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Abstract

The pancreas derives from PDX1+ multipotent progenitors that differentiate and mature
into acinar, duct and endocrine cells. Pancreas cell differentiation and maturation is controlled by
activation of lineage-specific genes, such as Neurog3, which drives endocrine cell specification.
However, how these genes are activated and/or maintained during pancreas development is not
clear. The Trithorax Group (TrxG) complexes are chromatin regulators that catalyze histone 3
lysine 4 (H3K4) methylation associated with active chromatin. The objective of this thesis was to
investigate the role of TrxG-catalyzed H3K4 methylation in mediating the activation and
maintenance of genes critical to pancreas and endocrine progenitor cell specification.
Using an in vitro spheroid model of pancreas development, TrxG complex formation and
thus, catalytic and non-catalytic functions, were disrupted by Wdr5 suppression in pancreas
progenitors. Wdr5 suppression significantly decreased the number of spheres generated per
pancreas and sphere diameter. Activation of Neurog3 and downstream endocrine genes was
significantly reduced, and RNA-sequencing revealed that activation of acinar cell genes was also
reduced. The catalytic role of TrxG complexes in pancreas development was examined in vivo
by genetically deleting Dpy30 in PDX1+ and NEUROG3+ cells. Loss of Dpy30 from PDX1+
cells resulted in loss of H3K4 methylation and decreased pancreas size due to a reduction in
progenitor proliferation and an increase in apoptosis. Neurog3 expression was decreased and the
proportion of NEUROG3+ endocrine progenitors and differentiated endocrine cells was
significantly reduced. Additionally, while acinar cell genes were activated, the proportion of
differentiated acinar cells was decreased, acinar cell maturation was impaired and disorganized
cystic structures developed. Loss of Dpy30 from NEUROG3+ cells resulted in loss of H3K4
iii

methylation, without altering the proportion of differentiated endocrine cells, but led to impaired
postnatal glucose tolerance. RNA-sequencing of pancreatic islets from these mice demonstrated
that while the majority of genes were unaffected, the expression of a subset of islet-specific
genes was significantly reduced. Collectively, these results suggest that the non-catalytic
functions of the TrxG complexes are required for activation of a subset of lineage-specific genes
while H3K4 methylation is necessary for their active maintenance during pancreas development.
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Lay Summary

Central to diabetes are the specialized pancreatic β-cells that sense glucose levels in the
blood and secrete the hormone insulin, which acts on various tissues to reduce blood glucose
levels. In diabetes, β-cell dysfunction leads to reduced insulin levels and/or action which results
in high blood glucose over time. It is important to understand how the pancreas and b-cells
normally develop in order to identify the causes of β-cell dysfunction in diabetes. This thesis
focuses on investigating the role of the Trithorax Group (TrxG) protein complexes during
pancreas and b-cell development. Using mouse models, I found that the loss of activity of the
TrxG complexes in the pancreas resulted in high blood glucose levels due to fewer and
dysfunctional insulin-producing b-cells. The results in this study may improve the process of
generating functional insulin-producing b-cells from stem cells to replace dysfunctional β-cells
as a potential diabetes therapy.
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Chapter 1: Introduction
1.1

Exocrine and endocrine pancreatic functions and diseases
The pancreas is composed of exocrine and endocrine cells specialized for enzymatic

digestion and glucose regulation, respectively 1. The majority of the pancreas consists of
exocrine tissue, including the acinar and duct cells, with a small proportion of endocrine cells
that cluster into the islets of Langerhans 2,3. Acinar cells secrete digestive enzymes (i.e. amylase,
lipases, nucleases and proteases) and duct cells secrete bicarbonate into the pancreatic ductal
network, duodenum and small intestine where proteins, carbohydrates and fat are digested 3.
There are five types of endocrine cells, including insulin-secreting β-cells, glucagon-secreting αcells, somatostatin-secreting δ-cells, ghrelin-secreting ε-cells and pancreatic polypeptidesecreting γ-cells 2,4. In response to various stimuli (e.g. hyperglycemia or hypoglycemia),
pancreatic endocrine cells secrete hormones into the islet vasculature and systemic circulation
where they regulate blood glucose levels. Genetic or environmental factors that cause
dysregulation of either endocrine or exocrine pancreas function can lead to diseases such as
pancreatitis, pancreatic cancer, and most commonly, diabetes mellitus. Diabetes mellitus is a
chronic metabolic disease of the endocrine pancreas characterized by hyperglycemia resulting
from insulin insufficiency or resistance, and currently affects 3.5 million Canadians and 425
million people worldwide 5,6.

1.2

Diabetes mellitus
The first documented reports of diabetes symptoms, including polydipsia, polyuria and

body wasting, were found in ancient Egyptian civilizations 7, but the term “diabetes” – meaning
“to pass through” – was established in the 2nd century by the Greco-Roman physician Aretaeus
1

of Cappadocia 8. Much later, English physician Thomas Willis noted that the urine and blood of
diabetic patients were “sweet” tasting and added the term “mellitus” in the 17th century. In 1776,
English physician Matthew Dobson confirmed that the cause of the sweet taste was sugar, and in
1815 French chemist Michael Chevreal identified the sugar as glucose 7. In the mid-19th century,
French physiologist Claude Bernard examined the liver of dogs fed either carbohydrate- or
protein-rich diets and discovered that the liver stored glucose in the form of glycogen. Based on
these observations, Bernard hypothesized that secretions from the liver caused diabetes 8.
In 1869, German pathologist Paul Langerhans described the microscopic anatomy of the
pancreas, including clusters of pancreatic “islands” of unknown function that were later named
the islets of Langerhans 7. At the University of Strasbourg in 1889, Oskar Minkowski and Joseph
von Mering performed pancreatectomies on dogs and noted that this caused symptoms of
diabetes. These experiments demonstrated for the first time that the pancreas regulated glucose
homeostasis 8. In 1921, further groundbreaking experiments were performed by Frederick
Banting and Charles Best in John McLeod’s laboratory at the University of Toronto. Pancreatic
duct ligation caused atrophy of the exocrine pancreas in dogs and allowed isolation of a
“concentrated internal secretion” – later termed “insulin” – from the remaining islets of
Langerhans 9. This crude insulin extract was purified with assistance by James Collip and
injected into pancreatectomized dogs and diabetic patients to reverse hyperglycemia 9,10. In 1923,
the Nobel Prize was awarded to Banting and McLeod for the discovery of insulin. This Canadian
discovery provided the first evidence that secreted insulin from pancreatic islets of Langerhans
regulates glucose homeostasis and was instrumental for diabetes management and patient
survival.

2

1.2.1

The major types of diabetes and health complications
Diabetes mellitus is characterized by hyperglycemia that develops as a result of insufficient

insulin secretion and/or utilization 11. There are two main types of diabetes: autoimmune type 1
diabetes (T1D) and type 2 diabetes (T2D). T1D is defined as a disease of insulin deficiency and
accounts for ~5-10% of all diabetes cases 12. T2D is the most common form of diabetes and is
estimated to account for ~90% of all cases 13. This type of diabetes is characterized by b-cell
dysfunction and insulin resistance at target tissues, with reduced insulin secretion and b-cell
death as the disease progresses 11. While both types of diabetes are associated with genetic and
environmental risk factors 11, the precise cause of diabetes is currently unknown.
The long-term health risks of diabetes are a primary result of uncontrolled hyperglycemia
and include atherosclerosis, nephropathies, neuropathies and retinopathies. Diabetes is a leading
cause of heart disease, stroke, blindness, renal failure and foot amputations, and is estimated to
reduce life expectancy by 5-10 years 5,14. The World Health Organization recognizes that
diabetes and associated complications are a significant cause of death and disability 15 and
treatment of complications related to diabetes is a huge economic burden for many countries 5,16.
Strict management of blood pressure and glucose levels can prevent or delay many of the
complications, and this is becoming more attainable with the development of more sophisticated
technology such as closed-loop continuous glucose monitoring and insulin infusion systems (i.e.
an artificial pancreas). Despite our education, awareness, and technological and scientific
advances, diabetes remains a global health problem that is increasing in prevalence each year,
and the International Diabetes Federation predicts the number of people living with diabetes will
be 629 million by 2045 5.

3

1.2.2

Diabetes management by insulin and drug therapy
Hyperglycemia in T1D is managed with regular injections of exogenous insulin and

continuous blood glucose measurements to adjust insulin dosage 12. As a result of the pioneering
work by Banting and Best 9,10, recombinant human insulin preparations are available for lifelong
blood glucose management. The most effective treatment for T2D is prevention of obesity
through diet and exercise 17. In addition to lifestyle changes, treatment for T2D includes drugs
that inhibit gluconeogenesis, promote the incretin effect, reduce insulin resistance, inhibit
glucose excursions or reabsorption and others that promote insulin secretion. The gold standard
for T2D treatment is metformin, either as a monotherapy or in combination with other oral
glucose- or lipid-lowering agents 5. However, some patients require exogenous insulin in
addition to metformin to maintain glucose homeostasis as T2D progresses.
1.2.3

Human islet transplants for diabetes treatment
Treatment of diabetes with exogenous insulin (T1D) or pharmaceuticals (T2D) certainly

aid in lowering blood glucose levels, but these therapies rely on patient input, glucose monitoring
and do not prevent the progressive complications that result from hyperglycemia. A therapy that
achieves an improved level of glucose control is the transplantation of human islets via the
Edmonton protocol 18,19. Purified islets from cadaveric donors are transplanted into the portal
vein and travel to the liver where they secrete insulin in response to glucose fluctuations in a
regulated manner. This treatment is currently reserved for the most brittle type 1 diabetics as islet
cells are limited, and patients still require immunosuppressive therapy to prevent autoimmunity
and alloimmune graft rejection 20. Although islet transplantation is an initially effective
treatment, current success rates and insulin independence are reduced to ~50% at 5 years posttransplant 21. As a result, research to improve islet transplantation is underway, including
4

development of islet encapsulation devices that prevent immune cell infiltration and the
bioengineering of pseudoislets from donor tissue 22.
1.2.4

Proliferation, transdifferentiation and stem cell-based b-cell therapies
To address the shortfall in donor-derived tissue for islet transplantation, research efforts are

focused on generating β-cell replacements by i) stimulation of endogenous β-cell proliferation,
ii) the transdifferentiation of pancreas and other cell types to b-cells, or iii) through directed stem
cell differentiation towards b-cells. Overall, the primary objective is to increase the supply of
glucose-responsive insulin secreting b-cells using either in vitro or in vivo approaches.
One potential method for diabetes therapy is the stimulation of in vivo pancreatic β-cell
proliferation. The majority of β-cell proliferation occurs during early post-natal development and
declines into adulthood 23; however, there is evidence that β-cell proliferation also occurs during
pregnancy, tissue injury and weight gain 24. Understanding how b-cells replicate in these
situations and why proliferation is reduced in adult b-cells has provided insight into how b-cell
regeneration could occur. To date, a myriad of pancreatic b-cell mitogenic factors have been
identified in rodents 24,25. These include aminopyrazines 26, protease inhibitors 27, WNT signaling
molecules 28, glucose alone 29 or in combination with fatty acids 30, insulin signaling proteins 31-33
and many others 25. Mechanistically, these approaches promote b-cell proliferation by activation
of downstream cell cycle proteins such as Cyclin D1, Cyclin D2 and CENP-A 31-33.
Unfortunately, these promising targets are less effective in stimulating human b-cell proliferation
24,25

, arguing against their utility as a human b-cell therapy.
Another potential method to increase the supply of b-cells is the in vitro or in vivo

transdifferentiation of other cells in the pancreas to b-cells. Evidence of cell transdifferentiation
5

has mostly been observed under extreme conditions, such as in tissue injury models or forced
expression of transcription factors 34. Additionally, transdifferentiation is more likely to occur if
the cells are developmentally related and possess similar epigenetic landscapes 35. Therefore, in
order to transdifferentiate cells to b-cells, it is important to examine cellular plasticity in the
pancreas and understand how b-cells are generated and maintained. In mouse models of pancreas
injury, there is support for transdifferentiation from α-cells to β-cells, and duct cells to β-cells 3638

, suggesting transdifferentiation to some extent can occur in this artificial environment. Recent

evidence demonstrates that α-cell to β-cell transdifferentiation also normally occurs at the islet
periphery of healthy mouse islets 39. Additionally, overexpression of the transcription factor
MAFA is sufficient to induce insulin expression in non-β-cell lines, but insulin induction is
improved when combined with PDX1 and NEUROD1 40. Similarly, the forced expression of a
combination of three transcription factors, NEUROG3, PDX1 and MAFA, converts acinar cells
to β-like cells in vitro and in vivo 41,42. Overall, these examples are evidence that
transdifferentiation is possible; however, the forced expression methods do not completely
convert non-b-cells to b-cells and significant safety barriers limit the application of tissue injury
models to generate new human b-cells.
Another approach to generate cells for islet cell therapy is the in vitro directed
differentiation of human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs)
towards a pancreatic β-cell fate. Protocols for differentiation of stem cells towards pancreatic bcells use soluble signaling molecules at specific concentrations and are designed to mimic the
stages of b-cell development. Although establishment of definitive endoderm, pancreas
endoderm 43,44, endocrine progenitors 45 and glucagon-secreting α-cells 46 are relatively efficient,
6

current in vitro differentiation protocols towards pancreatic b-cells have not efficiently generated
cells that match the insulin secretory dynamics of primary b-cells 47-50. The resulting b-like cells
are often more phenotypically similar to neonatal b-cells which directly reflects our lack of
understanding of b-cell maturation 50. However, functional maturation of stem cell-derived
pancreas progenitors can occur when transplanted into mice and reverse pre-existing diabetes
45,51

. This indicates that in vitro-derived pancreas cells have the potential to differentiate towards

mature, glucose-responsive insulin-secreting b-cells, and several groups are actively researching
stem cell-based b-cell therapies 47,48,50,52-54. Regardless, the current advances in stem cell
differentiation protocols and immunoprotective cell encapsulation devices are promising
solutions for b-cell therapies and several clinical trials are underway to assess their safety and
efficacy.

1.3

Pancreas development
The pancreas is derived from multipotent progenitor cells (MPCs) within the endoderm

that give rise to the three lineages of the pancreas – acinar, ductal and endocrine cells 55.
Development of pancreas MPCs involves external signaling pathways that mediate cell
autonomous gene expression changes that guide cell specification, lineage commitment,
differentiation and maturation 3,4. A subset of lineage-specific transcription factors that control
gene expression programs largely define the pancreas cell types throughout development 3,56.
Overall, a balance of cell proliferation, differentiation and apoptosis drives patterning and
morphogenesis into the fully functional organ 2,4. Pancreas development is discussed below in
four sections: 1) patterning from the endoderm and initial pancreas budding; 2) commitment to
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the pancreas lineage, branching morphogenesis and MPC expansion; 3) MPC specification and
differentiation; and 4) pancreas cell maturation.
1.3.1

Early pancreas specification and budding from the endoderm
Specification of the mouse pancreas begins with dorsoventral patterning in the posterior

foregut endoderm 2. Patterning is guided by external signaling from the surrounding
mesenchyme (e.g. fibroblast growth factor 4 (FGF4) and retinoic acid (RA)) 2,57,58, the aortic
endothelium (e.g. VEGFs) 2 and the notochord (e.g. activin-bB and FGF2) 1,59-61. These factors
converge to inhibit BMP, SHH and WNT signaling in a region designated for pancreas budding
and drive the expression of critical transcription factors, including FOXA1, FOXA2, GATA4,
GATA6 and ONECUT1, that induce expression of Pdx1 at E8.5 1,3,4,61-68. PDX1 is central to
pancreas development and pancreas agenesis occurs in its absence 69,70. The pancreas is first
evident as two PDX1+ epithelial buds evaginating from the gut tube and surrounded by
mesenchymal cells at E9 (dorsal bud) and E9.5 (ventral bud) 1,3,4,62.
1.3.2

The primary transition and growth of pancreas progenitors
Early studies by Pictet and Rutter describe a biphasic model of pancreas development

where a primary transition and “proto-differentiated” state are followed by a secondary transition
and a “differentiated” state 71. During the primary transition from E9-E12.5 2, the unpolarized
PDX1+ pancreatic buds undergo dramatic proliferation, stratification and branching
morphogenesis, and the “first wave” of endocrine cells appear. The pancreatic buds contain
MPCs that are defined by their ability to generate all pancreas lineages and by the expression of
Cpa1, Nkx2-2, Nkx6-1, Pdx1 and Sox9 (Figure 1) 2,4,55. The number of MPCs that form during
the primary transition determines the eventual size of the mature pancreas 72.
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Maintenance of pancreas MPCs in the proto-differentiated state is controlled by many
transcription factors and extrinsic signals that promote growth and prevent differentiation. In
particular, HNF1b, PDX1, PTF1A and SOX9 are necessary for progenitor proliferation 3.
Together, these transcription factors sustain growth of the pancreas, and deletion of any of these
factors reduces progenitor proliferation and causes pancreas hypoplasia 69,73-75. Although the
primary transition is described as the period of pancreas growth, there is a “first wave” of mostly
glucagon+ endocrine cells that are present starting at E9. These “first wave” endocrine cells arise
from induction of the pro-endocrine factor Neurog3, but do not contribute to the final endocrine
compartment 2,76.
Expansion of MPCs is mostly driven by FGF and WNT signaling from the mesenchyme.
For example, expression of FGF10 promotes SOX9, PDX1 and PTF1A expression and
maintenance of progenitors in the undifferentiated state 77,78. Secreted FGF10 promotes Notch
signaling in the pancreas epithelium through expression of RBPJ and HES1, and this drives
progenitor proliferation and represses differentiation of acinar and endocrine cells 2,78-81.
Pancreas progenitor proliferation is also driven by WNT/b-catenin signaling 82,83. When the
mesenchymal gene Pygo2 is disrupted in mice or the mesenchyme is removed altogether,
pancreas progenitor cells fail to proliferate due to disrupted WNT signaling 84. Additionally,
although disruption of b-catenin in PDX1+ cells does not impair pancreas bud formation,
progenitor proliferation was significantly reduced in E11.5 embryos and led to a smaller
pancreas at birth 85.
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Figure 1: Overview of pancreas progenitor development into acinar, duct and endocrine cells.
Pancreas multipotent progenitor cells (MPCs) are patterned into tip MPCs and trunk bipotent progenitor cells
(BPCs) before acinar, duct and endocrine cell specification. NEUROG3+ endocrine progenitors differentiate into
either a-, b-, d-, e- or g-cells. Genes expressed in each cell type are italicized. Critical transcription factors, digestive
enzymes or hormones are bolded.

At E11.5, the multilayered pancreas epithelium acquires apical-basal cell polarity and
apical constriction initiates microlumen and rosette formation 3. Remodeling and fusion of
microlumina results in the appearance of a branched tubular network or “plexus” 1,86. The basal
cell surfaces are in contact with the surrounding mesenchyme via a basal lamina, whereas the
apical cell surfaces form a ductal lumen. This polarity is maintained throughout cell division and
branching morphogenesis 2,71. At the end of the primary transition, the resulting “protodifferentiated” pancreas epithelium is polarized, resembles an organized tree structure supported
10

by surrounding mesenchymal cells and contains low levels of exocrine and endocrine proteins
2,71

.

1.3.3

The secondary transition and pancreas progenitor differentiation
Between E12.5 and E15.5, the “proto-differentiated” pancreas undergoes tip-trunk

progenitor segregation and differentiation throughout the secondary transition 3,56,61. During this
phase, digestive enzymes and endocrine hormones start to accumulate as MPCs specify into
acinar, duct and endocrine cells 1,3,55,56. Pancreas cell differentiation is controlled by organization
of the epithelial “plexus” into specific niche environments that respond to local feedback signals
87

. During this stage, the multi-layered pancreas epithelium is remodeled into monolayer

branches with a single lumen 88. Beginning at E11.5, Notch signaling progressively divides the
pancreas epithelium into MPCs at branch “tips” and bipotent progenitor cells (BPCs) within
branch “trunks” (Figure 1) 2,3,55,89. The tip cells are found at the ends of the PDX1+SOX9+
epithelial branches and are demarcated by their expression of CPA1 55,90. The remaining
PDX1+SOX9+ cells in the pancreas epithelium directly adjacent to the tip cells constitute the
trunk BPCs which express HES1 and NKX6-1, and only give rise to duct or endocrine cells 3.
Growth of the pancreas at this stage is mostly driven by proliferation of MPCs at the tips 88,
which divide and contribute to the BPC pool or undergo acinar cell specification 3,55,56. Tip MPC
specification into acinar progenitors also restricts SOX9 expression to trunk cells by E14 3,56,91,92.
The tip vs. trunk domains are patterned by Notch signaling and the antagonistic transcription
factors NKX6-1 and PTF1A which promote endocrine or acinar cell differentiation, respectively
93,94

. As MPCs and BPCs specify to the duct, endocrine or acinar cell lineages, proliferation

slows until the progenitor pool is depleted.
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1.3.3.1

Duct and endocrine cell specification

Notch signaling maintains SOX9+ trunk BPCs 81,95 and regulates maintenance of Sox9
expression in the ducts 89. Many of the genes expressed in early pancreas progenitors persist in
BPCs and duct cells, including Hnf1β, Onecut1 and Sox9, and are required for duct cell
development 96-98. To date, a pro-duct cell specifier remains unidentified, leading to the
hypothesis that duct cells are the default differentiation state 2. Although SOX9 is required for
the specification of acinar, duct and endocrine cells 73,97, failed downregulation of SOX9
expression in NEUROG3+ endocrine progenitors maintains a BPC or duct cell fate 89.
Endocrine cell specification commences with the transient, high level expression of
NEUROG3 in a subset of trunk BPCs (Figure 1) and subsequent exit from the cell cycle driven
by CDKN1A upregulation 4,99,100. The importance of Neurog3 to endocrine cell development is
highlighted in studies that show a complete absence of endocrine cells after loss of Neurog3
100,101

. Neurog3 expression is controlled by several transcription factors including NKX6-1,

PDX1 and SOX9 97,102-105. Neurog3 expression begins at E9 during the primary transition, but
these early endocrine progenitors only contribute to the “first wave” of endocrine cells 100.
During the secondary transition, the number of NEUROG3+ cells peaks at E15.5 and drives
differentiation of the “second wave” of endocrine cells 100.
Specification of BPCs into endocrine cells depends on several feedback mechanisms,
including Notch signaling, lateral inhibition and cell cycle control. Lower levels of Notch
signaling decreases Hes1 expression in SOX9+ cells and promotes Neurog3 induction by SOX9
89,97,104

. Low level Neurog3 gene expression is associated with a subset of mitotic BPCs (termed

NEUROG3LO) that are not committed to endocrine cell fate 106-109. NEUROG3+ cells activate
Notch signaling and Hes1 expression in adjacent cells which prevents further Neurog3 induction
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through lateral inhibition 56,110. High level Neurog3 gene expression and robust protein levels
(NEUROG3HI cells) in turn decreases Sox9 and duct lineage commitment, and reinforces
NEUROG3 stability and endocrine lineage commitment 106,107,110,111.
Once high level activation of Neurog3 is achieved in select trunk cells, NEUROG3 is
rapidly degraded as endocrine progenitors commit to a single islet cell type, delaminate from the
trunk epithelium and organize with other committed endocrine cells into epithelial cords 2,56,112.
A cascade of pro-endocrine transcription factors are induced downstream of Neurog3 activation
and drive endocrine cell differentiation (Figure 1) 3,56. Neurod1 and Pax6 are some of the first
factors activated and are involved in the general development of all endocrine cell types 56,113,114.
Additional factors control the relative proportions of differentiated islet cells, including Nkx2-2,
Nkx6-1, and Pdx1 3,115-117. Differentiation of insulin+ b-cells requires NEUROD1, NKX2-2,
PAX4 and high level PDX1 expression 3,118,119. Endocrine cells coalesce to form non-polar protoislet structures 3,71 which expand in size by further recruitment of de novo endocrine cells from
the trunk 2,120.
1.3.3.2

Acinar cell specification

Signals from the mesenchyme during the secondary transition promote acinar cell fate
rather than endocrine commitment. For example, secreted FGF7 favours acinar cell specification
and inhibits specification of NEUROG3+ endocrine cells 80,121. Acinar cell differentiation is also
driven by suppression of Notch signaling 95,122, inhibition of TGFb and activation of WNT/βcatenin signaling 3,123,124. In the absence of WNT/b-catenin signaling, the pancreas is hypoplastic
85,124

due to reduced proliferation of PTF1A+ tip MPC/acinar cells 3,95,124. Furthermore, loss of β-

catenin in developing PDX1+ cells specifically impairs acinar cell specification 85,124.
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Between E12.5 and E14, PTF1A+CPA1+ tip MPCs undergo specification to acinar
progenitors, a process that is marked by an increase in CPA1 levels and a decrease in SOX9
expression 1,56. During acinar cell specification, the PTF1A-RBPJ complex represses Nkx6.1 and
is followed by the exchange of RBPJ for RBPJL which facilitates acinar cell differentiation
3,56,125,126

. The PFT1A-RBPJL complex drives further acinar cell differentiation by promoting

expression of Bhlha15, Ptf1a, Nr5a2 and Rbpjl, which activate expression of acinar cell digestive
enzymes 90,94,125,127,128. Differentiated acinar cells are defined by their restricted expression of
transcription factors, such as BHLHA15, PTF1A, NR5A2 and RBPJL 3,90,128,129, and expression
of ~25 different digestive enzymes, including amylase, carboxypeptidases, chymotrypsin,
elastases, lipases and trypsin 2.
1.3.4

Maturation of the pancreas lineages
At the end of the secondary transition, differentiated acinar, duct and endocrine cells

continue to terminally differentiate and mature from E15.5 onward into postnatal development 2.
The differentiated endocrine cords and trunk cells separate as acinar tissue expands and the cords
undergo fission and mature into spherical islet structures composed of a b-cell core surrounded
by a mantle of a-, d-, e- and g-cells 2,56. During this period, proliferation expands the acinar and
endocrine cell compartments and terminal differentiation creates a mature and functional
pancreas organ capable of regulating secretion of digestive enzymes and endocrine hormones in
response to glucose.
Following differentiation, exocrine and endocrine pancreas cells mature at different rates in
the period from E15.5 until weeks after birth. Although maturation of each pancreas lineage is
progressive, endocrine cells do not fully mature into functional islets until after weaning 61,130.
Maturation of endocrine islet cells is completed postnatally when functional glucose sensing
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machinery enables cells to respond to glucose by secreting hormones in a regulated fashion. At
birth, immature b-cells have high basal insulin secretion and proper glucose-stimulated insulin
secretion is not acquired until several weeks later 50,130. The transition from immature to mature
b-cells involves expression of functional glucose-sensing transporters (e.g. SLC2A2), glucoseprocessing enzymes (e.g. expression of low-affinity GCK and silencing of high-affinity HK),
proteins involved in insulin secretion (e.g. KATP and Ca2+ channels) and several metabolic
changes to promote oxidative phosphorylation, including downregulation of LDHA, MCT1,
PDGFRa and REST 50,130.
The terminal differentiation and maturation of islet cells is controlled by many
transcription factors. In particular, MAFA and MAFB have important roles in the regulation of
mouse b-cell and a-cell maturation, respectively 56. In mature β-cells, high expression of PDX1
activates Gck, Glut2, Ins1 and Iapp and is required for glucose-stimulated insulin secretion
115,131,132

. NKX6-1 is also highly expressed in mature β-cells and is required for maintenance of

mature β-cell identity and glucose-stimulated insulin secretion 133.
By E16.5, mature pyramidal acinar cells contain zymogen granules and are organized into
clusters of acini 134. As acinar cells proliferate and mature during embryonic and postnatal
development, expression of digestive enzymes is significantly enhanced and the cytoplasm of
acinar cells expand to accommodate the increased production 2,56,71. The mature acinar cell
phenotype is established and maintained by expression of Bhlha15, Gata4, Ptf1a, Rbpjl and
Nr5a2, which regulate transcription of digestive enzymes and control acinar cell proliferation
and differentiation 3,56,135.
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1.3.5

Mouse vs. human pancreas development
Most of the mouse pancreas developmental pathways and lineage determinants are

evolutionarily conserved in humans, with some species-specific differences in overall pancreas
morphology and transcription factor expression 25. During human pancreas specification,
expression of the transcription factor PDX1 and budding occur at a slightly later stage compared
to mouse development 25,136. Interestingly, the human embryonic pancreas develops from the
endoderm as one dorsal and two ventral buds 25. During the primary transition, human MPCs coexpress PDX1 and CK19 25,137, a marker normally observed in mature mouse duct cells, and lack
expression of NKX2-2 until endocrine specification is induced 138. In contrast to mouse
endocrine cell development, NEUROG3 is not expressed during the primary transition (i.e. there
are no “first wave” endocrine cells), but is transiently expressed during the secondary transition
2,3,25

. Additionally, insulin+ b-cells appear before glucagon+ a-cells in humans 2,3,25. The

proportion of bihormonal insulin+glucagon+ endocrine cells is also higher in the human
embryonic pancreas, a phenomenon also observed in hESC-derived endocrine cell protocols
46,51,139

. Finally, the transcription factor MAFB has restricted expression in mature mouse α-cells,

but is expressed in both α- and β-cells in humans 140.
Islet architecture is perhaps the most striking difference between species. Rodent islets
have a large proportion of b-cells that occupy the mature islet core and are surrounded by a-cells
and other endocrine cells in the mantle. It is estimated that murine islets contain 60-80% insulin+
b-cells, 15-20% glucagon+ a-cells, 5-10% somatostatin+ d-cells, and <2% are pancreatic
polypeptide+ g-cells or ghrelin+ e-cells 4,141. In humans, early fetal islets resemble rodent islet
architecture, but eventually a-cells become higher in proportion and both a- and b-cells are
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interspersed throughout the late fetal and mature human islets 3. In humans, islets contain 5070% b-cells and 20-40% a-cells, with d-cells and g-cells comprising <10% of the islet 141.

1.4

The regulation of transcription by chromatin
A unifying concept in both mouse and human pancreas development is the underlying

chromatin which mediates progenitor cell lineage decisions and transcription factor expression.
Genetic and epigenetic information is organized into chromatin – a macromolecular complex of
DNA, protein and RNA in which regions of DNA are wound around histone proteins to form
nucleosomes and then packaged into higher-order structures. Non-coding RNAs (ncRNAs) can
function as scaffolds to create looped chromatin domains 142 and are involved in gene-specific
recruitment of chromatin-modifying complexes 143,144. Chromatin is classified as euchromatin or
heterochromatin, based on post-translational DNA or histone modifications and transcriptional
activity or lack thereof 145-147. Transcription is regulated by cis-regulatory DNA elements within
non-coding regions of the genome, such as promoters and enhancers 148. The structure of
chromatin, including nucleosome placement, histone variants, post-translational modifications
and higher-order chromatin domains, controls DNA accessibility and gene expression by
creating a permissive or obstructive environment for recruitment of proteins to cis-regulatory loci
149

. These include general and lineage-specific transcription factors, enzyme complexes that

modify DNA or histones and remodel nucleosomes, RNA polymerase II (Pol II) and its co-factor
proteins (e.g. the Mediator complex), as well as ncRNAs 150,151.
Nucleosome remodeling complexes displace, reposition or remodel nucleosomes which
can promote or inhibit transcription factor binding to cis-regulatory loci 152. DNA methylation
catalyzed by DNA methyltransferases (DNMTs) promotes tightly wrapped DNA around
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nucleosomes which makes cis-regulatory regions less accessible 153. Histones are chemically
modified by chromatin-modifying complexes that establish a “histone code” which includes
acetylation, methylation and others 154. Histone acetylation is catalyzed by histone
acetyltransferases (HATs) which are recruited to transcriptional start sites in concert with Pol II
where transcription factors are bound 146,155. The reversal of histone acetylation is accomplished
by histone deacetylases (HDACs) and promotes chromatin compaction and transcriptional
repression 146. Different histone methylation marks are associated with active versus repressed
chromatin and are controlled by opposing protein complexes 156. For example, the Trithorax
Group (TrxG) complexes are involved in deposition of histone 3 (H3) lysine 4 (K4) methylation
that is associated with active chromatin 157. In contrast, the Polycomb Group (PcG) complexes
are involved in deposition of H3K27 methylation that is associated with repressed chromatin 158.
Erasure of histone lysine methylation is accomplished by a family of lysine demethylases
(KDMs) that remove mono- (me1), di- (me2) and trimethylation (me3) of H3K4, K9, K27 and
K36 146,159,160.
Transcription factors bind to DNA-recognition sequences within cis-regulatory elements
and elicit either an activating or repressive response through further co-factor recruitment 151,161.
Through chromatin looping by the Mediator complex and Cohesin, distant enhancers bound by
transcription factors are brought in contact with the transcriptional machinery at target gene
promoters and transcription is initiated 162,163. Transcription factor density at cis-regulatory
elements regulates transcriptional output, whereby higher levels of transcription factors recruit
additional co-activators and Pol II to increase mRNA levels 164. This results in gene expression
that varies from ubiquitous to cell-type specific, constitutive or regulated, across a broad range of
expression levels 161.
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1.4.1

DNA methylation and histone modifications define chromatin state
Chromatin immunoprecipitation (ChIP) experiments have determined that cis-regulatory

loci exist in several different chromatin “states” demarcated by specific distributions of DNA or
histone modifications, including active, poised, inactive, bivalent and facultatively or
constitutively repressed (Figure 2). Several post-translational histone modifications are
associated with specific cis-regulatory sites in active chromatin (Figure 2A). These include
acetylation of H3 at K4, K9, K14 and K27, acetylation of H4 at K5 and methylation of H3 at K4,
K36 and K79 145,146,165. In particular, the promoters and enhancers of actively transcribed genes
contain high levels of H3K4 methylation and H3K27 acetylation and are devoid of H3K27me3
151,156,162,166-168

. H3K4 can be mono-, di- or tri-methylated and the distribution of H3K4

methylation is distinct at different cis-regulatory elements 156,169,170. For example, active
enhancer regions are enriched for H3K4me1 162,171,172, whereas active promoter regions are
enriched for H3K4me3 166,173.
Relative to active cis-regulatory elements, poised promoters are identified by low level
H3K4me3 166,172 and poised enhancers are identified by low level H3K4me1, but both in the
absence of H3K27 acetylation (Figure 2B) 162,170,174,175. Thus, poised promoters and enhancers
have not yet been activated by H3K27 acetylation, Pol II is absent and are transcriptionally
inactive 170. Inactive chromatin is defined by a relative absence of DNA or histone modifications
(Figure 2C). Bivalent cis-regulatory regions contain high level H3K27me3 in addition to low
level H3K4 methylation (Figure 2D), and are highly associated with developmentally regulated
transcription factors 148,156,176. Transcriptional repression can be facultative or constitutive, with
facultative heterochromatin characterized by H3K27me3 (Figure 2E) and constitutive
heterochromatin by H3K9me3 and DNA methylation (Figure 2F) 146,151,177,178.
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Figure 2: Chromatin state is determined by DNA and histone modifications.
DNA and histone modifications associated with chromatin in an (A) active; (B) poised; (C) inactive; (D) bivalent;
(E) facultatively repressed; or (F) constitutively repressed state. Chromatin modifiers include histone
acetyltransferases (HATs), nucleosome remodelers (e.g. SWI/SNF) and histone methyltransferases (PcG and TrxG).
Pol II, RNA polymerase II; TSS, transcription start site; TF, transcription factor; yellow A, histone acetylation;
green M, H3K4 methylation; red M, H3K27me3; blue M, DNA methylation.
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The conversion of poised, inactive, bivalent or repressed chromatin to an active state
requires nucleosome remodeling, transcription factor binding and recruitment of chromatin
regulators and Pol II 162. Transcriptional maintenance requires the coordinated activity of the
same proteins that are involved in the establishment of active chromatin 179. Conversion of
poised to active chromatin is facilitated by recruitment of transcriptional co-activators including
transcription factors, HATs and other chromatin regulators which mediate recruitment of Pol II
and its co-factor proteins to initiate transcription 149,151. At inactive chromatin, pioneer
transcription factors bind and destabilize DNA-histone interactions through recruitment of
nucleosome remodelers, HATs and additional co-activators such as general and lineage-specific
transcription factors which bind to exposed DNA binding sites 180,181. In response to
developmental signals, bivalent chromatin is activated by increased and/or broader H3K4
methylation by TrxG complexes 148,159. Additionally, KDMs remove H3K27me3 at bivalent and
facultatively repressed chromatin 159. Removal of DNA methylation associated with constitutive
heterochromatin is facilitated by the TET family of demethylases 153.

1.5

The Trithorax Group complexes and H3K4 methylation
In mammals, the majority of H3K4 methylation is catalyzed by the six TrxG complexes

182

. The TrxG complex proteins were discovered in Drosophila as important developmental

regulators of Hox gene clusters together with the antagonistic PcG complexes 159. The SET
domain responsible for histone lysine methyltransferase activity is well-conserved from yeast to
metazoans 159,163,167,172. In yeast, there is a single Set1 H3K4 methyltransferase, while the
Drosophila TrxG proteins include Set1, Trithorax-related (Trr) or Trithorax (Trx) 159. Additional
TrxG histone methyltransferase proteins have emerged in metazoans through divergent evolution
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– SET1A/B, MLL1/2 and MLL3/4 – and are homologs of the Drosophila TrxG proteins Set1,
Trx and Trr proteins, respectively 159,183. In all species, TrxG complexes catalyze H3K4 mono-,
di- or trimethylation 172,183-187.
All TrxG complexes contain at minimum the core proteins ASH2L, DPY30, RBBP5 and
WDR5 which exist as an independent sub-complex that associates with the SET domain of any
of the six H3K4 methyltransferase proteins (Figure 3) 167,182. Although there are six mammalian
TrxG complexes, they do not have completely redundant methyltransferase activity. The
majority of bulk H3K4 mono-, di- and trimethylation at active promoters is established by
SET1A/B methyltransferases 159,163. In contrast, the majority of H3K4me1 at enhancers is
established by MLL3/4 methyltransferases 159,163,188. Additionally, MLL2 establishes H3K4me3
specifically at bivalent promoters, whereas MLL1 only catalyzes H3K4me3 at a subset of genes
159,189

. While the core TrxG proteins regulate complex stability and activity, additional co-factor

proteins are TrxG complex-specific, alter complex function and contribute to site-specific
recruitment through unique transcription factor interactions 172,182. For example, H3K4
trimethylation is established by the MLL1/2 and SET1A/B complexes when in association with
the subunits menin and WDR82, respectively 172. In addition, MLL3/4 complexes can associate
with the KDM6 demethylases to remove repressive H3K27me3 at bivalent domains 183,190.
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Figure 3: The structure and function of Trithorax Group (TrxG) complexes.
(A) TrxG complexes contain 1 of 6 histone methyltransferases (MLL1-4, SET1A/B) and a minimum of 4 core
proteins (ASH2L, DPY30, RBBP5 and WDR5). (B) TrxG complexes catalyze H3K4 methylation that is associated
with active chromatin. TF, transcription factor.

In addition to histone methyltransferase catalytic activity, TrxG complexes also have
enzyme-independent or non-catalytic functions 172,191,192. Several studies suggest that the nonenzymatic functions of TrxG complex proteins have a larger biological effect than their histone
methyltransferase activity. For example, while deletion of the entire SET1A gene reduces mESC
proliferation and causes apoptosis 191,193, deletion of only the catalytic SET domain from SET1A
in mESCs does not affect cell proliferation and instead only impairs mESC differentiation due to
reduced H3K4 methylation at bivalent genes 191. In agreement, loss of MLL3 and MLL4 proteins
significantly reduces Pol II occupancy and transcription, while disruption of the MLL3 and
MLL4 catalytic SET domain in mESCs does not affect self-renewal and has minor effects on
transcription 192,194. TrxG complexes interact either directly or indirectly with other chromatin
regulators or transcription machinery and function as non-enzymatic co-activators. For example,
the SET1A/B complex component WDR82 interacts with Pol II and the MLL1/2 complexes
interact with the Pol II-associated factor PAF1 182. MLL3/4 complexes are involved in the
recruitment of P300 and enhancer activation 188,195. Additionally, WDR5 interacts with the
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nucleosome remodeling and deacetylase (NuRD) complex and DPY30 interacts with the NuRF
complex 196,197. Overall, these studies demonstrate that TrxG complexes have context-specific
co-activator roles in biological processes and enzyme-independent functions that include the
recruitment of other proteins.
Although H3K4 methylation is associated with active chromatin, its precise function is
unknown 162,198 and several studies have called into question whether it has any role in gene
activation or transcriptional maintenance 192,194,199,200. For example, Dorighi et. al. 192 generated
catalytically deficient MLL3/4 mutant mESC lines and demonstrated that loss of H3K4me1 has
minor effects on transcription. In agreement, gene expression was largely unaffected following
disruption of H3K4 methyltransferase activity either by mutation of the Mll3 and Mll4
Drosophila homolog Trr or by deletion of the MLL3/4 catalytic SET domain in mESCs 194. By
creating non-methylatable H3K4 Drosophila mutants, Hödl et. al. 199 found that gene activation
and transcriptional maintenance is unaffected in the absence of H3K4 methylation. Further,
Pérez-Lluch et. al. 200 examined Drosophila and C. elegans RNA-seq and ChIP-seq profiles and
discovered a relative absence of H3K4 methylation at developmentally activated genes. These
reports suggest that H3K4 methylation is not necessary for transcription, and that potentially the
TrxG complexes that deposit these histone modifications mediate gene activation. Regardless,
H3K4 histone methylation has been proposed to be involved in a) the establishment and/or
maintenance of active chromatin; b) high level and/or stable gene expression; c) recruitment of
chromatin regulators; and d) prevention of chromatin repression 156,159,162,163,167,182,201,202.
Evidence for H3K4 methylation in the establishment and/or maintenance of active
chromatin comes from in vitro studies and by disrupting H3K4 methyltransferase activity. For
example, gene activation by MLL2 in an in vitro system was dependent on catalytic H3K4
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methyltransferase activity 203. In mESCs, catalytically-deficient MLL2 reduced activation of
genes required for primordial germ cell specification 204. Rather than initial gene activation,
H3K4 methylation has been linked to the maintenance of expression of a subset of lineagespecific genes in several cell types 205,206. Further, H3K4me3 may contribute to stable gene
expression by recruiting the general transcription factor TFIID and permitting efficient Pol II
loading during transcription initiation 172,182,198. Also, there is a strong correlation between H3
acetylation and H3K4 methylation level with transcriptional activity, suggesting that histone
modifications may recruit and/or stabilize Pol II to increase output 145,151,167,207.
H3K4 methylation may also function to recruit chromatin regulators through interactions
with proteins that contain H3K4me-recognition domains 162,167. Support for this hypothesis
comes from experiments showing several proteins associated with chromatin regulators can
recognize H3K4 methylation marks 162,172. For example, nucleosome remodelers (e.g. SWI/SNF,
NuRF, CHD1), histone acetyltransferases (e.g. ING family proteins), histone deacetylases (e.g.
JMJD2A) and histone methyltransferases (e.g. SET1A/B) are recruited directly or indirectly to
H3K4 methylation marks 167,172,201. However, as there are many different proteins that recognize
H3K4 methylation, rather than serving as the primary recruitment mechanism, histone
methylation most likely provides secondary stabilization of complexes/proteins that were
initially recruited by transcription factors or ncRNAs 167. Finally, an alternate function of H3K4
methylation may be to directly prevent chromatin repression rather than to indirectly assist in
chromatin activation. For example, H3K4 methylation protects cis-regulatory elements from de
novo DNA methylation 163 and also disrupts the binding of the NuRD repressive complex 156.
Further, the H3K4me3 modification allosterically inhibits the H3K27me3 repressive activity of
PRC2 by association with the histone acetyltransferase CBP 159,202.
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1.6

Chromatin regulators in pancreas development
During pancreas development, nucleosome positioning, DNA methylation and histone

modifications regulate transcription in order to balance proliferation and differentiation
148,156,176,208-210

. Most of the evidence indicating nucleosome remodelers have an important role

during pancreas development comes from mouse studies on the SWI/SNF complex catalytic
subunit BRG1. For example, disruption of Brg1 in PTF1A+ pancreas progenitors causes a
significant reduction in exocrine pancreas mass and enlargement of ducts 211. In addition, PDX1
interacts with BRG1 and other components of the SWI/SNF complex in E12.5 multipotent
progenitors and later in development in insulin+ b-cells 212. These results suggest a role for
BRG1 and the SWI/SNF complexes in controlling acinar vs. duct cell fate during pancreas
development.
The DNA methyltransferases DNMT1 and DNMT3 also have a role in the development of
pancreas cell types. Initial studies of DNMTs in zebrafish demonstrated that acinar cells in
Dnmt1 mutants undergo apoptosis, without affecting endocrine or duct cells 213. In contrast,
disruption of Dnmt1 in mouse PDX1+ pancreatic progenitors disrupts the correct architecture and
differentiation of all three pancreas lineages 214. Further, the maturation and function of β-cells is
regulated by DNMT3A, which is highly expressed in neonatal insulin+ cells and is required for
glucose-stimulated insulin secretion 215. Recent single-cell RNA sequencing of E16.5
NEUROG3+ endocrine progenitors also confirmed that Dnmt3a is enriched in this b-cell-biased
population 109.
Although histone acetylation is upregulated during differentiation of pancreas progenitors
216

, studies of histone acetyltransferases in pancreas development are limited. A recent report

demonstrates that disruption of P300 and/or CBP in NEUROG3+ endocrine progenitors
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specifically impairs proliferation of a- and b-cells and this leads to glucose intolerance 217.
Further experiments are necessary to understand the role of P300 and/or CBP in the development
of pancreas acinar and duct cells.
During pancreas development, the expression of histone deacetylases (HDACs) and
histone deacetylation are decreased 216,218, suggesting that inhibition of HDACs may improve
differentiation. Interestingly, treatment of developing E13.5 pancreas explants with HDAC
inhibitors reduces acinar lineage specification, but increases the number of duct cells and
NEUROG3+ endocrine progenitors 218. Further, HDAC inhibitors increase specification of
NEUROG3+ endocrine progenitors towards the α- and PP-cell lineages in vitro; however,
depending on which inhibitor is used, β- and δ-cell differentiation is either increased or
decreased 216,218. Additionally, treatment of E13.5 rat pancreas explants with an HDAC inhibitor
enhances Pax4, Ins1/2 and Sst transcripts 219. Embryonic disruption of Hdac5 or Hdac9 increases
insulin+ β-cells, while Hdac4 and Hdac5 disruption increases somatostatin+ δ-cells 219. These
experiments suggest a pivotal role for HDACs in mediating endocrine pancreas development.
Several studies provide evidence that PcG proteins have an integral role in pancreas
development. In the endoderm, cis-regulatory regions of pancreas-specific genes such as Pdx1
are enriched for the PRC2 component EZH2 and H3K27me3 35,220. Several PcG proteins are
upregulated as hESCs are directed to the pancreatic lineage in vitro, suggesting a regulatory role
for repressive histone methylation in defining cell fate decisions 221. Loss of Ezh2 from pancreas
progenitors increases the number of NEUROG3+ endocrine progenitor cells, as well as insulin+
β-cells 222. Interestingly, more than half of the H3K27me3 histone modifications in adult b-cells
are formed de novo during b-cell specification, suggesting the importance of PcG complexes in
this process 35. Consistently, Ezh2 is enriched in E14.5 endocrine progenitor cells 109. Complete
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endocrine specification from hESCs requires reductions in H3K27me3 at bivalent regulatory
genes, implicating KDMs as critical regulators of endocrine cell specification 223. In support of
this hypothesis, the transition from NEUROG3LO to NEUROG3HI endocrine-committed cells
involves removal of H3K27me3 by KDM6B 224. A recent study also suggests that the PRC2associated subunit JARID2 is also critical for endocrine cell differentiation downstream of
NEUROG3+ progenitor cell specification 225.
To date, there is very limited research on the role of TrxG complexes or other histone
methyltransferases in pancreatic development 176. However, several studies have suggested that
TrxG-driven H3K4 methylation and activation of pancreas-enriched cis-regulatory loci is
necessary for pancreas and islet development, although this has not been directly tested 180,223,226.

1.7

Thesis Investigation
Given the above, the objective of my thesis was to clarify the catalytic and non-catalytic

functions of the TrxG complexes with respect to gene activation and maintenance during
pancreas development. While DNA methyltransferases 214, nucleosome remodelers 211, HATs 217,
HDACs 216,218,219 and PcG complexes 222,227 have been implicated in pancreas progenitor
development, there is a relative absence of research on the TrxG complexes in this context 176.
To address this, I examined the catalytic and non-catalytic roles of the TrxG complexes in gene
activation during mouse pancreas and endocrine progenitor differentiation by targeting WDR5
and DPY30 to disrupt either complex assembly or catalytic activity, respectively. Since TrxG
complex activity is associated with lineage-specific gene activation and/or maintenance
179,191,205,206

, I hypothesized that disruption of TrxG complex activity in pancreas and endocrine

28

progenitor cells would reduce activation and/or maintenance of lineage-specific genes during
pancreas cell differentiation.
In Chapter 3, I describe the expression of DPY30 and WDR5 in mouse embryonic
pancreas and explore the effect of Wdr5 suppression and loss of TrxG complex assembly on in
vitro growth and differentiation of pancreas progenitor spheroids. In Chapter 4, I determine the
in vivo role of H3K4 methylation in the survival and differentiation of mouse PDX1+ pancreas
progenitors by embryonic deletion of Dpy30. Finally, in Chapter 5, I discuss the in vivo function
of H3K4 methylation in the differentiation and maturation of mouse NEUROG3+ endocrine
progenitors into glucose-responsive pancreatic islets.
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Chapter 2: Materials & Methods
2.1

Animal husbandry, mouse strains and embryo collection
All mice were housed at the British Columbia Children’s Hospital Research (BCCHR)

Animal Care Facility (ACF) and ethical procedures were followed according to protocols
approved by the University of British Columbia (UBC) Animal Care Committee (ACC). All
mice were maintained on a regular chow diet ad libitum and housed up to 5 mice per cage on a
12-hour light/dark cycle. Experiments with pancreas progenitor spheres were performed with
ICR (CD-1) mice (obtained from Charles River) or Ins1-EGFP (MIP-GFP) mice (obtained from
The Jackson Laboratory, Stock No. 006864). Timed matings were used to determine embryonic
stages and the morning of vaginal plug discovery was considered embryonic day 0.5 (E0.5).
Two heterozygous Dpy30tm1a(KOMP)Wtsi male mice (on a C57BL/6NJ background) were
obtained from the International Knockout Mouse Consortium (EMMA ID EM:09575) and bred
to Rosa26FLPe (FLP deleter) female mice (obtained from The Jackson Laboratory, Stock No.
009086). This removed the Dpy30 knockout-first cassette (containing a splice acceptor between
FRT sites) and generated heterozygous floxed Dpy30 mice. Progeny were bred to produce floxed
Dpy30 mice that when crossed to Cre driver mice, conditional deletion of Dpy30 exon 4 in the
pancreas or endocrine lineage was attained. Exon 4 is the largest coding exon and its deletion
causes a frameshift mutation in every protein-coding transcript and generates a non-functional
protein. The Cre driver strains Tg(Pdx1-cre)89.1Dam/Mmucd (Pdx1-Cre, on an ICR (CD-1)
background) and Tg(Neurog3-cre)C1Able/J (Neurog3-Cre) were gifted from Dr. Francis Lynn
(University of British Columbia) and originally obtained from the Mutant Mouse Resource and
Research Centers (MMRRC, Stock No. 000353-UCD)

120

and The Jackson Laboratory (Stock

No. 005667) 228, respectively. Pdx1-Cre; Dpy30flox/flox knockout mice (Dpy30DP) were generated
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by breeding male Pdx1-Cre; Dpy30fl/wt transgenic mice to female Dpy30fl/fl animals. Neurog3Cre; Dpy30flox/flox knockout mice (Dpy30DN) were generated by breeding either male or female
Neurog3-Cre; Dpy30fl/wt transgenic mice to Dpy30fl/fl animals. All knockout mice were compared
to littermate controls (Dpy30flox/flox and Dpy30flox/wt). Genotyping primers are listed in Table 1.
At noon on the day of the experimentally determined timepoint (e.g. E14.5), embryos were
harvested by hysterectomy, dissected under an Olympus dissecting microscope in ice-cold
phosphate buffered saline (PBS) and tail clippings were taken for genotyping. All knockout
embryos were stained for DPY30 and/or H3K4 methylation to determine recombination
efficiency prior to further analysis. Embryos with insufficient loss of DPY30 or H3K4
methylation (<80%) were not studied.
Table 1: Genotyping primer sequences

Genotyping
PCR
Mutant
Dpy30tm1a
Flp Deleted
Dpy30tm1a
Floxed
Dpy30
Pdx1-Cre
Neurog3-Cre
Cre
2.2

Left Primer Sequence

Right Primer Sequence

AATTCAGCACCAGCACTTGG

TCGTGGTATCGTTATGCGCC

GGGGGTGTGTTCGTATTCTG

AGCCTGGGCTACACAGAGAA

GTGAGTGCCAGGAACCAAAT

GTTGTGAGCTGCCATGAAGA

CGTAGAGAGTCCGCGAGCCA
GGAAACTCCAAAGGGTGGAT
TCCCGCAGAACCTGAAGATG

CCCCAGAAATGCCAGATTACG
AGGCAAATTTTGGTGTACGG
CCCCAGAAATGCCAGATTACG

Embryonic pancreas dissection and in vitro spheroid formation
Dorsal pancreatic buds were dissected from E13.5 embryos using fine-tipped forceps under

a dissecting microscope, pooled into a single tube and digested in 250 µL TrypLE Express media
(Gibco) for 5 minutes at 37°C. The reaction was neutralized by dilution with RPMI 1640
Complete media and the pancreas was further mechanically dispersed by pipetting. Single cells
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were then spun at 750xg for 4 minutes, the pellet was resuspended in Pancreas Growth Media
(see composition below) ± lentivirus, and an 8 µL suspension was plated at one pancreas per
well into a 96-well plate. Spin-infection of lentivirus was performed at 1,020xg at 34°C for 90
minutes, during which the plate was covered with an adhesive seal to prevent evaporation. To the
cell suspension at the bottom rim of the well, 12 µL of Matrigel (Corning) was overlayed and
solidified at 37°C for 60 minutes on a 45° angle. 100 µL of Pancreas Growth Media was added
per well and infected cells were selected with 1 µg/mL puromycin ~5 hours post-infection.
Media was changed every other day and 0.33 µM retinoic acid (RA, Sigma-Aldrich) was added
every day for 3 days to induce sphere proliferation. Pancreas Differentiation Media (see
composition below) was added on Days 4 and 6 to induce differentiation of the spheres.

2.3

Culture and in vitro differentiation of spheres
The pancreas sphere assay was modified from a previously published protocol 229. To

improve the size of the biological replicates (where one replicate corresponds to one litter of
embryonic pancreas), CD-1 (ICR) mice were used for timed matings as their litter sizes are
substantially larger than mice on a C57BL6 background. Briefly, dispersed E13.5 pancreas cells
(both progenitors and mesenchyme) were initially cultured for 3 days in Pancreas Growth media
containing: basal PrEBM (Lonza) supplemented with 0.1% (wt/vol) recombinant human insulin
(Sigma-Aldrich); 0.4% (vol/vol) bovine pituitary extract (BPE, Lonza); 150 ng/mL recombinant
human FGF-10 (R&D Systems); 20 ng/mL recombinant mouse IGF-1 (R&D Systems); 0.1%
(vol/vol) human transferrin (TF, Lonza); 2% (vol/vol) B-27 supplement (Thermo Fisher
Scientific) and 0.33 µM RA. Growth media was changed every other day and retinoic acid was
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supplemented every day. On Day 4, the proliferating spheres were switched to Pancreas
Differentiation media containing: basal PrEBM media supplemented with 0.1% (wt/vol)
recombinant human insulin; 0.4% (vol/vol) BPE; 50 ng/mL recombinant human FGF-10; 20
ng/mL recombinant mouse IGF-1; 0.1% (vol/vol) human TF and 10 mM nicotinamide (SigmaAldrich). Since spheres were grown in the absence of antibiotics, media was filter-sterilized and
prepared fresh every week. Sphere cultures were maintained at ambient oxygen (21% O2) and
the day of pancreas dissection was considered Day 0.

2.4

Lentivirus generation
Short hairpin RNA (shRNA) lentiviral constructs targeting the TrxG complex component

Wdr5 were ordered from Sigma-Aldrich (shWdr5 #1, clone TRCN000034415; shWdr5 #2, clone
TRCN000034416) as bacterial glycerol stocks and a control shScramble sequence was cloned
into the pLKO.1 backbone. Lentiviral DNA and packaging components were transfected into
HEK 293T cells and lentiviral particles were collected 46 hours later. Supernatants were filtered
with a 0.45 µM filter, ultra-centrifuged at 25,000xg for 100 minutes at 4°C and viral pellets were
resuspended in 40 µL of PBS with a lentiviral titer of ~1 x 1010 TU/mL. Pancreas progenitors
were transduced with a multiplicity of infection (MOI) of ~30 (assuming ~30,000 E13.5
pancreas cells treated with 1:100 dilution of lentivirus in PBS at 2.7 µL per well). Transduced
cells were cultured with puromycin for selection.

2.5

Sphere measurements
The number of spheres generated per pancreas was counted manually on Days 1, 4 and 7,

and the average of 5 wells was determined per treatment each day. Images of the spheres were
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captured on a Canon DSLR camera attached to an Olympus CKX41 inverted microscope and
sphere diameters were measured using ImageJ software.

2.6

RNA extraction and qPCR analysis
RNA was extracted from lysed cells by pipetting in TRIzol reagent (Thermo Fisher

Scientific) and combined with 1#5 the total volume of chloroform. Samples were inverted 10x
before centrifugation at 12,000xg for 15 minutes at 4°C. The aqueous layer was mixed with an
equal volume of ice-cold 70% ethanol and further processed with the PureLink RNA Mini Kit
(Ambion). Complementary DNA (cDNA) was generated using SuperScript III Reverse
Transcriptase (Thermo Fisher Scientific) and qPCR experiments were carried out using 0.25-2
µL of cDNA per reaction. Both Fast SYBR Green and TaqMan chemistry (Thermo Fisher
Scientific) was used with purchased or custom designed primers (Primer3) to detect exon-intron
boundaries (Table 2). Samples were loaded onto 384-well plates in triplicate and run on a ViiA 7
Real-Time PCR system (Thermo Fisher Scientific) where gene expression was normalized to bactin (Actb) and determined using the DDCt formula.
Table 2: List of qPCR primer sequences

Gene
Name
Actb

Chemistry

Dpy30

SYBR

Gcg

SYBR

Hes1

SYBR

Ins1

SYBR

TaqMan

Probe Dyes &
Sequence
FAM/ZEN/IABkFQ
CCCATTCCCACC
ATCACACCCT

Left qPCR Primer
Sequence
GCCTCGTCACC
CACATAG

Right qPCR Primer
Sequence
CTGTATTCCCCTC
CATCGTG

TTGCAGAAAAT
CCTCACTCTGA
TGCAGTGGTTG
ATGAACACC
GAAAGATAGCT
CCCGGCATT
TCAGAGACCAT
CAGCAAGCA

ATCCAGGTAGGCA
CGAGTTG
TGGTAAAGGTCCC
TTCAGCATG
GTCACCTCGTTCA
TGCACTC
CTCCCAGAGGGCA
AGCAG
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Ins2

SYBR

Neurog3

TaqMan

Notch1

SYBR

Pdx1

TaqMan

Rbpj

SYBR

Rbpjl

SYBR

Sox9

TaqMan

Wdr5

SYBR

2.7

FAM/ZEN/IABkFQ
CGCCATCCTAGT
TCTCCCGACTCA
FAM/ZEN/IABkFQ
TTCCGCTGTGTA
AGCACCTCCTG

FAM/ZEN/IABkFQ
AGGGTCTCTTCT
CGCTCTCGTTCA

GCTTCTTCTACA
CACCCATGT
GAAAAGGTTGT
TGTGTCTCTGG

ACGACTGATCTAC
AATGCCAC
ACTGACCTGCTGC
TCTCTA

CCCTTGCTCTGC
CTAACG
GTACGGGTCCT
CTTGTTTTCC

ACAGGCTTCAGTG
CCGTTG
GATGAAATCCACC
AAAGCTCAC

TGGGGATGTAG
AAGCCGAAA
AACAGACCCCT
CGTTGCC
CAAGACTCTGG
GCAAGCTC

GCTGGTGGAGTAA
ATGACCC
AGGATCCACACAG
TCTGCTC
GGGCTGGTACTTG
TAATCGG

TGACAATCCTC
CAGTGTCCTT

CCCTTGCTGTAGT
CCCAGAG

RNA-sequencing
Samples from Day 7 shScramble and shWdr5 #1 spheres were pooled from ³ 5 replicates

into TRIzol to obtain 2 µg RNA. cDNA libraries were prepared from an Illumina TruSeq RNA
Sample Preparation Low Throughput (LT) kit using Ampure XP beads for size selection and
validated on an Agilent Bioanalyzer High Sensitivity DNA chip before sequencing on an
Illumina HiSeq sequencing platform. The Tuxedo 2.0 suite of tools 230 was used to map reads to
known Refseq transcripts, and to identify differentially expressed genes. Sequence reads were
aligned to the NCBI37/mm9 mouse genome using TopHat software, with Cufflinks software to
identify peaks and analyze enrichment 230, essentially as has been done previously 231. In order to
determine differential gene expression, a histogram of the frequency distribution of the log2 fold
change (shWdr5 #1/shScramble) values was plotted and thresholds were established using the
graph inflection points. 340 genes with a log2 fold change above 2.0 were considered increased
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and 1,586 genes below -1.0 were considered impaired. The top 30 underrepresented and
overrepresented genes are listed in Appendices A & B, with lineage-specific gene expression
listed in Appendix C.
Islets from 3 control and 3 Dpy30DN male mice were isolated at 4 weeks of age (P28-P32)
and handpicked into 1 mL of TRIzol. Extracted RNA was treated with TURBO DNase I
(Thermo Fisher Scientific) to remove genomic DNA before 100 ng was ribodepleted with the
RiboGone kit (Takara Bio). In total, 6 cDNA libraries were prepared from <10 ng RNA using the
SMARTer Stranded RNA-seq kit (Clontech Laboratories, Inc.) and SPRIselect beads (Beckman
Coulter). As quality control prior to sequencing, the libraries were validated on an Agilent
Bioanalyzer High Sensitivity DNA chip and quantified using the qPCR-based KAPA library
quantification kit, where final cDNA concentrations ranged from ~7-40 nM. Libraries were
denatured, diluted to 1.6 pM and sequenced on an illumina NextSeq500 system with a 150 cycle
high output cartridge. According to the SMARTer Stranded RNA-seq protocol, the first 3 bases
that correspond to the SMARTer Stranded Oligo were trimmed from Read 1 (as well as Read 2)
using the FASTQ Toolkit Base Trimmer (BaseSpace Labs). The trimmed FastQ files were
aligned to the NCBI37/mm9 mouse genome using the RNA-seq Alignment tool (Illumina, Inc.)
and STAR aligner. Aligned reads were then normalized and differential expression analysis was
performed using DESeq2 (BaseSpace Labs). 415 genes with a log2 fold change above 1.0 were
considered elevated and 521 genes below -1.0 were considered decreased.
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2.8

Flow cytometry
Spheres generated from E13.5 MIP-GFP pancreas cells treated with shScramble or shWdr5

#1 were released from Matrigel on Day 7 of differentiation and dispersed into single cells (as
above). The number of GFP+ cells was counted on a BD LSRII flow cytometer.

2.9

Tissue processing and histology
Pancreas progenitor spheres were released from Matrigel (Corning) using 100 µL per well

of Dispase II (Sigma-Aldrich) dissolved at 1 mg/mL in PrEBM media (Lonza) for 2 hours at
37°C. An additional 100 µL per well of RPMI 1640 Complete with fetal bovine serum (FBS,
Thermo Fisher Scientific) was overlayed to stop the reaction by dilution, and spheres were
subsequently mechanically released from Matrigel by pipetting and collected into a single
Eppendorf tube. Spheres were pelleted at 750xg for 4 minutes, supernatant was removed, and
either 200 µL of TRIzol reagent (Thermo Fisher Scientific) was added for RNA extraction, or
200 µL of 4% paraformaldehyde (PFA, Sigma-Aldrich) was added for a 10 minute fixation
followed by liquefied 2% agarose for further immunohistochemical processing.
Embryonic and pancreatic tissue was fixed at 4°C in 4% PFA overnight (whole embryos)
or for 5 hours (dissected stomach, pancreas, spleen and intestine ≥ E15.5). All tissue was
processed through a series of graded ethanol and xylene de-hydration steps before embedding in
paraffin wax. Briefly, fixed embryos and tissues were washed 3x 10 minutes in PBS and
processed in cassettes through 50% ethanol (embryos only), 70% ethanol, 2x 30 minutes of 95%
and 100% ethanol, 2x 30 minutes of xylene, followed by 2x 1 hour in melted paraffin.
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Embryonic or pancreatic tissue was cut into 5 µM sagittal sections using a microtome and
mounted onto Superfrost Plus slides.

2.10 Immunostaining, imaging and analysis
Paraffin slides were processed through graded xylene and ethanol re-hydration steps,
followed by a 10 minute heat-induced antigen retrieval (10 mM sodium citrate, pH 6.0) at 95°C
and 1 hour blocking (5% FBS in PBS) at room temperature. Briefly, slides were processed
through 3x 5 minutes xylene, 2x 5 minutes 100% ethanol, 5 minutes 95% ethanol, 5 minutes
70% ethanol and 10 minutes in PBS on a shaker prior to antigen retrieval. Slides were cooled for
5 minutes under cold running tap water and washed for 5 minutes each in de-ionized water and
PBS on a shaker before circumscribing with a Super PAP pen (Thermo Fisher Scientific) and
blocking. For EdU detection, slides were permeabilized prior to blocking with 0.5% Triton X100 (Sigma-Aldrich) and incubated for 1 hour with: 100 mM Tris pH 8.5, 1 mM CuSO4 (SigmaAldrich), 30 uM Alexa Fluor 594 azide triethylammonium (Thermo Fisher Scientific) and 100
mM ascorbate (Sigma-Aldrich) in H20. For TUNEL detection, the In Situ Cell Death Detection
kit, Fluorescein (Roche) was prepared as specified. Briefly, TUNEL reaction mixture was
applied to permeabilized slides prior to blocking and incubated in a pre-warmed humid chamber
at 37 ˚C for 1 hour in the dark. Embryonic spleen sections were used as positive controls.
Primary antibodies were incubated at 4°C overnight with dilutions in blocking solution (see
Table 3 for antibody information). The following day, slides were washed 3x 10 minutes in PBS
and incubated with secondary antibodies in PBS for 1 hour at room temperature in a humidified
dark chamber. Finally, slides were washed 3x 10 minutes in PBS before mounting with Prolong
Gold mounting solution. Slides were imaged on a Leica TCS SP8 Confocal microscope or tiled
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on an Olympus Bx61 microscope and analyzed using CellProfiler software with custom
pipelines.
Table 3: List of primary and secondary antibodies

Antibody
Amylase
Chromogranin A
CPA1
DPY30
DPY30
DPY30
E-cadherin
Glucagon
Glucagon
H3K4me1
H3K4me3
H3K4me3
Insulin
Insulin
MAFA
MUC1
NEUROG3
NKX2-2
NKX6-1
PAX6
PDX1
Phospho-Histone H3
Somatostatin
SOX9
WDR5
DAPI

Host Species
Goat
Mouse
Goat
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Guinea Pig
Guinea Pig
Rabbit
Armenian Hamster
Mouse
Mouse
Mouse
Mouse
Mouse
Rabbit
Goat
Rabbit
Rabbit

DBA Lectin
TOPRO-3
Alexa Fluor 488
anti-Rabbit
Alexa Fluor 555
anti-Guinea Pig
Alexa Fluor 546
anti-Mouse
Alexa Fluor 488
anti-Goat

Donkey
Goat
Goat
Donkey

Manufacturer
Santa Cruz
Santa Cruz
R&D Systems
Abcam
Bethyl
Atlas Antibodies
Cell Signaling
Santa Cruz
Sigma-Aldrich
Abcam
Abcam
Cell Signaling
Abcam
DAKO
Bethyl
Neomarkers
DSHB
DSHB
DSHB
DSHB
DSHB
Cell Signaling
Santa Cruz
Millipore
Bethyl
Thermo Fisher
Scientific
Vector Laboratories
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Catalog #
sc-12821
sc-393941
AF-2765
ab214010
A304-296A
HPA043761
3195S
sc-13091
G6254
ab8895
ab8580
C42D8
ab7842
IR-002
IHC-00352
HM-1630-PO
F25A1B3-c
745A5-c
F55A10-c
PAX6-s
F109-D12
9701S
sc-7819
AB5535
A302-430A
D9542

Dilution
1:100
1:100
1:500
1:500
1:10,000
1:1000
1:400
1:500
1:2000
1:1000
1:1000
1:1000
1:1000
1:4
1:100
1:2000
1:100
1:100
1:100
1:100
1:100
1:500
1:1000
1:2000
1:1000
1:5000

B-1035
T3605

1:200
1:5000

A-21206

1:500

A-21435

1:500

A-11003

1:500

A-11055

1:500
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Antibody
Alexa Fluor 488
anti-Armenian
Hamster
Alexa Fluor 647
anti-Mouse
Alexa Fluor 594
anti-Rabbit

Host Species
Goat

Manufacturer
Thermo Fisher
Scientific

Catalog #
A-21110

Dilution
1:500

Donkey

Thermo Fisher
Scientific
Thermo Fisher
Scientific

A-31571

1:500

A-21207

1:500

Donkey

2.11 EdU cumulative labeling and quantification
Pregnant Dpy30flox/flox females bred to Pdx1-Cre; Dpy30flox/wt males were injected
intraperitoneally (IP) with 1 mg 5-ethylnyl-2’-deoxyuridine (EdU, Sigma-Aldrich) beginning at
9 AM for cumulative labeling of E12.5 embryonic pancreas cells in S-phase as previously
described 111,232. Subsequent doses of 0.25 mg EdU were injected every 1.5 hours for up to 3
hours. Embryos were harvested 0.5 hour after the last injection and dissected, processed and
paraffin embedded as above. The proportion of total PDX1+EdU+ cells was measured from at
least 8 sections across the pancreas of 4 control and Dpy30DP embryos.

2.12 Morphometric analysis
Quantifications were determined by taking serial sections at set intervals throughout the
entire embryonic pancreas (every 30-60 µM) and postnatal pancreas (every 150-300 µM). At
least 10 images per pancreas were captured on a Leica TCS SP8 Confocal microscope or tiled on
an Olympus Bx61 microscope. Images were analyzed using CellProfiler software to quantify
absolute cell numbers or relative cell fractions, or using ImageJ to quantify islet diameter from
more than 250 islets. The number of NEUROG3+ nuclei was determined manually.
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2.13 NanoString expression analysis
The pancreata from E15.5 and E18.5 control and Dpy30DP embryos were dissected
directly into TRIzol and total RNA was extracted as above. Gene expression was analyzed
according to the nCounter XT CodeSet Gene Expression Assay Protocol (NanoString
Technologies). Briefly, 5 µL of RNA per sample was hybridized with a custom CodeSet (Table
4) and Capture ProbeSet at 65°C for 16 hours. Sample temperatures were ramped down to 4°C
on ice and diluted with 20 µL of water before loading 32 µL onto the cartridge. A panel of 26
developmental pancreas genes were assessed on the nCounter SPRINT profiler and further
normalization (to 4 housekeeping genes) and analysis was performed in nSolver Analysis
Software 3.0.
Table 4: NanoString CodeSet sequences

Gene Name
Actb
B2m
Bhlha15
Cpa1
Dpy30
Foxa2
Gapdh
Gata4
Gata6
Gcg
Hes1
Hnf1b
Hnf4a
Ins1
Ins2
Mafa
Mnx1
Myc
Neurod1
Neurog3
Nkx2-2
Nkx6-1

Forward Sequence
CGCGAGCACAGCTTCTTT
AGAATGGGAAGCCGAACA
TCCATCCTCCTGCCTCAG
CCAGTGGGGTCTGGTTTG
GGGCTCACAGACAGCGTT
TCACTGGGGACAAGGGAA
TGACTCCACTCACGGCAA
TTCCCAGGACTCTAGCTTGC
GGCCTGAGCTGGTGCTAC
CACAGGGCACATTCACCA
TGCCTTTCTCATCCCCAA
AGCTCCAACCAGACGCAC
AGCCCCTGCAAAGTGTCA
CCTCTGGCCATCTGCCTA
CGTGAAGTGGAGGACCCA
ACTGAAACAGAAGCGGCG
TAACAATACCGGCCCCAA
CAGACAGCCACGACGATG
AGAGACACTGCGCTTGGC
CGCTCCAAGCATTTGAGAA
GGGAGAGCCACGAATTGA
AGTGATGCAGAGTCCGCC

Reverse Sequence
GACCCATTCCCACCATCA
GGCCATACTGGCATGCTT
AACAGACACACAGGCCCC
CATCCCAAAGGCAGCATC
CGATCTTCAAACTGCGCC
CCAAAGGCTCCTTTAAAACAA
CCTTTTGGCTCCACCCTT
GCCCTGGGGACATCTTCT
TTCCTGCAAAAGCCCATC
TCACCAGCCAAGCAATGA
GGGTAGCAGTGGCCTGAG
AAACCGACTGGCTGGTCA
TGGCCCCATTACTCCTCA
GGAAGTGCACCAACAGGG
TTGCAGAGGGGTAGGCTG
TCCTTGTACAGGTCCCGC
GCGAGGGAAGTGACCAAG
GTGGGAAGCAGCTCGAAT
ATGTCCGGGTTCTGCTCA
TGCATGTAGCGGGCAGTA
CCCTTCGCTCTCCTCCTC
TCCGTCATCCCCAGAGAA
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Gene Name
Nr5a2
Onecut1
Pdx1
Ptf1a
Rbpj
Rbpjl
Rplp0
Sox9

Forward Sequence
CTCCCACCACCACCACC
GCAAGAACACGGGAAGGA
AAGCTCACGCGTGGAAAG
CCCAGAGGACCCCAGAAA
TCCCTTAAAACAGGAGCCA
GCGGTTACATGGGACTGG
CTGCCAAAGCTGAAGCAA
CGTCCTCGTGGGGTTTTT

Reverse Sequence
CGAACACACGACAAAACAAA
TCCTCCTCCTGGCATTCA
CCACTTCATGCGACGGTT
TTGCCATTAGAAAAATGTGGTC
ACAAGCCAAGGAGGAGCC
TGATGAGGCGACTGTGGA
GCGGTTTTGCTTTTTCATC
AGGCATGTGTTGTCCCGT

2.14 Blood glucose measurements
Male Dpy30DN knockout mice (and littermate controls) were monitored after weaning for
body mass and random blood glucose until hyperglycemia was detected (two measurements
above 20 mM). Around 2 PM, the mice were weighed, the tail vein was pricked with a 30G
needle and blood glucose measurements were obtained using a OneTouchÒ UltraÒ 2
glucometer. For intraperitoneal glucose tolerance tests (IPGTTs), male Dpy30DN knockout mice
(and littermate controls) were fasted for 6 hours prior to IP injection of 2 g/kg 20% D-glucose
(Sigma-Aldrich) in water with a 26G needle. Blood glucose measurements were obtained prior to
injection (T0) and 15, 30, 45, 60 and 120 minutes after injection.

2.15 Pancreas and islet isolations
Mice were anesthetized with isoflurane inhalation and checked for toe pinch reflexes prior
to euthanasia by cervical dislocation. To open the chest cavity, two lateral incisions were made
in the abdomen away from the midline, followed by medial incisions up and down the midline
and through the ribcage and diaphragm. The pancreas was dissected by cutting all connections to
the spleen, stomach, intestine and liver before placing the tissue directly into 4% PFA in PBS on
ice, followed by fixation overnight at 4°C.
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For islet isolations from control and Dpy30DN mice, anesthesia and opening of the chest
cavity were performed as above, but mice were euthanized by decapitation and blood was
drained. The common bile duct was clamped at the duodenum and a 30G needle was used for
perfusion of 3 mL Collagenase XI (1000 U/mL, Sigma-Aldrich) in Hank’s Balanced Salt
Solution (HBSS) with 1 mM CaCl2 into the common bile duct. The pancreas was dissected as
above and further enzymatically digested in 2 mL Collagenase XI for 15 minutes in a 37°C water
bath before 4 minutes of mechanical shaking. Pancreas tissue was washed twice with 25 mL
HBSS with 1 mM CaCl2 before and filtering through a 70 µM filter. Islets collected on the
strainer were inverted and rinsed into a petri dish with RPMI 1640 Complete media (11 mM Dglucose) supplemented with 10% FBS, 50 U/mL penicillin/streptomycin and 2 mM L-glutamine,
and either recovered overnight at 37°C in a 5% CO2 humidified incubator or immediately
handpicked for experiments under a dissecting microscope.

2.16 Statistics
Data are expressed as mean ± standard error of the mean (SEM) unless otherwise specified
and all experiments were carried out at minimum in triplicate. Statistical analyses were
performed using GraphPad Prism 7 Software. Statistical significance was determined using
unpaired, two-tailed Student’s t-tests for comparisons between two groups, and one-way
ANOVA with Dunnett’s multiple comparisons post-hoc tests were used for comparisons
between more than two groups (unless otherwise specified), with * indicating P < 0.05, **
indicating P < 0.01, *** indicating P < 0.001 and **** indicating P < 0.0001.
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Chapter 3: TrxG complexes are essential for gene activation during pancreas
progenitor spheroid cell specification to the endocrine and acinar lineages
3.1

Background
Spheroids and organoids from multiple human and mouse cell types are 3D ex vivo models

of organ development and disease 233-235. Spheroids are defined as a spherical monolayer of selfrenewing progenitors with a central lumen, whereas organoids are characterized by branched,
non-spherical clusters that resemble the original organ in terms of function and structure
229,234,235

. Although both have self-renewing and self-organizing potential when co-cultured with

an extracellular matrix substitute, organoids are derived from more differentiated cells than
spheroids 233,236. The in vitro 3D culture system of spheroids and organoids is attractive for many
reasons, including the ability to visualize and reconstruct cell development, to study the effects
of exogenous morphogens, to perform viral-mediated gene manipulations in single cells, to
expand progenitor cells in culture, and for disease modeling. Compared to 2D cell culture and
tissue explants, spheroid and organoid models more closely resemble in vivo tissues in terms of
cell architecture, composition and differentiation potential 235.
Several groups have developed pancreas spheroid and organoid models from mouse
embryonic or adult cells, human stem and progenitor cells or from tumor cells 229,237-253. Two
models in particular have been developed for the study of mouse pancreas progenitor
development. For example, over seven days of in vitro culture, E11.5 SOX9+ pancreas
progenitors develop into spheroids that express endocrine genes when cultured with RA, or
organoids that express acinar genes when cultured in the absence of RA 229. Using two different
7-day culture protocols, Greggio et al. 237 generated organoids from E10.5 mouse pancreas
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progenitors that recapitulate tip and trunk progenitor segregation with partial endocrine and
exocrine cell differentiation and spheroids that differentiate into acinar and endocrine cells.
Chromatin modifiers have diverse roles in pancreas progenitor differentiation and have the
potential to enhance protocols to produce b-like-cells from hESCs 176,254-257. Several reports
describe enrichment of H3K4 methylation or removal of H3K27me3 during activation of
pancreas- or islet-specific cis-regulatory loci in human and mouse pancreas and endocrine cells
180,210,226

, suggesting that H3K4 methyltransferases and H3K27me3 demethylases are necessary

for conversion of these loci during pancreas development. In support of this hypothesis,
suppression of the H3K4 methyltransferase Prdm16 in mouse pancreas spheroids and the study
of Prdm16-/- mice demonstrated that Prdm16 is required for in vitro and in vivo islet
development 229. However, the TrxG complexes are the major H3K4 methyltransferases and also
associate with H3K27 demethylase proteins, suggesting that the TrxG complexes may have a
prominent role in gene activation during pancreas development.
Within the TrxG complexes, the core TrxG subunit WDR5 is essential for the catalytic
function and assembly of all six mammalian TrxG complexes 183,187,258-260. WDR5 is described as
the key adapter protein that links the core TrxG proteins to the H3K4 methyltransferase, and
without the WDR5 subunit, the TrxG complex does not assemble and H3K4 methyltransferase
activity is undetectable 185,258,259,261-263. WDR5 has a prominent role in cell cycle progression,
differentiation and self-renewal of an array of progenitor cells and is upregulated in several
cancers 182,264-273.
In this Chapter, I determined the localization of TrxG complex proteins in the mouse
embryonic pancreas. The catalytic and non-catalytic roles of the TrxG complexes in gene
activation during differentiation of mouse pancreas progenitors were investigated by suppression
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of Wdr5 in an in vitro pancreas progenitor spheroid model 229. Given that the TrxG complexes
recruit nucleosome remodelers, Pol II and are associated with activation of developmental genes
167,179,182,191,196,197

, I hypothesized that the TrxG complexes were required for activation and/or

maintenance of lineage-specific genes during pancreas progenitor spheroid cell specification.

3.2
3.2.1

Results
Localization of TrxG complex proteins in the embryonic mouse pancreas
Although the TrxG complexes are considered ubiquitously expressed, several TrxG

proteins shuttle between the nucleus and the cytoplasm to control complex activity 274,275. To
address whether core TrxG subunits are nuclear or cytoplasmic at key pancreas developmental
stages, I analyzed the core TrxG proteins DPY30 and WDR5 183-185,187,258-260. To determine the
localization of DPY30 and WDR5 in the embryonic pancreas, I utilized immunofluorescence
(IF) staining of E12.5 and E14.5 mouse paraffin sections. DPY30 and WDR5 immunoreactivity
was detected in the mesenchymal and epithelial cells of the pancreas, including in PDX1+
pancreas progenitors at E12.5 (Figure 4A), and in NEUROG3+ endocrine progenitors (Figure
4B) and insulin+ or glucagon+ endocrine cells at E14.5 (Figure 5). In the pancreas epithelium at
both stages, DPY30 and WDR5 immunoreactivity was highly nuclear and weakly cytoplasmic.
Upon closer examination of the E14.5 pancreas, the cells with the strongest DPY30 and WDR5
immunoreactivity localized with PDX1HI cells and insulin+ and glucagon+ endocrine cells
(Figure 5, white and yellow arrowheads). These results confirm the ubiquitous expression of
DPY30 and WDR5 in the mouse embryonic pancreas and demonstrate their nuclear and
cytoplasmic localization in pancreas and endocrine progenitors, as well as endocrine cells.
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Figure 4: TrxG proteins DPY30 and WDR5 are detected in mouse pancreas and endocrine progenitors.
Immunoreactivity of DPY30 and WDR5 (green) in mouse pancreas at (A) E12.5 with PDX1+ cells (red, yellow
arrowheads) and (B) E14.5 with NEUROG3+ cells (red, white arrowheads). Scale bar, 100 µM.
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Figure 5: TrxG proteins DPY30 and WDR5 are detected in endocrine cells.
Immunoreactivity of DPY30 and WDR5 (green) in mouse pancreas at E14.5 with PDX1+ cells (red), insulin+ and
glucagon+ cells (blue). White arrowheads, DPY30HI or WDR5HI cells co-localized with PDX1HI cells; yellow
arrowheads, DPY30HI or WDR5HI cells co-localized with endocrine cells. Scale bar, 100 µM

3.2.2

Pancreas spheroids as an in vitro model of development
To examine whether the TrxG complexes have a functional role in the differentiation of

pancreas progenitors into the three pancreas lineages, I adapted an in vitro pancreas progenitor
spheroid model 229. Briefly, the pancreas was dissected from E13.5 mouse embryos, dispersed
into single cells and grown as spheroids in 3D Matrigel culture for up to seven days. Once
established, I confirmed cell differentiation in the spheroid model by measuring qPCR
expression of pancreas lineage markers. Over seven days in culture, spheres expressed the
pancreas progenitor markers Pdx1 and Sox9, the endocrine progenitor marker Neurog3, the
endocrine cell transcripts Gcg, Ins1 and Ins2, and expressed the TrxG component Wdr5 (Figure
6). From Day 1 to Day 7, Pdx1 and Sox9 were consistently expressed, whereas expression of
Neurog3 peaked on Days 2-5. Gcg expression decreased from Day 1 to Day 4, and then steadily
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increased again to Day 7. Expression of Ins1 and Ins2 steadily increased from Day 1 to Day 7.
Finally, Wdr5 expression decreased slightly over seven days of sphere culture.

Figure 6: Pancreas spheroids upregulate endocrine genes during in vitro differentiation.
qPCR expression of select pancreas progenitor (Pdx1, Sox9), endocrine (Neurog3, Gcg, Ins1 and Ins2) and TrxG
(Wdr5) genes over seven days of spheroid differentiation. Data are represented as log2 % bactin; n = 3-5.

To examine protein expression in the pancreas spheroids, Day 7 differentiated spheres
were embedded in paraffin and immunostained for several pancreas lineage proteins. A high
proportion of the sphere cells were immunoreactive for PDX1 and SOX9 (Figure 7A-B).
Staining for the duct cell markers mucin (MUC1) and Dolichos biflorous agglutinin (DBA)
lectin showed that MUC1 marked the sphere lumen and the majority of the sphere cells
expressed cytosolic DBA lectin (Figure 7C-D). A small fraction of the pancreas sphere cells
showed evidence of endocrine lineage proteins, with NEUROG3+ endocrine progenitors,
glucagon+ a-cells and insulin+ b-cells detected (Figure 7E-G). In addition, pancreas spheroids
ubiquitously expressed the TrxG complex protein WDR5 (Figure 7H). Together, these results
suggest that Day 7 pancreas spheroids are mostly composed of progenitor or duct cells, and that
a fraction of sphere cells are capable of endocrine cell differentiation.
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Figure 7: Progenitor, duct, endocrine and TrxG complex proteins are detected in pancreas spheroids.
IF staining of pancreas spheroids on Day 7 of differentiation shows immunoreactivity of (A, B) progenitor (PDX1
and SOX9); (C, D) duct (MUC1 and DBA lectin); (E-G) endocrine (NEUROG3, glucagon and insulin) and (H)
TrxG complex (WDR5) proteins. Nuclei are stained with TOPRO-3 (blue).

3.2.3

Suppression of Wdr5 reduces sphere number and diameter
To assess the role of the TrxG complexes in gene activation during pancreas progenitor

differentiation, I suppressed the TrxG core subunit Wdr5 in the pancreas spheroid assay. For
these experiments, I generated two different lentiviral shRNAs targeting Wdr5 (shWdr5 #1 and
shWdr5 #2). Relative to an shScramble control lentivirus, shWdr5 #1 and shWdr5 #2 effectively
suppressed Wdr5 transcripts by ~80 and ~90% respectively, in Day 7 pancreas spheres (Figure
8). Over the course of the seven-day pancreas spheroid culture, I observed a decrease in sphere
number after shWdr5 treatment compared to the shScramble control (Figure 9). Scoring the
number of spheres generated per pancreas revealed that although there were equivalent numbers
of spheres on Day 1, there were significantly fewer (~50% less) shWdr5-treated spheres on Days
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4 and 7 (Figure 10). Additionally, measuring sphere diameter over seven days of culture
demonstrated that the spheres ranged in size, with most spheres between 0-30 µm on Day 1 and
growing to 31-60 µm in diameter on Days 4 and 7 (Figure 11). On Days 1 and 4, shWdr5
treatment had no significant effect on sphere size compared to shScramble controls. However, on
Day 7 there were more shWdr5-treated spheres in the 31-60 µm range and fewer shWdr5 spheres
that were larger than 60 µm (Figure 11). Together, these data suggest that suppression of Wdr5
in pancreas spheroids may either reduce sphere cell proliferation or survival.

Figure 8: Efficient suppression of Wdr5 in pancreas spheroids by shWdr5 lentivirus.
Relative expression of Wdr5 transcripts in pancreas spheres treated with shScramble, shWdr5 #1 and shWdr5 #2.
Data are relative to b-actin; n = 6-12; **** denotes P < 0.0001 shWdr5 vs. shScramble; one-way ANOVA with
Dunnett’s multiple comparisons post-hoc test.
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Figure 9: Suppression of Wdr5 reduces sphere number and size.
Bright field images of shScramble, shWd5 #1 and shWdr5 #2 spheres on Days 1, 4 and 7 of differentiation.

Figure 10: Suppression of Wdr5 reduces the number of spheroids per pancreas after seven-day culture.
Quantification of the number of shScramble, shWdr5 #1 and shWdr5 #2 spheres generated per pancreas on Days 1, 4
and 7 of differentiation. Data are represented as mean ± SEM; n = 4-14; * denotes P < 0.05 and ** denotes P < 0.01
shWdr5 vs. shScramble; one-way ANOVA with Dunnett’s multiple comparisons post-hoc test.
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Figure 11: The diameter of shWdr5 spheroids is reduced compared to shScramble.
Sphere diameter measurements as a fraction of the total number of spheres for shScramble, shWd5 #1 and shWdr5
#2 treatments on Days 1, 4 and 7 of differentiation. Data are represented as mean ± SEM; n = 3-9; * denotes P <
0.05, ** denotes P < 0.01, *** denotes P < 0.001 and **** denotes P < 0.0001 shWdr5 vs. shScramble; one-way
ANOVA with Dunnett’s multiple comparisons post-hoc test. Note that no statistically significant differences were
detected on Days 1 and 4.

3.2.4

Suppression of Wdr5 impairs endocrine and acinar gene activation in pancreas

progenitors
To determine whether suppression of Wdr5 has an effect on gene activation during
specification of pancreas spheroids to the endocrine lineage, I measured endocrine transcript
expression by qPCR in Day 7 spheres treated with shWdr5 #1, shWdr5 #2 or an shScramble
control. Although shWdr5 treatment did not significantly affect the expression of progenitor
markers Pdx1 or Sox9, there were significant reductions in the endocrine progenitor cell
transcript Neurog3 (> 53-fold) and endocrine cell transcripts Ins1 (> 16-fold), Ins2 (> 17-fold)
and Gcg (> 14-fold) compared to shScramble controls (Figure 12).
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Figure 12: Suppression of Wdr5 in pancreas spheroids impairs islet gene activation.
Relative expression of progenitor (Pdx1 and Sox9), endocrine progenitor (Neurog3) and endocrine (Ins1, Ins2 and
Gcg) cell transcripts in Day 7 spheroids from shScramble control, shWdr5 #1 and shWdr5 #2 treatment. Data are
relative to b-actin; n = 3-11; * denotes P < 0.05, ** denotes P < 0.01 and *** denotes P < 0.001 shWdr5 vs.
shScramble; one-way ANOVA with Dunnett’s multiple comparisons post-hoc test.

To further validate that Wdr5 suppression decreased endocrine cell differentiation, I
performed the sphere assay with mice expressing GFP under control of the mouse insulin
promoter (MIP-GFP). This mouse model allowed me to use the GFP transgene as a readout for
insulin promoter activity and visualize GFP+ cells directly in the sphere culture. In agreement,
suppression of Wdr5 by shWdr5 #1 in MIP-GFP pancreas spheroids significantly reduced the
proportion of GFP+ sphere cells by > 4-fold compared to shScramble spheres on Day 7 (Figure
13A-B). This result further suggests that treatment of pancreas spheres with shWdr5 reduces
their differentiation to insulin+ b-cells.
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Figure 13: GFP+ cells are reduced in MIP-GFP shWdr5 spheroids.
(A) Bright field and GFP images from Day 7 mouse insulin promoter-driven GFP (MIP-GFP) spheres treated with
shScramble and shWdr5 #1. (B) The % of GFP+ cells in shScramble and shWdr5 #1 spheres measured by flow
cytometry. Data are represented as mean ± SEM; n = 4; ** denotes P < 0.01 shWdr5 vs. shScramble; unpaired, twotailed Student’s t test.

To determine the genome-wide effect of Wdr5 suppression on acinar, duct and endocrine
gene activation during spheroid differentiation, I generated RNA-sequencing (RNA-seq) data
from Day 7 shWdr5 #1 and shScramble spheres (see Materials & Methods and Appendices A &
B). Gene Ontology (GO) term analysis indicated that underrepresented genes were associated
with pancreas development, glucose homeostasis, insulin secretion and cell proliferation (Figure
14A). Overrepresented genes were associated with cell adhesion, apoptosis, cell proliferation,
regulation of cell differentiation and assembly of cell junctions (Figure 14B).
Activation of endocrine lineage-specific genes was essentially abolished in spheres treated
with shWd5 #1 compared to shScramble controls (Figure 14C, Appendix C). These reductions
included genes expressed in endocrine progenitors (i.e. Neurog3, > 165-fold; Neurod1, > 60fold; Pax6, > 250-fold) and endocrine hormones (i.e. Gcg, >80-fold; Iapp, > 70-fold; Ins1, >
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100-fold; Ins2, > 70-fold; Ppy, >80-fold; Sst, >190-fold). Even though gene expression levels
were low compared to the endocrine lineage (see Appendix C for FPKM values), activation of
acinar lineage-specific genes, including Amy2b, Bhlha15, Cel, Clps, Cpa1, Cpa2, Pnliprp1 and
Prss2, was also decreased between 2- to 18-fold (Figure 14C, Appendix C). The acinar cell
regenerating factors Reg1, Reg3b and Reg3g were increased between 4- to 20-fold by Wdr5
suppression. Genes expressed in early pancreas progenitor cells, including Hes1, Pdx1, Rbpj and
Sox9, were either unaltered or slightly elevated by Wdr5 suppression compared to controls
(Figure 14C, Appendix C). Finally, genes expressed in the duct cell lineage, including Car2,
Krt7, Krt19, Muc1, Muc4 and Muc20, were elevated between 4- to 22-fold in shWdr5 #1 spheres
compared to controls (Figure 14C, Appendix C). Overall, these data suggest that the TrxG
complexes are required for activation of acinar and endocrine lineage-specific genes, but are not
necessary for gene expression maintenance of progenitor and duct cell genes.
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Figure 14: RNA-sequencing reveals impaired endocrine and acinar gene activation in shWdr5 spheroids.
Gene Ontology (GO) term analysis of (A) underrepresented genes and (B) overrepresented genes in Day 7 shWdr5
#1 spheres compared to shScramble spheres. (C) Heat map showing relative expression of Day 7 shWdr5 #1 spheres
compared to shScramble spheres. RNA-sequencing data was generated from combining ³ 5 sphere differentiations
(n = 1 pooled replicate) to achieve 2 µg of RNA and is represented as log2 fold change of shWdr5 #1/shScramble.
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3.3

Discussion
In this Chapter, I determined the expression of TrxG complex proteins in the mouse

embryonic pancreas and established a role for the TrxG complexes in activation of genes
necessary for the specification of pancreas progenitors. The TrxG core proteins DPY30 and
WDR5 were localized in the nucleus and the cytoplasm of PDX1+ and NEUROG3+ progenitors
and in endocrine cells. In an in vitro pancreas spheroid model, suppression of Wdr5 reduced
spheroid diameter and the number of spheres after seven-day culture. While genes expressed in
pancreas progenitors or duct cells were unaffected or elevated in shWdr5 spheres compared to
controls, activation of genes in the acinar and endocrine cell lineages was markedly decreased.
This suggests that the TrxG complexes are not required for the maintenance of progenitor or duct
cell gene expression but are essential for acinar and endocrine lineage-specific gene activation.
The pancreas spheroid model used herein was adapted from a previously established
protocol that permits gene manipulation by lentiviral transduction of shRNA 229. In addition, this
protocol models pancreas development in vitro – isolated mouse E11.5 dorsal pancreas SOX9+
MPCs grow as polarized spheres, differentiate to the endocrine and duct lineages and secrete
insulin in response to glucose. From mouse E13.5 dorsal pancreas, I generated spheroids with a
similar architecture and differentiation potential. For example, a high proportion of the sphere
cells were immunoreactive for PDX1 and SOX9. These proteins are found in early pancreas
MPCs, but later in development PDX1 is restricted to insulin+ b-cells and SOX9 is maintained in
BPCs and duct cells. Similar to the organization of mouse pancreas epithelial cells, the spheroids
exhibited apical-basal cell polarity where mucin+ duct cells lined the sphere lumens. Further, a
high proportion of sphere cells were immunoreactive for DBA lectin, indicating mature duct cell
differentiation.
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Since the established protocol used mouse E11.5 pancreas 229 whereas I used E13.5
pancreas to generate spheroids, one might expect the difference in pancreas progenitor cell
sources to have an effect on sphere cell development. However, both sphere protocols showed
evidence of duct and endocrine lineage markers and were not very conducive to acinar cell
differentiation. Although I detected low expression of acinar cell transcripts by RNA-seq,
digestive enzymes such as amylase and CPA1 were not detected by IF staining (data not shown)
and this was also reported in the original protocol 229.
Spheroid culture exhibited endocrine cell differentiation reminiscent of in vivo pancreas
development. For example, gene expression profiling demonstrated that Neurog3 transcripts
peaked between Days 2-5 of the sphere assay, and after Neurog3 activation, expression of Ins1
and Ins2 steadily increased from Day 1 to Day 7. This aligns well with the transient induction of
Neurog3 in mouse endocrine progenitors and downstream b-cell differentiation. Interestingly,
Gcg expression decreased from Day 1 to Day 4, and then steadily increased again to Day 7.
These changes in sphere Gcg expression correspond to the switch from Pancreas Growth media
to Pancreas Differentiation media on Day 4. This suggests that either Pancreas Growth media is
not conducive to Gcg gene induction, or that Days 1-4 represent a gradual reduction in first wave
glucagon+ cells and Days 4-7 represent induction of glucagon+ cells of the secondary transition.
At the protein level, few individual sphere cells expressed markers of the endocrine lineage.
However, this is consistent with in vivo development where relatively few cells activate
NEUROG3 from BPCs and specify to the endocrine lineage in proportion to the entire pancreas
epithelium. Furthermore, a subset of luminal sphere cells induced NEUROG3 whereas insulin+
and glucagon+ cells were observed in peripheral sphere cells. This may be suggestive of an EMT
event where NEUROG3+ cells migrate away from the sphere lumen during endocrine
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differentiation. Overall, these data demonstrate that endocrine cell differentiation occurs during
in vitro pancreas progenitor spheroid culture.
Using this spheroid model, I tested the hypothesis that the TrxG complexes are required for
gene activation during pancreas progenitor differentiation. First, I confirmed expression of
WDR5 in the mouse embryonic pancreas as well as in pancreas-derived spheroids. After
lentiviral Wdr5 suppression in the spheroid assay, I observed significantly reduced sphere
number and size compared to shScramble controls. This implies that either cell proliferation is
reduced or cell death is increased in shWdr5 spheres. The TrxG complex and the core protein
WDR5 have a well-documented role in cell proliferation 267,269,271,276-280, and in cancer growth 264266,268,281-283

. In particular, suppression of Wdr5 in a pancreatic cancer spheroid model reduces

sphere counts and the proliferation marker Ki67 265. There are conflicting reports on whether
WDR5 has a role in apoptosis depending on the cell type 231,266,267,271.
Although proliferation and cell death were not directly tested in the spheroid assay, GO
term analysis of the sphere RNA-seq data suggests that both pathways are affected by Wdr5
suppression. For example, genes associated with cell proliferation, including several growth
factors (e.g. Bmp6, Figf, Fgf1, Fgf2, Egfl7, Egr3 and Prox1), were underrepresented in the
shWdr5 spheres. In contrast, genes associated with apoptosis, such as Ddit4, Cdkn1a, Perp and
Tnf, were overrepresented in shWdr5 spheres. Interestingly, expression of acinar cell
regenerating transcripts Reg1, Reg3b and Reg3g was increased in shWdr5 spheres compared to
shScramble controls. These regenerating factors promote duct cell proliferation through Ccnd1
induction and are consistently upregulated in models of pancreas cell injury such as pancreatitis
284-286

. These results may suggest that suppression of Wdr5 in pancreas progenitors reduces

proliferation, increases apoptosis and stimulates a compensatory regenerative pathway.
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Unexpectedly, shWdr5 spheres were enriched for cell adhesion molecules such as cadherins,
integrins and laminins, which are upregulated in pancreatic cancer 287. For example, Cecam1 is
expressed in pancreatic intraepithelial neoplasia (PanIN) lesions and is used as an early
biomarker for pancreatic adenocarcinoma 288.
The most striking observation from suppression of Wdr5 during pancreas spheroid
differentiation was the significant reduction in endocrine cell transcripts. Expression of Neurog3,
Ins1, Ins2 and Gcg were reduced more than 70-fold compared to shScramble controls, and GFP+
cells were also reduced more than 4-fold after Wdr5 suppression in the MIP-GFP sphere model.
GO term analysis of RNA-seq data confirmed that many additional endocrine genes were
underrepresented in the shWdr5 spheres, including those involved in islet development, glucose
homeostasis and insulin secretion. The reduction in endocrine cell fate in shWdr5 spheres
suggests that the cells may remain as progenitors, get shunted to the duct or acinar cell lineages,
or undergo apoptosis. Although message levels were low in the RNA-seq data as discussed
above, acinar cell transcripts were also reduced after Wdr5 suppression. In contrast, duct cell
transcripts were elevated compared to shScramble spheres, including the duct-specific gene Car2
and several cytokeratins and mucins. These results suggest that the TrxG complexes are required
for activation of a subset of genes during endocrine and acinar cell specification.
This raises the question as to why the endocrine and acinar cell lineages were particularly
affected by Wdr5 suppression but not the duct cell lineage. One explanation is that acinar and
endocrine lineage-specific genes require activation by the TrxG complexes, whereas duct genes
have already been activated in pancreas progenitors and do not require further maintenance by
the TrxG complexes. In support of this hypothesis, the expression of genes already activated in
pancreas progenitors, such as Foxa1, Foxa2, Gata4, Gata6 and Pdx1, were unaffected by Wdr5
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suppression and are already in an active chromatin state in MPCs 35. This suggests that genes in
an active chromatin state in pancreas progenitors do not require the TrxG complexes for gene
expression maintenance. However, the endocrine lineage master regulator Neurog3 and
downstream genes Neurod1, Nkx2-2, Nkx6-1 and Pax6 are marked by H3K27me3 in pancreas
progenitors 35. This suggests that Neurog3 activation and endocrine specification requires
removal of the repressive H3K27me3 modification by TrxG-associated KDMs such as KDM6A
and KDM6B. Disruption of TrxG complex assembly by Wdr5 suppression in pancreas
progenitors could therefore impair recruitment of KDMs to Neurog3 during endocrine
specification. There is also evidence that the TrxG complexes interact with nucleosome
remodeling complexes and proteins associated with Pol II 182,196,197, suggesting that disruptions
of these interactions could prevent activation of endocrine and acinar lineage-specific genes. In
addition, DNA methylation prevents gene activation and is removed at developmentally
regulated genes during differentiation 153. Thus, failed demethylation at endocrine and acinar
lineage-specific genes is another potential mechanism that may prevent differentiation of the
endocrine and acinar lineages in shWdr5 progenitors.
Collectively, these results demonstrate that the TrxG complex proteins DPY30 and WDR5
are expressed in the mouse embryonic pancreas and that the TrxG complexes have a role in
pancreas spheroid development. My data suggests that pancreas progenitors require the TrxG
complexes for cell proliferation and/or survival. Further, these findings support a hypothesis
whereby the catalytic and/or non-catalytic activities of the TrxG complexes are required for
activation of a subset of lineage-specific genes during endocrine and acinar cell specification but
not for maintenance of progenitor or duct cell gene expression.
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Chapter 4: TrxG catalytic activity regulates pancreas progenitor survival,
endocrine cell specification and acinar cell differentiation
4.1

Background
Pancreas development is mediated by external signals, transcription factors and chromatin

regulators that direct gene expression and regulate cell proliferation and differentiation 1,176. In
both mouse and human development, pancreas- and islet-specific cis-regulatory elements
become poised for activation with enrichment for H3K4 methylation 180,226, suggesting a role for
H3K4 methylation in driving gene expression in the pancreas. In Chapter 3, I discovered that
suppression of Wdr5 in pancreas progenitor spheroids decreased endocrine and acinar cell
differentiation. However, in addition to loss of H3K4 methyltransferase activity, the TrxG
complexes do not assemble in the absence of the WDR5 subunit 185,258,259,261-263. Since the TrxG
complexes have non-enzymatic co-activator roles that include the recruitment of nucleosome
remodeling complexes and KDMs 183,190,196,197, it was unclear in this model whether the catalytic
or non-catalytic co-activator functions of the TrxG complexes were essential for the activation of
endocrine and acinar critical genes.
Thus, to clarify whether the catalytic or non-catalytic activities of the TrxG complexes are
required for the activation of acinar and endocrine lineage-specific genes, I next focused on
DPY30, a TrxG core protein that is not required for formation of the TrxG complexes 206 but is
essential for full methyltransferase activity and methyl group specificity at H3 197,263,280,289,290. In
the absence of DPY30, TrxG complex H3K4 methyltransferase activity is marginally reduced in
vitro but completely lost in vivo 291, suggesting that DPY30 acts as a catalytic enhancer. The role
of DPY30 in pancreas development has not been examined, but DPY30 has reported roles in cell
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proliferation and differentiation in other tissues 206,279,280,289,292. For example, suppression of
Dpy30 in a human neuron-committed cell line impairs proliferation and drives cellular
senescence 279. Suppression of DPY30 in hESCs decreases endoderm specification and
differentiation into pancreas and liver cells 206. Importantly, impaired cell specification was the
result of decreased H3K4 methylation and impaired expression of lineage-specific genes 206,280.
Thus, I hypothesized that the catalytic activity of TrxG complexes, and thus H3K4 methylation,
is required for the activation of acinar and endocrine lineage-specific genes during pancreas
progenitor differentiation.
In this Chapter, I investigate this using Pdx1-Cre driver mice to obtain embryonic deletion
of Dpy30 in PDX1+ progenitors. In these mice, I show that H3K4 methylation is rapidly depleted
in the absence of DPY30, and I assessed the formation of pancreas progenitors, patterning into
multipotent tip and bipotent trunk progenitors, and differentiation into the acinar and endocrine
cell lineages.
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4.2

Results
H3K4 methylation is reduced in Dpy30∆P PDX1+ progenitors

4.2.1

To determine whether TrxG catalytic activity is required for activation of lineage-specific
genes during in vivo pancreas progenitor differentiation, Dpy30 was genetically deleted from
PDX1+ progenitor cells using Cre-lox recombination (Figure 15A) 120. Mice harbouring loxP
sites flanking the 4th Dpy30 exon (Dpy30flox/flox) were bred to Pdx1-Cre driver mice to achieve
recombination in the pancreas (Pdx1-Cre; Dpy30flox/flox, or Dpy30∆P). In all experiments,
littermate Dpy30flox/flox or Dpy30flox/WT (Pdx1-Cre-negative) embryos were used as controls.
Since PDX1 is highly expressed in pancreas progenitors from E8.5 and is required for pancreas
growth 2,4,69, Pdx1-Cre mice are commonly used for “pancreas-specific” recombination.
However, PDX1 is also expressed in the duodenum, stomach, common bile duct and the brain
1,293,294

and recombination also occurs in these cells.
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Figure 15: Efficient Dpy30 recombination in PDX1+ pancreas cells of Dpy30∆P embryos.
(A) Schematic of a wildtype Dpy30 locus (Dpy30WT) with 5 coding exons, an exon 4 targeted Dpy30 locus
(Dpy30flox/flox) and a Pdx1-Cre recombined Dpy30 locus (Dpy30DP). (B) Relative expression of Dpy30 at E14.5 from
control (Dpy30flox/flox or Dpy30flox/WT) and Dpy30DP pancreas. Data are relative to b-actin; n = 7; ** denotes P < 0.01
Dpy30DP vs. control; unpaired, two-tailed Student’s t test. (C) IF staining of DPY30 (green) and PDX1 (red) in
E12.5 control and Dpy30DP pancreas. Merged images include nuclei stained with TOPRO-3 (blue). Scale bar, 75
µM.

66

To examine Pdx1-Cre-driven Dpy30 recombination in the embryonic pancreas, I measured
Dpy30 transcript levels by qPCR and protein expression by immunofluorescence (IF). In the
E14.5 Dpy30∆P pancreas, Dpy30 transcripts were decreased by ~57% compared to controls
(Figure 15B). Given that the mesenchyme constitutes ~45% of total pancreas cells at E14.5 109, a
~57% reduction in Dpy30 suggested efficient recombination in PDX1+ Dpy30∆P epithelial cells.
To confirm the disruption of Dpy30 in PDX1+ cells, I co-stained for DPY30 and PDX1 in E12.5
control and Dpy30∆P whole embryonic sections. Confirming efficient disruption of Dpy30,
DPY30 immunoreactivity was absent from ~85% of PDX1+ cells in the Dpy30∆P pancreas
(Figure 15C). H3K4me1 and H3K4me3 immunoreactivity was also absent from ~85% of
PDX1+ cells in the Dpy30∆P pancreas (Figure 16A-B). Together, these results demonstrate that
Pdx1-Cre-mediated deletion of Dpy30 results in loss of DPY30 protein and global loss of H3K4
methylation in PDX1+ pancreas progenitors.
Next, I examined whether the global loss of H3K4 methylation from PDX1+ cells
perturbed expression of markers of MPCs, including NKX2-2, NKX6-1, PDX1 and SOX9, in the
E12.5 pancreas. Despite the absence of H3K4me3 in the Dpy30∆P pancreatic epithelium,
NKX2-2 and NKX6-1 immunoreactivity was similar to controls (Figure 17A-B). In addition,
immunoreactivity of PDX1 and SOX9 was unchanged in the E12.5 Dpy30∆P pancreas (Figure
18A) and the total number of PDX1+ and SOX9+ cells was not significantly different from
controls (Figure 18B-C). Overall, these results suggest that formation of multipotent pancreas
progenitor cells is unaffected by loss of Dpy30 or H3K4 methylation.
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Figure 16: Global loss of H3K4 methylation in Dpy30∆P PDX1+ pancreas cells.
Immunofluorescence staining of (A) H3K4me1 and (B) H3K4me3 in green with PDX1 (red) at E12.5 in control and
Dpy30DP pancreas. Merged images include nuclei stained with TOPRO-3 (blue). Scale bar, 75 µM.
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Figure 17: Maintenance of pancreas progenitors in Dpy30∆P pancreas.
Immunofluorescence staining of H3K4me3 (green) with (A) NKX2-2 and (B) NKX6-1 (red). Nuclei are stained
with TOPRO-3 (blue). Scale bar, 75 µM.
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Figure 18: The total number of PDX1+ and SOX9+ cells is unchanged in E12.5 Dpy30∆P pancreas.
(A) Immunofluorescence staining of SOX9 (green) and PDX1 (red) at E12.5 in control and Dpy30DP pancreas.
Nuclei are stained with TOPRO-3 (blue). Scale bar, 75 µM. The total number of (B) PDX1+ and (C) SOX9+ cells at
E12.5 in control and Dpy30DP pancreas. Data are represented as mean ± SEM; n = 3.
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4.2.2

The Dpy30DP pancreas is hypoplastic
Although PDX1+ and SOX9+ cells were unaltered at E12.5, the total number of Dpy30∆P

pancreas cells was significantly decreased by ~50% at both E15.5 and E18.5 (Figure 19A).
Accordingly, I also observed a decrease in the overall size of the E18.5 Dpy30∆P pancreas
compared to controls during pancreas dissections (Figure 19B). The equivalent reductions in
total Dpy30∆P pancreas cells at these stages suggested that an earlier progenitor defect in either
proliferation or survival may have occurred. To investigate this, cumulative 5-ethylnyl-2’deoxyuridine (EdU) incorporation was used to measure the proportion of proliferating PDX1+
progenitors in E12.5 embryos 111. A small (~15%) but significant reduction in the fraction of
PDX1+EdU+ cells in the Dpy30∆P pancreas was detected compared to controls (Figure 19C-D),
suggesting that the ~50% reduction in pancreas cells may be partly due to a reduction in
progenitor proliferation. To examine whether progenitor survival was also affected, I assessed
apoptosis in E12.5 SOX9+ progenitors by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining. Compared to controls, the fraction of TUNEL+SOX9+ cells relative
to total SOX9+ cells was increased 1.7-fold (P = 0.06) in the E12.5 Dpy30∆P pancreas (Figure
19E-F). Together, these findings suggest that the combined decrease in progenitor cell
proliferation and an increase in progenitor cell apoptosis results in Dpy30∆P pancreas hypoplasia
over time.
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Figure 19: The Dpy30∆P pancreas is hypoplastic.
(A) Total pancreas cells at E15.5 and E18.5 in control and Dpy30DP pancreas. Data represents mean ± SEM; n = 3;
* denotes P < 0.05 Dpy30DP vs. control; unpaired, two-tailed Student’s t test. (B) E18.5 control and Dpy30DP gut
organs. Dorsal pancreas is outlined in white. (C) IF staining for PDX1 (green), EdU (red) and CPA1 (blue) in
control and Dpy30DP pancreas at E12.5. Scale bar, 25 µM. (D) The fraction of proliferating PDX1+EdU+ pancreas
progenitor cells relative to total PDX1+ cells in E12.5 control and Dpy30DP pancreas following 3.5 hours of EdU
labeling. Data are represented as mean ± SEM; n = 4; * denotes P < 0.05 Dpy30DP vs. control; unpaired, two-tailed
Student’s t test. (E) The fraction of TUNEL+SOX9+ cells relative to SOX9+ cells from E12.5 control and Dpy30DP
pancreas. Data are represented as mean ± SEM; n = 3; unpaired, two-tailed Student’s t test. (F) IF staining for
TUNEL (green) and SOX9 (blue) in control and Dpy30DP pancreas at E12.5. Nuclei are stained with DAPI (grey).
Scale bar, 75 µM.
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4.2.3

CPA1 immunoreactivity is reduced in the Dpy30∆P pancreas
The multipotent pancreas progenitors undergo further branching morphogenesis between

E12.5 and E15.5 and begin differentiation into the endocrine and exocrine lineages 2,3. To assess
the developmental morphology of the Dpy30∆P pancreas during this stage, I examined
hematoxylin and eosin (H&E) staining of pancreas paraffin sections from E12.5 to E15.5.
Compared to controls, branching morphogenesis and overall pancreas structure appeared
unaffected at all stages in the Dpy30∆P pancreas (Figure 20). These results suggest that loss of
Dpy30 from PDX1+ progenitors does not affect pancreas morphology during these stages of
development.

Figure 20: Developmental morphology of the embryonic Dpy30∆P pancreas.
Hematoxylin and eosin (H&E) staining in control and Dpy30DP pancreas from E12.5 to E15.5. Scale bar, 100 µM.
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Starting at E11.5, the pancreas epithelium becomes progressively more patterned with
CPA1+SOX9+ multipotent progenitor cells (MPCs) and CPA1+ acinar progenitors at “tips” and
SOX9+ bipotent progenitor cells (BPCs) in “trunks” 3,55. Tip MPCs start to undergo acinar cell
specification at ~E12.5 as SOX9 becomes restricted to trunk cells and enhanced cytosolic CPA1
expression is evident in differentiated acinar cells by E15.5 2,55,90,91. To assess tip and trunk
patterning in the Dpy30∆P pancreas, I co-stained for SOX9 and CPA1 between E12.5 and E15.5.
At all stages, SOX9 immunoreactivity in the Dpy30∆P pancreas was equivalent to controls
(Figures 21 and 22). Although CPA1 staining was comparable between the control and Dpy30∆P
pancreas at E12.5, CPA1 immunoreactivity appeared decreased from Dpy30∆P tip cells at E13.5
(Figure 21). While the control pancreas showed strong cytoplasmic CPA1 staining in E14.5 and
E15.5 acinar cells at the epithelial tips, CPA1 immunoreactivity was comparatively decreased in
the Dpy30∆P pancreas at both stages (Figure 22). Collectively, these results suggest that tip and
trunk patterning is maintained but CPA1 expression is reduced in the Dpy30∆P pancreas starting
at E13.5.
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Figure 21: CPA1 immunoreactivity is reduced in E13.5 Dpy30∆P tip cells.
Immunofluorescence staining of SOX9 (green) and CPA1 (red) at E12.5 and E13.5 in control and Dpy30DP
pancreas. Nuclei are stained with TOPRO-3 (blue). Scale bar, 75 µM.
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Figure 22: CPA1 immunoreactivity is decreased in Dpy30∆P acinar cells.
Immunofluorescence staining of SOX9 (green) and CPA1 (red) at E14.5 and E15.5 in control and Dpy30DP
pancreas. Nuclei are stained with TOPRO-3 (blue). Scale bar, 75 µM.

76

4.2.4

Dpy30DP acinar cell differentiation and maturation is impaired
Decreased CPA1 immunoreactivity in the E15.5 Dpy30∆P pancreas suggested that the

proportion of pancreatic acinar cells is reduced. Compared to controls, the fraction of amylase+
cells relative to total pancreas cells was reduced by ~60% in the E15.5 Dpy30∆P pancreas
(Figure 23A-B). At E18.5, the proportion of Dpy30∆P amylase+ pancreatic area was decreased
by ~40% (Figure 23C-D). Given that the major source of acinar tissue expansion from E15.5
onward is from proliferation of differentiated acinar cells 2, I examined whether acinar cell
proliferation was reduced in the Dpy30∆P pancreas. Co-staining of amylase with the G2M
mitotic marker phospho-histone H3 (pHH3) at E15.5 revealed that the fraction of
pHH3+amylase+ acinar cells was not changed in the Dpy30∆P pancreas compared to controls
(Figure 24A-B). These results suggest that the reduction in Dpy30∆P acinar cells was not due to
impaired acinar cell proliferation.
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Figure 23: Amylase+ acinar cells are reduced in the Dpy30∆P pancreas.
(A) IF staining for amylase (green) in E15.5 control and Dpy30DP pancreas. Nuclei are stained with TOPRO-3
(blue). Scale bar, 75 µm. (B) The fraction of amylase+ cells relative to total pancreas cells from E15.5 control and
Dpy30DP pancreas. Data are represented as mean ± SEM; n = 3; ** denotes P < 0.01 Dpy30DP vs. control;
unpaired, two-tailed Student’s t test. (C) IF staining for Sox9 (green) and amylase (red) in E18.5 control and
Dpy30DP pancreas. Nuclei are stained with TOPRO-3 (blue). (D) The fraction of amylase+ area relative to total
pancreas area from E18.5 control and Dpy30DP pancreas. Data are represented as mean ± SD; n = 3; **** denotes P
< 0.0001 Dpy30DP vs. control; unpaired, two-tailed Student’s t test.
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Figure 24: Acinar cell proliferation is not altered in the Dpy30∆P pancreas.
(A) IF staining for pHH3 (green) and amylase (red) in control and Dpy30DP pancreas at E15.5. Nuclei are stained
with DAPI (grey). Scale bar, 75 M. (B) The fraction of pHH3+amylase+ cells relative to amylase+ cells from E15.5
control and Dpy30DP pancreas. Data are represented as mean ± SEM; n = 3.

To determine whether acinar cells in the Dpy30∆P pancreas were differentiated, I first
assessed acinar cell gene expression. Given that specification of acinar cells occurs when RBPJ
is replaced with RBPJL in the PTF1A complex (Masui et al. 2007; Arda et al., 2013), I evaluated
Rbpj and Rbpjl transcript levels by qPCR at E14.5. While Rbpj expression was unaffected, Rbpjl
transcripts were significantly decreased by ~50% in the Dpy30∆P pancreas compared to controls
(Figure 25A). Further acinar cell gene expression was performed using NanoString SPRINT
profiling at E15.5. While significant reductions were detected in Dpy30 (>3-fold) and Cpa1 (>3fold) (Figure 25B), as well as Bhlha15 (2-fold), Gata4 (1.6-fold) and Rbpjl (1.8-fold) (Figure
25C), expression of Myc, Nr5a2, Ptf1a and Rbpj were not significantly altered (Figure 25C).
These results demonstrate decreased expression of a subset of genes involved in acinar cell
differentiation after disruption of Dpy30 in the pancreas.
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Figure 25: Acinar cell differentiation is impaired.
(A) Relative expression of Rbpj and Rpbjl transcripts from E14.5 control and Dpy30DP pancreas. Data are relative
to b-actin; n = 4-7; * denotes P < 0.05 Dpy30DP vs. control; unpaired, two-tailed Student’s t test. (B-C) Acinar gene
expression analysis from E15.5 control and Dpy30DP pancreas. Data are represented as the geometric mean ±
geometric SD; n = 5; ** denotes P < 0.01 and **** denotes P < 0.0001 Dpy30DP vs. control; unpaired, two-tailed
Student’s t test with a Benjamini, Krieger and Yekutieli 1% FDR correction for multiple comparisons.
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To investigate whether reduced acinar cell gene expression in the Dpy30∆P pancreas
impacted acinar cell histology, I examined acinar cell morphology by H&E staining at E15.5 and
E18.5. Although H&E staining was similar in the E15.5 control and Dpy30∆P pancreas, a visible
impairment in Dpy30∆P acinar cell morphology was observed at E18.5 (Figure 26). The control
illustrated an organized pancreas with compact acinar cells displaying enlarged cytoplasmic area
staining strongly for eosin (in pink), surrounding the duct and endocrine cells stained for
hematoxylin (in blue/violet). In contrast, the E18.5 Dpy30∆P pancreas was disorganized and
loosely associated, with many abnormal clusters of cystic cells that did not have the
characteristic morphology of either acinar or duct cells (Figure 26A, black arrowheads).
Compared to the acinar cells in the E18.5 control pancreas, these Dpy30∆P cystic cells displayed
increased luminal space and decreased cytoplasmic area identified by decreased eosin staining.
To determine whether the abnormal cells in the E18.5 Dpy30∆P pancreas were acinar or
duct cells, I immunostained E18.5 control and Dpy30∆P pancreas for acinar and duct cell
markers. Co-staining with H3K4me3 revealed that the cystic structures in the Dpy30∆P pancreas
were absent for H3K4me3 immunoreactivity, in addition to the mature acinar enzymes Cpa1 and
amylase, or the mature duct cell marker DBA lectin (Figure 27A, white arrowheads). While
mature duct cells formed and stained for DBA lectin and SOX9 in the Dpy30∆P pancreas
(Figure 27A-B), the cystic cells were neither DBA lectin+ or SOX9+, but did stain for E-cadherin
and MUC1 (Figure 27B). Further, duct cell gene expression analysis at E15.5 by NanoString
SPRINT profiling demonstrated that none of the duct cell transcripts examined, including Hes1,
Hnf1b, Gata6, Onecut1 and Sox9, were affected in the Dpy30∆P pancreas 1,81. Together, these
results suggest that disruption of Dpy30 in the pancreas impairs acinar cell differentiation and
maturation, leading to the abnormal development of cysts.
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Figure 26: Abnormal cell morphology in the Dpy30∆P pancreas.
H&E staining at E15.5 and E18.5 in control and Dpy30DP pancreas. Black arrowheads = disorganized, cystic cells.
Scale bar, 100 µM.

82

Figure 27: Abnormal Dpy30∆P cells do not stain for mature acinar or duct cell markers.
(A) IF staining of H3K4me3 (green) with CPA1, amylase or DBA lectin (red) in control and Dpy30DP pancreas at
E18.5. White arrowheads = low level or CPA1-, amylase- or DBA lectin-negative Dpy30DP cells. Nuclei are stained
with TOPRO-3 (blue). Scale bar, 50 µM. (B) IF staining of MUC1 (green) with SOX9 (red) and E-cadherin (green)
with DBA lectin (red) in control and Dpy30DP pancreas at E18.5. White arrowheads = Dpy30DP cells that do not
stain for SOX9 or DBA lectin, but are positive for MUC1 and E-cadherin. Nuclei are stained with TOPRO-3 (blue).
Scale bar, 50 µM. (C) Duct gene expression analysis from E15.5 control and Dpy30DP pancreas. Data are
represented as the geometric mean ± geometric SD; n = 5.
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4.2.5

Loss of Dpy30 impairs NEUROG3+ endocrine progenitor cell specification
To determine whether the endocrine cell lineage was impacted by loss of Dpy30, I first

assessed the specification of SOX9+ BPCs into NEUROG3+ endocrine progenitors at E14.5.
Although NEUROG3+ cells were detected in the absence of H3K4me3 (Figure 28A), the
NEUROG3+/SOX9+ cell ratio was significantly reduced in the Dpy30∆P pancreas compared to
controls, equating to ~50% fewer NEUROG3+ endocrine progenitors (Figure 28B-C). Further,
the reduced NEUROG3+/SOX9+ ratio was due to a ~50% reduction in NEUROG3+ cells (Figure
28D) and not changes in the number of SOX9+ cells (Figure 28E). During endocrine progenitor
specification, reduced Notch signaling in BPCs decreases expression of the pro-endocrine
repressor Hes1, allowing SOX9 to activate Neurog3 (Shih et al., 2012). To assess whether
decreased NEUROG3+ cells in the Dpy30∆P pancreas resulted from continued Notch and HES1mediated repression of Neurog3, I measured Notch1 and Hes1 mRNA by qPCR in E14.5 control
and Dpy30∆P pancreas. Although Neurog3 transcripts were reduced by ~50% (consistent with
the ~50% reduction in NEUROG3+ cells), expression of Hes1, Notch1 and Sox9 were not
significantly altered (Figure 29), suggesting that Notch signaling did not contribute to the
reductions in NEUROG3+ cells. Overall, these data demonstrate that in the absence of H3K4
methylation in trunk progenitors, the total number of specified NEUROG3+ endocrine progenitor
cells is reduced by 50%.
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Figure 28: NEUROG3+ endocrine progenitors are decreased by 50% in the Dpy30∆P pancreas.
(A-B) IF staining of E14.5 control and Dpy30DP pancreas with (A) H3K4me3 (green) and NEUROG3 (red) or (B)
SOX9 (red) and NEUROG3 (green). Nuclei are stained with TOPRO-3 (blue). Scale bar, 75 µM. (C) Quantification
of % NEUROG3+ cells relative to SOX9+ cells in E14.5 control and Dpy30DP pancreas. Data are represented as
mean ± SEM; n = 3; ** denotes P < 0.01 Dpy30DP vs. control; unpaired, two-tailed Student’s t test. (D-E) The
fraction of (D) NEUROG3+ or (E) SOX9+ cells relative to pancreas area in E14.5 control and Dpy30DP pancreas.
Data are represented as mean ± SEM; n = 3; * denotes P < 0.05 Dpy30DP vs. control; unpaired, two-tailed Student’s
t test.

85

Figure 29: Notch signaling is unaffected in the Dpy30∆P pancreas.
Relative expression of Sox9, Neurog3, Notch1 and Hes1 transcripts in E14.5 control and Dpy30DP pancreas. Data
are relative to b-actin; n = 4-7; * denotes P < 0.05 Dpy30DP vs. control; unpaired, two-tailed Student’s t test.

4.2.6

Endocrine cell differentiation is unaffected in the Dpy30∆P pancreas
To investigate whether the reduced number of NEUROG3+ endocrine progenitors in the

Dpy30∆P pancreas completed differentiation into hormone-expressing endocrine cells, I first
examined the proportion of insulin+ b-cells and glucagon+ a-cells at E15.5 and E18.5. At both
stages, insulin+ and glucagon+ cells were detected by IF staining but were visibly reduced in
number in the Dpy30∆P pancreas compared to controls (Figure 30A). Quantitatively, the
fractions of insulin+ b-cells and glucagon+ a-cells relative to total pancreas cells were
respectively decreased by ~40% and ~50% at E15.5, and by ~60% and ~50% at E18.5 (Figure
30B). These results demonstrate that the reduced proportion of NEUROG3+ endocrine
progenitors differentiate to a similar proportion of a- and b-cells in the E15.5 and E18.5
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Dpy30∆P pancreas. In confirmation, endocrine cell proliferation was measured by co-staining
pHH3 with the pan-endocrine marker chromogranin A (CHGA), and the fraction of
pHH3+CHGA+ cells was not changed between control and Dpy30∆P pancreas at E15.5 (Figure
31A-B) or at E18.5 (Figure 31C). Together, these results suggest that loss of H3K4 methylation
does not impair endocrine cell proliferation, but rather, the reduced proportions of differentiated
a- and b-cells in the Dpy30∆P pancreas are due to decreased NEUROG3+ endocrine progenitors.
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Figure 30: The number of a- and b-cells is reduced in the Dpy30∆P pancreas.
(A) IF staining for insulin (red) and glucagon (green) in control and Dpy30∆P pancreas at E15.5 and E18.5. Nuclei
are stained with TOPRO-3 (blue). Scale bar, 100 µm. (B) The fraction of insulin+ and glucagon+ cells relative to
total pancreas cells at E15.5 and E18.8 in control and Dpy30∆P pancreas. Data are represented as mean ± SEM; n =
3; * denotes P < 0.05, ** denotes P < 0.01 and *** denotes P < 0.001 Dpy30DP vs. control; unpaired, two-tailed
Student’s t test.
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Figure 31: Endocrine cell proliferation is unchanged.
(A) IF staining for pHH3 (green) and chromogranin A (CHGA, blue) in control and Dpy30DP pancreas at E15.5.
Scale bar, 75 M. (B-C) The fraction of pHH3+CHGA+ cells relative to CHGA+ cells from (B) E15.5 and (C) E18.5
control and Dpy30DP pancreas. Data are represented as mean ± SEM; n = 3.

To examine whether the insulin+ b-cells that form in the Dpy30∆P pancreas express
transcription factors involved in b-cell differentiation or maturation, I co-stained for insulin and
MAFA, NKX2-2, NKX6-1 or PAX6 in the E18.5 pancreas. Compared to controls, the fraction of
insulin+ cells that stained for MAFA, NKX2-2, NKX6-1 and PAX6 was not significantly
different in the Dpy30∆P pancreas (Figure 32A-B). Importantly, insulin+ b-cells in the Dpy30∆P
pancreas were mosaic for H3K4me3 immunoreactivity (Figure 32C), demonstrating that the bcells detected did not solely arise from unrecombined cells in the Dpy30∆P pancreas. These
results suggest that terminal b-cell markers are not affected by loss of H3K4 methylation and
suggest that endocrine cell differentiation is unaffected in the Dpy30∆P pancreas.
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Figure 32: Dpy30∆P endocrine cells express terminal islet transcription factors.
(A) IF staining for insulin (red) and MAFA, NKX2-2, NKX6-1 and PAX6 (green) in control and Dpy30∆P pancreas
at E18.5. Nuclei are stained with TOPRO-3 (blue). Scale bar 75 µM. (B) The fraction of insulin+ cells that stained
for MAFA, NKX2-2, NKX6-1 and PAX6 in control and Dpy30∆P pancreas at E18.5. Data are represented as mean
± SEM; n = 3-7. (C) IF staining in E18.5 control and Dpy30DP pancreas for insulin (red) with H3K4me3 (green).
Nuclei are stained with TOPRO-3 (blue). Scale bar, 75 µm.
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4.3

Discussion
In this Chapter, I determined the role of TrxG catalytic activity in mediating gene

expression during mouse pancreas progenitor differentiation. Disruption of Dpy30 in PDX1+
cells resulted in a global loss of H3K4 methylation in E12.5 embryos, but did not impair the
formation of pancreas progenitor cells. However, reduced progenitor proliferation and increased
apoptosis in the early Dpy30DP pancreas decreased the overall pancreas size later in
development. While loss of H3K4 methylation impaired NEUROG3+ endocrine progenitor
specification, further differentiation into a- and b-cells was not affected. In contrast, TrxG
catalytic activity appears to be particularly required for acinar cell differentiation and maturation
as disorganized cystic structures develop in the exocrine pancreas in its absence.
In the E12.5 Dpy30∆P pancreas, global loss of H3K4 methylation did not disturb MPC
formation or the patterning of tip and trunk cells. The total number of PDX1+ and SOX9+ cells
was not altered and IF staining for CPA1, NKX2-2, NKX6-1, PDX1 and SOX9 was also
unchanged. In addition, H&E staining indicated that the overall Dpy30∆P pancreas morphology
was not affected at E12.5, suggesting normal branching morphogenesis. Despite this, the first
impairment in Dpy30∆P pancreas development was detected at E12.5. Cumulative EdU labeling
demonstrated that proliferation of PDX1+ cells was marginally (~15%) but significantly reduced.
Further, TUNEL staining at E12.5 indicated that the proportion of SOX9+ cells undergoing
apoptosis was increased by ~60% in the Dpy30∆P pancreas. This is consistent with many other
reports that indicate a role for DPY30 and other TrxG complex proteins in cell proliferation
and/or survival 265,266,268,269,271,277-280,283. Since progenitor cell number was maintained at E12.5
but cell proliferation and death were altered, this is likely the start of the developmental defect in
the Dpy30∆P pancreas. Given that the final size of the pancreas depends on the pool of
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progenitors at E12.5 2, it is not surprising that the E12.5 Dpy30∆P progenitor cell defect
progressed to a ~50% decrease in overall pancreas size by E15.5. Additionally, the ~50%
decrease in total pancreas cells remained constant at E18.5, suggesting no further reductions in
cell number occurred between these stages. Together, these data suggest that H3K4 methylation
is required to maintain pancreas progenitor cell proliferation and survival.
Although acinar cells did develop in the Dpy30∆P pancreas, the proportion of amylase+
acinar cells was decreased by ~50% at E15.5 and E18.5. This reduction was not the result of
impaired acinar cell proliferation, since co-staining of amylase with pHH3 demonstrated that
acinar cell proliferation was not altered in the E15.5 Dpy30∆P pancreas. However, acinar cells
failed to completely differentiate and mature. Differentiation of acinar cells begins during the
secondary transition with the replacement of RBPJ with RBPJL in the PTF1A complex 125. The
RBPJL-PTF1A complex drives acinar cell maturation with robust induction of digestive
enzymes, such as CPA1 and amylase, and is mostly completed by E17.5 90,126. In the Dpy30∆P
pancreas, the expression level of several acinar cell markers was reduced compared to controls.
Beginning at E14.5, expression of Rbpjl was reduced by ~60% while expression of the immature
form, Rbpj, was maintained in the Dpy30∆P pancreas. This reduction in Rbpjl suggested that the
initial step in acinar cell differentiation was impaired in the Dpy30∆P pancreas. Significant
reductions in expression of the acinar cell genes Bhlha15, Cpa1 and Gata4 (~50-70%) were also
detected at E15.5, indicating impaired acinar cell differentiation downstream of Rbpjl. In
addition, immunostaining for CPA1 and amylase was reduced in the Dpy30∆P pancreas
compared to controls, suggesting expression of these digestive enzymes was not as robust as it
should be. Consistent with these observations, others have reported that embryonic disruption of
Bhlha15, Gata4 or Rbpjl results in reduced pancreas size, fewer acinar cells, decreased
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expression of digestive enzymes and incomplete acinar cell differentiation 126,128,295-297. Overall,
these data suggest that loss of H3K4 methylation from PDX1+ cells impairs the maintenance of a
subset of genes required for acinar cell differentiation.
Late in gestation, differentiated acinar cells acquire a characteristic pyramidal shape with
expanded cytoplasmic area and the apical duct lumen that borders each acinus begins to close 71.
In Dpy30∆P embryos, H&E staining revealed that pancreas morphology remained intact at E15.5
but a striking disorganization of the exocrine pancreas and development of cystic structures were
evident at E18.5. These structures did not develop the characteristic morphology of mature
acinar cells and instead retained characteristics of immature acinar cells, including increased
centroacinar space of acini and decreased cytoplasmic area, identified by eosin staining. In
support of this immature phenotype, the cystic cells were not immunoreactive for the mature
acinar enzymes amylase or CPA1. Furthermore, several other studies have reported that impaired
acinar cell differentiation leads to the loss of acinar tissue and/or the development of
disorganized cysts 85,90,128,214,298,299.
The development of pseudocysts is also characteristic of mouse models of pancreatitis or
pre-cancerous lesions 128,295,296,300, suggesting that the cystic cells in the Dpy30∆P pancreas may
alternatively represent development of either of these exocrine pancreatic diseases. However,
these diseases develop in the postnatal pancreas, rather than in the embryo, and result from the
dedifferentiation of mature acinar cells or acinar-to-ductal metaplasia 301. In addition, the cysts
present in these models typically express duct cell markers 128,301. While mature ductal cells were
detected in the Dpy30DP pancreas by DBA lectin and SOX9 staining, the cystic structures did
not express these markers. In agreement, duct cell gene expression was not altered in the E15.5
Dpy30DP pancreas, suggesting that the cystic structures were not evidence of acinar-to-ductal
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metaplasia. Thus, these results suggest that loss of H3K4 methylation in pancreas progenitors
impairs acinar cell maturation.
Developmental defects in the endocrine lineage were also observed in the Dpy30∆P
pancreas at E14.5 with a ~50% reduction in specified NEUROG3+ endocrine progenitors, and a
proportional reduction in Neurog3 transcripts. Initially, I hypothesized that reduced expression of
NEUROG3 in Dpy30∆P embryos was due to a concomitant increase in (or maintenance of)
Notch signaling, a negative regulator of Neurog3 expression 102,110,302. However, expression of
the Notch signaling genes, Notch1, Hes1 and Rbpj was not significantly different. This suggested
that failure to completely activate Neurog3 in Dpy30∆P embryos was independent of Notch
signaling.
An alternative explanation is that H3K4 methylation is required for high level or stable
transcription of Neurog3. Initially, Neurog3 is expressed at low levels in cycling BPCs
(NEUROG3LO) and transitions to high level Neurog3 expression upon cell cycle exit
(NEUROG3HI) 106. Potentially, loss of H3K4 methylation impairs high level Neurog3 expression
in BPCs, where only NEUROG3HI cells are immuno-detectable and therefore observed at lower
levels in the Dpy30∆P pancreas 106. Others have suggested that H3K4 methylation has a role in
establishing transcriptional stability and high level expression rather than initial gene activation
194,200,303-305

. Together, these reports suggest that loss of H3K4 methylation may prevent high

level transcription or maintenance of Neurog3 expression, leading to a reduction in endocrine
cell specification in the Dpy30∆P pancreas.
Another possibility is that the establishment of pre-committed BPCs that normally activate
Neurog3 may be affected 106, rather than Neurog3 activation itself. Progenitor cell fate decisions
are tightly linked to the cell cycle, whereby proliferation requires cell cycle progression, and
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differentiation is associated with cell cycle exit (Soufi and Dalton, 2016). It was also recently
established that BPC cell cycle length increases during development, and this is linked to the
activation of Neurog3 111. However, cumulative EdU labeling in the E12.5 Dpy30∆P pancreas
demonstrated a ~15% reduction in PDX1+ progenitor proliferation. This decreased progenitor
proliferation in the Dpy30∆P pancreas may predominantly occur in MPCs and not in BPCs,
which could lead to premature MPC specification, thereby affecting BPC formation and thus
endocrine cell specification. In addition, failure to achieve high level Neurog3 expression and
endocrine cell specification from BPCs has been reported to drive duct or acinar cell
commitment 89,107,108. These studies suggest that a closer examination of BPC, duct and acinar
cell specification in the Dpy30∆P pancreas is warranted.
Consistent with the reduction in NEUROG3+ cells, differentiated endocrine cells were also
proportionally diminished at E15.5 and E18.5 in the Dpy30∆P pancreas, without affecting
endocrine cell proliferation at either stage. The fractions of insulin+ b-cells and glucagon+ a-cells
were respectively decreased by ~40% and ~50% at E15.5, and by ~60% and ~50% at E18.5.
Given that the fraction of NEUROG3+ endocrine progenitors was decreased by ~50%, these
results suggest that loss of H3K4 methylation does not significantly alter differentiation into the
correct proportion of a- and b-cells. Further, an equal fraction of insulin+ b-cells were
immunoreactive for MAFA, NKX2-2, NKX6-1 and PAX6 in the E18.5 control and Dpy30∆P
pancreas, suggesting terminal transcription factor expression was not affected either. These data
suggest that H3K4 methylation is not required for endocrine cell differentiation in the pancreas.
Taken together, these data demonstrate that disruption of Dpy30 in PDX1+ cells reduces
pancreas progenitor cell proliferation and survival, contributing to decreased total pancreas cells
later in development. Additionally, loss of H3K4 methylation impaired acinar cell differentiation
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and endocrine cell specification, leading to fewer differentiated acinar and endocrine cells. In
conclusion, my examination of the Dpy30DP pancreas supports the hypothesis that TrxG
complex catalytic activity has a minimal role in gene activation or maintenance throughout
pancreas development. However, H3K4 methylation may be particularly important for
transcriptional maintenance of genes involved in cell division and survival, and a subset of acinar
lineage-specific genes.

96

Chapter 5: TrxG catalytic activity is essential for pancreas endocrine cell
maturation
5.1

Background
Endocrine cell specification is initiated by high level induction of the pro-endocrine factor

Neurog3 and subsequent exit from the cell cycle 56,306,307. NEUROG3 drives expression of
downstream transcription factors, such as Neurod1, Nkx2-2, Nkx6-1, Pax6 and Pdx1, that
determine further differentiation of endocrine progenitors into hormone-expressing endocrine
cells that form proto-islet structures 3,56. After birth, an increase in endocrine cell proliferation
drives islet remodeling into the mature spherical architecture 3,56. At P14, islets undergo a
process of functional maturation which involves acquisition of glucose-sensing and hormonesecretion machinery 3,56,130,308. For b-cell maturation in particular, the transition from immature
to mature b-cells involves a switch from Mafb to Mafa expression, metabolic gene expression
changes (e.g. switch from high-affinity hexokinase (Hk) to low-affinity glucokinase (Gck)) and
increased glucose exposure improves glucose-stimulated insulin secretion 130,309.
In Chapter 4, the fraction of NEUROG3+ progenitors and differentiated endocrine cells
was significantly decreased in the Dpy30DP pancreas, suggesting TrxG catalytic activity has an
important role in endocrine cell specification. While loss of TrxG catalytic activity had a
minimal effect on bulk gene activation, my data suggested a role for H3K4 methylation in
transcriptional maintenance of a subset of genes in the acinar lineage. However, this model left
unresolved whether TrxG catalytic activity has a role in the activation or maintenance of genes
required for the differentiation or functional maturation of endocrine cells. TrxG complex
proteins are enriched in mature islets 231 and interact with the maturation factors MAFA and
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MAFB in mature b-cells 310, suggesting a role for these complexes in maintenance of islet
identity. Notably, deletion of the TrxG gene Ncoa6 in embryonic b-cells does not affect MAFA
expression but results in reduced downstream activation of MAFA target genes and impaired
glucose-stimulated insulin secretion 310. Importantly, decreased gene expression was correlated
with reductions in H3K4 methylation and Pol II at the TSS of affected genes. In addition, H3K4
methylation deposited by the SET7/9 histone methyltransferase was linked to transcriptional
maintenance of genes involved in glucose-stimulated insulin secretion in primary islets 311. Thus,
in this Chapter, I tested the hypothesis that H3K4 methylation is required for maintenance of
genes involved in endocrine cell maturation and glucose homeostasis.
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5.2
5.2.1

Results
Loss of DPY30 and H3K4 methylation from Dpy30∆N endocrine cells
To investigate the role of H3K4 methylation in endocrine cell maturation, I disrupted

Dpy30 in NEUROG3+ endocrine progenitor cells using Neurog3-Cre driver mice 228. This
generated experimental Neurog3-Cre; Dpy30flox/flox mice (hereafter known as Dpy30DN) and
littermate Dpy30flox/flox (Cre-negative) control mice. DPY30 immunoreactivity was absent from
>95% of insulin+ and glucagon+ endocrine cells at E14.5 (Figure 33, white arrowheads), P0 and
P7 (Figure 34), but was maintained in the surrounding Dpy30DN exocrine pancreas, validating
deletion of Dpy30 in the endocrine lineage. Co-staining of endocrine cells with the panendocrine marker chromogranin A (CHGA) and H3K4me3 revealed a delay between loss of
DPY30 protein and H3K4 methylation. At P0, H3K4me3 immunoreactivity was maintained in
CHGA+ Dpy30DN islets similar to controls (Figure 35). However, from P0 onward, H3K4me3
immuno-staining was progressively decreased and was consistently absent from P14 endocrine
cells and thereafter (Figure 35). These data suggest that disruption of Dpy30 in NEUROG3+ cells
results in loss of DPY30 protein from embryonic endocrine cells and delayed loss of H3K4
methylation in postnatal islets.
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Figure 33: DPY30 is absent from E14.5 endocrine cells.
IF staining of insulin (green), glucagon (red) and DPY30 (blue) in E14.5 control and Dpy30DN pancreas. Nuclei are
stained with DAPI (grey). White arrowheads = loss of DPY30 from Dpy30DN endocrine cells. Scale bar, 75 µM.

100

Figure 34: Loss of DPY30 in Dpy30DN endocrine cells.
IF staining of insulin (green), glucagon (red) and DPY30 (blue) in control and Dpy30DN pancreas at P0 and P7.
Nuclei are stained with DAPI (grey). Scale bar, 75 µM.
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Figure 35: H3K4 methylation is progressively lost from Dpy30DN islets.
IF staining of H3K4me3 (green) and CHGA (red) in control and Dpy30DN pancreas from P0 to P28. Nuclei are
stained with DAPI (blue). Scale bar, 75 µM.
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To determine whether deletion of Dpy30 in NEUROG3+ endocrine progenitors altered the
proportion of endocrine cells, I first confirmed that the NEUROG3+/SOX9+ cell ratio was not
significantly different in E14.5 control and Dpy30DN pancreas (Figure 36A-B). Next, co-staining
for insulin+ b-cells, glucagon+ a-cells and somatostatin+ d-cells demonstrated that the sum of
these endocrine cells relative to total pancreas cells was not altered in the E18.5 Dpy30DN
pancreas compared to controls (Figure 36C-D). The relative proportion of insulin+ b-cells,
glucagon+ a-cells and somatostatin+ d-cells was also normal in the E18.5 Dpy30DN pancreas
(Figure 37). These data suggest that disruption of Dpy30 in NEUROG3+ cells does not affect the
proportion of pancreatic endocrine cells in the embryo.
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Figure 36: The fraction of NEUROG3+ endocrine progenitors and endocrine cells in Dpy30DN embryonic
pancreas is equivalent to controls.
(A) IF staining for SOX9 (green) and NEUROG3 (red) in E14.5 control and Dpy30DN pancreas. Nuclei are stained
with DAPI (blue). Scale bar, 75 µM. (B) The NEUROG3+/SOX9+ cell ratio in E14.5 control and Dpy30DN
pancreas. (C) Co-staining for insulin (INS, green), glucagon (GCG, blue) and somatostatin (SST, red) in E18.5
control and Dpy30DN pancreas. Nuclei are stained with DAPI (grey). Scale bar, 75 µM. (D) The fraction of
endocrine cells (sum of INS+, GCG+ and SST+ cells) relative to pancreas cells in E18.5 control and Dpy30DN
pancreas. Data are represented as mean ± SEM; n = 3; Dpy30DN vs. control; unpaired, two-tailed Student’s t test.
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Figure 37: The fraction of insulin+ b-cells, glucagon+ a-cells and somatostatin+ d-cells is normal in embryonic
Dpy30∆N pancreas.
The proportions of insulin+ b-cells (INS+), glucagon+ a-cells (GCG+) and somatostatin+ d-cells (SST+) relative to
total endocrine cells in E18.5 control and Dpy30DN pancreas. Data are represented as mean ± SEM; n = 3.

5.2.2

Dpy30DN mice develop hyperglycemia and impaired glucose tolerance
To investigate whether the postnatal islet reduction in H3K4 methylation had a biological

effect in Dpy30DN mice, I first monitored body mass and random fed blood glucose. Daily
tracking between P24 and P38 indicated that while body mass was not significantly altered in
male Dpy30DN mice compared to controls (Figure 38A), mean ad libitum glycemia was over 18
mM by P28 and worsened over time (Figure 38B). A similar trend was observed in female
Dpy30DN mice (data not shown). Further, 6 hour fasting blood glucose levels were equivalent in
control and Dpy30DN mice at P23 (Figure 39A), but significantly increased to ~12 mM in
Dpy30DN males by P25 (Figure 39B). These data demonstrate that male Dpy30DN mice develop
random and fasting hyperglycemia.
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Figure 38: Random blood glucose levels are elevated in male Dpy30∆N mice.
(A) Mouse body mass measurements between P24 and P38 in male control and Dpy30DN animals. Data are
represented as mean ± SEM; n = 4-8. (B) Random blood glucose measurements from male Dpy30DN and control
mice between P24 and P38. Data are represented as mean ± SEM; n = 3-10; *** denotes P < 0.001 and ****
denotes P < 0.0001 Dpy30DN vs. control; multiple t tests with Holm-Sidak correction for multiple comparisons.
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Figure 39: Male Dpy30DN mice develop fasting hyperglycemia.
Blood glucose measurements after a 6 hour fast in male control and Dpy30DN mice at (A) P23 and (B) P25. Data are
represented as mean ± SEM; n = 4-8; ** denotes P < 0.01 Dpy30DN vs. control; unpaired, two-tailed Student’s t
test.

Next, I examined glucose tolerance in male Dpy30DN mice by performing intraperitoneal
glucose tolerance tests (IPGTTs) at P23 and P25. Following a 6 hour fast, glucose was injected
IP at 2 g per kg body mass and blood glucose was measured at 15, 30, 60 and 120 minutes postinjection. At P23, a marginal but significant increase to ~19 mM was detected at 30 minutes in
Dpy30DN male mice, but blood glucose measurements at other time points were otherwise
comparable to controls (Figure 40A). In addition to elevated fasting glycemia at P25 (Figure
37B), blood glucose levels were above the limit of detection (33.3 mM) at 15 and 30 minutes
post-injection in Dpy30DN mice at P25 (Figure 40B). A significant increase to ~23 mM was
detected at 60 minutes post-injection but glycemia returned to control levels by 120 minutes,
suggesting that Dpy30DN mice were not completely glucose intolerant (Figure 40B). These
results suggest that male Dpy30DN mice develop impaired glucose tolerance.
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Figure 40: Male Dpy30∆N mice develop impaired glucose tolerance.
IPGTT of 2 g per kg body mass IP glucose in male control and Dpy30DN mice following a 6 hour fast at (A) P23
and (B) P25. Data are represented as mean ± SEM; n = 4-9; * denotes P < 0.05 and **** denotes P < 0.0001
Dpy30DN vs. control; repeated measures two-way ANOVA with Sidak’s multiple comparison post-hoc test. Note
that statistical testing was not performed at 15 and 30 minutes as measurements were above the detection limit (33.3
mM).
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5.2.3

Islet maturity is compromised in Dpy30∆N mice
To understand the underlying mechanism for hyperglycemia and impaired glucose

tolerance in Dpy30DN mice, I assessed whether postnatal islet size, number or proportion of
endocrine cells was impaired. Dpy30DN and control pancreas sections from 5-week-old mice
were immunostained for endocrine hormones and islet diameter measurements were segregated
based on small (0-75 µM), medium (76-150 µM) or large (³ 151 µM) diameters, but no
significant differences were detected at any size range (Figure 41A). Similarly, neither the
number of islets quantified per image (Figure 41B) nor the proportion of a-, b- or d-cells per
islet (Figure 42A-B) were significantly altered in the Dpy30DN pancreas. These results suggest
that hyperglycemia in Dpy30DN mice is not due to a change in islet size, number or endocrine
cell proportion.

Figure 41: Islet diameter and islet number is not significantly altered in Dpy30∆N mice.
Quantification of (A) islet diameter or (B) islet number from Dpy30DN and control pancreas at 5 weeks. Paraffin
sections were immunostained for endocrine hormones to identify islets. Islet diameter measurements were divided
into bins and represented as a fraction of the total. Data are represented as mean ± SEM; n ³ 4; Dpy30DN vs.
control; unpaired, two-tailed Student’s t test.
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Figure 42: Endocrine cell fractions are unchanged in Dpy30∆N islets.
(A) IF staining for insulin (INS, green), glucagon (GCG, blue) and somatostatin (SST, red) in 5 week control and
Dpy30DN pancreas. Nuclei are stained with DAPI (grey). Scale bar, 50 µM. (B) The fraction of insulin+ (INS+),
glucagon+ (GCG+) and somatostatin+ (SST+) islet cells in 5 week control and Dpy30DN pancreas. Data are
represented as mean ± SEM; n = 3.

110

As the insulin staining in Dpy30DN islets appeared reduced compared to controls (Figure
42A), I next examined whether impaired glucose tolerance and hyperglycemia in Dpy30DN
animals was instead the result of reduced endocrine cell maturity. To assess islet maturation,
islets from male Dpy30DN and control mice were collected when two consecutive random blood
glucose measurements > 20 mM were obtained in Dpy30DN animals (~4 weeks of age) and
RNA-sequencing (RNA-seq) was performed. A key determinant of b-cell maturity is the ability
to effectively respond to glucose, which includes efficient glucose transport and metabolism as
well as regulated insulin secretion. Thus, I focused the RNA-seq analysis on expression of genes
associated with islet maturity or immaturity, critical islet transcription factors and islet hormones.
In general, genes associated with mature b-cells were lowered in Dpy30DN islets (Figure 43A),
whereas genes associated with immature b-cells were elevated in Dpy30DN islets (Figure 43B).
For example, significant decreases were detected in the b-cell glucose transporter (i.e. Slc2a2, >
18-fold), mature b-cell hormone (i.e. Ucn3, 6-fold) 308, mature hexokinase (i.e. Gck, 1.4-fold)
and KATP channel (i.e. Abcc8, 1.8-fold; Kcnj11, > 7-fold) genes (Figure 43A). This coincided
with significantly elevated levels of the immature hexokinase (i.e. Hk2, 2.2-fold), the aldehyde
dehydrogenase gene (i.e. Aldh1a3, 2.4-fold) 312 and the fetal endocrine hormone gastrin (i.e.
Gast, > 7-fold) 313 (Figure 43B). Differential expression of mature islet transcription factors
indicated that while Mafa and Nkx6-1 were not affected, significant decreases in Mafb (1.7-fold),
Neurod1 (1.5-fold), Nkx2-2 (1.5-fold), Pax6 (1.7-fold) and Pdx1 (1.4-fold) were detected in
Dpy30DN islets (Figure 43C). Consistently, significant decreases in islet hormones Gcg (2.4fold), Iapp (2.8-fold), Ins1 (1.8-fold), Ins2 (7.2-fold), Ppy (7.5-fold) and Sst (2.9-fold) were
detected in Dpy30DN islets (Figure 43D). Combined, these results suggest that hyperglycemia
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and impaired glucose tolerance in Dpy30DN mice may manifest from reduced insulin secretion
and/or compromised islet b-cell maturity.

Figure 43: Islet b-cell failure in Dpy30DN mice.
RNA-sequencing of 4 week (P28-P32) islets from control and Dpy30DN male mice with genes categorized by (A)
mature islet genes; (B) immature islet genes; (C) transcription factors; and (D) islet hormones. Gene expression is
represented as Fragments Per Kilobase of transcript per Million (FPKM) mapped reads on a log2 or log10 scale as
indicated. Data are represented as mean ± SEM; n = 3; * denotes P < 0.05 Dpy30DN vs. control; Wald test with
corrections for multiple comparisons and false discoveries.
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5.3

Discussion
In this Chapter, I demonstrated that genetic inactivation of Dpy30 in NEUROG3+ cells did

not alter the proportion of endocrine progenitors or endocrine cells but led to the global loss of
H3K4 methylation in postnatal islets. Dpy30DN mice displayed elevated random and fasting
glycemia, in addition to impaired glucose tolerance. These phenotypes could not be explained by
changes in Dpy30DN islet size, islet number or the relative proportions of islet cells. However,
expression of insulin and genes associated with insulin secretion and islet maturity were reduced
in islet RNA-sequencing analysis, suggesting a role for TrxG catalytic activity in islet cell
functional maturation.
An interesting observation from the Dpy30DN mice was the delayed loss of endocrine cell
H3K4 methylation. Although DPY30 immunoreactivity was absent from hormone+ endocrine
cells at E14.5, loss of H3K4me3 did not occur until P14. This difference may be the result of
failed H3K4me3 re-establishment during cell division. At the time when Dpy30 is genetically
inactivated, NEUROG3+ cells exit the cell cycle and differentiate into endocrine cells 99. These
cells remain non-proliferative until the early postnatal period when endocrine cell replication
increases 2, suggesting that loss of H3K4 methylation does not occur until after several rounds of
endocrine cell division. In addition, no phenotype was observed in Dpy30DN mice until after loss
of H3K4 methylation, suggesting that loss of DPY30 has a minimal effect and that the impaired
endocrine cell maturation in Dpy30DN mice is due to the absence of H3K4 methylation.
Notably, the loss of H3K4 methylation from Dpy30DN islets at P14 overlaps with the
period of endocrine cell maturation. During the first few weeks after birth, endocrine cells
undergo functional maturation and develop glucose-stimulated hormone secretion by P14 1,130,308.
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In particular, immature b-cells secrete insulin at low glucose levels, whereas mature b-cells
secrete more insulin in response to higher glucose levels 130. This transition involves important
gene expression changes, where immature genes (e.g. Hk1, Ldha, Rest, Pdgfra and Mafb)
become repressed and mature genes (e.g. Gck, Ucn3 and Mafa) are induced 130. In Dpy30DN
islets, the expression of several mature genes required for glucose transport (Slc2a2), glucose
sensing (Gck) and insulin secretion (Abcc8, Kcnj11) were significantly reduced, and in addition
the mature b-cell marker Ucn3 was also reduced 308. Meanwhile, several genes associated with
endocrine cell immaturity such as Aldh1a3, Gast, Hk2, Pdgfra and Rest 130 were relatively
elevated in Dpy30DN islets. Furthermore, transcript levels of Ins1, Ins2, Gcg, Sst and other islet
hormones were also significantly reduced in Dpy30DN islets. This is consistent with the observed
reduction in insulin immunostaining in Dpy30DN islets and suggests incomplete islet maturity in
Dpy30DN mice.
The transcription factors MAFA, NEUROD1, NKX2-2, NKX6-1, PAX6 and PDX1 are
particularly important for expression of the insulin genes and for regulated glucose-stimulated
insulin secretion 116,133,314-318, and are consistently reduced in mouse models of diabetes and in
T2D 319. In Dpy30DN islets, small but significant reductions in expression of Neurod1, Nkx2-2,
Pax6 and Pdx1 were detected compared to controls, without affecting Mafa or Nkx6-1 transcript
levels. Although complete disruption of either Neurod1, Nkx2-2, Pax6 or Pdx1 in pancreatic bcells leads to impaired glucose-stimulated insulin secretion 115,315,317,320, it is unlikely that slight
reductions in these factors contribute to large changes in Ins2 and Slc2a2 expression and
impaired glucose homeostasis in Dpy30DN mice. This hypothesis is supported by evidence that
mice harbouring heterozygous mutations in either Nkx2-2 or Pdx1 do not have a hyperglycemic
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phenotype 69,118. Consistent with these results, expression of MAFA was not significantly
affected in the Dpy30DP pancreas (Chapter 4) or after disruption of Ncoa6 in embryonic b-cells
310

. However, expression levels of downstream b-cell critical genes such as G6pc2, Gck, Pdx1,

Slc2a2 and Slc30a8 321 were affected in Dpy30DN mice. This suggests that H3K4 methylation
may be important for expression of a subset of b-cell critical genes rather than initial gene
activation.
Given that RNA-sequencing was performed on P28-P32 Dpy30DN islets, a time point
when blood glucose measurements were consistently above 20 mM for ~2-4 days,
hyperglycemia could be a confounding variable in this analysis. Prolonged elevated glucose
exposure leads to reduced islet gene expression, glucose-stimulated insulin secretion and islet
survival 322. However, although high glucose exposure can impair insulin gene expression, this
occurs after several weeks of exposure rather than several days 322. In addition, it is clear that
disruption of Dpy30 and loss of H3K4 methylation is the initial driver of elevated glucose levels
since this does not occur in the controls. Thus, it is unlikely that the gene expression changes
observed in Dpy30DN mice are due to hyperglycemia.
Following weaning at P21, Dpy30DN mice developed hyperglycemia and impaired glucose
tolerance. During normal pancreatic development, glucose-stimulated insulin secretion improves
gradually in the postnatal period, and b-cells are considered functionally mature by P14 308. In
addition, b-cell maturation is triggered by exposure to a carbohydrate-rich diet 309. The transition
to glucose metabolism as the primary energy source exposes maturing islets to increased glucose
levels, and this stimulates b-cell proliferation, enhances insulin secretion and promotes oxidative
phosphorylation 309. In Dpy30DN mice, no differences in islet size or number were detected,
115

suggesting that impaired b-cell proliferation was unlikely to result in hyperglycemia. IPGTTs
demonstrated that fasting blood glucose and glucose tolerance was significantly impaired by
P25, suggesting that either glucose-stimulated insulin secretion, insulin levels or insulin action
may be affected at this stage. Although glucose-stimulated insulin secretion was not directly
tested on ex vivo Dpy30DN islets, RNA-sequencing analysis indicated that the expression of
genes involved in insulin secretion and insulin transcript levels were significantly decreased in 4
week Dpy30DN islets compared to controls. This suggests that during a glucose challenge,
Dpy30DN mice have insufficient insulin secretion to reduce blood glucose levels, likely due to
reduced levels of insulin and/or insulin secretion machinery.
In summary, results in this Chapter suggest that TrxG catalytic activity is important for
transcriptional maintenance of a subset of islet genes required for endocrine cell functional
maturation. However, this conclusion would be strengthened by future experiments directed at
better addressing whether islet maturation is impaired at earlier stages (i.e. prior to P28) and if
glucose-stimulated insulin secretion is impaired in Dpy30DN mice. Overall, these data suggest
that endocrine cells do not completely mature in the absence of H3K4 methylation.

116

Chapter 6: Conclusion
6.1

Overall Conclusions
The overarching goal of this thesis was to examine the role of the TrxG complexes in gene

activation during mouse pancreas and endocrine progenitor differentiation. Using lentiviral
suppression and genetic Cre-lox approaches that disrupted core TrxG complex subunits, I tested
the hypothesis that the TrxG complexes and/or H3K4 methylation are required for activation of
lineage-specific genes during pancreas and endocrine progenitor cell differentiation. Since
WDR5 is critical for assembly of the TrxG complexes 259 whereas DPY30 is required for H3K4
methyltransferase activity 291, disruption of Wdr5 or Dpy30 was used to study the non-catalytic
or catalytic roles of the TrxG complexes, respectively. Although disruption of TrxG complex
assembly by Wdr5 suppression prevented lineage-specific gene activation, disruption of TrxG
catalytic H3K4 methyltransferase activity by genetic deletion of Dpy30 did not affect bulk gene
activation, but specifically reduced the expression of a subset of lineage-specific genes. This is in
agreement with other studies that demonstrate H3K4 methylation is not essential for the
expression of most genes 192,194,199,200.
Gene activation involves nucleosome remodeling (e.g. by SWI/SNF), transcription factor
binding, recruitment of additional chromatin modifying complexes and co-activators (e.g. HATs,
KDMs and TrxG) and Pol II to initiate transcription 162. These same proteins and complexes are
involved in transcriptional maintenance of gene expression 179. Combined with previous reports
which suggest the TrxG complexes have an enzyme-independent role in gene activation
167,179,191,205,206

, results in this thesis support a model whereby the non-catalytic activity of TrxG

complexes is required for pancreas lineage-specific gene activation (Figure 44), whereas TrxG
catalytic H3K4 methyltransferase activity is required for the maintenance and transcriptional
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consistency of a subset of pancreas lineage-critical genes (Figure 45). In this model, DNA
methylation or repressive H3K27me3 may increase in the absence of H3K4 methylation, or
H3K4 methylation may stabilize Pol II and chromatin regulators at active chromatin in order to
maintain consistent gene expression 167.
Progenitor cells respond to developmental signals that either promote proliferation and the
maintenance of the progenitor state, or induce expression of lineage-restricted genes that drive
cell differentiation. The major findings presented in this thesis are that TrxG complexes and/or
H3K4 methylation contribute to transcriptional activation or maintenance of genes involved in
both of these fundamental processes, in pancreas progenitors and in the maturation of acinar and
endocrine cells. These results are consistent with other evidence in the literature that suggests
DPY30, WDR5 and/or H3K4 methylation have a role in the proliferation and differentiation of
other cell types through transcriptional activation or maintenance 205,206,271,272,289,323.
In Chapter 3, suppression of Wdr5 in pancreas progenitor spheroids impaired the activation
of genes required for endocrine (i.e. Neurog3) and acinar cell differentiation, without affecting
the maintenance of genes expressed in progenitor and duct cells (i.e. Pdx1, Sox9). These results
support a model whereby the TrxG complexes are required for the initial activation of lineagespecific genes (Figure 44). Activation of gene expression is dependent on chromatin state, but
requires nucleosome remodeling (e.g. by SWI/SNF) to expose cis-regulatory loci, transcription
factor binding, histone acetylation by HATs and recruitment of Pol II at minimum. Using a
bivalent chromatin state as an example (i.e. Neurog3), additional removal of H3K27me3 by
KDMs such as KDM6A and KDM6B is necessary to initiate transcription (Figure 44A) 222-224.
The drastic reduction in Neurog3 expression in shWdr5 spheroids supports the hypothesis that
disruption of TrxG complex assembly prevents the initial establishment of active chromatin at
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lineage-specific factors such as Neurog3 (Figure 44B). Given that the TrxG complexes interact
with nucleosome remodelers 196,197, other chromatin regulators and Pol II 172,182,198, these proteins
are likely not recruited in the absence of TrxG complexes and gene activation does not occur.

Figure 44: Model of TrxG complex-mediated gene activation.
(A) Cooperative gene activation via transcription factor (TF) binding, nucleosome remodeling (e.g. SWI/SNF) and
recruitment of histone acetyltransferases (HATs), lysine demethylases (KDMs), histone methyltransferases (e.g.
TrxG complexes) and RNA polymerase II (Pol II). (B) In the absence of TrxG complex assembly, gene activation
does not occur. Yellow A, histone acetylation; green M, H3K4 methylation; red M, H3K27me3.
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Figure 45: H3K4 methylation promotes gene expression maintenance.
(A) Gene expression is maintained in the presence of H3K4 methylation. (B-D) Gene expression maintenance may
be reduced at lineage-specific genes in the absence of H3K4 methylation due to (B) increased DNA methylation,
(C) increased H3K27me3, or (D) increased transcriptional variance. DNMT, DNA methyltransferase; HAT, histone
acetyltransferase; KDM, lysine demethylase; PcG, Polycomb Group complexes; Pol II, RNA polymerase II;
SWI/SNF, nucleosome remodeler; TF, transcription factor; yellow A, histone acetylation; green M, H3K4
methylation; red M, H3K27me3; blue M, DNA methylation.
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In Chapter 4, disruption of Dpy30 in PDX1+ cells decreased endocrine cell specification
and acinar cell differentiation, resulting in diminished numbers of differentiated endocrine and
acinar cells. Maturation of acinar cells was also impaired in this model, with reduced amylase
and CPA1 immunoreactivity, and correlated with disorganized cystic structures in the exocrine
pancreas. While disruption of TrxG complex assembly by Wdr5 suppression prevented gene
activation, loss of H3K4 methyltransferase activity by Dpy30 disruption had no noticeable effect
on gene activation or the expression of most genes. However, the expression of a subset of acinar
and endocrine lineage-specific genes was significantly impaired in the absence of H3K4
methylation. Together, these results support a model whereby the TrxG H3K4 methyltransferase
activity is required for maintaining the transcriptional output at a subset of genes (Figure 45).
In Chapter 5, disruption of Dpy30 in NEUROG3+ cells significantly impaired expression of
a subset of genes involved in endocrine cell functional maturation, including those required for
glucose metabolism (i.e. G6pc2, Gck, Slc2a2) and insulin secretion (i.e. Abcc8, Ins1, Ins2,
Kcnj11). Similar to the results presented in Chapter 4, loss of H3K4 methylation from endocrine
progenitors did not prevent downstream lineage-specific gene activation but affected gene
expression maintenance at a subset of genes (Figure 45).
Using Cpa1 and Ins2 as examples, repressed chromatin is activated and maintained via
nucleosome remodeling, transcription factor binding, recruitment of TrxG complexes, KDMs,
HATs and Pol II (Figure 45A). In Dpy30DP mice, recruitment of these complexes and coactivators likely still occurs since disruption of Dpy30 does not impair TrxG complex assembly
206

. However, Cpa1 and Ins2 expression is not appropriately maintained after loss of H3K4

methylation. This suggests that in the absence of H3K4 methylation, either DNA methylation is
increased, H3K27me3 is re-established, or loss of H3K4 methylation may reduce the stability
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and/or residence time of the TrxG complexes, co-activators and Pol II, and thus increase
transcriptional variance (Figure 45B-D).
At loci that are constitutively repressed outside the pancreas, e.g. Cpa1, active chromatin
may not be maintained in the absence of H3K4 methylation and DNA methyltransferases may
re-establish the repressive state (Figure 45B). This hypothesis is supported by evidence that
DNMT3 can re-establish DNA methylation in the absence of H3K4 methylation 324. The
hypothesis that H3K27me3 is re-established after loss of H3K4 methylation (Figure 45C) is
supported by other reports that demonstrate reductions in H3K27ac and increased H3K27me3 in
the absence of H3K4 methylation 159,192,194. There are several lines of evidence that lend support
to the hypothesis that H3K4 methylation may stabilize Pol II recruitment and promote
transcriptional consistency (Figure 45D). H3K4 methylation has been linked to the Pol IIassociated factor (PAF) that is required for transcriptional elongation and also stabilizes
transcription through a direct interaction with the general transcription factor TFIID 151,198. Thus,
H3K4 methylation may act as a secondary stabilizer to maintain active chromatin 167. Other
reports have shown that H3K4 methylation correlates with transcription levels and
transcriptional stability – the sustained expression of activated genes 200 – and specifically the
maintenance of lineage-specific genes 205,206. For example, loss of H3K4 methylation in mouse
cardiomyocytes resulted in transcriptional instability of differentiated cardiac cells, with
particular reductions at lineage-specific genes 205. Additionally, decreased H3K4 methylation by
knockdown of DPY30 in hESCs reduced endoderm gene expression due to impaired Pol II
recruitment 206. Given that broad domains of H3K4 methylation are associated with lineagespecific genes and increased transcriptional output and/or consistency 303,304, the shortening of
broad H3K4 methylation domains may result in reduced and/or variable lineage-specific gene
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expression. In support of this hypothesis, suppression of Wdr5 in mouse neural progenitor cells
resulted in narrowing of broad H3K4 methylation domains and increased transcriptional variance
303

. However, given that Wdr5 suppression disrupts TrxG complex assembly in addition to

catalytic activity, it is unclear whether reductions in H3K4 methylation or impaired TrxG
recruitment results in increased transcriptional variance in this model. The Dpy30 deletion
models developed herein suggest that transcriptional variance is increased after loss of H3K4
methylation, suggesting that loss of H3K4 methylation may result in increased gene expression
variance at a subset of lineage-specific genes.
Together, these models support the conclusion that the non-enzymatic function of TrxG
complexes has a larger biological impact than H3K4 methylation itself. For example, disruption
of TrxG complex formation via suppression of Wdr5 had a larger effect on pancreas progenitor
cell differentiation compared to the genetic deletion of Dpy30, which does not disturb TrxG
assembly but affects H3K4 methylation. Neurog3 and downstream endocrine lineage-specific
genes were not activated in shWdr5 spheres; however, maintenance of a subset of lineagespecific genes was reduced in Dpy30DP and Dpy30DN mice. Supporting this model, several
studies have demonstrated that loss of TrxG complex proteins has a larger effect compared to
inactivation of histone methyltransferase activity 191,192,325. This is likely because TrxG
complexes mediate gene expression by interactions with transcription factors and recruitment of
co-activators and Pol II 162,183, functions that are abolished when the complexes do not assemble.
In addition to impaired expression of genes involved in pancreas progenitor cell
differentiation, genes involved in progenitor cell proliferation and survival were also affected. In
shWdr5 spheres, genes associated with cell proliferation were decreased and genes associated
with apoptosis were increased, resulting in fewer and smaller spheres. Consistently, disruption of
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Dpy30 in PDX1+ cells reduced progenitor proliferation and increased apoptosis, reducing the
overall pancreas size. This suggests that the gene expression changes resulting in reduced
proliferation and increased apoptosis are mediated by H3K4 methylation rather than an enzymeindependent role of the TrxG complexes. Although RNA-sequencing revealed that mitotic genes
were underrepresented in Dpy30DN islets, no evidence of altered islet size or number was
detected. This is likely because at the stage when H3K4 methylation was lost in this model
(P14), endocrine cell proliferation is relatively low.
In conclusion, this thesis reveals that during pancreas progenitor differentiation, the TrxG
complexes are important regulators of transcriptional activation at lineage-specific genes.
Further, TrxG catalytic activity is not broadly required for gene expression, but has a critical role
in promoting the transcriptional maintenance or stability of a subset of lineage-specific genes
during pancreas and endocrine progenitor differentiation. Overall, this thesis contributes to our
understanding of how the TrxG complexes and H3K4 methylation regulate gene activation and
transcriptional maintenance during pancreas and endocrine progenitor differentiation.

6.2

Future Directions
A major application for the continued study of pancreas developmental biology is to

improve development of functionally mature human stem cell-derived pancreatic b-cells for
diabetes therapy. This will require identification of novel external signals and transcription
factors, a greater understanding of how transcription factors regulate pancreas development and
maintain b-cell identity, and importantly, exactly how b-cells acquire a functionally mature
insulin secretion response 4,50. The models examined in this thesis suggest that specific targeting
of TrxG complexes to lineage-specific loci during hESC-derived pancreas cell differentiation
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may stabilize gene expression and improve the efficiency of b-cell functional maturation. Further
investigations that address the role of the TrxG complexes and/or H3K4 methylation in b-cell
maturation or in the maintenance of b-cell identity, using Ins1-Cre or Ins1-CreER drivers, would
improve our understanding of these processes and help identify target loci.
The minimal effect on progenitor cell maintenance but altered downstream expression of a
subset of genes is a common theme observed in all three models described in this thesis and adds
strength to these findings. Additionally, in vitro pancreas spheroid suppression experiments were
complemented by in vivo gene targeting, where endocrine cell specification was impaired in both
models and further strengthening this result. The suppression of Wdr5 versus genetic deletion of
Dpy30 in pancreas progenitors allowed for a comparison between the non-catalytic versus
catalytic roles of the TrxG complexes, respectively, in pancreas development. Notably, Wdr5
suppression had a larger biological effect compared to Dpy30 deletion and loss of H3K4
methylation in PDX1+ cells. However, these conclusions would be strengthened with
complementary experiments where Dpy30 is suppressed in pancreas spheroids and Wdr5 is
genetically deleted from PDX1+ cells. Although Wdr5 targeted mice are not currently available,
preliminary results not presented in this thesis suggest that Dpy30 suppression in spheroids has a
minimal effect on gene expression, including Neurog3 or downstream endocrine genes. This is
consistent with the notion that H3K4 methylation has a minimal role in transcriptional activation.
Although the biological effects of the models examined in this thesis were presumed to be
due to loss of TrxG complex activity, both WDR5 and DPY30 associate with other non-TrxG
complexes and the additional loss of these functions cannot be completely ruled out. For
example, DPY30 also associates with the nucleosome remodeling NuRF complex 197. In
Dpy30DN mice, however, a phenotype was only observed after loss of H3K4 methylation, rather
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than loss of DPY30, suggesting that gene expression changes are dependent on H3K4
methylation and not DPY30 in this model. Additionally, many chromatin regulators have other
non-histone substrates, which makes it challenging to delineate whether the histone modification
deposited by the chromatin regulator causes the biological effect 156. Thus, it is entirely possible
that methylation of non-histone proteins is also disrupted in the models described herein and the
effect of this is currently unknown. As the roles of WDR5, DPY30 and H3K4 methylation were
examined in mouse pancreas development in this thesis, it would be interesting to explore the
relevance to human pancreas development. Possible strategies to examine this would be to use
hESC-derived pancreas progenitor cells in the spheroid assay or during hESC differentiation
protocols. Since DPY30 is required for hESC pluripotentcy 206, an inducible suppression or
deletion approach would be required. In light of a current study that developed a method for both
the inducible suppression and deletion of DPY30 during hESC differentiation 326, the controlled
deletion of DPY30 in PDX1+ and NEUROG3+ cells could be examined during hESC-derived
pancreas cell differentiation.
A limitation of work in this thesis is that reductions in gene expression were not directly
correlated with alterations in histone modifications or Pol II recruitment at cis-regulatory loci.
Further investigations could address the chromatin state of genes with decreased expression by
H3K4me1/3, H3K27ac, H3K27me3 and Pol II ChIP-seq experiments. In the absence of H3K4
methylation at these sites, H3K27ac and Pol II enrichment would also likely be reduced, whereas
H3K27me3 enrichment may be increased 159,192,194. In addition, the absence of H3K4 methylation
may permit nucleosome reformation and the re-establishment of DNA methylation by DNMT3
324

. Further, although TrxG proteins are known to interact with lineage-specific factors (e.g.
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FOXA1, MAFA, MAFB and PAX6 310,327,328), studies herein have not directly demonstrated an
interaction during pancreas development.
Given the exocrine pancreas phenotype in the Dpy30DP model, an interesting extension of
this work would be to examine the role of DPY30 and/or H3K4 methylation in the maintenance
of acinar cell identity. Preliminary results not presented in this thesis demonstrate the progressive
worsening of the cystic Dpy30DP pancreas postnatally, with reduced mouse mass and severe
hyperglycemia. These phenotypes in combination with the Dpy30DP pancreas histology may be
early indicators of exocrine pancreas diseases such as chronic pancreatitis or pancreatic cancer
300,329-331

. In support of this hypothesis, mutations in the MLL TrxG proteins are linked to

pancreatic cancer 331 and the acinar cell identity factor Bhlha15, which was decreased in
Dpy30DP embryos, has been linked to mouse models of pancreatitis 128. Consistently,
suppression of Wdr5 in pancreas spheroids upregulated expression of genes that are described as
biomarkers for pancreatitis and pancreatic cancer.
Overall, data presented in this thesis demonstrate that TrxG-mediated H3K4 methylation
has a relatively minor role in gene transcription during pancreas and endocrine progenitor
development. However, the expression of several lineage-specific genes was affected by
disruption of Wdr5 and Dpy30, supporting a role for the TrxG complexes and/or H3K4
methylation in the activation or maintenance of a subset of lineage critical genes. Collectively,
these findings provide an improved understanding of how TrxG complexes and H3K4
methylation contribute to pancreas development and endocrine cell maturation.
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Appendices
Appendix A The top 30 underrepresented genes from pancreas spheroid RNA-sequencing
Gene Symbol
Dbpht2
AK041537
St18
Myt1
Fmod
G6pc2
Hepacam2
Kcnk16
Tmsb15b2
Angptl7
Rimbp2
Pax6
Baiap3
Rfx6
Slc30a8
Sst
Pcsk1
Sphkap
Gdpd2
Npas4
Scgn
Chgb
Gjd2
Ptprn2
Scg3
Pcsk2
Ggt7
Pnmal1
Abi3bp
Tmem27

shScramble FPKM
18.4441
65.5443
3.98905
4.29753
5.08272
20.4712
13.2516
22.193
35.2542
6.94195
12.6241
19.3911
14.1092
8.58221
8.5851
2533.94
16.5823
7.35954
8.33152
3.22028
28.336
152.829
9.22147
33.0078
36.7358
58.286
6.53826
2.81259
4.5752
25.8193

shWdr5 #1 FPKM
0.0151927
0.0960049
0.00836165
0.0115955
0.0140863
0.0635123
0.0416274
0.0716519
0.116706
0.0259377
0.0484964
0.0746906
0.0574036
0.0395999
0.0409617
13.2415
0.0882212
0.0430816
0.0501067
0.021341
0.206902
1.15245
0.070232
0.268578
0.300931
0.478181
0.0565589
0.0255707
0.0423222
0.239747

Log2 (Fold Change)
-10.24556539
-9.415146566
-8.898041835
-8.53379887
-8.495164233
-8.332343943
-8.314417394
-8.274884025
-8.238772599
-8.064146608
-8.024087167
-8.020252243
-7.941279257
-7.759708606
-7.711415537
-7.580171994
-7.554303026
-7.416399954
-7.377432388
-7.237414545
-7.097544716
-7.051070358
-7.03672442
-6.94132204
-6.931610151
-6.92944878
-6.853008876
-6.781263797
-6.756276377
-6.750793315
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Appendix B The top 30 overrepresented genes from pancreas spheroid RNA-sequencing
Gene Symbol
Gsta1
Snora68
Duox2
Snord23
Duoxa2
Ly6a
Snora5c
Snora44
2210407C18Rik
Clca3
Tm4sf5
Sprr2a1
Msln
Mir1188
Mir96
Hist1h4h
Gpa33
Cldn18
Slc25a48
Anxa10
Areg
Gjb4
Cym
1810064F22Rik
Gsta2
Syt8
Ctse
2200002J24Rik
Snora62
Cxcl17

shScramble FPKM
0.0399639
0
0.0350705
0
0.0844276
1.82145
0
0
0.147829
0.125505
0.0823571
0.429344
1.63633
0
0.0507582
0.134584
0.0834197
0.187291
0.071638
0.306968
2.28311
0.0756206
1.46425
0.592995
0.16729
0.119028
0.686887
0.0816339
0
0.778325

shWdr5 #1 FPKM
9.00655
146.316
4.96171
140.108
10.8033
175.541
92.5131
81.9879
9.78707
7.92182
5.18225
25.7037
93.3505
52.763
2.45281
6.18292
3.75018
8.32329
3.14663
13.298
98.8421
3.26701
61.1224
24.7255
6.58449
4.64456
25.7637
2.93823
35.794
26.5996

Log2 (Fold Change)
7.816133391
7.19294373
7.144435606
7.130395524
6.99954165
6.590576828
6.531585763
6.357339103
6.048875799
5.980015175
5.975541775
5.903698207
5.834122118
5.721454691
5.594650765
5.521709528
5.490427909
5.473800425
5.456938677
5.436977203
5.436053387
5.433047764
5.383467393
5.381835945
5.298648587
5.286169034
5.229123207
5.169635139
5.16164587
5.094888043
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Appendix C Lineage-specific gene expression from pancreas spheroid RNA-sequencing
Endocrine Gene
Symbol
Abcc8
G6pc2
Gcg
Gck
Iapp
Ins1
Ins2
Kcnj11
Neurod1
Neurog3
Nkx2-2
Nkx6-1
Pax6
Ppy
Slc2a2
Slc30a8
Sst

shScramble FPKM

shWdr5 #1 FPKM

Log2 (Fold Change)

35.4201
20.4712
191.745
3.9464
672.854
325.186
1211.98
7.97487
7.3122
6.74395
8.77542
13.5888
19.3911
38.2121
12.1733
8.5851
2533.94

1.01966
0.0635123
2.29657
0.169034
9.67713
3.16273
16.3774
1.87469
0.123859
0
1.2783
2.48283
0.0746906
0.873466
15.0838
0.0409617
13.2415

-5.118408206
-8.332343943
-6.38356439
-4.545151824
-6.119570441
-6.683950938
-6.209515742
-2.088808951
-5.883534922
-2.75359384
-2.779241718
-2.452360672
-8.020252243
-5.451134188
0.290581341
-7.711415537
-7.580171994

Acinar Gene
Symbol
Amy1
Amy2b
Bhlha15
Cel
Clps
Cpa1
Cpa2
Nr5a2
Pnliprp1
Prss2
Rbpjl
Reg1
Reg3b
Reg3g

shScramble FPKM

shWdr5 #1 FPKM

Log2 (Fold Change)

5.26583
0.0873778
0.317832
1.30301
16.209
10.134
4.85841
4.74418
13.7745
3.22116
0.104318
1.86511
2.16967
0.203021

6.37193
0.0208816
0.176971
0.0386003
3.68805
0.70492
0.26575
4.95498
0.983574
0.642367
0.125944
32.258
13.4105
4.73419

0.275069471228308
-2.06503452301829
-0.84475141841791
-5.0770922856359
-2.135864968
-3.845600386
-4.192342647
0.043073312
-3.807822542
-2.326110638
0.271794278012813
4.112324369
2.627815493
4.543416739
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Progenitor Gene
Symbol
Foxa1
Foxa2
Foxo1
Gata4
Gata6
Hes1
Hnf1a
Hnf1b
Myc
Onecut2
Pdx1
Rbpj
Sox9
Spp1
Duct Gene Symbol
Car2
Krt7
Krt19
Muc1
Muc4
Muc20

shScramble FPKM

shWdr5 #1 FPKM

Log2 (Fold Change)

2.37525
4.05072
7.35783
1.48159
22.3808
12.8042
3.04431
10.3319
34.8317
5.2687
8.95962
3.31594
4.6719
715.844
shScramble FPKM
10.544
122.188
166.336
49.3224
1.06598
0.34294

8.47745
16.858
23.6516
7.46451
37.1752
32.7861
6.44476
28.1396
62.6284
20.2251
8.29111
3.73077
12.3287
495.841
shWdr5 #1 FPKM
242.481
505.273
1071.29
197.888
4.31094
4.47451

1.842224586
2.057183118
1.665511199
2.332901293
0.71547214
1.3564671823639
1.746596059
1.44480388
0.846416135155145
1.915358642
-0.119046991
0.170055519164257
1.380417516
-0.529767653405673
Log2 (Fold Change)
4.523377526
2.047960483
2.687176724
2.004369222
2.015822113
3.70570161
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