and SST in D20 control and GNE6640-treated 

samples. Scale bar = 100 μM E) Quantification of INS, GCG and SST immunostaining in control and GNE6640-

treated samples. Datapoints represent separate differentiation experiments. Error bars = S.E.M, n=5, Unpaired 

two-tailed Student t-test. F) Ngn3 gene expression normalised by Gapdh in GNE6640-treated and control samples. 

Error bars = S.E.M, n=4, Two-way ANOVA with Sidak multiple comparison correction; Comparison against 

Control sample from the same timepoint. G) Ins, Gcg and Sst gene expression normalised by Gapdh in GNE6640-

treated and control samples. Error bars = S.E.M, n=3, *p<0.05, ***p<0.001, Two-way ANOVA with Sidak 

multiple comparison correction; Comparison against Control sample from the same timepoint.  
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6.4 Discussion 

 In this chapter, we investigated the role of USP7 in the regulation of NGN3 and endocrine 

specification in two systems featuring endogenous expression of NGN3. Firstly, we addressed 

how USP7 loss affected the development of the endocrine compartment of the pancreas in 

mice, by assessing the size of the endocrine progenitor pool in mouse embryos with a 

conditional Usp7 knockout genotype. We found that USP7 loss led to a considerable reduction 

in NGN3+ endocrine progenitor numbers at E14 (Fig. 26C,D), which translated to greatly 

reduced islet size in the adult mouse (Fig. 27A). While the proportion of the pancreas occupied 

by α, β, and δ cells was significantly decreased as a result of the Usp7 knockout (Fig. 27F-I), 

the proportion occupied by exocrine cells, such as ductal or acinar cells, was not significantly 

affected (Fig. 27J-L), indicating that the knockout specifically affected the endocrine pancreas. 

This would be consistent with USP7 playing an important role in NGN3 stabilisation, as NGN3 

expression pushes cells towards an endocrine fate during pancreatic development (Sheets et al. 

2018; Pinney et al. 2011). 

Despite USP7 loss not affecting the proportion of ductal and acinar cells within the pancreas, 

knockout mice did exhibit decreased pancreas weight, alongside decreased body weight and 

increased blood glucose levels (Fig. 27C-E). While the increase in blood glucose levels can be 

easily explained by the reduction in islet size and β-cell numbers, the decrease in pancreas and 

body weight may be similarly caused by insulin deficiency, as this was shown to affect foetal 

growth (Fowden 1992). As islets represent only a small percentage of pancreatic weight, the 

reduction in islet size alone cannot account for the notable reduction in pancreas size, 

suggesting that while the proportion of acinar and ductal cells making up the pancreas remains 

unchanged, there is likely a reduction in the absolute numbers of these cell types after Usp7 

knockout.  
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Previous studies have shown that USP7 inhibition can affect cell proliferation, due to the role 

of USP7 in stabilising substrates such as PLK1 (Y. Peng et al. 2019; Galarreta et al. 2021). 

While the decrease in the pancreas size of adult knockout mice could be due to the insulin 

deficiency caused by reduced β-cell numbers, as the Usp7 knockout is induced by Pdx1 

expression, we cannot exclude the possibility that one side-effect of the knockout is a decrease 

in the proliferation of PDX1+ pancreatic progenitors. This would lead to a reduction in 

pancreas size even before the appearance of NGN3+ endocrine progenitors, and, in turn, to a 

smaller NGN3+ progenitor pool, independent of the effect of Usp7 knockout on NGN3 

stability. However, in the quantification of NGN3+ endocrine progenitors in E14 embryos, 

Usp7 knockout embryos showed a reduction in NGN3+ cell numbers even after normalisation 

by the number of PDX1+ pancreatic cells, indicating that even after controlling for a potential 

effect of Usp7 knockout on proliferation, USP7 loss still disproportionately impacts endocrine 

cell populations through its effect on NGN3 stability.   

We next validated our findings in and in vitro iPSC-to-β-cell differentiation model, starting 

with pancreatic progenitors derived from healthy human donor iPSC line Kute-4. We 

chemically inhibited USP7 for the entire duration of the endocrine differentiation stage (D5-12 

of our differentiation protocol) and analysed the effect of this inhibition on NGN3 stability and 

endocrine cell generation (Fig. 28B-G). USP7 inhibition led to a 3x decrease in NGN3+ 

endocrine progenitors at the end of the endocrine differentiation stage, which translated to a 

decrease in INS+ β-like cells by D20 (end of differentiation). We found no significant 

differences in Ngn3 gene expression between treated and untreated samples throughout the 

differentiation, suggesting that the effect of USP7 inhibition on NGN3+ cell numbers is likely 

due to decreased NGN3 stability, rather than due to a decrease in its transcription. On the other 

hand, USP7 inhibition resulted in lower Ins and Gcg gene expression at D20, which also 

translated to a decrease at protein level, in the case of INS. This is consistent with the 
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hypothesis that USP7 inhibition during the endocrine differentiation stage affects NGN3 

protein stability, which in turn has a knock-on effect on endocrine differentiation, leading to 

decreased Ins gene expression and finally, to lower numbers of INS+ cells. While we also see 

a decrease in Gcg gene expression, this does not result in a significant decrease in GCG+ cells.  

These results mostly reflect our previous findings in Usp7 knockout mice. As in our in vitro 

assays USP7 is only inhibited during the NGN3 expression window (D5-12), we are able to 

exclude possible side-effects of USP7 inhibition during other differentiation stages, in contrast 

to our previous in vivo experiments. This could explain why GCG+ and SST+ cell populations 

do not seem to be impacted by USP7 inhibition in the same way they were in Usp7 knockout 

mice. It has been previously suggested that endocrine progenitors generated at different 

developmental timepoints during mouse pancreatic development may be biased towards 

specific endocrine cell fates (Scavuzzo et al. 2018). It is not clear whether this is recapitulated 

by in vitro differentiation assays. However, if this was the case, it could explain why USP7 

inhibition for a limited timeframe during the differentiation had a disproportionate effect on 

the generation of certain types of endocrine cells and not others. Alternatively, as we have 

shown that Usp7+/- mice do not exhibit a visible phenotype, and as previous literature has not 

described a pancreatic phenotype in patients with Usp7 heterozygous loss-of-function 

mutations (Fountain et al. 2019), it is likely that even a considerable reduction in USP7 activity, 

like in the case of our USP7 chemical inhibition assays, will not have as great an impact on 

endocrine specification as a complete Usp7 knockout.  

Our findings in both mouse and human iPSC models confirm the essential role played by USP7 

in NGN3 regulation and endocrine pancreas development, indicating that USP7 modulation 

could be a valid strategy for NGN3 stabilisation. In turn, this stabilisation may be able to boost 

exocrine-to-endocrine plasticity as well as iPSC-to-β-cell differentiation in vitro. While several 
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USP7 small molecule inhibitors exist, to our knowledge, no small molecule activators of USP7 

have been described. Therefore, future research could investigate different approaches to boost 

USP7 activity, and their effect on pancreatic plasticity and β cell generation.  
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Chapter 7: Discussion 

7.1 Introduction 

This thesis aimed to validate new regulators of NGN3 stability and investigate their role in 

pancreatic endocrine specification. We carried out an IP-MS experiment to identify NGN3 

interactors that may play a role in NGN3 post-translational regulation and further investigated 

these interactions and their mechanisms in HEK293A cells, iPSC-derived pancreatic 

progenitors, and, in the case of USP7, in a Usp7 knockout mouse model. 

As phosphorylation has been shown to play a role in NGN3 stability, in chapter 3, we generated 

and characterised several phosphorylation mutants of murine and human NGN3 for use in 

future experiments. We then identified USP7 and HUWE1 as potential NGN3 interactors and 

confirmed the ability of these endogenous proteins to co-immunoprecipitate with exogenous 

NGN3 in HEK293A cells. Furthermore, the analysis of an scRNAseq public dataset containing 

human foetal pancreas samples at different timepoints throughout development revealed that 

both Huwe1 and Usp7 are expressed during the Ngn3 expression window, suggesting a 

possible role of these factors in NGN3 regulation and pancreatic development.  

In chapter 4, we focused on the interaction between NGN3 and HUWE1, investigating the role 

of NGN3 phosphorylation in the interaction and the effect of HUWE1 inhibition on NGN3 

ubiquitination and stability. We found that exogenous NGN3 interacts with endogenous 

HUWE1 in HEK293A cells, and that a lack of phosphorylation close to the C-terminus of 

NGN3 impairs the interaction. While treatment with an inhibitor of HECT E3 ubiquitin ligases 

(Heclin) reduced NGN3 ubiquitination, treatment with the specific HUWE1 inhibitor BI8622 

did not have a significant impact on NGN3 ubiquitination, and neither treatment led to NGN3 

stabilisation in our HEK293A cell system. Furthermore, Heclin treatment did not stabilise 
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NGN3 or boost β-like cell differentiation in an iPSC-derived pancreatic progenitor system, 

suggesting that HUWE1 may not be a regulator of NGN3 stability under the tested 

experimental condition.  

Finally, in chapters 5 and 6, we validated the interaction of NGN3 with USP7 and described 

the essential role that USP7 plays in NGN3 post-translational regulation and endocrine 

specification during pancreatic development. We showed that USP7 overexpression leads to a 

decrease in NGN3 ubiquitination, including K48-linked polyubiquitin chains, which are mainly 

responsible for targeting their substrate to the proteasome for degradation. As a result, co-

transfection of NGN3 with USP7 leads to NGN3 stabilisation in HEK293A cells, while USP7 

inhibition during iPSC-to-β-cell differentiation leads to a decrease in NGN3+ endocrine 

progenitor numbers and in the generation of β-like cells. USP7 loss in the mouse embryonic 

pancreas leads to a similar decrease in NGN3+ progenitors at E14, with smaller islets and a 

diabetic phenotype observed in the adult mice. 

This study proposes a novel mechanism for NGN3 post-translational regulation during 

pancreatic development, dependent on USP7-mediated deubiquitination (Fig. 29). This 

mechanism is key for NGN3 stabilisation, facilitating endocrine specification in pancreatic 

progenitors and ensuring the normal development of pancreatic islets. 
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Figure 29. Updated diagram of NGN3 proteasomal degradation pathway. Greyscale: previously known 

interactions. Colour: Mechanism described in this study. USP7 interacts with ubiquitinated NGN3 and cleaves off 

ubiquitin chains, preventing NGN3 degradation. 

 

7.2 Phosphorylation plays an integral part in NGN3 post-translational 

regulation   

Phosphorylation can modulate NGN3 stability, with NGN3-6SA, a form of NGN3 with 

mutations at six different predicted phosphorylation sites, being significantly more stable than 

the wildtype protein (Azzarelli et al. 2017). While the importance of NGN3 phosphorylation 

at residues S183 and S187 in the context of its interaction with FBW7 has been previously 

described (Sancho et al. 2014), little was known about the role other phosphorylation sites 

mutated in the NGN3-6SA mutant played in NGN3 regulation and function. In this study we 

show that phosphorylation sites closer to the C-terminus of NGN3, such as S174, S183, S187 

and possibly also S199 promote the interaction of exogenous NGN3 with endogenous HUWE1 
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in a HEK293A in vitro system. Mutating these sites impairs the NGN3/HUWE1 interaction, 

indicating that a similar mechanism could be at play for the recognition of NGN3 by HUWE1 

as for its recognition by FBW7.  

To our knowledge, only the S183 and S187 sites have been studied in connection with the 

NGN3/FBW7 interaction so far, as they can be phosphorylated by GSK3β (Sancho et al. 2014). 

GSK3β phosphorylates other substrates such as NOTCH1 and c-MYC (G. Wu et al. 2001; 

Welcker et al. 2004) and targets them to FBW7 for ubiquitination, suggesting that GSK3β-

meditated phosphorylation may play a similar role in the case of NGN3. For this reason, S183 

and S187, predicted GSK3β phosphorylation sites, initially provided the most promising 

targets for investigations into the NGN3/FBW7 interaction mechanism. However, we have 

now shown that the NGN3-2SA mutant protein, in which both S183 and S187 are mutated, can 

still be stabilised by treatment with the GSK3β inhibitor CHIR99021, while the 6SA mutant 

shows no stabilisation. These results indicate that aside from S183, one or more of the five 

other sites mutated in the NGN3-6SA mutant may undergo GSK3β-meditated phosphorylation 

under normal circumstances, contributing to NGN3 degradation. They may therefore be 

involved in the interaction of NGN3 with FBW7, requiring further investigation.  

The NGN3-6SA mutant showed a decreased ability to interact with USP7 when compared to 

NGN3 WT. However, as USP7 is a deubiquitinase, we wondered whether the impairment of 

the interaction was a direct consequence of the lower NGN3 phosphorylation levels, or a 

secondary effect of a decrease in NGN3 ubiquitination as a result of lower phosphorylation. 

We showed that the NGN3-6SA mutant exhibits low ubiquitination at baseline levels, with no 

significant reduction after USP7 overexpression. Furthermore, when analysing the effect of 

each of the six phosphorylation sites separately, none of the single-site mutants showed 

significant decreases in their ability to pull down USP7, suggesting that the NGN3/USP7 
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interaction is not dependent on a single phosphorylation site. It is therefore likely that a lack of 

ubiquitination in the NGN3-6SA mutant, rather than a lack of phosphorylation, leads to a 

reduction in the protein’s interaction with USP7.  

Besides contributing to the interactions between NGN3 and enzymes such as FBW7 or 

HUWE1, phosphorylation may also affect NGN3 function. In our experiments, some NGN3 

phosphorylation mutants, such as S160, 2SA and 6SA showed a significantly decreased ability 

to induce expression of Nkx2.2, a target of NGN3-mediated transcriptional activation. 

However, further experiments using the human NGN3 protein and the corresponding 

phosphorylation mutants would be necessary to validate these findings, as it is possible that, 

although limited, the differences between the structures of mouse and human NGN3 affect the 

function of certain NGN3 mutants in the human HEK293A system, while this may not be the 

case for similar mutants of human NGN3. Indeed, mutating the same residue in mouse and 

human NGN3 can have radically different consequences on NGN3 post-translational 

regulation, as illustrated by the mutation of the S199 site in either the mouse or human protein. 

Despite the serine being mutated to an alanine residue in the mouse protein, and to a 

phenylalanine residue in the human one, to reflect the S199F SNP previously identified in the 

human population, the differences between the two amino acids may not be sufficient to explain 

the dramatic differences in NGN3 post-translational modification, as they are both 

hydrophobic, non-polar residues. The more likely explanation is that the serine residue at 

position 199 is subjected to different post-translational modification events in mice and 

humans, and thus its mutation leads to different outcomes for NGN3. 

Lastly, while here we focused on seven predicted phosphorylation sites that were previously 

studied in connection with the degradation pathway of mouse NGN3 (S14, S38, S160, S174, 

S183, S187, S199) (Azzarelli et al. 2017; Sancho et al. 2014), other serine, threonine and 
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tyrosine residues on NGN3 could be sites for phosphorylation. Therefore, a lot is still unknown 

about how specific phosphorylation events affect the stability and function of NGN3, and 

which kinases, other than GSK3β, play a role in NGN3 post-translational regulation. 

Answering these questions could provide new targets for NGN3 modulation and could allow 

for optimisation of differentiation protocols aiming to generate specific pancreatic cell types. 

7.3 HUWE1 inhibition does not significantly stabilise NGN3 

One of the NGN3 interactors we identified in our IP-MS experiment was E3 ubiquitin ligase 

HUWE1. While research into HUWE1 function within the pancreas has been limited, one study 

has investigated the effect of a pancreas specific Huwe1 knockout in mice, showing a 

detrimental effect on β cell mass (L. Wang et al. 2014). However, the reduction was attributed 

to p53-mediated β cell apoptosis and the aging process aggravated this phenotype. Therefore, 

it is unlikely that this decrease in β cell mass is due to an effect of HUWE1 on NGN3 regulation, 

as any such effect would precede the existence of mature β cells in the pancreas. As NGN3 is 

not generally expressed in the mouse pancreas after E18.5 (Villasenor, Chong, and Cleaver 

2008; Mellitzer et al. 2004), the severity of the phenotype would most likely become apparent 

soon after birth, rather than being exacerbated by age. Instead, with p53 being a known 

substrate of HUWE1 (D. Yang et al. 2018), HUWE1 loss leads to a decrease in p53 

ubiquitination and an increase in its stability, which, in turn, results in apoptosis. While this 

does not exclude an additional effect of HUWE1 loss on NGN3 stability during pancreatic 

development, the study did not investigate the effect of HUWE1 loss during pancreas 

embryonic development, or mice younger than 1 month. 

We found that endogenous HUWE1 co-immunoprecipitates with exogenous NGN3 in 

HEK293A cells, and that this interaction is promoted by phosphorylation at the C-terminus of 

NGN3. However, while we observed a reduction in NGN3 ubiquitination upon treatment with 
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a broad HECT E3 ubiquitin ligase inhibitor (Heclin), this was not recapitulated in experiments 

where BI8622, a specific HUWE1 inhibitor, was used. Furthermore, no NGN3 stabilisation 

was observed in HEK293A cells after either of the two treatments, or in iPSC-derived 

endocrine progenitors after Heclin treatment, indicating that HUWE1 may not significantly 

contribute to NGN3 ubiquitination and proteasomal degradation under our experimental 

conditions. It is also possible that our 24 h Heclin treatment window, especially during the 

iPSC-to-β-cell differentiation experiments, was too short to induce a detectable change in 

NGN3 levels. A similar experiment aiming to inhibit USP7 activity yielded a considerable 

change in NGN3+ cell numbers after maintaining treatment for the chemical inhibition of USP7 

for the entire duration of the NGN3 protein expression window. Additional experiments with 

an extended window of Heclin or BI8622 treatment may result in a more noticeable 

stabilisation of NGN3.  

Another way to investigate the NGN3/HUWE1 interaction would be to analyse how NGN3 

ubiquitination and stability are affected by HUWE1 overexpression, as opposed to its chemical 

inhibition, in similar experiments as have been carried out for USP7. However, due to the large 

size of the HUWE1 sequence, we have encountered obstacles in generating, expanding and 

transducing a plasmid vector that would induce full length HUWE1 overexpression. Future 

experiments could explore ways to optimise this process, for instance using adenoviral 

transduction systems.   

7.4 USP7 deubiquitinates and stabilises pro-endocrine transcription factor 

NGN3 

In addition to HUWE1, we identified USP7 as another interactor of NGN3 in our IP-MS 

experiment. This was of particular interest as it was the first known interaction between NGN3 

and a deubiquitinase, providing further insight into the post-translational regulation of NGN3 
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through the ubiquitin-proteasome system. Our experiments showed that exogenous NGN3 can 

interact with both endogenous and exogenous USP7 in HEK293A cells, with USP7 

overexpression resulting in reduced NGN3 ubiquitination and increase stability. These findings 

were further recapitulated in an iPSC-to-β-cell differentiation model, where USP7 inhibition 

during the endocrine differentiation stage led to a significant decrease in the proportion of 

NGN3+ cells and to a reduction in Ins and Gcg gene expression and in INS+ β-like cell numbers 

by the end of the differentiation. Conditional Usp7 knockout in the mouse embryonic pancreas 

leads to a similar reduction in NGN3+ endocrine progenitors at E14, while adult mice exhibit 

a decreased proportion of endocrine cells in the pancreas, decreased body and pancreas mass 

and increased blood glucose levels, reminiscent of a diabetic phenotype. We therefore 

demonstrated that USP7 plays an essential role in endocrine specification in the pancreas, 

through its ability to deubiquitinate and stabilise NGN3. However, no impact of Usp7 

heterozygous loss-of-function mutations on the pancreas has been described so far in human 

patients, despite an otherwise strong phenotype, with symptoms such as intellectual disability, 

seizures, hypotonia and autism spectrum disorders (Fountain et al. 2019). This is consistent 

with the lack of phenotype we observed in our Usp7+/- mice (Fig. 27C-E), indicating that only 

a complete ablation of USP7 will result in a noticeably impacted pancreatic endocrine 

compartment. No patients with homozygous loss-of-function mutations in Usp7 have been 

identified. As complete Usp7 knockout in mice leads to early embryonic lethality (N. Kon et 

al. 2010), this is likely also the case for human embryos, explaining the lack of Usp7-/- patients. 

We showed that NGN3 is a substrate for USP7, and that NGN3 ubiquitination, rather than 

phosphorylation, promotes this interaction. However, we have not yet investigated whether 

post-translational modifications on USP7 could affect substrate recognition. It has been 

previously revealed that CK2-mediated phosphorylation of USP7 at residue S18 modulates its 

affinity for certain substrates. For instance, the phosphorylated form of USP7 is more likely to 
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bind MDM2, while the dephosphorylated form favours p53 binding (Khoronenkova et al. 

2012). Therefore, to investigate which form of USP7 has a higher affinity for NGN3 binding, 

NGN3/USP7 immunoprecipitation assays could be repeated using a USP7S18A mutant plasmid. 

As phosphatase PPM1G can dephosphorylate USP7 at S18 (Khoronenkova et al. 2012), future 

experiments could modulate either CK2 or PPM1G activity to promote the post-translational 

modification that boosts the USP7/NGN3 interaction. One option for CK2 inhibition is ATP-

competitive inhibitor CX-4945 (Chon et al. 2015), while cadmium has been found to inhibit 

PPM1G (C. Pan et al. 2013). While we have previously shown that endogenous NGN3 can be 

destabilised by USP7 inhibition during pancreatic endocrine differentiation, these experiments 

would help establish whether it is possible to stabilise it instead, by boosting USP7 activity. 

Additionally, previous studies have achieved exocrine-to-endocrine cell transdifferentiation by 

using an adenoviral construct to induce NGN3 overexpression in ductal or acinar cells (Weida 

Li et al. 2014; Zhou et al. 2008; Demcollari, Cujba, and Sancho 2017), or knocking out FBW7, 

an E3 ubiquitin ligase responsible for NGN3 ubiquitination and degradation (Sancho et al. 

2014). Therefore, future assays could assess whether inducing USP7 overexpression in ductal 

or acinar cells using an adenoviral construct could result in similar exocrine-to-endocrine 

plasticity. 

Lastly, while transient NGN3 expression is necessary for the endocrine specification of 

pancreatic progenitors, loss of NGN3 expression is also required for successful maturation of 

endocrine cells. During our iPSC-to-β-cell differentiation experiments, we found that although 

Ngn3 gene expression declined after D12, it was still relatively high by D20 (end of 

differentiation) compared to expression at D5, before the start of the endocrine differentiation 

stage (Fig. 28F). If this phenomenon were to be recapitulated at protein level, the maintained 

NGN3 expression could slow down β-cell maturation. As improving the maturation of β-cells 

generated in vitro has long been an aim in the field of diabetes and stem cell research 
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(Hohmeier, An, and Newgard 2019), it would be interesting to investigate whether USP7 

chemical inhibition after D12 could accelerate the endocrine cell maturation process by 

destabilising NGN3 once endocrine specification has been achieved.  

7.5 Research limitations 

While in this project we identify USP7 as a potential regulator of NGN3 stability and endocrine 

specification in the pancreas, our research, in its current state, does pose certain limitations. 

Firstly, an NGN3 overexpression system in HEK293A cells was used to identify possible 

NGN3 interactors and to investigate the NGN3/USP7 interaction in vitro, as generating 

sufficient numbers of NGN3+ iPSC-derived endocrine progenitor cells for experiments such 

as immunoprecipitation assays was not feasible using currently available differentiation 

protocols. To our knowledge, no immortalised pancreatic cell lines with endogenous NGN3 

expression exist, at present. However, a possible improved model to study NGN3 interactors 

could be the pancreatic adenocarcinoma cell line PANC-1. While lower transfection efficiency 

in this cell line compared to HEK293A cells prevented us from using it widely for our 

experiments, the generation of a stable line of PANC-1 cells with doxycycline-inducible 

expression of NGN3 could help provide a more biologically relevant alternative for the study 

of NGN3 interactions. 

Secondly, while our preliminary IP-MS experiment did uncover USP7 as a possible interactor 

of NGN3, due to the reduced number of sample replicates (two NGN3-HA samples and one 

pcDNA3.HA control) and the lack of additional controls (e.g. other HA-tagged proteins) it is 

likely that many of the hits identified in the experiment could be false positives that would 

require extensive additional validation. Repeating this assay with additional replicates and 

controls, in a more biologically relevant system (e.g. PANC-1 cells), could validate our existing 

findings, or identify new interactors of NGN3. 
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Finally, while USP7 overexpression seems to stabilise ectopic NGN3 in our in vitro HEK293A 

system, we cannot exclude the possibility that the phenotype observed in mice and iPSC-

derived pancreatic progenitors after USP7 inhibition or loss could be independent of NGN3-

destabilisation. USP7 is known to interact with substrates involved in cell proliferation and 

apoptosis, such as p53. While we attempted to control for this effect in our experiments by 

normalisation to either the number of PDX1+ pancreatic cells in mice, or to total number of 

cells in our in vitro iPSC differentiation assays, this would not account for an additional effect 

USP7 loss could have on the survival of NGN3+ endocrine progenitors in particular. 

Immunofluorescent staining for apoptosis markers such as Caspase-3 in both the wildtype and 

Usp7-/- E14 mouse embryo sections and the iPSC-to-β-cell differentiation dome sections could 

determine whether USP7 loss disproportionally triggered apoptosis in NGN3+ endocrine 

progenitors. Similarly, while in our in vitro differentiation experiments USP7 inhibition was 

limited to the endocrine progenitor stage, in our Pdx1;Cre Usp7-/- mouse model USP7 loss was 

maintained during endocrine cell maturation, meaning that additional effects of USP7 loss on 

endocrine cell maturation and function could contribute to the observed phenotype in adult 

mice. To further investigate this, mouse models for Usp7 knockout at different pancreatic 

developmental stages and in different cell types could be generated, such as a MafA;Cre Usp7-

/- model to investigate the effect of USP7 on β-cell maturation. Additionally, to further validate 

whether the effect of USP7 loss on the endocrine compartment in the murine pancreas is due 

to NGN3 destabilisation, wildtype and Usp7-/- embryos from earlier developmental timepoints 

post-knockout but before the emergence of NGN3 expression (e.g. E10) could be harvested. A 

comparison of the size and morphology of the wildtype and Usp7-/- pancreas in these embryos 

would elucidate whether USP7 loss affects pancreatic development previously to the NGN3 

expression window. 
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7.6 Concluding remarks 

In the present study, we identify two potential interactors of proendocrine transcription factor 

NGN3 and explore the mechanisms and consequences of these interactions. While both Usp7 

and Huwe1 are expressed in the human foetal pancreas, of the two, USP7 shows great promise 

as a possible target for the modulation of NGN3 stability. Experiments in HEK293A cells 

reveal that USP7 overexpression leads to exogenous NGN3 deubiquitination and stabilisation, 

while USP7 inhibition in iPSC-derived pancreatic endocrine progenitors destabilises NGN3 

and impairs β-like cell differentiation. Furthermore, a conditional Usp7 knockout in the 

pancreas of mouse embryos leads to a reduction in the NGN3+ endocrine progenitor pool and 

impairs endocrine specification, resulting in a diabetic phenotype. These findings are consistent 

with USP7 playing an essential role in endocrine specification in the developing pancreas 

through its ability to stabilise NGN3.  

USP7 has been intensely researched as a target for cancer therapies, due to its regulation of 

substrates such as p53 and its role in cell proliferation (H. Chen et al. 2020; W. Zhang et al. 

2020). However, to our knowledge, this is the first study that links USP7 to the pancreas in the 

context of healthy pancreatic development. As NGN3 stabilisation in ductal cells has been 

shown to promote exocrine-to-endocrine transdifferentiation (Sancho et al. 2014), it is possible 

that chemically boosting the deubiquitinating activity of USP7 could help achieve similar effect 

without the need for NGN3 overexpression through viral vectors. Additional research would 

be needed to assess the effect of increased USP7 activation on endocrine differentiation in vitro 

and in vivo, as well as on processes such as cell proliferation and tumorigenesis in the pancreas, 

in order to further determine the suitability of USP7 as a target for in situ NGN3 modulation. 

Nevertheless, the current study identifies USP7 as a key facilitator of endocrine specification 
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during pancreatic development, providing valuable insight into the complex post-translational 

regulation network of NGN3. 
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