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Abstract
Pancreatic beta-cells (β-cells) are essential for the maintenance of blood glucose homeostasis, as
the primary insulin-secreting cells of the body. During embryogenesis, β-cells differentiate from
pancreatic progenitor cells, and following birth, these cells re-enter the cell-cycle and proliferate
to maintain a sufficient adult population of β-cells. Transcription factors (TFs) such as
neurogenin3 (Neurog3) are essential for endocrine cell specification within the pancreas, while
other TFs are required in adult β-cells to maintain their function. Despite the identification of
many TFs throughout β-cell development, how TFs regulate the transition between cell states,
and how these TFs engage the RNA Polymerase II holoenzyme to regulate transcription is
unknown. To address these questions, this thesis examines the role of Sry-related HMG-box 4
(SOX4) and Mediator 15 (MED15) in β-cell development and the adult β-cell state.
Work in this thesis has established that in mice, SOX4 is expressed in pancreatic progenitor cells
and cooperates with NEUROG3 to activate Neurog3 expression. This demonstrated a
requirement for SOX4 in endocrine progenitor cell specification. SOX4 continued to be
expressed in endocrine specified cells, and was essential for Neurod1 and Pax4 induction, TFs
required for β-cell specification. High-fat diet (HFD)-fed mice with inducible SOX4 deletion in
β-cells also exhibited glucose intolerance, due to decreased β-cell mass and replication rate. Loss
of Sox4 led to the upregulation of the cell-cycle inhibitor Cdkn1a, a gene that prevents G1-S cellcycle transition. Additionally, Med15 deletion in pancreatic progenitors demonstrated reduced
NEUROG3 expression, and reduced endocrine cell numbers. MED15 deletion following
endocrine specification also led to reduced β-cell numbers. Finally, Ins1-Cre facilitated deletion
of MED15 in β-cells revealed that its function varied depending on cell-state, with compromised
β-cell function if expression is lost during β-cell maturation. These data are the first to determine
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when SOX4 is required for pancreatic endocrine specification in mice and which targets are
directly regulated by SOX4. In addition, the first known in-vivo role for MED15 in mammals is
identified, demonstrating that it is an indispensable factor for β-cell differentiation and function.
Collectively, these findings contribute to the understanding of how TFs regulate β-cell states.
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1. Introduction
1.1 Diabetes Mellitus
Diabetes mellitus is estimated to affect 415 million individuals worldwide as of 2015, projected
to increase to 642 million individuals by 20401. Diabetes mellitus is categorized as a metabolic
disease with symptoms including polyuria, polydipsia, weight loss, and fatigue. A hallmark of
the disease is chronic elevated hyperglycemia that can lead to retinopathy, nephropathy,
neuropathy, and cardiovascular diseases2. In addition to the 5 million diabetes-related deaths
worldwide in 2015, many more individuals are burdened with a reduced quality of life and
complications from the disease. In Canada alone, over 2 million individuals live with diabetes3
with direct drug costs to individuals and indirect costs to the healthcare system through increased
system usage4.
1.2 A Brief History of Diabetes Research
The earliest characterization of a disease with symptoms similar to diabetes mellitus was over
2000 years ago describing polyuria and polydipsia5. Despite the longstanding awareness of the
existence of such a disease, the development of a long-term treatment option would not exist for
another two millennia.
The pancreas is comprised of three major tissue types with two major functions. Exocrine cells
of the pancreas are responsible for the release of bicarbonate, digestive enzymes, and lipases into
acini. These are drained by the ductal tissue that channels these products into the duodenum
during food digestion. Finally, endocrine cells occur in clusters known as islets of Langerhans,
comprised of alpha (α), beta (β), delta (δ), and pancreatic polypeptide (PP) cells. Building upon
work demonstrating that a substance in the pancreas was responsible for lowering blood glucose

1

levels, Banting, Best, Collip, and Macleod would succeed in obtaining relatively pure pancreatic
extracts containing insulin, successfully treating patients with diabetes in 19226. Further work
would go on to show that β-cells are the primary insulin producing cells in the body, cementing
the importance of insulin and these cells in relation to diabetes.
1.3 Systemic Insulin Signaling and Insulin Secretion
Central to diabetes is the dysregulation of blood glucose levels, tightly controlled to levels
between 4-8 mM in humans. Under fasting conditions, β-cells exocytose insulin granules at a
very low oscillatory rate7. Following a meal, elevations in blood glucose levels result in glucose
uptake into β-cells through the glucose transporter GLUT2 in mice and GLUT1 in humans8,9.
These glucose transporters possess a high Km around 11 mM glucose for GLUT2, reflecting the
half-maximal insulin exocytosis rate observed in mouse islets. Within β-cells, glycolysis coupled
with cellular respiration shifts the intracellular ATP/ADP ratio. ATP binding to the ATP
sensitive potassium channels (KATP) leads to channel closure and membrane depolarization. This
causes voltage-gated calcium channel activation and calcium influx into the cell. In turn, this
results in insulin granule exocytosis through calcium-responsive insulin vesicle associated
proteins10. As a peptide hormone, insulin secreted into the bloodstream acts upon target tissues
including skeletal muscle, liver, adipose, and the central nervous system to modulate the
systemic response to elevated glucose levels11. Insulin binding to insulin receptor tyrosine kinase
at the cell-surface leads to phosphorylation of its substrate adaptors such as the IRS family of
proteins. Insulin signaling primarily regulates glucose levels by increasing the surface expression
of glucose transporter GLUT4 at the plasma membrane, leading to increased glucose uptake11.
Clamp studies have also demonstrated that approximately 80% of postprandial glucose uptake is
accounted for by skeletal muscles12. In other tissues however, insulin may play additional roles
2

such as the negative regulation of hepatic gluconeogenesis and the promotion of glycogen
synthesis13. Studies utilizing germline knockouts of the insulin receptor, or its receptor substrates
IRS1 and IRS2, displayed insulin resistance and hyperglycemia14–17. These studies demonstrate
that insulin signaling is critical for glucose homeostasis and that loss of insulin signaling leads to
diabetes.
1.4 Diagnosis of Diabetes
Clinically, diabetes mellitus is diagnosed based on blood glucose levels, with a fasting level ≥
7.0 mmol/L or glucose levels >11.1 mmol/L following a two hour oral challenge with 75g
glucose. Glycated hemoglobin (HbA1C) in the blood is also utilized as a marker of chronic
glycaemia, reflecting average blood glucose levels over 60-90 days. This is utilized for
diagnosis, with a cut-off level of ≥6.5% defining individuals with diabetes18. While these tests
are able to identify individuals with diabetes, the aetiologies of diabetes are wide ranging.
1.5 Aetiology of Diabetes Mellitus
Major categories of diabetes include type 1 diabetes, type 2 diabetes, maturity-onset of the young
(MODY), gestational diabetes, and transient & permanent neonatal diabetes19. Type 1 diabetes is
characterized by an autoimmune reaction against β-cells defined by the presence of autoantibodies against self-antigens such as insulin, glutamic acid decarboxylase 65 (GAD65), and
islet antigen 2 (IA-2)20. Subsequently, islets undergo infiltration by macrophages and
lymphocytes, leading to immune-mediated destruction of β-cells, leaving behind other endocrine
cells of the islet. This results in systemic insulin deficiency that leads to chronic
hyperglycemia21. Type 1 diabetes has a genetic component, with genome-wide association
studies (GWAS) identifying over 50 loci to date increasing risk for type 1 diabetes22. Several of
these loci are in the HLA genomic region, encoding for polymorphic antigen-presenting proteins.
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Non-HLA region associated genes include INS, PTPN22, and CTLA-4. Insulin is a primary
autoantigen in type 1 diabetes, while PTPN22 and CTLA-4 are believed to prevent T-cell
activation. Further, environmental factors such as viral infections are postulated to be triggering
factors for type 1 diabetes23.
Type 2 diabetes also has a demonstrated a heritable genetic component, with GWAS studies
identifying multiple loci24. Several associated genes are involved in the cell cycle including
CDKN2A/B, CDC123, and CDKN1C. Interestingly, some genes encoding for TFs found during
β-cell development are associated with type 2 diabetes risk. For example, both HNF1A/B have
been highlighted by GWAS studies, while another SNP was initially linked to CDKAL124,25.
However, later work demonstrated that the SNP loci most likely regulated Sox4 expression. Type
2 diabetes is also associated with obesity, insulin resistance, and insulin deficiency. One unifying
theory postulates that nutrient surplus leads to obesity and insulin resistance. Obesity is observed
in most patients with type 2 diabetes26. In addition, over 90% of individuals with type 2 diabetes
also display insulin resistance in tissues such as the liver and skeletal muscles, where the
majority of glucose uptake occurs27,28. High-fat diet and obesity are linked to changes in
adipokine signaling from adipose tissue, now understood to be a major endocrine organ27,29,30.
This may contribute to peripheral insulin resistance, which is associated with compensatory
increases in β-cell mass and hyperinsulinemia31. However, this relationship may not be as
straightforward, as hyperinsulinemia has also been demonstrated to precede diet-induced obesity
and changes in circulating fatty acids32. Furthermore, not all obese individuals develop diabetes.
Genetic or other environmental factors may also increase susceptibility to higher glucose and
lipid concentrations, associated with obesity and insulin resistance, and is postulated to
contribute to β-cell failure33. Additionally, β-cell ER-stress driven by glucolipotoxicity and
4

insulin demand may also drive the cells towards dysfunction or death34,35. Long-term outcomes
of these interactions in the setting of insulin resistance may lead to the loss of functional β-cell
mass and insulin insufficiency, leading to diabetes.
In MODY and neonatal diabetes, heritable genetic mutations are the primary cause of diabetes.
Both forms are commonly characterized by autosomal dominant mutations in genes that have
roles in the insulin secretion pathway, leading to impaired insulin secretion2. Examples include
glucokinase (GCK), glucose transporter SLC2A2 (GLUT2), and potassium voltage-gated channel
(KCNJ11). Mutations for transcription factors (TFs) are prominent amongst currently identified
genes involved in permanent neonatal diabetes and MODY, suggesting their importance the
formation and function of pancreatic β-cells. Examples include PDX1 and PTF1A, with
homozygous loss of function mutations in humans resulting in pancreas agenesis36,37.
NEUROG3, the master regulator of pancreatic endocrine cell development in rodents, was also
reported to result in the loss of enteroendocrine cell resulting in congenital diarrhea. However,
new evidence associates NEUROG3 mutations with neonatal diabetes and pancreatic endocrine
cell development, based on patient case-study and loss of function study in human embryonic
stem cell (hESC) differentiations in-vitro38,39. Finally, many other TFs such as hepatocyte
nuclear factor 4 HNF4A, neuronal differentiation 1 NEUROD1, and NK2 homeobox 2 NKX2-2
have also been identified as risk variants in both MODY and neonatal diabetes19.
1.6 Current Treatments for Diabetes Mellitus
Depending on the aetiology of diabetes, multiple treatment options are available for individuals.
Effective treatment aims to reduce HbA1C levels to <6.5% while reducing both hyper- and
hypoglycemia defined as blood glucose levels >7 mM or <4 mM, respectively2. Exogenous
insulin is an absolute requirement for both type 1 diabetes and specific cases of MODY as β-cell
5

insulin secretion is lost. Weight loss and increased exercise may be used at first for individuals
with impaired glucose tolerance (blood glucose between 6.0-6.5 mmol/L)18. Administration of
metformin, which decreases hepatic gluconeogenesis, is the first line of drug treatment for type 2
diabetes in Canada. A second oral anti-diabetic agent may be included to achieve optimal blood
glucose control. Examples include DPP-4 inhibitors and GLP1R agonists; a class of drugs that
target the incretin signaling pathway that acts upon β-cells to amplify glucose-stimulated insulin
exocytosis40. Sulfonylureas are another class of oral drugs that act on the SUR1 subunit of the
potassium channel to induce closure and insulin secretion. Interestingly, a subset of MODY or
neonatal diabetes with mutations in HNF1A, HNF4A, and KATP channel mutations exhibit good
response to sulfonylurea treatment41. Finally, exogenous insulin will eventually be required for
individuals with type 2 diabetes due to the progressive decline in β-cell mass. There is a unifying
theme of β-cell dysfunction and death in diabetes, leading to insulin insufficiency. Therefore,
strategies to replenish or replace the natural β-cell population offer an attractive alternative to the
daily and lifelong dependency on insulin or drugs.
Islet transplantation represents one cell-based approach for the long-term treatment of diabetes42.
This strategy is limited by the need for immunosuppression, donor tissue supply, and the loss of
efficacy of transplanted islets over time43. Alternative treatments in development include:
promoting the survival and replication of pre-existing β-cells44, generating β-cells from
pancreatic and alternative tissues45, as well as expanding and differentiating β-cells from stemcell sources46,47. These have been developed based on the understanding of β-cell failure, and
insulin insufficiency; as well as the major mechanisms for β-cell formation and maintenance.
Central to our understanding of these topics is the regulation of transcription: variations in gene
expression are integral to the formation and function of β-cells, as well as the changes that may
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occur during the course of diabetes. As the theme of this thesis, a brief overview of
transcriptional regulation during β-cell development and maintenance is explored below.
1.6 Early Pancreas Budding and Development
The pancreas is formed from a dorsal and a ventral bud, which arise from the posterior foregut in
the developing embryo as summarized in Fig. 1. Instructive cues from adjacent tissues are
required for the specification of pancreatic tissue. Prior to budding of the pancreas, around
embryonic day (E)8.5, retinoic acid (RA) signaling provides a posteriorizing signal for the gut
tube, and absence of RA leads to anteriorization and loss of the dorsal pancreas48. Studies
removing the notochord have also demonstrated the loss of dorsal pancreatic bud development,
as activin and FGF2 signaling are required to inhibit SHH to permit bud induction49,50.
Additionally, VEGF signaling by the dorsal aorta has been identified in vitro to be critical for
dorsal pancreatic bud specification51 (Fig. 1B). In contrast, the ventral pancreatic bud receives
different cues compared to the dorsal bud. Co-culture experiments in vitro have demonstrated
that foregut adjacent to the cardiac mesoderm were induced to a liver cell fate, potentially via
FGF2, while pancreas specification remained the default fate52. In summary, the integration of
these signals results in the combinatorial expression of TFs in the prospective pancreatic region.
However, it is incompletely understood how these signals are coupled to the expression of
pancreas specifying TFs.
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Figure 1: Illustration of early pancreas formation. (A) E8.5: Notochord (purple) is required
for dorsal pancreas bud induction. Notochord release of activin and FGF2 suppress Shh in the
foregut tube and permits pancreas specification. (B) E9.0: Dorsal aorta forms below the
notochord separating it from the posterior foregut. VEGF released by the dorsal aorta and
vitelline veins contribute to pancreas induction. (C) E9.5: Inductive cues specify cells to become
pancreatic progenitors with FGF10 released by the mesenchyme supporting cellular
proliferation. The buds are comprised of a stratified epithelium. (D) E12.5: Branching
morphogenesis generates a ductal epithelium with tip and trunk cells denoted by unique TF
combinations.

Initial specification of the pancreas from the posterior foregut region occurs prior to
morphological changes, as suggested by early explant studies53. Combinatorial signaling induces
a specific genetic pattern of TFs54 that define the nascent pancreas by approximately E9.0.
Expression of Hlxb9, Pdx1, Ptf1a, GATA4/6 and Sox9 have been demonstrated to be important
for the proper induction of the pancreas, with gene knockouts displaying pancreas agenesis and
stalled pancreatic progenitor development55–61. Other TFs are also present including Nkx6-1,
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Hes1, and FoxA1/2 but are not an absolute requirement for pancreatic bud formation62–64. The
pancreatic buds then expand into the surrounding mesenchyme tissue: growing from a singlelayer epithelium to a transiently stratified bud65. At this time, around E9.5, the dorsal bud is
comprised mainly of pancreatic progenitor cells (Fig 1C). These cells retain the capacity to form
all subsequent lineages of the pancreas: ductal, exocrine, and endocrine. During this time, the
pancreas undergoes primary transition between E9.5-10.5, defined by the first expression of
endocrine and exocrine proteins66. Following initial bud formation, the pancreatic epithelium
proliferates and the stratified cells undergo polarization to form a network of epithelial tubes65,67.
Growth of the epithelium is supported in part by FGF10 signaling from the mesenchyme. Fgf10-/mice exhibited reduced pancreatic growth68. FGF10 has been demonstrated to be expressed in
the mesenchyme, as mesenchyme separation experiments demonstrated pancreatic hypoplasia69.
Within the pancreatic buds, TF expression of Sox9 appear to be important for this signaling as it
is required for the expression of the Fgfr2 receptor to mediate FGF signaling70. Finally, HES1
signaling in the pancreatic buds also appeared to be important for early pancreas development,
supporting cellular proliferation. Hes1 loss of function studies led to increased expression of the
cell-cycle inhibitor p57, which reduced cellular proliferation by preventing cell-cycling71.
1.7 Tip and Trunk Formation
As pancreas epithelium continues to expand, the pancreatic epithelium undergoes branching
morphogenesis. This process is the remodelling of the epithelial tube network giving rise to an
interconnected ductal network or “plexus”65. Proliferation together with continued remodeling
resolves into the formation of single lumen branches that have distinct “tip” and “trunk”
domains65,72,73. These cellular compartments have a unique signature of TFs with Ptf1a, c-Myc,
and Cpa1 representing the “tip” domain, while Sox9, Onecut-1, and Nkx6-1 defining the “trunk”
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domain74–76 (Fig. 1D). Lineage tracing experiments have highlighted that tip cells are highly
proliferative multipotent progenitor cells (MPCs), contributing to epithelial outgrowth, and will
terminally differentiate to exocrine cells by E1475. One the other hand, trunk cells are bipotential. Activation of the master regulator neurogenin 3 (Neurog3) within a subset of trunkcells will lead to the specification of endocrine cell fate and delamination from the epithelium,
while non-induced cells will contribute towards the ductal system of the pancreas77,78. In the
epithelium, transcriptional regulation is important for defining these regions. For example, loss
of function of Nkx6-1 and Nkx6-2 expanded the domain of PTF1A expressing epithelial cells
while gain of function experiments demonstrated increased NEUROG3 positive (+) cells at the
expense of PTF1A expression. Conversely, mis-expression of Ptf1a reduced the number of
NEUROG3+ cells76. These experiments support the role of TFs in establishing tip and trunk
domains, with trunk specification demarcating the first steps of lineage commitment of
pancreatic progenitor cells (Fig. 3).
1.8 Endocrine Cell Specification
As branching morphogenesis continues, through E12.5-E14.5, remodeling of the web-like ductal
plexus combined with branching and outgrowth of the tip regions leads to the three dimensional
arborisation of the organ65,72,73. During the secondary transition of the pancreas, between E13.5E16.5, a large wave of exocrine and endocrine differentiation occurs. Although exocrine cells
derive from tip cells, endocrine differentiation begins with the induction of NEUROG3 from the
trunk. This can first be detected in the pancreas as early as E9.5, where rare glucagon- and
insulin-positive cells can also be found54. Within the epithelium, although active Notch signaling
via HES1 is important for early epithelial proliferation, it is believed to prevent expression of
NEUROG3. Observations of mice deficient for the Notch effector Delta-like gene 1 (Dll1)
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revealed an increase in endocrine cells79. Stochastic Notch signaling is believed to allow a subset
of trunk cells to activate NEUROG3 expression80,81, and gene dosage studies utilizing Neurog3
heterozygotes or hypomorph alleles have also demonstrated a high-dose requirement for
endocrine specification82. Additionally, induction of NEUROG3 also appears to occur rapidly, as
NEUROG3-reporter protein experiments have shown rapid Neurog3 induction followed by
downregulated within 12 hours of initial expression83. Successful NEUROG3 expression is
followed by delamination and endocrine commitment77 (Fig. 2). The majority of NEUROG3
induction and endocrine specification occurs from E13.5-E15.5. Interestingly, inducible
NEUROG3 pulse chase expression experiments demonstrated windows of specific endocrine
subtype competency during pancreas development. Glucagon-positive cells were predominantly
induced at early stages, followed by insulin, somatostatin, and pancreatic polypeptide84,
suggesting additional cues are present in trunk cells84.
Figure 2: Diagram of Neurog3 induction and
delamination from the epithelium. Trunk
cells within the pancreatic epithelium have
stochastic Neurog3 induction due to low local
notch signaling. This leads to delamination and
activation of endocrine commitment. These
cells cluster away from the ductal epithelium
and eventually form islets of Langerhans.

1.9 Endocrine Cell Differentiation
Following transient NEUROG3 expression, a sequential cascade of TF expression is necessary to
specify individual endocrine cell types (Fig. 3). This cascade is believed to begin with expression
of TFs important for permitting the endocrine progenitor cells to differentiate into monohormonal cell-types. Insm1, Isl1, NeuroD1, Pax6, and Rfx6 are TFs believed to be direct targets
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of NEUROG3 and are expressed downstream85. Knockout studies of Insm1, Isl1, NeuroD1, and
Pax6 displayed reductions of all endocrine cell types. Knockout of Rfx6 had a slightly different
phenotype with retention of endocrine markers chromograinin A (CHGA) and synaptophysin
(SYN), but a loss of hormone staining with the exception of pancreatic polypeptide77,86–93.
Additionally, NKX2-2 and NKX6-1 are early markers of the pancreatic epithelium with
expression starting around E8.7554 that becomes restricted to centrally located epithelial cells.
Following NEUROG3 activation, NKX2-2 is required for the differentiation of alpha, beta, and
PP-cell populations94. Mice lacking Nkx2-2 exhibited normal islet size, although they had
reduced hormone staining and expanded numbers of ghrelin-producing epsilon (ε) cells95.
Finally, the Nkx2-2 knockout had reductions in Pax6, Hlxb9, Pdx1, and Nkx6-1 expression
demonstrating that these factors are induced downstream64,96.
Downstream of the initial group of TFs induced by NEUROG3, additional TF networks produce
finer delineations in endocrine cell subtypes. For instance, Neurog3-Cre; Nkx6-1f/- conditional
mutants had a loss of β-cells while other endocrine cell types increased, without changes in
proliferation or survival. Neurog3-Cre; Nkx6-1 overexpression had the opposite phenotype with
increased β-cell numbers and reductions in other endocrine types97. As another example, TFs that
balances the fate of endocrine subtypes, Pax4-/- mice had an increase in α-cell at the expense of
β- and δ-cells98. Complementary experiments with Arx-deficient mice exhibited the opposite
phenotype, with an increase in β- and δ-cells while α-cell numbers were reduced99,100. These
observations again suggest that TFs act in concert to define specific endocrine subtypes, with
Pax4 postulated to specify a bi-potential endocrine precursor to β or δ-cells. Pax4-deficient
pancreas had normal expression of Isl1, Nkx2-2, and Pax6, suggesting that it operates
simultaneously or downstream of these factors. However, Pax4 deletion lacked the expression of
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Hlxb9 and Pdx1, suggesting that these genes are required further downstream in endocrine cell
development96.
Finally, β-cell specification involves additional TFs such as MafB/A, Pdx1, and Nkx6-1. For
instance, MafB is expressed predominantly in α- and β-cells. MafB knockout pancreas exhibited
no changes in early TFs such as Pax6, Isl1, and NeuroD1 or in genes related to cell lineage
commitment such as Arx and Pax4101,102. However, germline deletion of MafB resulted in
decreased GCG and INS+ cell types. In mice, MafB expression stimulates the expression of
MafA, important for β-cell maturation, insulin gene transcription, and glucose stimulated insulin
responsiveness103–105. Other TFs such as PDX1, NEUROD1, and FOXA2 also appear to regulate
aspects of terminal β-cell differentiation; controlling insulin expression, glucose-stimulated
insulin secretion (GSIS), and insulin granule trafficking55,104,106,107.
In summary, from early patterning to endocrine cell differentiation, external signals from soluble
factors induce combinatorial TF expression to establish the pancreatic domain. As development
proceeds, lineage commitment events increasingly restrict cellular differentiation potential. TFs
regulate gene expression, with Neurog3 and Ptf1a as examples of specific gene-dose
requirements for TFs. Loss of function studies highlight a balance between multiple TFs, with
Nkx2-2 and Rfx6 knockout pancreas displaying altered endocrine cell numbers. Secondly, during
pancreas formation, sequential TF expression is important for endocrine lineage determination,
with loss of specific TFs compromising downstream TF expression and ultimately the
differentiation of cells. Finally, it appears that coordinated TF expression establishes cooperative
and antagonistic TF interactions, helping to setup the correct distribution of cell populations in
the pancreas. These will be major recurring themes for the TFs studied in this thesis.
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Figure 3: Diagram highlighting transcription factor and cell lineage relationships during
pancreatogenesis. Pancreatic progenitors express a combination of TFs that are instructive for
the pancreatic fate. They are highly proliferative and give rise to multipotent tip-cells that have
the capacity to form acinar, ductal, or endocrine cells. Tip cells have a unique TF signature and
this domain is restricted from trunk-cells through mutual repression via PTF1A and NKX6.1.
However, tip cell proliferation combined with tubulogenesis contributes to the trunk cell
population as the epithelium expands. Trunk cells are bi-potent and may be fated to either a
ductal cell lineage, or the endocrine lineage upon Neurog3 activation. High levels of NEUROG3
activate the expression of TFs required for all endocrine lineages, which then establishes
sequential TF activation important for specific endocrine cell fate delineations.
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1.10 Human pancreas development
Despite disparities in overall gestation length, islet architecture, and transcription factors
involved, the mouse model has identified many features conserved in humans. Mouse embryonic
pancreas development spans approximately 12 days in-utero, while human pancreas
development begins from around 4-5 weeks post-conception until birth at around 40 weeks of
age. Utilizing Carnegie stages (CS) of embryonic development to allow for comparisons between
organisms, human pancreas budding occurs around CS13, similar to the E9.5 stage of mouse
development (Table 1). TFs such as PDX1 and PTF1A have also been identified in human
pancreatic progenitor cells, and clinical studies of individuals with mutations in these genes
demonstrated pancreas agenesis, suggesting a similar role in organ specification36,37. However,
differences exist, with immunostaining demonstrating SOX9 expression in tip-cells in humans,
versus its absence in mouse pancreatic tip-cells108. Finally, the sequence of TF expression is
similar, with detection of NEUROG3 followed by the observation of β-cells at around 10 weeks
post-conception, or CS21 which corresponds to approximately E15 in mice109. These
observations of TF expression patterns in human fetal sections as well in directed hESC
differentiation46,47,110 (Fig. 4), suggest that mouse gene knockout studies of TFs during pancreas
development is useful in modeling humans β-cell development.
Table 1: Human and mouse embryonic pancreas development timeline. Carnegie stages
(CS) and their approximate mouse developmental timepoints are shown together with shared
features of pancreas development.
Human
development
CS12
CS13
CS15
CS20
CS21

Mouse
development
E9.0
E9.5-E10.0
E11
E14-15
E15.5

Pancreatic features
Detection of PDX1+ expression in posterior foregut
Dorsal and ventral pancreas budding
Expansion of pancreatic buds
Tip and trunk domains detectable via immunostaining
Detection of NEUROG3+ cells and INS+ cells
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Figure 4: Model of hESC directed differentiation adapted from Rezania et al. (2014).
Summary of the multi-stage differentiation protocol with the number of days in culture as well as
the major small molecules added per stage. Markers of differentiation for specific tissues are
indicated below the cell-types following each stage, demonstrating a similar sequence of
expression compared to mouse models.

1.10 β-cell Maturation and Identity
Following the formation of a nominal β-cell mass during development, several lines of evidence
suggest differences in early postnatal islet function compared to adult β-cells. Rodent and human
studies have demonstrated reduced islet glucose stimulated insulin secretion of β-cells within the
first 21 days following parturition, despite the presence of glucose transporter, insulin, and the
exocytotic machinery111–113. Newborn islets also exhibit higher basal insulin secretion with
reduced β-cell membrane potential and potassium channel depolarization response to
secretagogues114–116. Other evidence include reduced KATP channel conductance in patch-clamp
experiments and lower expression of TFs such as PDX1 and MAFA that are important for
insulin expression104,117. The cause for functional maturation has not been fully characterized,
although several studies have suggested that a shift in the nutrient environment may change the
transcriptional program of β-cells118–120. Microarray and gene expression studies have also
revealed increases in glucose metabolic genes such as the high Km hexokinase and PFK1, while
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the expression of Ldha and Mct1 are reduced121–123. It is believed that these changes allow β-cells
to better couple glucose influx to ATP generation and cellular depolarization at higher glucose
concentrations. In sum, β-cell status is dynamic following differentiation. In newborns, changes
in the expression of metabolic genes are correlated with improved glucose-stimulated insulin
secretion and a shift in major nutrient composition.
1.11 Regulation of β-cell Identity and Function
Terminally differentiated cells express genes specific to their function and are restricted to one
cell fate under normal conditions. Initially derived from pluripotent cells, they lose the
competency to adopt alternate cell fates even when transferred to conditions instructive for other
cell fates124,125. This increasing loss of differentiation potential suggests the adoption of the
lowest free energy state as the simplest explanation for the control of cell-fate. Hans Spemann
proposed a “fantastical” experiment in 1938 to replace the nucleus of an unfertilized egg with
one from a differentiated cell to address whether cells were truly restricted. The advent of
somatic cell nuclear transfer would follow through with this experiment and demonstrate the
capacity to reprogram a terminally differentiated cell into a pluripotent state126,127. Significant
research in stem-cells and the generation of induced pluripotent cells would show that cell states
require both active positive and negative control for lineage induction as well as maintenance of
a terminal cell state128–130. Similarly for β-cells, evidence point towards both active and passive
control of β-cell fate. Chromatin immunoprecipitation and sequencing combined with gene
expression data demonstrate passive control via chromatin modifications131,132. Furthermore, loss
of function experiments demonstrated the requirement for active TF expression for adult β-cell
function. Conditional knockout of the Pdx1 gene with Cre recombinase expressed via the rat
insulin promoter resulted in the loss of Glut2, MafA, and Nkx6-1, terminal β-cell markers, while
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α-cell genes became mis-expressed133. Other examples of active TF regulation include the Nkx61 knockout where β-cell identity is destabilized through the loss of genes important for β-cell
function134, as well as MafA knockout which resulted in compromised glucose-stimulated insulin
secretion135. In a seminal paper by Talchai et al. (2012), β-cell conditional deletion of FoxO1 in
two mouse models of β-cell stress led to the loss of identity, termed “dedifferentiation”. Despite
the loss of insulin, lineage tracing revealed that these cells mis-expressed genes found during
earlier developmental timeframes, and were able to shift their gene expression profile to that of
other endocrine cell types136. In vivo, analysis of the db/db and Glut4-Cre driven insulin receptor
knockout models of diabetes also supported the concept identity loss, demonstrating increases in
CHGA-positive, insulin-negative cells136. Finally, the db/db mouse model was also characterized
to have reductions in Neurod1 and Nkx6-1, and genes important for β-cell function such as Glut2
and the potassium channel subunit Kir6-2137.
Changes to extracellular conditions have also been demonstrated to alter β-cell identity, lending
support to the idea of β-cell plasticity. Long-term culture of the betaTC-6 cell-line in 11.1mM
glucose led to decreased insulin gene expression and content compared to 0.8 mM glucose
culture138. MIN6 cells labelled with a dual-reporter for PDX1 and INS1 also demonstrated
decreased insulin secretion and expression of genes associated with a mature β-cell state upon
addition of activin A139. Additionally, there appear to be more dedifferentiated β-cells in sections
in samples from patients with type 2 diabetes, correlating the glucolipotoxic milieu with changes
in β-cell identity140. Together, these studies support the role of TFs in reinforcing β-cell function,
while sufficient levels of stress on β-cells is able to destabilize the β-cell state leading to loss of
differentiation, as observed in some models of diabetes.
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Active maintenance may confer continuity and stability for β-cell identity, through the action of
TF auto-regulatory networks. During development, expression of Nkx6-1 antagonizes Arx and
reinforces β-cell formation. Pdx1 increases Nkx6-1 expression during development55, while
Nkx6-1 prevents Arx repression of Pdx197, permitting continued Pdx1 expression. Continuity of
these interactions provides a stable link from developing endocrine cells to mature β-cells.
Further, in β-cell lines, Pdx1 expression also controls Neurod1 and MafA expression, that can
positively feedback on Pdx1133,141. Under stress conditions, this may be stabilizing as Pdx1
expression is maintained during the unfolded protein response142. β-cell dedifferentiation may
also be a natural response to stress; Alleviation of glucolipotoxicity or ER-stress can restore βcell identity143,144.
Importantly, the β-cell population is heterogeneous in both functional output and gene
expression. Studies have demonstrated varying levels of insulin expression with transitions from
low to high levels of insulin over time130,145. These differential cellular states have been
postulated to vary with environmental conditions or perhaps due to differences in individual βcell age. In addition, the marker Fltp has been identified to be enriched in mature β-cells. Cells
with low expression of Fltp may represent immature β-cells that have higher proliferation rates
within the same islet, providing additional support for β-cell heterogeneity146. Intriguingly, a
recent publication has characterized the presence of “hub” β-cells within an islet. These cells
have a pacemaker like function for glucose stimulated insulin secretion. Experimental disruption
of single hub-cells decreased total islet insulin secretion, suggesting functional roles for
heterogeneity within islets147.
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1.12 β-cell Differentiation Strategies
The understanding of early patterning has been exploited for the directed differentiation of
pluripotent cells to functional β-cells, ultimately for transplantation and treatment of
diabetes47,148–151. Environmental manipulation coaxes human embryonic stem cells into an
endocrine lineage by mimicking the sequential exposure to signaling molecules a stem cell
receives. For example, the addition of activin to culture mimics initial Nodal signaling, and
achieved >80% definitive endoderm specification, as characterized by gene expression149.
Improved protocols now demonstrate the correct sequence of cellular markers with induction of
Neurog3, and finally insulin, MafA, and Nkx6-1 expression. In vitro however, the final cell
population still does not represent adult β-cells in terms of functional output. Similar to newborn
β-cells, derived cells show evidence of high basal insulin secretion, and low levels of glucose
stimulated insulin secretion46. However, once transplanted into an in-vivo environment, these
cells acquire increased terminal β-cell gene expression as well as functional competency. This
suggests that yet unknown processes continue to shape β-cell differentiation47,150. These may
include exposure to oscillatory glucose concentrations as discussed, circulating factors, or
perhaps changes in architecture151.
Another approach utilizes combinations of TFs found in β-cell development, delivered via
adenovirus to directly reprogram cells into pancreatic β-cells45. In that study, combined MafA,
Neurog3, and Pdx1 delivery was able to induce the expression of several markers of mature βcells, with expression of INS and GLUT2. Functionally, following streptozotocin (STZ) ablation
of β-cells, adenoviral transduction of TFs led to a small increase in plasma insulin levels.
Follow-up studies by the Zhou group showed long-term survival of reprogrammed β-cell
clusters. These cells display improved GSIS over several months and increased β-cell terminal
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gene expression152. Other studies have also shown partial reprogramming from a wide array of
other tissues using the transduction of several TFs153. One caveat of this approach is the correct
viral dose, with hypoglycemic events observed up to 60 days post treatment. An alternative
strategy that may overcome this include modifying the factors to enable reprogramming into
alpha and delta-cells to increase blood glucose and inhibit insulin release, respectively154.
1.13 Maintenance of Adult β-cell Mass
Following differentiation, β-cell numbers in the adult pancreas are determined through a
dynamic equilibrium between proliferation and cellular apoptosis. The initial population is
determined by endocrine cell differentiation during development. Reduced differentiation may
lead to diabetes and failure to thrive as observed in TF knockouts86,94. In the Goto-Kakizaki
model of type 2 diabetes, β-cell mass is approximately 30% that of age-matched controls, and is
believed to be a primary contributor towards later diabetes development155. Neurog3 reporter
experiments have elucidated that endocrine commitment terminates following birth83, while
lineage tracing experiments in adults have determined that β-cells arise from pre-established βcells156,157. In rodents, β-cells appear to have a high proliferation rate in first few weeks
following birth that exponentially decays to less than 1% per day by 3 months of age158. Utilizing
both adult pancreatic sections and pulsed atmospheric radiation decay from atomic bomb testing,
human β-cell proliferation was estimated to occur only within the first 30 years of life159.
However, it is unclear whether proliferation ceases in late-stages of life. Conversely, apoptosis
has also been mathematically modelled and experimentally demonstrated to be high in the weeks
following birth. This was attributed to islet architecture remodelling, and stabilized to a generally
constant rate over time160. Given these variables and the estimated number of pancreatic β-cells
present through adulthood, Finegood et al. estimated individual β-cell lifespan to be between 3021

90 days in rodents160. This has also been challenged as data from Kushner and colleagues using
long-term BrDU labeling, have estimated that replication rates in mice approaches zero after
approximately a year, suggesting a long lifespan for β-cells as rodents can live for up to 3 years
of age161.
The concept of β-cell differentiation has also been explored in the adult pancreas. Initial
characterizations noted the close proximity of islets to ductal systems within the pancreas and of
sporadic β-cells within or closely associated with duct, suggesting that a potential adult
multipotent cell population could exist within the pancreas that contributed to the replenishment
of β-cell mass162. This is difficult to consolidate with recent lineage tracing experiments that
have labeled either the ductal or exocrine cellular populations, demonstrating no significant
labeling of endocrine cells following birth74,163. In instances of pancreatic injury utilizing the
pancreatic ductal ligation model, increases in Neurog3 expression have been observed, and
related to increased β-cell proliferation164. However, it remains unclear whether Neurog3
expression is activated in a non-β-cell population or whether increases in Neurog3 expression are
due to de-repression via stress to pre-existing β-cells. Therefore, the current literature strongly
suggests that under normal conditions, at least, β-cell mass in the adult is governed primarily
through the interplay between β-cell proliferation and apoptosis.
1.14 Modulators of β-cell Replication
Although β-cell replication rate has an intrinsic cell-cycle component, discussed below,
proliferation can be increased by external stimuli165. Mice treated with pancreatectomy, STZ, and
diphtheria toxin have demonstrated a recovery of β-cell mass following initial ablation166–168.
Elevations in fatty acids and glucose, frequently observed in type 2 diabetes are also able to
change β-cell replication rates depending on context. For example, high-fat diet fed mice are able
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to increase their proliferation rates by one week, and β-cell mass by three-weeks of feeding169.
Acute 4 day ex vivo incubation of islets with palmitate or oleate fatty acids was also able to
increase the number of labeled proliferating cells170. However, elevating free fatty acids by
continuous lipid infusion reduced cell proliferation by induction of cell cycle inhibitors171. Thus
it appears that fatty acids may increase proliferation acutely, while chronic levels demonstrate
lipotoxicity; characterized by decreased insulin secretion and β-cell proliferation33. Using β-cell
specific ablation combined with islet transplant, glucose has also been related to increased β-cell
proliferation via Gck activation172. This is supported in part by Gck inhibition and
haploinsufficiency studies demonstrating a reduction in β-cell replication173,174

Finally, as

another example of a β-cell proliferative response to stress in vivo, increased insulin resistance
during pregnancy increases maternal β-cell mass.

Gene knockout studies point towards a

requirement for prolactin, placental lactogen, and serotonin signaling175,176. Prolactin signaling in
INS-1 cells in vitro leads to nuclear translocation of STAT5177,178, while STAT signaling itself
has been connected to downregulation of menin and cell cycle inhibitor expression in β-cells,
decreasing proliferation179–181.
1.15 β-cell Cycle Gene Regulation
Commitment to the endocrine lineage is marked by the upregulation of Cdkn1a (p21) and cell
cycle exit182. Postnatal β-cell replication requires re-entry into the cell cycle, and this may be
mediated by degradation of cell cycle inhibitors and expression of cell-cycle kinases and their
cognate cyclins158,183,184. Regulation of the G1-S transition appears to be critical and loss of
function studies of CDK4 and their cognate Cyclin Ds demonstrate a severe reduction in β-cell
mass185–187. Cell-cycle inhibitors of the INK and CIP/KIP/WAP families are also expressed in βcells184. p57 expression has also been suggested to restrain progenitor cell proliferation,
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downregulated after endocrine specification, when its family members p21 and p27 increase71.
Age related loss of proliferative capacity has also been linked to the loss of EZH2 repression of
cell-cycle inhibitors p16 and p19188. As discussed above, changes to cell cycle gene expression
appears to be terminal to intracellular pathways controlling proliferation, and thus represent a
potential therapeutic target. To that end, experiments utilizing adenoviral overexpression of cell
cycle genes in islets have demonstrated increases in β-cell replication44,189. Taken together, the
sum of cell cycle gene expression is permissive for β-cell replication postnatally. However, cell
cycle regulation can be changed in the face of external stress or signaling, although many of the
direct relationships remain to be explored.
1.16 SOX Factors in Pancreas Development
Sry-related HMG-box (SOX) TFs are present throughout the lineage commitment choices during
pancreas development190. Some SOX proteins are required for both initial cell specification, and
proliferation of those cells afterwards191–193. Thus, they are of interest for study during a similar
sequence of events for β-cells. Sex-determining region Y (SRY) is the archetypical member of
the SOX TFs, first to be identified, and is required for testis differentiation194. Twenty different
SOX family members have been discovered, based upon their sequence consensus at the highmobility-group (HMG) DNA binding domain, with approximately 66% consensus at this domain
across all SOX proteins195. The DNA binding domain for all SOX proteins have a common
motif: AACAAAG (TTGTTTC), determined based on experimental evidence196,197, although this
sequence can be expanded upon or altered based on cofactor binding198.
Perhaps the best studied functions of SOX factors are during development processes. Loss of
function studies of SOX genes demonstrate a requirement for the development of tissues derived
from all germ layers, including the nervous system, skin, bone, muscle, endoderm, liver, and
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pancreas199–201. SOX proteins are also clustered into groups A-H depending on the intra-family
similarity within the HMG-domain sequence. Members of the same SOX group have also been
found to be similarly expression within specific tissues, and have been identified to have
functional redundancy202,203. Importantly, SOX factors operate with partner factors and thus their
target genes vary significantly depending on the specific SOX and cofactor proteins expressed
within a cell. As an example of SOX factor exchange during development, SOX2 and OCT4
have a critical partnership in pluripotent stem cells204. However, OCT4 binding to SOX17
modifies the DNA motif recognition of the new complex to activate endoderm targets, mediating
lineage specification205. In another example, SOX2 is expressed and required for neural
progenitor cells, but a switch to SOX C group members drives neuronal differentiation and
maturation192,206,207.
In the context of pancreas development, initial studies demonstrated the presence of multiple
SOX family members present by E11.5 based on in-situ hybridization208. SOX9 is the bestcharacterized factor, found as early as E9.0 in the pancreatic bud with knockout studies
demonstrating a role for SOX9 in the development of the progenitor cell population. In addition,
SOX9 binds and activates the Neurog3 promoter, which is critical for entry to the endocrine
lineage for mice and humans58,209. SOX9 expression becomes restricted to epithelial trunk cells
by E15.5 and finally the pancreatic duct lineage in the adult58,59. Interestingly, lineage tracing
with pulsed tamoxifen demonstrated decreasing endocrine cell specification as embryonic
development progresses78. As the expression pattern of SOX factors change during lineage
specification, one question of interest was whether any of the other SOX genes expressed in
pancreatic trunk cells could contribute to endocrine specification and maturation.

25

This was explored in the context of the SoxC family gene Sox4. Sox4 was of particular interest as
it is required for neural differentiation, cells that share many similar features with β-cells.
Moreover, GWAS studies in humans demonstrated an increased risk for diabetes in individuals
with single-nucleotide polymorphisms in what is now considered to be a Sox4 regulatory
enhancer24,210. In mice, germline deletion of Sox4 resulted in embryonic lethality by E14.5 due to
cardiac deformities199. However, an early study utilized pancreatic explants in-vitro to overcome
this, and observed a decrease in the number of endocrine cells after 8 days211. Additionally, a
study involving an ENU mutagenesis forward screen for impaired glucose tolerance identified a
mutation in the Sox4 HMG DNA binding domain212. Sox4 heterozygotes for this mutant allele
had normal β-cell numbers, but exhibited impaired insulin secretion, suggesting that SOX4 may
also be important for β-cell function. Paradoxically, mice were heterozygous for the mutant
allele, but overall Sox4 expression was increased. Remaining questions include whether SOX4
has any roles during β-cell development, which may be addressed by a conditional homozygous
Sox4 knockout. Additional studies regarding Sox4 in pancreatic development demonstrated that
sox4b, the zebrafish ortholog, was required for α-cell differentiation but not β-cell
differentiation213. However, several TFs critical for mammalian β-cell development have a
different regulatory profile in zebrafish, suggesting that SOX4 may also have variable roles in βcell differentiation between species214,215. Taken together, it appears that SOX4 may be important
for β-cell differentiation, but whether it is significant in vivo, when it acts upon endocrine cell
differentiation, and whether it is involved in adult β-cell function remains a black box.
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1.17 Mediator and Transcriptional Regulation
TFs have been well characterized during pancreatic development, transforming environmental
and intracellular information to gene expression changes. Ultimately, assembly of the RNA
Polymerase II (Pol II) holoenzyme complex on gene promoters initiates transcription216. Basal
transcription requires general TFs such as TF-IIA, -IIB, -IID, -IIE, -IIF and -IIH to bind the
promoter and recruit Pol II217. In contrast, regulated transcription requires controlled Pol II
recruitment to specific genomic loci, controlled by DNA sequence specific TFs. TFs do not bind
Pol II directly, and instead bind intermediaries such as the Mediator complex (Mediator) to
recruit Pol II recruitment to specific regions, followed by pre-initation complex formation.
Moreover, TF-Mediator interactions may increase or decrease Pol II stability during initiation or
elongation to regulate gene transcription218–220.
Mediator has a large and flexible structure that is comprised of 30 unique subunits in
mammals221. Crystal structures and cryo-electron microscopy have helped to define four distinct
domains of Mediator: the head, middle, tail, and CDK8 module222. The head module is required
for Pol II binding and together with the middle domain make up the 15 “core” mediator subunits
required for activity, based on yeast experiments222,223. Importantly, Mediator has variability with
its composition; Mediator is able to carry out different functions depending on its constituents.
As one example, the CDK8 module is thought to negatively regulate Mediator interactions, and
CDK8 disengagement alters functionality221. Additionally, the tail region subunits have limited
contact with Pol II but are well situated for protein-protein interactions, with experimental
evidence demonstrating importance for TF docking to the Mediator224.
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Figure 5: Illustration of Mediator
complex interactions and Mediator
complex modules.
(A) Illustration of Mediator complex
interaction with transcription factors at
enhancers distal to the promoter,
permitting engagement with the RNA
Polymerase holoenzyme. (B) The
Mediator complex is comprised of
four defined modules, each comprised
of multiple Mediator subunits.
MED15 is situated in the tail module
of Mediator.

The major role for Mediator is to integrate regulation from TFs bound to distal enhancers to Pol
II by protein binding225. Specific Mediator subunits have evolutionarily conserved domains that
facilitate their binding to other proteins. Early work demonstrated binding of the MED1 subunit
to ligand bound thyroid hormone receptor through an LXXLL motif, followed by the
identification of other nuclear hormone receptors that require this interaction226,227. Loss of
MED1 subunit from Mediator also demonstrated specific nuclear hormone pathway defects,
despite the presence of intact Mediator complex with the majority of subunits present228. Further,
MED1 co-regulates TFs PPARγ and GATA1 to determine adipose and hematopoietic lineages,
respectively. This highlights a role for specific subunits interactions with master regulators of
development. Another example is the tail subunit MED15, interacting with regulators of fatty
acid metabolism. MED15 binds to SREBP1α through a kinase-inducible domain interacting
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(KIX) domain229,230. In C. elegans, the ortholog MDT-15 interacts with SBP-1, the worm
ortholog of SREBP, as well as NHR-49 (HNF4α). MDT-15 knockdown resulted in specific fattyacid synthesis defects that may be rescued by exogenous delivery231. The MED15 variant in
yeast and plants also appears to play a role in fatty acid metabolism230,232, suggesting that
specific Mediator subunit-pathway interactions may have ancient evolutionary origins. Although
several subunits now have known roles, many Mediator subunits have no known biological role
in vivo.
There has been no characterization of Mediator function in pancreatic development. This is
perhaps surprising as many TFs have been mapped during pancreatic development, but few have
been associated with Mediator despite its key integrative role for Pol II activation. However, a
few observations suggest that the subunit MED15 may be of interest during β-cell development.
Activin and retinoic acid signaling during early pancreas development are instructive for bud
formation. In hESC differentiation, these pathways are also targeted by the addition of soluble
factors in order to generate β-like cells. Both TGF and nuclear receptor signaling are also
regulated by MED15 and mediator tail subunits225,233. Experiments in Xenopus have
demonstrated co-immunoprecipitation of MED15 with intracellular Smad complexes important
for TGF-β/Activin/Nodal signaling, as well as recruitment of MED15 to activin targets233.
Furthermore, glucolipotoxicity may stimulate formation of reactive oxygen species (ROS) in βcells. As β-cells express limited antioxidant enzymes, they are vulnerable to excess ROS. In this
setting, MED15 may be important for both lipid metabolism and response oxidative stress.
Experiments in worms have identified the MED15 ortholog to have roles in oxidative stress
response as well as fatty acid metabolism231,234. These lines of evidence suggest that the MED15
subunit may have uncharacterized roles in β-cell development and function.
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1.18 Thesis Objectives
Rapid advances have been made towards the goal of generating functional β-cells46,47,149,151, and
a framework of understanding β-cell gene regulation has been instrumental. While several
markers of different stages of β-cell development exist, questions remain regarding: how TF
network transitions are coupled during development; what changes must be established during
successive lineage decisions; and how terminal differentiation is maintained in β-cell
populations. The objective of this thesis is to provide a more comprehensive understanding of
transcriptional regulation during β-cell development and adult maintenance with a specific
interest in transitions between developmental stages and the target genes that are important for
each stage.
Studies of SOX proteins have underscored their impact in regulating sequential lineage decision.
In the pancreas, SOX9 is critical for progenitor cell development. SOX4 is also expressed in the
epithelium and germline null pancreas explants revealed an absence of β-cells. Thus it appears
that it is indispensable for β-cell development, but it is unknown when SOX4 acts in vivo and in
which cells. There is evidence of a SOX4/SOX9 duality in liver duct development235. However,
whether it operates in tandem with SOX9 in progenitors or in sequence, replacing SOX9 to
initiate endocrine specification is unknown. The overall hypothesis was that expression of SOX4
is necessary for pancreatic β-cell differentiation in vivo. The specific aims were:
1. To determine when and which cells express SOX4 during pancreas development
2. To determine its role during development, when it is required, and what genes it regulates
3. To identify factors that cooperate with SOX4 in the regulation lineage specification

30

Additionally, SOX4 is expressed in pancreatic islets. Given my interest in cell transitions and
how SOX proteins may assume multiple roles depending on co-factor context, I hypothesized
that SOX4 expression is required for positively maintaining functional β-cell mass. Here, I
explored:
1. Whether SOX4 is necessary for terminally differentiated β-cell function
2. Which genes are regulated by SOX4 in adult β-cells
To further explore elements of gene regulation, we also investigated the potential role of
Mediator subunit MED15 during pancreatic development. Based on previous data that MED15 is
required for pathways important for early pancreas formation, I hypothesized that MED15
expression is permissive for pancreas formation and differentiation. As a new candidate gene in
pancreas development, the aims were to:
1. Characterize the expression profile of MED15 throughout pancreas development
2. Identify if MED15 is required for pancreas formation through loss-of-function studies
3. Determine the TFs that MED15 binds and the targets that are regulated by MED15.
To address these hypotheses, Chapter 3 utilized multiple conditional knockout models of Sox4 to
identify the populations that requires Sox4 during pancreatic development. This was combined
with in vitro experiments to identify SOX4 co-factors and targets of SOX4. In Chapter 4, an
inducible Sox4 knockout model was employed to examine the role SOX4 in maintaining
functional β-cell mass. Finally in Chapter 5, the first characterization of MED15 was performed
during pancreatic development and in maturing β-cells. A combination of immunofluorescence
analysis, transcriptome sequencing, and functional assays were used to identify a role for
MED15 in β-cells. Together, these data may provide a better roadmap of TFs and co-regulators
during pancreatic lineage specification and regulation of β-cell state.
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2 Materials and Methods
2.1 Chemicals
Chemicals were purchased from Sigma Aldrich (Oakville, ON, Canada) or Thermo Fisher
Scientific (Waltham, MA, USA). Oligonucleotides were purchased from IDT (Table 3;
Coralville, IA, USA). Tissue culture reagents were from Hyclone (Logan, UT, USA) and
cultureware from BD-Falcon or Corning (Fisher Scientific; Corning, NY, USA). Secondary
antibodies were from Jackson Immunoresearch (Cedarlane Labs; Burlington, ON Canada).
Primary antibodies were purchased from various vendors (Table 4).
2.2 Animals
Mice were housed on a 12-hr light-dark cycle in a controlled climate according to protocols
approved by the UBC Animal Care Committee in accordance with guidelines established by the
Canadian Council on Animal Care.
2.3 Diet
Mice were fed ad libitum with standard chow diet 5010 (Lab Diet) unless specified. High-fat
diet: Research Diets #D12331; 58% kcal from fat.
2.4 Mouse Strains
Table 2: Mouse strains
Strain

Source

Pdx1-Cre

MMRRC (Davis, CA, USA)236

Neurog3-Cre+ BAC

Jackson Laboratory237 (Bar Harbor, ME)

Pdx1-CreER

MMRRC236

Ins1-Cre

Jorge Ferrer Laboratory238

mTmGflox(Gt(ROSA)ACTB-tdTomato-EGFP

Jackson Laboratory239

Sox4flox

Courtesy Dr. Veronique Lefebvre240
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Strain

Source

MED15flox

Med15tm1a(KOMP)Wtsi (KOMP Repository)

Mouse strains used were on the C57BL/6 background, except Pdx1-Cre and derivatives which
were CD1 or mixed background, respectively. PS4KO, ES4KO, βS4KO, PM15KO, EM15KO,
and IM15KO controls were Cre- littermates. EMS4KO control genotypes were Neurog3-Cre+;
mTmGflox/+; Sox4flox/wt.
2.5 Timed Matings
Single male mice were paired with female mice in a cage and vaginal plugs were assessed the
following morning. Plugged female mice were set as embryonic day E0.5 at midday of discovery
and isolated in a separate cage until time of harvest.
2.6 Tamoxifen Administration
Tamoxifen was dissolved in corn-oil at 60 mg/mL with 2-4 minutes of sonication in a Misonix
3000 sonicator with cup-horn attachment. Six-week-old control and experimental mice were
administered 8mg of tamoxifen by oral gavage every other day for three rounds of
administration.
2.7 Physiological Measurements
Glucose tolerance test: Mice were shaved the day prior to experiment and fasted for 10 hours
during the dark-cycle. On the day of experiment, mice were weighed and fasting blood glucose
levels obtained by saphenous vein collection using a OneTouch® UltraMini® glucometer. Two
g/kg of 40% w/v D-glucose in water was delivered via intraperitoneal (IP) injection and blood
glucose levels determined at 15, 30, 45, 60, and 90 minutes. Blood glucose levels greater than
detection limit were reported as the maximum possible value on the glucometer: 33.3 mM.
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Plasma collection: Blood was collected into microcapillary tubes at fasting and 10 minutes
following IP glucose bolus and immediately transferred to 1.5mL microcentrifuge tubes on ice.
Blood samples were centrifuged immediately following procedure at 5000g for 10 minutes at
4°C and plasma was collected for determination of insulin levels using ELISA (ALPCO
STELLUX®, Salem, NH, USA). Intraperitoneal insulin tolerance test: Performed following a 3hour pre-fast during the light-cycle. Mice were weighed and injected with 1U/kg insulin
delivered via intraperitoneal injection. Blood glucose measurements were sampled by saphenous
vein post-insulin injection as above.
2.8 Embryonic Pancreas Dissection
Pregnant dams were euthanized by isofluorane anesthesia followed by cervical dislocation. The
uterus was removed and placed in PBS on ice. Individual embryos were removed with forceps
and scissors from the uterus, umbilical cords detached, and embryos ≥E15.5 were decapitated
following established guidelines. Tail samples were retained for genotyping. Histology:
pancreas, stomach, spleen, and a portion of the duodenum were isolated together from individual
embryos with the aid an Olympus SZX7 (Richmond Hill, ON, Canada) dissecting microscope
with curved and straight forceps and placed into cold 4% paraformaldehyde in PBS for 6 hours
for samples ≤E15.5, and overnight for samples >E15.5. RNA isolation: pancreas only was
dissected and placed into 200 µL of TRIzol reagent and homogenized through a 263/8 gauge
needle. Final volume was then adjusted to 1mL of TRIzol reagent and frozen at -80°C.
2.9 Adult Pancreas Collection
Mice were anesthetized with isofluorane followed by cervical dislocation. A horizontal incision
was performed below the diaphragm followed by cuts across the diaphragm and laterally towards
the axilla to enable access to chest cavity. The right atria was cut with surgical scissors followed
34

by injection of 5 mL of PBS and then 5 mL of 4% PFA in PBS into the left ventricle at a slow
rate. Blanching of the liver and pancreas was used as a marker of successful perfusion, and the
pancreas was dissected and placed in 4% PFA in PBS and fixed at 4°C overnight.
2.10 Cell Culture
Cells were cultured in 25 mM glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS (Hyclone), 1% penicillin (100 U/mL; Hyclone), streptomycin (100
ug/mL; Hyclone), and 2 mM L-glutamine (Hyclone). Cells were split 1:5 twice weekly. Viable
cell numbers were determined by 1:1 trypan blue staining and counting via haemocytometer.
2.11 Fluorescence Activated Cell Sorting
Mouse E17.5 embryos were harvested and immediately dissected on ice to obtain pancreases that
were placed in 2 mL of 0.25% Trypsin for 20 minutes with periodic agitation to homogenize the
tissue. 1 mL of cold FBS and 2 mL of cold PBS were added and mixed to stop digestion. The
solution was filtered through a 40 μm nylon filter and centrifuged at 200 g for 5 minutes at 4C.
Supernatant was aspirated and the cell pellet was resuspended in 2mL of cold PBS by pipette to
wash the cells. Cells were centrifuged again at 200 g for 5 minutes at 4C and supernatant
aspirated. Cells were resuspended in 350 μL of 2% FBS in PBS and placed on ice for sorting by
BD FACS Aria II.
2.12 Islet Isolation
Collagenase type XI (6 mL) in Hank’s buffered saline solution (HBSS) at 900 units/mL, 80 mL
of ice-cold HBSS with 1 mM CaCl2, and 20 mL of RPMI 1640 supplemented with 10% FBS,
100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine was prepared per mouse.
Mice were anesthetized by isofluorane, cervically dislocated, and skinned to prevent hair
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contamination. A lateral incision was made into the abdominal cavity and the cecum was
displaced to the right of the body. The hepatopancreatic duct was clamped via hemostat proximal
to the duodenum. A 27-30 gauge needle tip cannulated the common bile duct to deliver 3 mL of
collagenase in HBSS. Successful injection resulted in the total inflation of the head, tail and
gastric lobe of the pancreas. The pancreas was removed by surgical scissors and placed into a 50
mL conical tube with 3 mL of collagenase in HBSS on ice until ready to proceed. Collected
pancreases were enzymatically digested by placing the conical tubes in a 37°C water bath for 14
minutes, following by mechanical shaking for 2-5 minutes until a homogenous suspension was
achieved. Pancreas suspensions were washed twice with 30 mL of ice-cold HBSS with CaCl2
with supernatant decanted and discarded. The pellet was resuspended in 20 mL of ice-cold HBSS
with CaCl2 and passed through a 70 μm nylon filter to retain islets and allow exocrine tissue to
flow-through to discard. Finally, the filter was inverted and washed with 20 mL of prepared
RPMI 1640 supplemented with penicillin/streptomycin/glutamine to recover islets onto a tissueculture plate, followed by hand-picking under a dissecting microscope (Olympus SZX16) with
oblique illumination to obtain islets.
2.13 Human Islet Culture
Islets were obtained from the clinical islet core at the University of Alberta or from Dr. Patrick
MacDonald at the University of Alberta. Islets were placed in CMRL 1066 media supplemented
with 10% FBS, 1% penicillin (100 U/mL), streptomycin (100 ug/mL), and 2 mM L-glutamine.
Islets were handpicked under a dissecting microscope with oblique illumination.
2.14 804G ECM Matrix Preparation
804G cells were cultured in 5.5 mM glucose DMEM supplemented with 10% FBS, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. 804G ECM matrix was prepared
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following 48 hour culture in serum-free 5.5 mM glucose DMEM by collecting the media and
centrifuging for 5 minutes at 300g. Supernatant was then 0.2 μm filtered and stored at -20°C.
2.15 Glucose Stimulated Insulin Secretion Assay
One day prior to experiments, 804G matrix was deposited onto 12-well flat-bottom tissue culture
plates. One the day of experiment, 804G matrix coated wells were washed 3 times with sterile
water, and allowed to briefly air-dry. 1 mL of RPMI 1640 with 10% FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, and 2 mM L-glutamine was aliquoted into each well. Islets were
isolated and 50 size-matched islets were deposited per well and allowed to recover overnight. On
the following day, islets were washed in PBS and pre-incubated in 500 μL of Krebs-ringer
bicarbonate HEPES (KRBH; 114 mM NaCl, 20 mM HEPES, 4.7 mM KCl, 2.5 mM CaCl2, 1.2
mM KH2PO4, 1.2 mM MgSO4, 0.2% BSA, pH 7.4), supplemented with 2.8 mM D-glucose for 1
hour. After preincubation, the media was exchanged with 500 μL KRBH with 2.8 mM D-glucose
and incubated again for 1 hour for basal secreted insulin levels, and replaced with KRBH
supplemented with 16 mM D-glucose or 40 mM KCl for 1 hour for stimulated insulin levels.
Both basal and stimulated insulin media were collected after their respective incubations in a
microcentrifuge tube and centrifuged for 5 minutes at 300 g, and supernatant transferred to a
clean microcentrifuge tube and stored at -20°C. Finally, 10 islets per well were removed to
assess total insulin, removed, and transferred to 500 μL of acid ethanol (1M HCl in 70% ethanol
in H2O) and stored at -20°C. Remaining islets were washed with PBS and cell lysate collected
for protein quantification.
2.16 Insulin ELISA
ALPCO STELLUX Chemiluminescent ELISA was utilized according to manufacturer’s
instructions. Plasma insulin samples were used directly. GSIS basal samples were used directly,
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16 mM glucose incubation media were diluted 5x, 40 mM KCl incubation media were diluted
20x, and acid ethanol total insulin samples were diluted 200x. Briefly, 5 μL per well of samples
and standards were loaded in two technical replicates, with standards for each separate plate
used. Samples were incubated for 2 hours on an orbital shaker at 850RPM with insulin-antibody
conjugate, washed 6 times, and incubated with substrate for 1 minute. ELISA plates were read on
a POLARstar Omega microplate reader (BMG Labtech, Guelph, ON, Canada) with 1 second
integration time per well.
2.17 Seahorse Metabolism Assay
Day 1: Seahorse XFe96 spheroid microplates were coated with CellTak according to
manufacturer’s instructions, with 30 μL of CellTak working solution (CellTak in 0.1 M
NaHCO3, pH 8.0) per well dispensed by multichannel pipette. Plates were spun down at 200g for
5 minutes and incubated at 37°C for 1 hour in a non-CO2 incubator. CellTak working solution
aspirated and plates were washed 2x with 200 μL of sterile 37°C water with a multichannel
pipette and air-dried. 160 μL of warm RPMI 1640 supplemented with 10% FBS, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine was added via multichannel pipette
to wells. 10 size-matched islets in 15 μL of RPMI 1640 supplemented with 10% FBS, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine was gently deposited into the centre
of the spheroid wells with a canted P20 pipette tip. Islets attached overnight, with 6 technical
replicates per animal, and 4 wells left as blanks with 175 μL prepared RPMI. The Seahorse
sensor plate was prepared by adding 200 μL of buffer calibrant to the buffer cartridge. Sensor
cartridge was placed into the buffer and mixed gently several times and placed into a 37°C nonCO2 incubator overnight. Day 2: Seahorse media was prepared fresh: Gibco D5030 with 2.8 mM
glucose, 2 mM Glutamine, pH 7.4, and filter sterilized. Islets were washed by removing 150 μL
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of media with a multichannel pipette, working in groups. Seahorse media (175 μL) was replaced,
removed again, and 150 μL of Seahorse media was added back for a final volume of 175 μL.
Islets were incubated at 37°C in a non-CO2 incubator for at least 1 hour. Drugs were prepared in
Seahorse media during this time as below:

Condition
Stock Conc.
Initial Port Conc.
Dilution
Example
Final Well Conc
Well Volume

16 mM Glucose
2M
108.4 mM
2 mL: 105.6 uL
stock in 1894.4
uL media
16 mM
200 uL

Oligomycin
FCCP
AA + Rotenone
5 mM
5 mM
10 mM
18 uM
10 uM
22 uM
5.76 uL stock in 3.2 uL stock in 3.52 uL each
1.6 mL
1.6 mL
stock in 1.6 ml
2 uM
225 uL

1 uM
250 uL

2uM
275 uL

Sensor cartridge was removed from buffer plate and drugs were loaded via port-assist plates. For
all wells without any drug conditions, Seahorse media was still included to the empty drug ports
to fill all ports. Seahorse machine was run with the following measurement cycles: 5 cycles basal
Seahorse media, 6 cycles 16 mM glucose, 4 cycles of oligomycin, 4 cycles of FCCP, 4 cycles of
AA + Rotenone. Following measurements, islet images were captured on an Olympus inverted
microscope and quantified for image area on ImagePro Analyzer (Mediacy, Rockville, MD,
USA). Readings were then normalized to islet area.
2.18 Cell Lysate Collection and Quantitation
Islets or cells were collected by addition of 95°C non-reducing sample buffer (62.5 mM Tris
Buffer pH 6.8, 1 mM sodium vanadate (activated), 1 mM sodium fluoride, 2% w/v SDS, 10%
glycerol). Samples were briefly heated to 95°C and sonicated in microcentrifuge tubes in a
Mysonix 3000 sonicator for 2 minutes (amplitude 80, 30 second pulses). Samples were
centrifuged at 10,000 g for 10 minutes and supernatant collected. A fraction of the supernatant
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was quantified by MicroBCA or BCA assay according to manufacturer’s instructions. Samples
and BSA standard curves were assessed with two technical replicates of each sample in a
microplate reader after standard incubation periods at 37°C. Samples for western blot were
supplemented with 0.1% bromophenol blue, 2% SDS, 10% glycerol, and 10% βmercaptoethanol.
2.19 Western Blot
Up to 50 μg of cell lysate western blot samples were loaded on a 12% SDS/PAGE gel and
separated in running buffer (25 mM Tris-base, 192 mM glycine, 0.1% SDS). Proteins were
transferred to a nitrocellulose or PVDF membrane in transfer buffer (25 mM Tris-base, 192 mM
glycine, 20% v/v methanol, pH 8.3) at 4°C for 2 hours at 30V. Membranes were then washed 2x
with tris-buffered saline with Tween-20 (TBST), stained with Ponceau S (0.1% w/v in 5% v/v
acetic acid) to validate protein transfer, and washed 2x with TBST again. Membranes were then
blocked with 5% w/v milk powder in TBST for 1 hour, and then probed with antibodies in milk
solution overnight at 4°C on a rocker. On the following day, membranes were washed 3x 5
minutes with TBST and incubated with appropriate HRP-conjugated secondary antibodies for 1
hour at room temperature. Membranes were washed 3x 5 minutes and incubated in the dark with
Luminata Crescendo HRP-substrate (Millipore, Etobicoke, ON, Canada). Finally, X-ray films
were exposed to membranes in a darkroom and developed for appropriate saturation. If
necessary, proteins were stripped with Restore solution for 15 minutes at room temperature,
washed 2x in TBST, blocked with milk solution, and reprobed again for another target.
Quantification was performed by band densitometry with ImageJ (NIH) and normalized to βactin or GAPDH loading control.
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2.20 Chromatin Immunoprecipitation
All buffer compositions shown below in Table 5. Cells were grown to confluency on a 15cm
tissue culture plate. Cells were fixed with addition of crosslinking buffer for 10 minutes at room
temperature with gentle rocking. Fixation was stopped with addition of glycine to a final
concentration of 125 mM and incubation for 5 minutes with gentle rocking. Cells were then
washed 3x with ice-cold PBS and collected by addition of 5 mL of ice-cold PBS with protease
inhibitors (Complete EDTA-Free; Roche) and scraping cells to a 15 mL conical tube. Cells were
pelleted by centrifugation at 2000 g for 10 minutes at 4°C. Liquids were decanted and pellets
were snap frozen in liquid nitrogen and stored at -80°C until desired. Cells were lysed in 20 cell
pellet volumes in L1 buffer for 10 minutes at 4°C then pelleted by centrifugation at 3000 g for 10
minutes at 4°C. Pellets were washed with 20 cell pellet volumes of L2 buffer for 10 minutes at
room temperature and repelleted as above. Nuclei were resuspended in 5 cell pellet volumes of
L3 buffer in non-stick 2mL flat bottom tubes and sonicated in a Misonix Cup Horn sonicator
(80% amplitude for 24 cycles, 30 second cycles on ice) to obtain chromatin fragments 200-1000
bp in size. Insoluble material was removed by centrifugation at 20,000 g for 10 minutes at 4°C.
Nuclear lysate was adjusted to 1 mL by adding L3 buffer supplemented with 0.3 M NaCl, 1%
Triton X-100, 0.1% deoxycholate. The lysate was pre-cleared with 40 μL of protein A/G
Dynabeads (pre-rinsed in L3+ buffer) for 1 hour with rotation. Afterwards, 5% of the ChIP
sample was retained at -20°C as input samples. The remainder of the lysate was split and
incubated with 4 μg of antibody or IgG control overnight at 4°C with rotation. Then, 40 μL of
pre-rinsed protein A/G Dynabeads was added to the IP samples and incubated overnight at 4°C
with rotation. Finally, bound beads were washed twice with low salt buffer, high salt buffer, LiCl
buffer, and TE. All washes were performed for 5 minutes at 4°C. Immunoprecipitated materials

41

were eluted from the beads by addition of 200 μL of elution buffer and incubation at 65°C with
continuous vortexing for 1 hour. 150 μL of elution buffer was added to the input samples and
processed simultaneously. Crosslinking was reversed by overnight incubation at 65°C with
interval mixing for 10 seconds every 20 minutes. DNA was phenol-chloroform purified with an
equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) pH 7.8-8.2. Sample tubes were
vortexed for 30 seconds and centrifuged at 12,000 g for 10 minutes. Aqueous fraction was
transferred to a clean microcentrifuge tube, and samples were phenol-chloroform extracted again
and pooled with initial aqueous fraction. Samples were then chloroform-back extracted with
addition of an equal volume of chloroform, vortexed for 30 seconds, and centrifuged. Top
aqueous fraction was transferred to a clean tube and ethanol precipitation was carried out with
addition of NH4OAc to 0.75 M and 1μg of glycogen. 2.5 volumes of 100% ethanol was added
and incubated at -20°C overnight. Samples were centrifuged at 4°C at 20,000 g for 20 minutes
and decanted. Samples were washed twice by 300 μL of 80% ethanol, centrifuged at 4°C at
20,000 g for 10 minutes and decanted. Residual ethanol was removed by quick centrifugation
and pipetting, samples air-dried and resuspended in 50 μL of molecular grade water.
2.21 Gene Expression Studies
RNA isolation: was performed with TRIzol according to manufacturer’s instructions. In brief,
200 uL of chloroform was added to 1 mL of TRIzol sample, vortexed for 10 seconds, and
centrifuged at 12,000 g for 10 minutes. Aqueous top fraction was removed and added to 500 uL
of isopropanol with 1 uL of glycogen (20 mg/mL) to aid in pelleting, vortexed for 10 seconds,
and centrifuged at 12,000 g for 5 minutes. Supernatant was decanted and washed with 1.4 mL of
70% ethanol twice. Following final decanting of ethanol, samples were briefly pulse centrifuged
wand residual ethanol removed by pipette and allowed to air-dry. Samples were then
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resuspended in DEPC treated molecular grade water. Samples were then DNAse treated
(TURBO DNA-free; Life Technologies) according to manufacturer’s protocols. Following
DNase clean-up, RNA concentration was determined via Nanodrop Spectrophotometer. cDNA
synthesis: 0.5-2 μg of RNA was combined with oligodT (10 μM) and random hexamer primers
(200 mM) and briefly denatured and placed on ice. Superscript II reverse transcriptase (Life
Technologies) was used according to manufacturer’s instructions to synthesize cDNA. Control
reverse transcriptase reactions were identical except with the omission of Superscript II.
Reaction was performed in an Eppendorf thermocycler with the following conditions: 15°C for
10 minutes, 25°C for 10 minutes, 37°C for 15 minutes, 42°C for 45 minutes, 50°C for 10
minutes, 55°C for five minutes, and 95°C for 3 seconds. Quantitative polymerase chain reaction:
(qPCR): 40 ng of cDNA was used as template for qPCR using the PrimeTime primer/probesets
(IDT) in a ViiA7 (Life Technologies) real-time PCR machine. Samples were run in three
technical replicates on a 384-well plate on “fast” run settings. Primer sequences are indicated in
Table 3. Expression was determined using the ∆∆CT method with glucouronidase B (Gusb) as a
reference gene unless otherwise indicated. Taqman low-density array: Experimental was
performed according to manufacturer’s instructions. Gene assay IDs available in Appendix B.
Briefly, 200 μg of cDNA from control or experimental islets were combined with 2x Taqman®
Universal Master Mix II, no UNG for a total of 100 μL and loaded into the desired port.
Cartridges were centrifuged, sealed, and prepared as directed. Taqman® arrays were loaded into
a ViiA7 real-time PCR machine with the array card adapter and run on “standard” settings.
Primer information is indicated in Table 6. Expression was determined using the ∆∆CT method
with β-actin as the reference gene.
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2.22 RNA-Sequencing
Following total RNA extraction and DNase treatment, samples were rRNA depleted according to
manufacturer’s instructions utilizing the RiboGone™ Mammalian-Low Input Ribosomal RNA
Removal Kit (Takara Bio USA Inc., Mountain View, CA, USA), Agencourt AMPure XP SPRI
beads (Beckman Coulter), and DynaMag-96 side magnet (Thermo Fisher Scientific). rRNA
depleted total RNA were assessed for rRNA depletion, RNA integrity, size distribution, and
concentration prior to library generation with the Agilent RNA Pico 6000 kit on the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). rRNA depleted RNA passing
quality control were used in the SMARTer Stranded RNA-Seq Kit (Takara Bio USA) according
to manufacturer’s instructions. Following RNA incubation with stranded N6 primer, buffer, and
water, samples were incubated at 94°C for 4 minutes, appropriate for samples with RIN values
between 4-7. Following purification of first-strand cDNA, libraries were PCR amplified in
accordance with their input RNA amount, and purified. Final adapter-ligated cDNA were
quantitated by Qubit® 3.0 dsDNA high-sensitivity assay kit (Thermo Fisher Scientific) together
with qPCR amplification using standard curves of a known concentration of adapter-ligated
libraries. Sequencing was performed on the NextSeq 500 with the High Output Reagent
Cartridge v2 150 cycles (75bp x 2) (Illumina, San Diego, CA, USA).
2.23 Bioinformatics Analysis
Linux Ubuntu operating system version 14.04 LTS was used for analyses. Fastq files from each
sample were concatenated. ENSEMBL Mus musculus genome GRCm38p.4 fastq and gtf
annotation file were used for alignments. STAR v2.4.0.1241 was utilized to index the genome
fastq files, align sample transcriptomes against the genome, and output as sorted by coordinate
BAM files. Counts were generated from BAM files with HTSeq242 against annotated genes from
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GRCm38p.4. Finally, differential gene analysis was performed between control and
experimental samples using DESeq2243, with an FPKM criteria of ≥5 in two or more samples,
applying a Wald test on P values from genes passing filtering, and adjusted for multiple testing
via Benjamini and Hochberg procedure.
2.24 Tissue Processing for Histology
Following placement into 4% PFA in PBS for the appropriate time frame, samples were washed
for 3x10 minutes in PBS. Paraffin processing: Samples were placed into histology cassettes
(Fisher Scientific) with foam inserts and then placed in 50% ethanol overnight followed by 70%
ethanol overnight. Pancreases were dehydrated in a gradient for 30 minutes twice in 95%
ethanol, three times in 100% ethanol, and twice in xylene. Samples were then transferred into
Paraplast X-TRA® at 65°C in a temperature controlled oven for two 1 hour incubations followed
immediately by final paraffin embedding with the Histocentre 2 (Thermo Shandon). Tissue in
paraffin were sectioned at 5 μm with the Shandon Finesse microtome (Thermo Shandon) with
Feather R35 microtome blades, collected onto glass coverslips, and allowed to dry overnight at
room temperature. Cryo-processing: Samples were placed in 20% sucrose, transferred to 30%
sucrose, and finally to a 1:1 mixture of 30% sucrose: Tissue-Tek® O.C.T. (EMS Hatfield PA,
USA) with each step overnight or until samples were no longer floating, whichever was longer.
Samples were then placed into O.C.T. in a plastic-histology cassette and frozen on dry-ice and
stored at -80°C. Prior to cryosectioning, samples were defrosted slowly at -20°C overnight
sectioned at 10 μm thickness in a cryostat. Sections were quickly warmed to adhere to glass
cover slips then immediately stored at -20°C.
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2.25 Immunostaining
Paraffin sections were rehydrated in a gradient (2x5 minutes xylene, 3x2 minutes 100% ethanol,
2x2 minutes 95% ethanol, 2x2 minutes 70% ethanol, 2x2 minutes 50% ethanol, 1x2 minutes
H2O). Antigen retrieval was performed with slides in citrate buffer (10 mM sodium citrate,
0.05% Tween-20, pH 6.0) immersed in a water bath, heated to 95°C for 20 minutes. Sections
were allowed to cool to room temperature over 60 minutes and washed with 2x with PBS for 5
minutes. For cryosection immunofluorescence, sections were rehydrated in PBS before
continuing. Sections were blocked for 1 hour with 5% horse serum in PBS followed by
incubation overnight at 4°C with primary antibody. The following day, sections were incubated
for 1 hour at room temperature with appropriate fluorophore conjugated secondary antibodies
and 15 µM DAPI or 0.1µM TOPRO-3 Iodide (Life Technologies) to label DNA. Sections were
washed 3x 10 minutes in PBS, and aqueous mounted with Prolong Diamond with a 1.5x24x60
mm coverslip. Imaging was carried out in the CFRI Diabetes Imaging Core Facility using a
Leica SP5 II, Leica SP8 confocal imaging system, or Olympus BX61 wide-field microscope. For
immunohistochemistry, prior to antigen retrieval, slides were peroxidase quenched in 0.3% H2O2
in PBS for 15 minutes. Following primary antibody incubation, VECTASTAIN Elite ABC HRP
kit was utilized according to manufacturer’s recommendations. Slides were washed in PBS 2
times then incubated in 1:200 biotinylated anti-rabbit antibodies in PBS. After washing in PBS 2
times, slides were incubated for 30 minutes in ABC reagent then washed in PBS 2 times.
Sections were developed in Metal Enhanced DAB substrate until desired intensity,
counterstained, and permanently mounted. Imaging was carried out in the CFRI Diabetes
Imaging Core Facility with an Olympus BX61 wide-field microscope.
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2.26 TSA Staining
Performed according to manufacturer’s instructions for TSA Plus Fluorescence kit (PerkinElmer, Waltham, MA, USA). Following standard first day immunostaining protocols for paraffin
or cryosections, sections were washed 3x for 5 minutes in PBS. Sections were then incubated for
60 minutes at room temperature with HRP labeled secondary antibody diluted 1:200 in TNB
buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl, 0.5% Blocking reagent). Slides were washed 3x 5
minutes in TNT buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl, 0.05% v/v Tween-20), and
incubated in SA-HRP at 1:100 dilution in TNB buffer at room temperature for 60 minutes.
Sections were washed 3x 5 minutes in TNT buffer, and fluorophore tyramide working solution
was added onto each section. Slides were developed for 2-10 minutes as appropriate, quenched
in PBS, and washed 3x 5 minutes with TNT buffer, and aqueous mounted in Prolong Diamond.
2.27 EdU Staining
For adult studies EdU labeling was performed by daily IP injections for 1 week of 1 mg EdU.
For embryonic studies, EdU labeling was performed by IP injection of 1 mg EdU, 12-hours prior
to sacrifice. Tissues were sectioned and followed standard immunostaining procedures. After
antigen retrieval, sections were permeabilized in PBS-Triton (0.3%; 15 min/RT). Sections were
then washed in PBS and incubated in 100 mM Tris pH 8.5, 1 mM CuSO4, 30 μM Alexa 594conjugated Azide (Life Technologies), 100 mM Ascorbate for 1 hour in the dark (Salic and
Mitchison 2008). Sections were then washed with PBS and immunostained with standard
protocols.
2.28 TUNEL Staining
In situ Cell Death Detection Kit, Fluorescein (Roche) used according to manufacturer’s
recommended protocol. Fixed cryosectioned tissue were permeabilized in 0.2% Triton X-100 in
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PBS for 10 minutes and then washed in PBS twice for 5 minutes each. Sections then incubated in
TUNEL reaction mixture for 1 hour in the dark at 37°C in a pre-warmed humidified chamber.
Slides then washed 2 times in PBS for 5 minutes each and followed by immunostaining or
mounted for microscope evaluation. Positive control sections created by incubation in DNaseI
recombinant for 10 minutes (3 U/mL in 50 mM Tris-HCl pH 7.5) prior to labeling reaction.
2.29 Morphometric Analysis
Serial sections were chosen at 100 µm intervals for E18.5 embryos and 50 µm intervals for
E15.5 embryos and stained. For adult pancreas, 8 total serial sections at 500 µm intervals for
each pancreas were stained. The whole section was imaged (Olympus BX61) and tiled with
InVivo software or the cellSens Dimension software (Media Cybernetics, Rockville MD, USA;
Olympus). Cell quantification was performed using custom workflows in CellProfiler (Carpenter
et al. 2006) and Image-Pro Analyzer (Media Cybernetics). Counts were normalized to the total
number of pancreatic nuclei of all selected sections or as indicated. For EdU quantification of
adult β-cells, serial sections were obtained as above and high magnification images were
captured by confocal microscopy on the Leica SP8 platform. All EdU+ INS+ cells were
normalized to the total number of INS+ cells quantified.
2.30 Adenovirus Generation and Adenoviral Infection
Sox4 adenovirus was generated using the pAdTrack system as described 244. Neurog3 adenovirus
was as described previously (Gasa et al., 2004; Sabatini et al., 2013). Viruses were amplified in
293 cells and purified with Adeno-X Maxi adenovirus purification kits using the manufacturer’s
protocols (Clontech Laboratories, Mountain View CA, USA). mPAC L20 cells were infected at
an MOI 100:1 for 2 hours. Cells were washed briefly in PBS, media was replaced and they were
cultured for 48 hours.
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2.31 Luciferase Assay
mPAC L20 cells were plated at 2e5 cells per well in 24-well plates. The next day cells were
transfected using Lipofectamine 2000 (2ul/µg; Life Technologies) with 1µg of reporter Neurog3pFOXluc1 or Neurod1-pGL3 reporter, 50ng of pCMV-renilla luciferase, and 100 ng of
expression vectors (mouse Sox4; mouse Neurog3; rat Sox9). Transfections were balanced with
empty expression vector. 25 mM glucose DMEM serum-free was used for complexing, and
initial incubation with cells for 4 hours. Following incubation, 25 mM glucose DMEM
supplemented 15% FBS, 1% penicillin (100 U/mL), streptomycin (100 ug/mL), and 2 mM Lglutamine was used to adjust serum concentrations to 10% FBS and cells were incubated for 48
hours. Luciferase activity was determined utilizing the Dual Luciferase Reporter Assay
(Promega) on the SpectraMaxL plate luminometer with dual injectors (Molecular Devices,
Downingtown PA, USA). Luciferase activity was normalized to renilla luciferase activity.
2.32 Gene Targeting in mPAC-L20 Cells
Transcriptional Activator Like Effector Nucleases (TALEN)s were generated in house using the
protocol and TALE toolbox (pTALEN_v2) (246). Guanine binding was encoded by the repeatvariable diresidue Asn-His (NH) as described
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. TALEN binding sites flanked the stop codon

of the Sox4 gene with the forward TALEN designed to bind to the sequence: 5’TCTCTAACCTGGTCTTCACC-3’

and

the

reverse

TALEN

to

the

sequence:

5’-

TGGCCCACCTTCTCCCCGGC-3’. This creates a doubled stranded break which can be
resolved through homology-directed repair with our targeting vector (pSox4HA-2AGLoxPP)
designed with 600 bp homology arms and a hemagglutinin (HA) included at the C-terminus of
Sox4 to replace the stop codon. Homologous recombination with the vector inserts a porcine
teschovirus 2A peptidefused in frame with Sox4HA on its N-terminal side and eGFP on its C49

terminal side, which also included a stop codon. Selection for positively targeted clones was
facilitated by a LoxP flanked PGK-Puro cassette that was situated downstream of the eGFP but
upstream of the 3’ homology arm. Gene targeting was carried out by co-transfecting 1.5 μg of
each TALEN with 3 μg of intact pSox4HA-2AGLoxPP in a 1 well of a 6-well plate with 12 μl of
Lipofectamine 2000 (Life Technologies) in 1 mL total volume overnight. The next day media
was changed and 48 hours following the transfection, selection was initiated with 3 ug/mL
puromycin. After 7 days of selection, clones were picked, plated in a 96-well plate and then 96well plates were replica plated prior to genotyping. Cells were lysed in QuickExtract DNA
extraction solution using the manufacturer’s protocol (Epicentre Biotechnologies; Madison WI,
USA) and then genotyping carried out using PCR across the homology arms. Sequencing across
homology arms confirmed in-frame knock-in. Approximately 23% of screened clones were
properly targeted. The PGK-Puro cassette was excised by infecting the correctly targeted cells
with an adenovirus expressing Cre recombinase as described above (Vector Labs; Philadelphia
PA, USA). All experiments reported here were carried out using mPAC-L20-Sox4HA-2AGFP
clone A8.
2.33 Human Embryonic Stem Cell Culture
CyT49 human embryonic stem cells (hESCs)

149

were cultured on mitomycin C treated mouse

embryonic fibroblasts using a growth media of DMEM/F12 (Cellgro; Manassas, VA, USA)
containing 10% Xeno-free KnockOut Serum Replacement (Life Technologies), 1% non-essential
amino acids, 1% GlutaMAX, 1% penicillin/streptomycin (pen/strep) (Life Technologies) and 0.1
mM 2-mercaptoethanol (Sigma) supplemented with 10 ng/mL heregulin-1β (Peprotech; Quebec,
Canada) and 10 ng/mL activinA (R&D) that was changed daily. hESCs were passaged twiceweekly and plated at a density of 0.5x106 or 1x106 per 35-mm or 60-mm dish, respectively. Cells
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were differentiated using a modified protocol and adherent cell cultures47. Briefly, to form
definitive endoderm cells were cultured for three days in RPMI (Hyclone), 1% GlutaMAX (Life
Technologies), 0.5% penicillin/streptomycin (Life Technologies). For the first 24 hours media
was supplemented with 100 ng/mL activin A (e-bioscience), 25 ng/mL Wnt3a (R&D), 1:5000
insulin-transferrin-selenium (ITS) (Gibco), followed by 48 hours with 100 ng/mL activin A,
1:5000 ITS and 0.2% dFBS (Life Technologies). To induce primitive gut tube, cells were
cultured in RPMI with 0.5% pen/strep, 1% GlutaMAX supplemented for the first 24 hours with
2.5 μM TGF-β RI kinase inhibitor IV (EMD Bioscience; Billerica, MA, USA), 25 ng/mL KGF
(R&D Systems; Minneapolis, MN, USA), 1:1000 ITS, 0.2% dFBS followed by 48 hour culture
in the same media without TGF-β RI kinase inhibitor IV. For formation of posterior foregut cells
were cultured for 72 hours in DMEM-High Glucose (Hyclone) with 0.5x B27 (Life
Technologies), 1% GlutaMAX, 0.5% pen/strep and supplemented with 0.25 μM KAADCyclopamine (Toronto Research Chemicals; Toronto, ON, Canada), 2 nM TTNPB (Sigma), and
50 ng/mL Noggin (R&D Systems). Finally, to produce pancreatic progenitors cells were cultured
for 72 hours in DMEM-HG with 0.5x B27, 1% GlutaMAX, 0.5% pen/strep supplemented with
50 ng/mL Noggin, 50 ng/mL KGF, and 50 ng/mL EGF (R&D Systems).
2.34 Statistics
All statistical analyses were performed with Prism5 (GraphPad Software, La Jolla, CA, USA).
Two-tailed unpaired Student’s t-tests, Mann-Whitney U-tests, one-way ANOVA with post-hoc
Tukey tests, Kruskal-Wallis H tests with post-hoc Dunn’s tests, or multiple t-tests with HolmSidak multiple comparison correction were performed as appropriate, with p≤0.05 considered
significant. Error bars represent SEM.
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Table 3: PCR primers
Taqman Primers
Gene
Probe
Gusb
TCTAGCTGGAAAT
GTTCACTGCCCTG
Med15
CAACAGCAGCAGC
(Mouse)
AGCAACAACAA
Med15
AAACTCAAGAATG
(Human)
ACATGGCGGTGC
Sox4
CCGCGCTCCCTTCA
(Mouse)
GTAGGTG
Sox9
AGGGTCTCTTCTCG
(Mouse)
CTCTCGTTCA
Sox11
ACCATCCTCTTTAT
(Mouse)
CCTGACCGCC
Sox12
TTTCACCTACTGAG
(Mouse)
CCCACCGTC
Sox4
CCGCGCTCCCTTCA
(Human)
GTAGGTC
Sox9
TCTGGAGACTTCTG
(Human)
AACGAGAGCGA
Sox12
TTTCACCTACTGAG
(Human)
CCCACCGTC
NeuroD1 TCATGAGTGCCCA
GCTTAATGCCA
Pax4
ACTGCCAATCCCTC
CTTCCTGTG
Gcg
TGAACACCAAGAG
GAACCGGAAGAA
Ppy
CGCAGAGCAGGGA
ATCAAGCCA
Grhl
AGAGGACAAGCAG
AAGAGACAGAGGA
Sst
AGTTCCTGTTTCCC
GGTGGCA
Ins2
CCTCCACCCAGCTC
CAGTTGT
Neurog3
CCTCCCTTTCCACT
AGCACCCAC
Conventional PCR Primers
Gene
Primer 1
Neurog3
CCCCAAACCTCCTTC
(ChIP)
ATGCT

Primer 1
CACCCCTACCAC
TTACATCG
GCATGGCTGTGG
TGTCTA
CTGTTTGGTCGG
TGGCA
TCCTCTCCTGCCT
CTTGG
CAAGACTCTGGG
CAAGCTC
ACCTGGTGTTCA
CGTATTGAG
TCGTCTAGTATC
GCCGACC
TCCTCTCCTGCCT
CTTGG
ACTTGCACAACG
CCGAG
TCGTCTAGTATC
GCCGACC
TCTTTCGATAGC
CATTCGCATC
ATGTTCCAGTGA
CACCTCATC
AGCGACTACAGC
AAATACCTG
GGAGAACACAGG
TGGACTTC
AGAAAGCCCAGC
AGAGAAAG
AGACTCCGTCAG
TTTCTGC
TGATCTACAATG
CCACGCTTC
TCCCCATCCTATC
TGCTCC

Primer 2
ACTTTGCCACCC
TCATCC
CCTGCTGTTGCT
GGAATTG
CTTCTGGACATT
CTGACAGACC
TCGAATTCCCG
GACTATTGC
GGGCTGGTACT
TGTAATCGG
CACCGTTTCCA
ATTTCTCAGC
GCCCCAATACC
TGATTCCTG
TCGAATTCCCG
GACTATTGC
CTGGTACTTGTA
ATCCGGGTG
GCCCCAATACC
TGATTCCTG
ATAGTGAAACT
GACGTGCCTC
CCAGGCAAATT
CCACATATGAG
CTCACATCACT
GGTAAAGGTCC
CACGGGCTGAA
GACAAGAG
CAACATCGAAG
GGAGCATTG
GCATCATTCTCT
GTCTGGTTGG
GGCTTCTTCTAC
ACACCCATG
CCTCCACTACCT
CCCACTC

Primer 2
AGCTGGCCGGACAAA
GG

52

Primer 3

Dye
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FQ
FAM/ZEN/I
ABLK_FG
FAM/ZEN/I
ABLK_FQ

Conventional PCR Primers
Gene
Primer 1
NeuroD1 CCTCTGTTATGACAT
(ChIP)
TGTTGTGGGAC
Pax4
GAAGGAGCTGGAAT
(ChIP)
GGCCTT
Cre
TCCCGCAGAACCTG
AAGATG
Pdx1-Cre CGTAGAGAGTCCGC
GAGCCA
Pdx1AACCTGGATAGTGA
CreER
AACAGGGGC
Med15
TAAGGTGCTGTGTGT
GGTTGGC
mTmG
CTCTGCTGCCTCCTG
GCTTCT
Sox4
GAAGGAGGCGGAGA
GTAGACGG

Primer 2
Primer 3
AGAAAACAAACTCTTC
ATCCAGTG
AAAGGCTCAGTCACTC
AGCC
CCCCAGAAATGCCAG
ATTACG
CCCCAGAAATGCCAG
ATTACG
TTCCATGGAGCGAACG
ACGAGACC
GTAATGATGAGGCTAA
AAGGGCTG
CGAGGCGGATCACAA TCAATGGGCGGGGGT
GCAATA
CGTT
CATAGCTCAACACAAA
TGCCAACGC

Table 4: Antibodies used
Primary
Antibody
SOX4

Host
Species
Rabbit

INS
INS
INS

Guinea Pig
Mouse
Guinea Pig

GCG
GHRL

Mouse
Rabbit

SST
PP
NEUROG3

Rat
Goat
Mouse

SOX9
CHGA

Rabbit
Rabbit

SYP

Mouse

AMY

Goat

DBA-Lectin

Manufacturer

Cat No.

Abcam (Toronto, ON,
Canada)
Linco
Sigma
DAKO (Mississauga,
ON, Canada)
Sigma
Phoenix Pharm Inc
(Burlingame, CA, USA)
Millipore
Sigma
Developmental Studies
Hybridoma Bank (Iowa
City, IA, USA)
Millipore
Thermo Scientific (Lab
Vision)
Thermo Scientific (Lab
Vision)
Santa Cruz (Dallas, TX,
USA)
Vector Labs

Ab52043

Concentration
Used
1:600 with TSA

4011-01F
I2018
A0564

1:1000 (P+F)
1:1000 (P+F)
1:500 (P+F)

G2654
H-031-31

1:2000 (P+F)
1:500 (P)
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MAB354
1:100 (P)
SAB2500747 1:100 (P)
F25A1B3
1:100 (P+F)

AB5535
#RB-9003P1
MS-1150-S

1:500 (P)
1:400 (P+F)

Sc-12821

1:100 (P+F)

RL-1032

1:200 (P+F)

1:100 (P+F)

Primary
Antibody
Cleaved
Caspase-3
HA
HA
GFP

Host
Species
Rabbit

GAPDH
Mouse IgG

Mouse
Donkey

Secondary
Antibody
Cy3

Target

DyLight 488
DyLight 488
DyLight 488
DyLight 594
DyLight 594
DyLight 594
DyLight 594
DyLight 594
Biotin
Biotin

Mouse
Rabbit
Rabbit

Manufacturer

Cat No.

Cell Signaling (Beverly,
MA, USA)
Cell Signaling
Abcam
MBL (Woburn, MA,
USA)
Sigma
Jackson Immuno (West
Grove, PA, USA)

#9661L

Concentration
Used
1:100 (P+F)

2367
Ab9110
598

1:100
4ug/ChIP
1:500 (P+F)

G8795
715-001-003

1:2000 (Western)
1:50 (P+F)

Host
Species
Guinea Pig Donkey
IgG (H+L)
Guinea Pig Donkey
IgG (H+L)
Mouse IgG Donkey
(H+L)
Rabbit IgG Donkey
(H+L)
Guinea Pig Donkey
IgG (H+L)
Mouse IgG Donkey
(H+L)
Rabbit IgG Donkey
(H+L)
Rat
IgG Donkey
(H+L)
Goat IgG Donkey
(H+L)
Mouse IgG Goat
(H+L)
Rabbit IgG Goat
(H+L)

Manufacturer

Cat No.

Jackson IR

706-166-148

Concentration
Used
1:200

Jackson IR

95746

1:250

Jackson IR

86176

1:250

Jackson IR

85834

1:250

Jackson IR

82667

1:450

Jackson IR

96864

1:450

Jackson IR

84473

1:450

Jackson IR

87283

1:450

Jackson IR

95247

1:450

Vector Labs

X0303

1:200

Vector Labs

BA-1000

1:200
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Table 5: Chromatin immunoprecipitation buffers
Crosslinking Buffer (~11x)
100 mM NaCl
1 mM EDTA
0.5 mM EGTA
25 mM HEPES-KOH pH 8.0
11% Formaldehyde
H20
Lysis buffer 1 (20 cell pellet volumes)
50 mM HEPES-KOH pH 7.5
140 mM NaCl
1 mM EDTA
10% Glycerol
0.50% NP-40
0.25% Triton X-100
H20
Add protease inhibitor
Lysis buffer 2 (20 cell pellet volumes)
200 mM NaCl
1 mM EDTA
0.5 mM EGTA
10 mM Tris pH 8.0
H20
Add protease inhibitor
Lysis buffer 3 (4 cell pellet volumes)
1 mM EDTA
0.5 mM EGTA
10 mM Tris pH 8.0
H20
Add protease inhibitor
L3+ buffer
300
mM NaCl
0.50%
Deoxycholate
0.05%
Triton X-100
L3 buffer
Low salt buffer
150 mM NaCl
0.1% SDS
1% Triton X-100
2 mM EDTA
20 mM Tris-HCl, pH 8.1
H20

High salt buffer
500
mM NaCl
0.1%
SDS
1%
Triton X-100
2
mM EDTA
20
mM Tris-HCl, pH 8.1
H20
LiCl buffer
250
mM LiCl
1%
NP-40
1%
deoxycholate
1
mM EDTA
10
mM Tris-HCl, pH 8.1
H20

TE
1
10

mM EDTA
mM Tris-HCl, pH 8.0
H20

Elution Buffer
1%
SDS
100
mM NaHCO3
H20
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3. SOX4 Is Required for Pancreatic Endocrine Cell Development

3.1 Introduction
The overarching goal of this thesis was to better understand transcriptional regulation during βcell development. Specific goals were to improve characterization of TFs with respect to their
expression, function in pancreatic cells throughout development, and how they act in lineage
specification. In Chapter 3, SOX proteins are the focus as they have established roles in cell fate
decisions and act to “bridge” initial cell states with subsequent states. This is accomplished by
exchanging co-factors to regulate new gene sets. Alternatively, a SOX protein may increase the
expression of another SOX family member, which competes with co-factors to drive separate
gene targets during specification. In this context, SOX9 and SOX4 are both expressed in the
pancreatic epithelium. However, SOX9 expression is downregulated in endocrine progenitor
cells, while SOX4 expression becomes restricted to this population. SOX9 is critical for
progenitor cell maintenance58,78, while germline Sox4 knockout studies showed that it was
critical for α- and β-cell development in pancreatic explants211. This suggests that during
pancreatic development, SOX4 may be required in sequence following SOX9 expression for
induction of the endocrine lineage. Here, the hypothesis that SOX4 expression is required for
endocrine specification in-vivo is tested.
The continued role of SOX4 in endocrine progenitors was also examined as SOX proteins have
been identified to couple lineage states and maintain differentiation191. Endocrine differentiation
requires inhibition of Notch signaling and transient activation of NEUROG3 in epithelial trunk
progenitor cells, and is accompanied by exit from the cell cycle and migration into the
mesenchyme63,75,77,81,83,236,248,249. After NEUROG3 induction, downstream regulators of β-cell
specification include: PAX4, NEUROD1, RFX6, NKX2.2, NKX6.1 and MAFA among others
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86,89,91,92,94,98,105

. These genes are essential for normal β-cell development, but it is unclear how

endocrine cell fate induction is coupled to the activation of these gene networks. NEUROG3
induction coupled with a co-factor present in both progenitor and endocrine specified cells is one
mechanism to link endocrine cell fate with the expression of downstream genes, as experiments
demonstrate the regulation of Neurod1 in this manner250. However, it is unclear whether any
other TFs bridge the endocrine progenitor fate choice with downstream terminal differentiation.
Improved understanding of this lineage transition will be important to consolidate how TFs
operate in unison during pancreatic development. Studies in this chapter demonstrate that Sox4
may play a bridging role during endocrine cell genesis.
This study expands on these previous observations to define the spatiotemporal importance of
SOX4 during endocrine formation in vivo. SOX4 is demonstrated to be required in a cellautonomous capacity for efficient endocrine cell differentiation both prior to and downstream of
NEUROG3. As such, the function of SOX4 during pancreatic endocrine cell formation mirrors
roles of SOX family genes in other systems: to bridge key developmental transitions and couple
fate decisions.
3.2 Sox4 is Dynamically Expressed during Mouse Pancreas Formation
The pattern of Sox4 expression was characterized in vivo. As seen in Fig. 4A, Sox4 is expressed
throughout pancreas development with the highest levels at E11.5. A gradual decline in Sox4
message was observed after E13.5; however, significant expression was seen during the
secondary transition when the majority of NEUROG3+ endocrine progenitors are derived (E12.514; Fig. 6A). During human embryonic stem cell differentiation, Sox4 is expressed at high levels
in stage 3 and 4 pancreatic progenitors (Fig. 6B; courtesy of N.A.J. Krentz).
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Figure 6: Sox4 is expressed during pancreas development and hESC differentiation. qPCR
analyses of Sox4 expression in E11.5 to E18.5 mouse pancreas (A) and following directed
differentiation of human embryonic stem cells (B). n=4-7.

Because suitable antibodies were not initially available, in situ hybridization was carried out to
localize Sox4 expression (Fig. 7). The epithelium at this stage was branched and tubular with
glucagon positive cells found in proximity to the trunk (dotted area, Fig. 7A). Low expression of
Sox4 mRNA was observed throughout the epithelium (E14.5; Fig. 7B). Occasional cells
expressing higher levels of Sox4 (arrowheads, Fig. 7B) were noted to be scattered throughout the
epithelium (dotted area, Fig. 7B): an expression pattern reminiscent of the bipotent trunk cells
that activate Neurog375,251. Next, immunostaining was used to determine the spatiotemporal
expression of SOX4. Early during pancreatic organogenesis (E11.5 & E12.5), SOX4 colocalized with PDX1 and NKX6-1 in the multipotent progenitors and trunk cells respectively
(Figs. 8A-B; Fig. 9A)76. Following the secondary transition, SOX4 was progressively excluded
from pancreatic epithelial cells; however, it remained highly expressed in all NEUROG3-
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expressing endocrine progenitors (Figs 8C-D) and in nascent endocrine cells (Fig. 9A). By
E17.5, SOX4 expression is confined largely to endocrine cells (Fig. 9C).

Figure 7: Sox4 is expressed in a subset of trunk epithelial cells. In situ hybridization for
Glucagon (Gcg)(A) and Sox4 (B) at E14.5. Sox4 is expressed in a subset of pancreatic epithelial
cells (Arrowheads) in a domain that resembles the epithelial trunk (dotted area) with nascent
endocrine cells adjacent to this region (Arrows). Inset shows a magnified region of interest. Scale
bars=50 μm

To verify that SOX4 was expressed in NEUROG3+ endocrine progenitor cells, the mouse
mPACL20 pancreatic ductal cell line was utilized. This is a method that has previously been
used to model endocrine cell differentiation87,252. Using TALEN-driven homologous
recombination in the mPACL20 cells, a hemagglutinin (HA) tag followed by 2A-GFP was
knocked onto Sox4 (mPAC-Sox4-HA; Fig. 10A) and 11 clonal lines were derived with 23%
targeting efficiency. As predicted from the immunostaining results (Fig. 8), when this clonal
mPAC-Sox4-HA cell line was transduced with a Neurog3 adenovirus (Ad-Neurog3)87, marked
increases in endogenous promoter activity led to appreciable HA and GFP that was detectable by
both immunostaining (Fig. 10C) and western blotting (Fig.10D).
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Figure 8: SOX4 expression becomes restricted to endocrine lineage. Co-immunostaining of
SOX4 (green) (A-D) with: NKX6-1 (red; A; E11.5); PDX1 (red; B; E12.5); NEUROG3 (red; C:
E14.5; D: E15.5). SOX4 expression becomes increasingly restricted by E15.5 (D) with a subset
encompassing NEUROG3+ cells n=3; scale bars=50 μm.
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Figure 9: SOX4 protein expression is lost in knockout models. (A) Representative
immunostaining on pancreatic sections for glucagon (GCG; white), insulin (INS; red) and SOX4
protein levels (SOX4; green) demonstrate SOX4 expression in epithelium that is reduced in
PS4KO (B). Co-immunostaining for glucagon (GCG; white) and insulin (INS; red) demonstrates
SOX4 expression in endocrine cells and adjacent cells resembling epithelial trunk regions (A,C).
(C) Co-immunostaining for GCG (white) and INS (red) demonstrates SOX4 expression
predominantly in the endocrine compartment (D) E17.5 ES4KO shows reduction in nuclear
SOX4 protein. Representative from n=3; scale bars=50 μm.
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In support, unmodified mPACL20 cells transduced with Ad-Neurog3 showed a 240-fold increase
in Sox4 message expression (Fig. 10E). These observations demonstrated that SOX4 is widely
expressed in the multipotent pancreatic progenitors and that its expression is maintained within
the endocrine progenitors. In order to assess whether there is an important cell autonomous role
for SOX4 in pancreatic or endocrine cell formation, loss-of-function approaches were used.
3.3 Validation of SOX4 Mouse Models
To determine if SOX4 is important prior to endocrine progenitor formation, mice harboring a
floxed Sox4 allele (Sox4flox) were crossed with Pdx1-Cre transgenic mice to generate pancreatic
Sox4 knockout embryos (Pdx1-Cre+/Sox4flox/flox; PS4KO). Lineage analyses indicate that
recombination is extremely efficient early during pancreas organogenesis (>95% of epithelial
cells at E12.5; Fig. 11A). In agreement, SOX4 immunostaining at E15.5 verified that SOX4
protein expression was significantly reduced compared to controls (Figs. 9A-B). Moreover,
Sox4flox crossed with Neurog3-Cre mice to generate endocrine progenitor Sox4 knockout
embryos (Neurog3-Cre+/Sox4flox/flox; ES4KO) also demonstrated reduced SOX4 protein
expression versus controls (Figs. 9C-D).
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Figure 10: Endogenous SOX4 is induced by NEUROG3 in the mPAC model of endocrine
development. Schematic of Sox4-HA-2A-eGFP knock-in-add-on allele, 3’ red box is stop codon
(A). Immunofluorescence analyses show induction of HA-tagged SOX4 and GFP following
adenoviral (Ad-)Neurog3 in mPAC-Sox4-HA cells (B) but not in control cells (C).Western
blotting of mPAC-Sox4-HA cell lysates showed an increase in HA and GFP immunoreactivity at
predicted electrophoretic mobilities (~47 kDa & ~70 kDa+) following Ad-Neurog3 transduction
(D). Sox4 expression is increased by Ad-Neurog3 in unmodified mPACL20 cells (E). n=4;*
p≤0.05.
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Figure 11: Validation of Pdx1-Cre mediated recombination with lineage tracing. (A) Pdx1Cre mediated pancreatic recombination is assessed at E12.5 by co-immunostaining of floxed
mTmG lineage tracing (GFP; green) and pancreatic cells (PDX1; red). Representative from n=3;
scale bars=50 μm.

The PS4KO model of Sox4 deletion was first assessed to determine whether Sox4 had functional
roles in pancreas development. Initial quantification of endocrine cell types at E18.5 revealed
that pancreatic deletion of Sox4 significantly reduced insulin+, glucagon+ (INS+, GCG+; Figs.
12A,B,I,J), somatostatin+ (SST+; Figs. 12C,D,L), and pancreatic polypeptide+ (PPY; Figs.
12E,F,M) cells, without changes in ghrelin+ cells (GHRL+; Fig. 12C,D,K). As SOX4 is lost early
in pancreatic progenitor cells, pancreatic sections were assessed at E15.5 to address the
possibility of a defect in initial endocrine cell specification. Bipotent SOX9+ cells and
NEUROG3+ endocrine progenitor cells were quantified. A significant reduction in NEUROG3+
cells, but not SOX9+ cells, was observed (Fig. 12G,H,N,O); suggesting that SOX4 is dispensable
until endocrine differentiation is initiated within the SOX9+ progenitor58,251. To determine
whether apoptosis or proliferation accounted for differences in NEUROG3+ cells, TUNEL and
EdU labeling experiments were performed at E15.5. Our results showed no significant
differences in either cell death (Figs. 13A,B,E-H) or proliferation (Figs. 13C,D).
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Figure 12: Pdx1-Cre; Sox4flox/flox knockout embryos (PS4KO) have defects in endocrine cell
genesis. Immunohistochemical analyses of insulin (INS; A,B; green; E18.5), glucagon (GCG;
A,B; red; E18.5); ghrelin (GHRL; C-D; green; E18.5), somatostatin (SST; C-D; red; E18.5);
pancreatic polypeptide (PPY;E-F; green; E18.5), INS (E,F; red; E18.5), SOX9 (G-H; red; E15.5)
and NEUROG3 (G-H; green; E15.5) immunoreactive (+) cells in control (A,C,E,G) and PS4KO
(B,D,F,H) pancreas. PS4KO (black bars) had significantly reduced numbers of INS+ (I), GCG+
(J), SST+ (L), PPY+ (M) and NEUROG3+ (N) cells but not in GHRL+ (K) or SOX9+ (O) cells
compared with controls (white bars). Sox4 expression (P) was significantly reduced at E15.5 in
PS4KO pancreas without changes in Sox11 (Q) or Sox12 (R). n=3-4; * p≤0.05, unpaired twotailed t-tests.; Scale bars=50 µm; nuclei=blue.
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Figure 13: PS4KO mice have no changes in apoptosis or proliferation at E15.5 or E18.5.
Positive control for TUNEL detection following DNaseI incubation at E15.5 (A) and E18.5 (B).
At E12.5, neither the number of proliferating pancreatic epithelial cells (C; Pdx1+EdU+) nor the
number of total pancreatic cells (D) were different at E15.5 between control (white bars) and
PS4KO (black bars) mice. TUNEL+ cells (green) in E15.5 control (E) versus PS4KO (F).
TUNEL (green) and insulin+ (red) immunodetection in control (G) or PS4KO (H) pancreas at
E18.5 There were no detectable TUNEL+ cells in embryonic E18.5 pancreases, while insulin
expression was reduced. Representative from n=3; unpaired two-tailed t-tests. Scale bars=50 μm.

Despite the marked phenotype and loss of SOX4 protein (Fig. 9B), Sox4 message was
significantly reduced but detectable in knockout pancreas by qPCR (Fig. 12P). This may result
from a long half-life of Sox4 message or expression from neurons, blood vessels, and
mesenchyme that are closely associated with the epithelium. Expression of related SOXC class
family members, Sox11 and Sox12, were not significantly different suggesting their upregulation
did not compensate for loss of Sox4 (Figs. 12Q,R). These findings demonstrate that Sox4 is
essential for efficient endocrine cell formation.
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3.4 Sox4 Activates the Neurog3 Promoter and Induces its Expression
To investigate whether the cooperative actions of NEUROG3 and SOX4 are important for
endocrine cell genesis, unmodified mPACL20 pancreatic ductal cells were transduced with AdSox4 and Ad-Neurog3 (Fig. 14A)58,87. Co-transduction of mPACL20 cells resulted in a
significant increase in endogenous Neurog3-expression (Fig. 14A). In order to determine if Sox4
binds and directly regulates Neurog3 in the context of development, the modified mPAC-Sox4HA cells were transduced with Ad-Neurog3 to induce endogenous Sox4 (Fig. 10E) and ChIP was
carried out using anti-HA antibodies (Fig. 14B). Significant enrichment of SOX4-HA at a
conserved region of the Neurog3 promoter containing two partial SOX4 consensus binding sites
were observed (Fig. 15). Luciferase assays next demonstrated that SOX4 can transactivate a 2kb
fragment of the Neurog3 promoter (Fig. 14C)253. Collectively, these results suggest that Sox4
expression within a subset of bipotent trunk progenitors enhances Neurog3 expression and drives
subsequent endocrine progenitor cell formation.

Figure 14: SOX4 directly regulates Neurog3 expression in the mPAC model of endocrine
development. Ad-Neurog3 and Ad-Sox4 cooperatively increase expression from the Neurog3
locus in mPACL20 cells (A). HA-ChIP (B) following Ad-Neurog3 showed HA-tagged SOX4
protein enriched at the Neurog3 promoter. Luciferase assays demonstrate that SOX4 activates a
truncated 2kb fragment of the Neurog3 promoter in mPACL20 cells (C). n =3-5; * P≤0.05, oneway ANOVA.
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Figure 15: Mouse genomic region containing the Neurog3 gene and its upstream sequences.
Two partial SOX4 DNA binding motifs, CTTTG and CTTTGT, are identified in red boxes at 238 and -134bp upstream of the Neurog3 transcriptional start site, respectively. These motifs are
situated in the Neurog3 amplicon utilized for the ChIP assay in Fig. 14. The magnified region of
interest contains these DNA binding motifs highlighted in red boxes and also show these regions
to be conserved across a number of mammalian species.

3.5 Sox4 Regulates Endocrine Cell Differentiation Downstream of Neurog3
Sox4 expression is maintained at high levels in both mouse and human islets (Fig. 12P); however
Neurog3 expression is not254. In order to test if the maintenance of Sox4 expression downstream
of Neurog3 remains important for islet cell formation, mice harboring Sox4flox were crossed with
the Neurog3-Cre+ transgenic mice (Neurog3-Cre+/Sox4flox/flox; ES4KO). Because reduction of
Sox4 expression would likely occur with some delay following Neurog3-induction in the ES4KO
mice, we hypothesized that no difference in the number of NEUROG3+ cells would be observed.
To test this, we analyzed the number of NEUROG3+ cells in the ES4KO pancreas at E15.5 and
found no difference between genotypes (Fig. 16A-C). Despite this, quantification of endocrine
cells within E18.5 ES4KO pancreas demonstrated significant reductions of INS+, GCG+ (Fig.
16D-G), SST+ (Fig. 16H-I,K) and SOX4+ (Fig. 9D) cells but not PPY+ cells (Fig. 16L-N). This
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suggested that in addition to its role in inducing Neurog3 expression in pancreatic progenitors,
SOX4 remains necessary for continued endocrine cell development.
3.6 Loss of Sox4 Does Not Change the Number of NEUROG3 Lineage Cells
Because a significant reduction in endocrine mass was observed in the ES4KO mouse and Sox4
has previously been shown to be important for cell survival and cell proliferation201, the effects
of loss of Sox4 on proliferation (Figs. 17A-C) and apoptosis (Figs. 17D-G) were tested: neither
were impacted. Previous studies have suggested “dedifferentiated” endocrine lineage cells
maintain expression of the neuroendocrine secretory granule protein chromogranin A
(CHGA)255. Therefore, in order to address the possibility that islet endocrine cells do not fully
differentiate in ES4KO mice, CHGA immunostaining was carried out. Remarkably, despite the
reduction in INS+ (Figs. 16D-F, Fig. 18B) and other endocrine cells (Fig. 16) no difference in the
number of CHGA+ cells (Fig. 18A) was observed. Furthermore, co-staining for INS and GCG
with CHGA uncovered a significantly increased number of cluster-forming (dotted area) CHGAexpressing cells that did not co-stain for either of these hormones (Fig. 18C,D). These data
suggest that loss of SOX4 in the ES4KO impacts normal islet endocrine cell differentiation or
maturation downstream of Neurogenin3.
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Figure 16: Neurog3-Cre; Sox4flox/flox embryos (ES4KO) have defective endocrine cell
formation. Pancreatic immunostaining for SOX9 (A,B; red) and NEUROG3 (A,B; green) and
subsequent morphometric analyses showed no difference in NEUROG3 (C) or SOX9+ cells (not
shown) in the ES4KO (c.f. B vs A). Immunostaining for INS+ (D,E; green), GCG+ (D,E; red),
GHRL+ (H,I; green), SST+ (H,I; red), PPY+ (L,M; green), INS+ (L,M; red) in control (D,H,L)
and ES4KO (E,I,M) E18.5 pancreases. Morphometric analyses showed that ES4KO (black bars)
have significantly reduced INS+ (F), GCG+ (G) and SST+ (K) cell populations but normal
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GHRL+ (J) and PPY+ (N) cell populations compared with controls (white bars). n=3-4; * p≤0.05,
unpaired two-tailed t-tests; Scale bars=50 µm; nuclei=blue.

Figure 17: EdU labeling of cells in ES4KO mouse pancreas at E18.5 demonstrated no
changes in cell proliferation following Sox4 ablation. Insulin+ (green) and EdU+ (red) cells in
control (A) versus ES4KO (B) pancreas. Proliferating β-cells were detectable as Insulin+ EdU+
cells (arrowheads; A, B) in equal numbers in both control (C; white bars) and ES4KO (C; black
bars) pancreas. TUNEL detection in ES4KO mice at E15.5 (D, E) and at E18.5 (F, G)
demonstrated no difference between controls (D, F) versus knockout (E, G) mice despite the
decrease in insulin staining. Representative from n=3-4, unpaired two-tailed t-test; scale bars=50
μm.
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Figure 18: Sox4 null endocrine progenitor cells remain in the endocrine lineage but do not
differentiate into islet endocrine cells. Chromogranin+ (CHGA; A), but not INS+ (B), cells are
present in normal numbers in the E18.5 ES4KO (black bars). Significant numbers of CHGA
+
/INS-/GCG- cells can be appreciated in the ES4KO (D; Dotted Area) but not compared to
control animals (C; Arrowheads). n=4; * p≤0.05, unpaired two-tailed t-tests; Scale bars=50 µm;
nuclei=blue.

To show that these CHGA-expressing, INS- or GCG- cells were derived from the Sox4-null
Neurog3 lineage, mice harboring a ROSA26mT/mG reporter allele239 were crossed with ES4KO
mice (EMS4KO). In this model, CRE expression in endocrine progenitors drives a switch from
red fluorescence (RF) to green fluorescence (GF). Neurog3-lineage GFP+ cells were quantified
and no reduction in the total number of GFP+ cells in the EMS4KO was found (Fig. 19A);
supporting the observation that neither cell proliferation nor death are impacted. Despite a
similar number of pancreatic GFP+ cells, a significant increase in non-insulin/glucagon staining,
GFP+ cells was observed in the EMS4KO (Fig. 19B-D). Notably, no differences in the numbers
of GFP+ cells that expressed the acinar cell marker amylase (Figs. 20A,B,E) or the ductal cell
marker DBA-lectin (Figs. 20C,D,F) were observed. These experiments reveal that Sox4
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knockout cells remain present within the pancreas, incapable of differentiating into islet
hormone-expressing endocrine cells and that they persist in a state not normally present in the
pancreas, with CHGA+ and synaptophysin+ (not shown) but no islet hormone expression.

Figure 19: Lineage tracing endocrine progenitor cells demonstrated the presence of
hormone negative endocrine specified cells. There is no change in the total number of labeled
endocrine lineage GFP+ cells in the E18.5 ES4KO pancreas (A). However, significantly
increased numbers of GFP+ cells that did not co-stain for either INS or GCG were observed (BD; Dotted Area) compared to littermate controls (white bars; g; Arrowheads). n=3-5; * p ≤ 0.05,
unpaired two-tailed t-tests; Scale bars=50 µm; nuclei=blue.

3.7 Sox4 Regulates Factors Downstream of Neurogenin3
As lineage tracing revealed that Sox4-null, NEUROG3 lineage cells remained fated to a
neuroendocrine lineage, the possibility that SOX4 regulated genes important for β-cell
differentiation downstream of NEUROG3 was explored. To that end, qPCR expression analyses
were carried out at E17.5 (Figs. 21A-J). The expression profiles of the endocrine hormones
(Figs. 21A-E) mirrored tissue morphometry results (Fig. 16). Importantly, gene expression levels
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were significantly reduced for TFs Neurod1 and Pax4, known to be downstream of endocrine
cell specification (Figs. 21F,G).

Figure 20: Examination of lineage traced endocrine specified cells that express exocrine or
ductal markers. Quantification of lineage traced endocrine progenitor cells (A,B; GFP; green)
that have exocrine gene expression (A,B; amylase; red) at E18.5 demonstrate a low level (<1%)
of GFP+/amylase+ cells that was not significantly different between control (A,E; white bars)
and EMS4KO mice (B,E; black bars). Endocrine progenitor cells (C,D; GFP; green) that express
the ductal marker DBA-Lectin (C,D; red) demonstrated no significant differences between
control (C,F; white bars) and EMS4KO (D,F; black bars) pancreas. n=3-4, unpaired two-tailed ttests; scale bars=50 μm.

To test whether SOX4 binding to the Pax4 and Neurod1 promoters was important for β-cell
formation, mPACL20 cells were transduced with Ad-Neurog3 and/or Ad-Sox4, and both Pax4
(Fig. 22A) and Neurod1 (Fig. 22B) expression was assessed using qPCR. Remarkably, in this
system the combination of both Ad-Neurog3 and Ad-Sox4 induced Pax4 expression ~200-fold
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and Neurod1 expression ~10-fold compared to Neurog3 alone. Neurod1 promoter-driven
luciferase transcription256 was significantly induced with co-transfection of Sox4 (Fig. 22C). HAChIP on Ad-Neurog3 transduced mPAC-Sox4-HA cells demonstrated interaction of SOX4-HA
at potential binding sites within both the Pax4 and Neurod1 (Fig. 22D) promoters: providing
further evidence for the direct regulation of these β-cell transcription factors by SOX4.

Figure 21: SOX4 potentiates the induction of pro-β-cell genes during endocrine pancreas
development. Ins2 (A), Gcg (B), Sst (D), Ppy (E), Pax4 (F), Neurod1 (G), and Sox4 (H)
message levels were significantly reduced, while Ghrl (C), Sox11 (I), and Sox12 (J) were not in
E17.5 ES4KO (black bars). n=5, * p ≤ 0.05, unpaired two-tailed t-tests.

In order to understand if Pax4 and Neurod1 are SOX4 targets in vivo, fluorescence-activated cell
sorter (FACS) purification of “newborn” Neurog3-lineage cells was carried out163,239 (Figs.
23A-B) using the Neurog3-Cre; mTmG mouse. We reasoned that newly-born cells would
possess both RF and GF due to protein stability. FACS purification of these cells demonstrated
significant enrichment of both Neurog3 and Sox4, indicating that Sox4 is indeed enriched in the
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newborn endocrine progenitor pool in vivo (Fig. 23C,D). In addition, significant reductions in
expression of Pax4, NeuroD1 and Ins2 (but not Arx) were observed in the Neurog3-lineage cells
from the EMS4KO (Fig.23E-H). The previous demonstrations that Pax4 and NeuroD1 are
directly downstream of Neurog3 and the observation that expression of these factors was reduced
in the newborn (RF+GF) endocrine cells that expressed normal Neurog3 levels (Fig.23D), lends
credence to them being direct, biologically relevant, SOX4 targets in vivo.

Figure 22: SOX4 cooperates with NEUROG3 to increase Pax4 and Neurod1 expression.
Pax4 (A) and Neurod1 (B) expression was induced following combined Ad-Neurog3 and AdSox4 in mPACL20 cells. SOX4 significantly induced Neurod1 promoter driven luciferase
activity in mPACL20 cells (C). ChIP demonstrated that HA-tagged SOX4 was enriched at the
Pax4 and Neurod1 promoters in the Ad-Neurog3 transduced mPAC-Sox4-HA cells (D; n=3).
n=4-6; * p≤0.05, one-way ANOVA.
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Figure 23: Flow cytometry analysis of mTmG labeled EMS4KO cells. Representative flow
cytometry analyses from dissociated E17.5 mTmG+ (A) and Neurog3-Cre; mTmG+ (B)
pancreas demonstrating that distinct populations of cells can be separated. [A] Tomato+ nonendocrine cells; [B]: Tomato+GFP+ newborn endocrine cells; [C]: GFP+ enriched maturing
endocrine cells. qPCR analyses of Sox4 (C); Neurog3 (D); Neurod1 (E); Pax4 (F); Ins2 (G); and
Arx (H) expression in newborn endocrine cells from E17.5 control and EMS4KO mice. (I)
Stored cells as a percentage of total input pancreatic cells in 50,000 analysed cells show no
differences in populations between control and EMS4KO samples. n=3-5; p≤0.05, one-way
ANOVA.
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3.8 Discussion
Many of the developmental transitions that underlie formation of β-cells are marked by
expression of unique SOX proteins. In embryonic stem cells, SOX2 helps maintain the network
of factors that are important for the pluripotent state204. SOX factors remain important
downstream of SOX2 during definitive endoderm formation, when OCT4 complexes with
SOX17 to regulate endoderm induction205. SOX17 then likely interacts with undefined factors
until expression wanes in the pancreatic buds at the time when SOX9 is induced257. SOX9
establishes the gene expression program necessary for pancreatic budding and growth and
remains important in the formation of the endocrine progenitor cells258; however, it is silenced in
the endocrine lineage.
This study provides the first evidence of a cell autonomous role for SOX4 during normal
endocrine cell formation. Based on our data, we propose a model (Fig. 24) where SOX4 within a
subset of multipotent epithelial progenitor cells stabilizes NEUROG3 transcription and endocrine
progenitor fate. SOX4 then couples endocrine progenitor cell differentiation with subsequent
development through cooperation with NEUROG3.

Figure 24: Model for SOX4 roles during pancreas development. Sox4-expressing bi-potent
progenitor cells (red) activate high levels of Neurog3 expression (yellow). Sox4 and Neurog3
cooperate following Neurog3 activation to increase Neurog3 levels and also to increase
expression of downstream targets Pax4 and Neurod1, genes necessary for mature endocrine cell
formation (light and dark blue).
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SOX4 has been implicated in development of a wide array of mammalian tissues. Previous
pancreatic studies utilized germline knockout models and were unable to definitively show that
cell autonomous actions of SOX4 in the pancreatic epithelium were necessary208,211,212.
Furthermore, the early studies did not uncover when SOX4 becomes important for islet cell
formation or how it functions to regulate islet cell genesis. Finally, these previous studies did not
attempt to assess whether SOX4 expression in the exocrine progenitors is important for their
differentiation. Studies in Chapter 3 address all of these previous questions and for the first time
shows that SOX4 expression within the trunk cells is necessary for endocrine cell development,
and that loss of Sox4 impacts both formation of progenitors and terminal differentiation of all
islet cells but not the exocrine tissue.
Of note zebrafish Sox4b, an ortholog of Sox4, was transiently expressed in endocrine precursor
cells, and knockdown of Sox4b uncovered a requirement for α-cell differentiation. Other
endocrine cell types, however, were unchanged213. The differences in observed phenotypes
between our study and this former one may be attributed in part to unique endocrine
differentiation pathways present in fish and mice or to the differences in knockout/knockdown
approaches used.
In the multipotent pancreatic progenitor cells, NEUROG3 expression is repressed through active
Notch signaling79,80. Endocrine cell differentiation requires loss of Notch signaling and binding
of a number of transcription factors to the Neurog3 promoter including: , ONECUT-1, TCF2,
FOXA2 and NEUROG3 itself58,63,79,82,88,259. This study adds to the cadre of factors that regulate
Neurog3 by demonstrating that SOX4 participates in this Neurog3 regulatory network.
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SOX4 remains important for endocrine differentiation downstream of its initial role in activating
Neurog3 expression. SOX4 may act to stabilize endocrine differentiation following a transient
NEUROG3 induction. Pax4 and Neurod1, which lie directly downstream of NEUROG3 and are
essential during β-cell formation98,260, were significantly reduced in the ES4KO pancreas. Null
mutation of Neurod1 leads to reductions in α-, β-, and δ-cells86 while pancreatic Pax4 knockouts
had reductions of both β- and δ-cells while other endocrine cells including GHRL+ ε-cells were
increased95,98,261. Notably, a dramatic increase in ε-cells was not observed following loss of Sox4,
suggesting that residual Pax4 expression is sufficient to suppress ε-cell formation. Lineage
tracing Sox4 knockout cells provided evidence that NEUROG3+ cell induction was intact and
that these cells remained present within proto-islet cell clusters at E18.5. Interestingly, these cells
were devoid of more terminal gene expression of insulin and glucagon. Evidence from Pax4,
Nkx6-1, and Pax6 knockout models demonstrate a role for TFs in repressing alternate endocrine
cell states. One possibility for the fate of Sox4 knockout cells could be differentiation towards
another enteroendocrine cell type. As δ-cells were significantly reduced in the ES4KO model
while ε and PP-cell numbers were similar, trans-differentiation of α and β-cells to other
pancreatic endocrine cell-types is unlikely, although cannot be ruled out based on current data.
Interestingly, lineage tracing of NEUROG3+ cells have provided evidence of gastrin+ cells
during development262. Follow-up experiments could address whether Sox4 knockout cells
assume a different cell fate due to the perturbed TF network, or whether these cells have stalled
in their development and occupy a dysfunctional partial neuroendocrine cell state.
Together, these studies helped to address the major points of focus for thesis, and tested the
hypothesis that SOX4 expression is required for pancreatic β-cell differentiation in-vivo.
Increased spatiotemporal resolution was obtained for when SOX4 is required in vivo, and both
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binding partners and targets of SOX4 were identified. Importantly, we demonstrated that the
continuity of SOX4 expression from pancreatic progenitor cells to endocrine specified cells was
required to bridge this cell fate transition. Not only does SOX4 induce expression of the master
regulator NEUROG3, it is required as a co-factor to induce downstream TF expression for
lineage progression. In conclusion, this work improves understanding of how endocrine fate
progression and the related TF networks are regulated. Future studies to understand how SOX4
is induced in endocrine progenitors may be of benefit for protocols of directed differentiation of
β-cells from hESCs.
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4. SOX4 Is Required for the Maintenance of Adult β-cell Population via Proliferation
4.1 Introduction
Studies within chapter 3 demonstrated that Sox4 is the predominant Sox family member involved
in the specification and differentiation of β-cells211,263. Here, Sox4 expression was demonstrated
to be maintained in mature islets, and is the highest expressed member of the SOX C group (Fig.
25). Interestingly, GWAS studies on diabetes associated risk variants identified single-nucleotide
polymorphisms (SNPs) located in the Cdkal1 regulatory region, later understood to be Sox4
regulatory elements24,25,210. To add to this, studies have demonstrated that a heterozygous mutant
Sox4 allele derived from ENU mutagenesis, impaired insulin secretion in heterozygous
offspring212,264. These mice however were germline mutants, and further assessment found
double the normal expression of SOX4. Thus, there has yet to be an in vivo loss of function study
to determine the role of SOX4 in adult in β-cells and understand its association with type 2
diabetes.
During development, β-cells are generated through differentiation; however, following birth the
β-cell population is maintained by cellular replication156,157,160,265. Experimental evidence has
demonstrated that several cyclins alone or in combination with other cell cycle genes are
sufficient to drive β-cell proliferation, while loss of Ccnd2 leads to a reduction in β-cell mass44.
Importantly, cell-cycle inhibitors including the INK and ARF family of genes have been
implicated in the negative control of β-cell proliferation, with GWAS studies identifying diabetes
risk associated SNPs in cell-cycle genes such as Cdkn2a, Cdkn2b, and Cdkn1c24,266. Although βcell replication occurs at a slow-rate, proliferation can be increased following conditions such as
high-fat diet, obesity, and pregnancy175,267,268, and these have been correlated to changes in cellcycle genes. However, there have been few direct regulators of cell-cycle genes defined in β82

cells. As the SOX4 co-factor NEUROG3 is downregulated in β-cells, partner with other cofactors may allow for SOX4 to regulate new processes in the adult β-cell state. SOX4 may be a
regulator of cell-cycle genes in β-cells, as it is believed to be an oncogene269–271. Further,
previous study of Sox4 hypomorphic mice identified reduced proliferation of skin stem cells,
with deregulation of cell-cycle genes. Further, these hypomorphic mice were also associated with
accelerated aging272. This observation was also of interest as labeling experiments in β-cells have
shown diminishing proliferation rates with age157,159,273, while other studies have correlated this
changes in the expression of cell-cycle genes132,188. Therefore, we hypothesized that continued
SOX4 expression in adult β-cells is required for proliferation and maintenance of functional βcell mass.
In chapter 4, the role of Sox4 in the maintenance of functional β-cell mass is explored. Here,
Sox4 is demonstrated to be the most highly expressed SOX family member in adult β-cells. Sox4
expression was found to be reduced in samples from humans with type 2 diabetes, correlating
with GWAS studies that highlight Sox4 association to type 2 diabetes risk. In addition, continued
Sox4 expression is essential for the high-fat diet stimulated expansion of β-cells mass in mice,
partly through regulating Cdkn1a expression. In sum these studies demonstrate that changes in
Sox4 expression may increase diabetes risk through impaired normal β-cell replication.
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4.2 SOX4 Expression is the Highest of All SOX Family Members in Pancreatic Islets
We sought to understand whether Sox4 remained a critical factor in β-cells, and if it was due to
the regulation of different targets. Sox4 expression was assessed in both mouse and human islets,
and was the highest expressed SOXC group member, while Sox9 expressed was low (Fig. 26).
Published RNA-Seq data from both humans and mice132,145,274–277 corroborated this finding, and
confirmed that Sox4 expression is the highest of all family members in mice and humans. In
human type 2 diabetic islet samples, Sox4 expression is also diminished versus control samples
(Fig. 26B), a setting correlated with reduced proliferation and cell-cycle gene associated risk.

Figure 25: Taqman gene expression profiling of Sox genes in isolated human (A) and
mouse (B) islets. Expression profiling in islets revealed that Sox4 is the most highly expressed
SOXC family member, in addition to detectable expression of Sox11, Sox12, and the SOXE
family member Sox9. n=3.
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Figure 26: Sox4 is the highest expressed member of the SOX class of transcription factors.
(A) Averaged Log2 fold FPKM values of SOX family genes obtained from published RNA-Seq
studies in isolated human or mouse β-cells normalized to Gusb expression within each study,
normalized to a scale from 0-1. (B) Taqman® qPCR analysis on isolated human islets showed
decreased Sox4 expression from individuals with type 2 diabetes (T2D) versus controls (CT).
n=6, * = p≤0.05, unpaired Mann-Whitney U-test.

To understand how Sox4 contributes to a functional adult β-cell state without its confounding
impact during development, a tamoxifen-inducible knockout approach was utilized263. Pdx1CreER+/0; Sox4flox/flox mice and littermate Sox4flox/flox mice were administered tamoxifen at 6
weeks of age to generate knockout (βS4KO) or control mice, respectively (Fig 27A). Tamoxifen
delivery led to a significant decrease in islet Sox4 expression by 8 weeks of age (Fig. 27B). In
addition, immunohistochemical staining for SOX4 protein was performed on paraffin sections
taken from mice at 30 week endpoint. This demonstrated strong nuclear SOX4 in control mice
(Fig. 27C) but not in βS4KO tissue (Fig. 27D), indicating effective knockout without recovery
over the experimental time-course.
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Figure 27: Validation of the SOX4 knockout model. (A) Schematic of longitudinal mouse
study: littermate control or knockout mice received 8mg of tamoxifen in corn oil (60mg/mL) at 6
weeks, every other day. High-fat diet commenced at 7 weeks of age, with weekly body weight,
fasting glucose, and bi-weekly IPGTT assessments until endpoint at 30 weeks of age. (B)
Taqman® qPCR analysis on 8 week old isolated islets demonstrated a significant decrease in
knockout (βS4KO, KO) islets versus controls. (C,D) Immunohistochemistry of 30 week old
islets from control (C) demonstrated nuclear protein SOX4 in the islets that is reduced in
knockout islets (D). n=4, * = p≤0.05, unpaired Mann-Whitney U-test.

4.3 SOX4 Knockout on HFD Are Glucose Intolerance and Have Reduced Plasma Insulin
To ascertain whether SOX4 is required for normal β-cell function and ultimately glucose
homeostasis, mice were monitored for body weight weekly and glucose tolerance tests were
performed bi-weekly. Chow fed mice exhibited no significant differences in their body weight or
glucose tolerance up to the endpoint at 30 weeks age (Fig. 28). HFD was fed to the mice to
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stimulate the expansion of β-cell mass and to model the prediabetes state in humans. HFD-fed
control and βS4KO mice gained weight at the same rate (Fig. 29A). Despite this, βS4KO mice
on HFD demonstrated worsening glucose tolerance over time and significant difference in
fasting blood glucose by 30 weeks of age (Figs. 29B-F). Insulin tolerance tests were also carried
out on HFD-fed mice to assess whether differences in insulin resistance contributed to glucose
intolerance. Blood glucose levels after a three hour fast were elevated in βS4KO mice versus
controls, similar to the increased fasting blood glucose levels observed in IPGTT results from 30
week old mice. However, no significant differences in glucose disposal following IP insulin
injection between control and βS4KO mice were observed (Fig. 30).

Figure 28: βS4KO mice on chow diet had no significant differences in body weight or
glucose tolerance over time. (A) Weekly body weight measurements were similar between
littermate controls (Control) and βS4KO (Knockout) mice. (B-D) Bi-weekly IPGTT assays at 10,
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20 and 30 weeks respectively with no significant differences between littermate control and
βS4KO mice. (E) Area under the curve plotted against time revealed no significant differences
between control and βS4KO mice. n=3-5. (A-D) Two-way repeated measures ANOVA. (E)
Multiple t-test with Holm-Sidak multiple comparison correction.

Figure 29: βS4KO mice on HFD have declining glucose tolerance over time. (A) Weekly
body weight measurements were similar between HFD-fed littermate controls (Control) and
βS4KO mice (Knockout). (B-E) Bi-weekly IPGTT assays of HFD-fed mice demonstrated
worsening glucose tolerance results over time with the 30-week time point presenting impaired
fasting glucose levels. (F) Area under the curve plotted against time showed separating IPGTT
scores between HFD-fed control and βS4KO mice. n=7-10, * = p≤0.05 (A-E) Two-way repeated
measures ANOVA. (F) Multiple t-tests with Holm-Sidak multiple comparison correction.
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Figure 30: βS4KO mice at 30 weeks of age had similar insulin tolerance compared to
littermate controls. (A) 30 week old βS4KO (Knockout) mice had elevated fasting blood
glucose levels versus littermate controls (Control). Following insulin administration, blood
glucose levels declined at a similar rate compared to littermate controls. (B) Data graphed as fold
over basal blood glucose levels, demonstrating no significant differences between groups. n=3-9.
Unpaired t-test on area under curve (B).

To understand how β-cell function was impaired in the HFD condition βS4KO, plasma insulin
levels were assessed following glucose challenge. This established that βS4KO had significantly
reduced stimulated plasma insulin levels (Fig. 31A). Basal plasma insulin in βS4KO trended
higher than in controls, which might suggest mis-regulated insulin secretion when SOX4 is
deleted. However, this difference was not significant and not observed in static glucose
stimulated insulin secretion (GSIS) assay on isolated islets (Fig. 31C). Reduced β-cell insulin
secretion may be due to an altered β-cell state as SOX4 has been shown, in development, to
impact β-cell differentiation and the expression of Neurod1, a TF important for mature β-cell
function and insulin transcription278. Therefore, GSIS assay was performed on size-matched
islets isolated from 30 week old mice on HFD. No significant differences were observed in either
insulin content (Fig. 31B) or glucose- or KCl-stimulated insulin secretion (Fig 31C). This
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demonstrated that the function of β-cells in βS4KO mice were normal when accounting for the
number of β-cells. Taken together, these data demonstrated that SOX4 is required for β-cell
compensation to excess nutrients; however, loss of SOX4 did not functionally impair the β-cells
that remained. This suggested that reductions in serum insulin may be due to a decrease in the
number of functional β-cells present in βS4KO mice.

Figure 31: βS4KO mice on HFD have reduced plasma insulin following glucose bolus
despite functionally unimpaired islets. (A) Plasma insulin levels show a significant reduction
in βS4KO mice following glucose challenge. (B) Isolated islets from 30 week old mice for GSIS
have no significant differences in insulin content (C) nor significant differences in function
following glucose stimulation (C). n=4, *=p≤0.05. Friedman’s two-way ANOVA (A,C).
Unpaired t-test (B).

4.4 SOX4 is Required for β-cell Proliferation
In order to understand if the impaired glucose tolerance was driven by reductions in β-cell mass,
β-cell mass was quantified at 30 weeks of age, and this demonstrated a 64.8% reduction in the
number of pancreatic INS+ cells in βS4KO versus controls (Figs. 32A-C). No significant
difference in the number of GCG+ cells (Fig. 32D) was observed. As proliferation is essential for
maintaining β-cell numbers in adults, replication was quantified utilizing daily EdU injections
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for one week following tamoxifen administration, from 7-8 weeks of age. This coincided with
the first week of our high-fat diet feeding regimen: an experimental paradigm that has been well
characterized169. After 1 week of EdU injections and HFD, 7% of total β-cells were EdU labelled
(Figs. 33A,C), similar to published cumulative labeling results in β-cells157. Importantly, the
βS4KO showed a 38.6% reduction in the number of EdU+ INS+ cells (Figs. 33B,C), although at
this point β-cell mass did not differ between genotypes (Fig. 33D), similar to previous
observations169. These studies demonstrated that SOX4 is essential for β-cell replication
stimulated by HFD-feeding.

Figure 32: βS4KO have reduced β-cell mass. (A-B) Representative images from tiled
acquisition of (A) control (CT) or (B) βS4KO (KO) Sections of pancreas from 30 week old mice
with immunostaining for glucagon (red), insulin (green), or DNA (blue). Quantification of
pancreatic sections demonstrated a 65% reduction in insulin+ cells (C) but not glucagon+ cells
(D) in 30 week old pancreases. n=4, * = p≤0.05. Unpaired two-tailed t-test.
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Figure 33: βS4KO have a reduction in β-cell proliferation rates. (A-B) Representative
images from (A) control (CT) or (B) βS4KO (KO) 30 week pancreas labelled with EdU for 1
week in-vivo prior to harvest. Sections were immunostained for EdU (A”; B”; red), insulin (A’;
B’; green), or DNA (A; B; blue). (C) Quantification of EdU labelled insulin+ cells in
representative sections reveal a 39% decrease in labelled insulin+ cells; while (D) counted
insulin+ cells remain unchanged at 8 weeks of age. n=4, * = p≤0.05. Unpaired two-tailed t-test.

4.5 SOX4 Regulates the Cell-Cycle Inhibitor CDKN1A in β-cells to Modulate Proliferation
As SOX4 is a transcription factor, we utilized Taqman® low-density arrays to identify SOX4
target genes important for regulating the β-cell cycle. Importantly, these studies were carried out
following 1 week on HFD prior to reductions in β-cell mass. Amongst an array of cell-cycle
genes, only Cdkn1a (p21) and Mcm10 had significant 2-fold differential expression (Fig. 34A).
However, Cdkn1a expression has one of the highest fold β-actin levels in the panel of genes
assessed, roughly 69x greater than Mcm10 (Figs. 34B,C). This suggested that this highly
expressed gene may be responsible, in part, for the reductions in β-cell proliferation in βS4KO.
CDKN1A has been previously characterized to be associated with β-cell cycle arrest to drive
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reductions in β-cell proliferation182. In contrast, MCM10 is an S-phase scaffold protein without
its own activity, expressed at extremely low relative abundance levels (Fig. 34C). Further
analysis of the Cdkn1a promoter identified three canonical SOX4 DNA binding motifs
[TTGTTT] at -2374bp, -1790bp, and -692bp upstream of the transcriptional start site. A previous
study utilized deletion constructs of the human CDKN1A promoter, identifying a domain
required by SOX9 to regulate transcription. This is supportive as SOX factors share a common
motif due to HMG domain conservation, while independent EMSA and ChIP-Seq experiments
on SOX4 and SOX9 have also mapped binding to this common motif193,196,279. Together, these
studies reveal a previously unappreciated role for SOX4 in promoting β-cell proliferation, in part
through the altered expression of the cell-cycle inhibitor p21.
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Figure 34: Taqman® low-density array analysis of cell-cycle genes in βS4KO islets
following one week of HFD. (A) Taqman® low-density array expression analysis of 8 week old
islets, following taxmoifen administration at 6 weeks of age, and 1 week of HFD from 7-8 weeks
of age. Blue lines represent 0.5 and 2 fold control expression levels, red line represents control
expression levels. Only Cdkn1a and Mcm10 are significantly different. (B) Cdkn1a has the
highest fold difference in knockout (KO) islets versus littermate controls (CT) and the greatest
expression levels fold β-actin. (C) Mcm10 is differentially expressed, although at ~69x less than
Cdkn1a. n=3, * = p≤0.05. Unpaired two-tailed t-test.
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4.6 Discussion
Replenishment of β-cell numbers relies on cell-division rather than differentiation83. Mirroring
the neuronal system280, the studies in chapter 3-4 establish pancreatic SOX4 as a factor that
initially specifies a terminally differentiated β-cell state263, and then supports β-cell proliferation.
This is in agreement with experimental evidence that SOX4 can act as an oncogene269 as well as
regulate cell cycle genes and proliferation272,281.
HFD-fed βS4KO mice exhibited glucose intolerance that was attributed to reduced plasma
insulin levels. However, once matched islets were utilized in a static GSIS assay, no significant
differences were discovered in either total insulin content or insulin secretion following 16mM
glucose or KCl challenge. This suggested that β-cell function is unaffected when islet size is
matched, and that reduced serum insulin was due to altered β-cell number in βS4KO mice.
Furthermore, while SOX4 is important for embryonic β-cell differentiation, these data suggest
against a requirement in the maintenance of a functional β-cell state. Quantification of
immunostained pancreatic sections supported these observations as βS4KO pancreatic sections
had diminished β-cell numbers.
Here, HFD feeding of the βS4KO resulted in glucose intolerance that was caused by impaired βcell replication. To estimate the impact of a 38.6% reduction in proliferation over a period of 30
weeks, we used the proliferation rate derived from a one week EdU labeling period, together
with a simple mathematical model of compounding over 24 weeks: Cellsfinal = Cellsinitial [1 +
(Proliferationknockout – Proliferationcontrol)]Time(weeks). Assuming a steady state of β-cell attrition and
proliferation, this approach estimates a 48.7% decrease over 30 weeks, roughly accounting for
our observed 64.8% reduction in β-cell mass. In fact, previous estimates suggest that β-cell
proliferation rate is significantly higher at birth with an exponential decay157,160. This suggests
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that our estimation is conservative and our β-cell quantification more accurately reflects realworld differences. Additionally, TUNEL staining did not show significant levels in our model
suggesting changes in cell survival do not affect β-cell mass in the βS4KO.
The screen of potential target genes identified Cdkn1a as the best candidate as it was amongst the
most differentially expressed genes with a high abundance level. Cdkn1a arrests cell G1-S
transition and has been correlated with endocrine specification and exit from the cell cycle182.
Mcm10 may also be expressed during late G1 phase, with its increases reflecting a stalled Sphased entry282. Germline Cdkn1a gene knockout does not lead to increased proliferation due to
redundancy with other family members and possible developmental compensation283. However,
recent evidence suggests that CDKN1A inhibits β-cell cell-cycle progression, and targeting the
protein by small molecule inhibitors improves human islet proliferation284. Overall, the evidence
points towards SOX4 as a positive modulator of proliferation through downregulating p21
expression that is present in adult β-cells.
In summary, chapter 4 explored the role of SOX4 in the adult β-cell state, as data highlighted the
presence of SOX4 at high levels relative to its family members. Here, a loss of function approach
determined that Sox4 expression is important following β-cell differentiation to maintain
effective cellular replication rates in the face of metabolic stress, through modulating the
expression of Cdkn1a. This demonstrates that SOX4 has unique roles in both developmental and
adult β-cell states. The finding that β-cell replication is reduced in a nutrient surplus setting may
help to explain the identified risk associations with Sox4, as obesity and nutrient excess have a
high co-incidence rate with type 2 diabetes.
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5. Mediator Subunit MED15 Is Required for Pancreatic Endocrine Cell Specification and a
Functional β-cell State
5.1 Introduction
Some poorly described aspects of transcriptional regulation in β-cells are how TFs are coupled to
external signals and how TFs in β-cells specifically interface with Pol II to regulate gene
expression. For instance, receptor and gene deletion studies have identified activin and FGF
signaling to be required for pancreatic bud induction and expansion, respectively68,285. However,
the intracellular TFs that ultimately regulate these signals have not been characterized, nor the
changes in gene expression that ensue to specify pancreatic tissue. Following pancreas
specification, single-gene deletion studies have identified TFs important for proper pancreatic
formation and cell fate decisions, as described in chapter 2. Although some studies have
demonstrated cooperative TF binding256,286,287, the interactions for many TFs remain unknown.
Finally, after TF binding to their cognate DNA domain, the terminal interactions with Pol II to
regulate transcription are undefined. Here in chapter 5, some of these questions begin to be
explored in the context of Mediator proteins.
Mediator is an important complex that regulates Pol II assembly, elongation, and termination of
transcription221. This is highlighted by Mediator disruption in yeast, where transcription levels
decreased to virtually undetectable levels218. One of the major functions of Mediator is believed
to be a TF co-regulator, allowing TFs at enhancer sites to dock to the Pol II holoenzyme, and
thereby facilitating gene regulation. This is supported by numerous TF-Mediator studies as well
as ChIP-ChIP genome occupancy experiments that have identified Mediator presence in gene
enhancer locations288,289. Interestingly, single Mediator subunit deletions have identified
interactions with transcriptional master regulators of specific lineages219,227,228. For example,
MED1 and MED14 are required for PPARγ recruitment while MED23 is important for ELK1
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binding, in adipogenesis219. These and other studies have led to the concept that individual
Mediator subunits facilitate specific signaling pathways or lineage decisions225.
The Mediator subunit, MED15 was of particular interest with regards to pancreas biology.
MED15 is a component of the Mediator tail-domain, a region that cryo-EM experiments have
predicted to be suitable for TF-docking224. Previous studies have demonstrated that MED15 is
required for TGF-β signaling as well as nuclear hormone signaling231,233, pathways which are
important for early pancreas development231,233. Further, MED15 orthologs in yeast, plants, and
worms, are required for fatty acid metabolism and response to stress231,232,290, with potential
implications for maintenance of a mature β-cell state. The role of Mediator has not been
described for β-cell biology, and conversely, many subunits do not have well-established in vivo
biological functions. Here, we demonstrate the first known roles for MED15 in mice using a
loss-of-function approach. MED15 is required for commitment to the pancreatic endocrine
lineage; however the number of pancreatic progenitors and total pancreatic cell numbers are
unaffected in the knockout. Finally, loss of MED15 in adult β-cells also alters gene expression
leading to impaired β-cell function and ultimately, diabetes.
5.2 Characterization of MED15 Expression
Med15 expression in the pancreas was characterized by Taqman® real-time PCR analysis (Fig.
35A). Med15 mRNA expression was high at E12.5, immediately prior to the secondary transition
when a large number of endocrine cells are specified. Med15 expression is reduced from E13.5E16.5 relative to other developmental time points, and becomes enriched in adult islets. This was
validated at the protein level by western blot in the MIN6 β-cell line and in both mouse and
human islets (Fig. 35B).
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Figure 35: Med15 expression in the pancreas. (A) Taqman® qPCR analysis of isolated
pancreases from E12.5 – E18.5 and 8 week isolated islets demonstrated the presence of Med15
mRNA. (B) Representative western blot against MED15 established the presence of MED15
protein in the MIN6 β-cell line as well as mouse and human islets. n=3.

To determine when MED15 is required during β-cell development, mice harbouring Pdx1-Cre,
Neurog3-Cre, or Ins1-Cre were crossed with Med15flox/flox to generate conditional knockouts:
PM15KO, NM15KO, and IM15KO, respectively (Figs. 36A). The combined use of these models
allowed for the identification of the specific lineage that required MED15. Western blot analysis
of MED15 demonstrated detection of an expected 85kDa protein, predicted to be MED15, in
PM15KO E15.5 tissue (Fig. 36B). This band was lost in the PM15KO knockout embryos, while
additional immunostaining demonstrated reduction of MED15 protein in the models used (Figs.
36C-F). These data support the expression of MED15 in the pancreas, in a subset of pancreatic
cells.
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Figure 36: Validation of Med15 knockout models. (A) A timeline demonstrating the cell
lineages affected by each transgenic model. Pdx1-Cre results in whole pancreas knockout of
Med15 impacting progenitor cells and all derivatives. Neurog3-Cre deletes Med15 in endocrine
progenitors while Ins1-Cre is expressed in maturing β-cells only. (B) Western blot for MED15
showed reduced MED15 in PM15KO E15.5 pancreas versus wild-type with GAPDH loading
control shown below. Immunostaining for MED15 (green) and INS (red) demonstrated loss of
MED15 protein in E18.5 PM15KO (C-D) or 8-week old IM15KO (E-F) pancreas. n=3.Scale
bars=100 μm.

5.3 MED15 is Required for Pancreatic Endocrine Cell Specification
Initial assessment of PM15KO mice revealed that knockout genotypes were born at nonMendelian ratios (Fig. 37A). This was reminiscent of severe TF knockout phenotypes such as
pancreatic Pdx1 and Nkx2-2 knockouts that demonstrated a failure to thrive postnatally60,94.
Whole-mount examination of E18.5 pancreases from PM15KO mice exhibited no gross
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differences in overall pancreas morphology (Fig. 37B). However, immunofluorescence analyses
of pancreatic sections revealed a severe reduction in islet size and β-cell mass (Figs. 37C,D).
This is reflected in the significant glucose intolerance observed in 6 week old PM15KO mice
(Fig. 37E), suggesting defects in functional β-cell mass.

Figure 37: Characterization of PM15KO mice. (A) Initial characterization of PM15KO mice
from three breeding pairs demonstrated lower than predicted Mendelian ratio of PM15KO
genotype survivors. (B) Whole-mount micrograph of the pancreas showed no gross diferences
compared to wild-type at E18.5 (C) Representative immunostaining of pancreatic sections from
6-week old mice for insulin (INS; green) and glucagon (GCG; red) cells versus (D) PM15KO
revealed decreased numbers of INS and GCG+ cells. (E) IPGTT of 6-week old mice
demonstrated that PM15KO mice were glucose intolerance, with blood glucose reaching limits
of detection (33.3 mmol/L). n=3-7, p≤0.05. Unpaired Mann-Whitney U test on AUC (E).
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5.4 MED15 is Required for Endocrine Specification But Not Pancreatic Progenitor Fate
As the preliminary results pointed towards a defect in cell differentiation, the pancreatic
progenitor cell population was assessed by immunostaining at E12.5, as Pdx1-Cre recombination
occurs by this time (Fig. 11). PDX1 or SOX9+ are markers of pancreatic epithelial cells at this
stage, and the number of these cells was not significantly changed in PM15KO pancreases (Figs.
38A,B). Further, NKX6-1+ trunk-cell or CPA1+ tip-cell numbers were also unchanged (Figs.
38C,D). This demonstrated that pancreatic deletion of Med15 does not alter the number of
pancreatic progenitor cells during early pancreatogenesis.

Figure 38: PM15KO mice have no differences in progenitor cell population. CellProfiler
quantification of immunofluorescent micrographs from E12.5 pancreatic sections demonstrated
no change in cell numbers stained for (A) PDX1+ (B) SOX9+ to label pancreatic cells, as well as
(C) NKX6-1+ and (D) CPA1+ to label trunk and tip cells, respectively. n=3-4. Unpaired twotailed t-test.

Next, pancreatic sections were examined by immunostaining at E15.5, a period of high
NEUROG3 induction and endocrine specification. PM15KO mice exhibited severe reductions in
NEUROG3+ cell numbers (Figs. 39A-C). However, the total number of SOX9+ cells marking
the trunk-cells were unchanged, nor were the total number of pancreatic cells different (Figs.
39A,B,D,E). In support of these findings, the number of INS+ cells were reduced by E18.5 (Figs.
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39F-H), while there were no changes in total number of pancreatic cells (Figs. 39F,G,I). Taken
together, these data support a requirement for MED15 in endocrine lineage specification from bipotent trunk cells.

Figure 39: PM15KO mice have significantly reduced endocrine progenitor cells. (A,B)
Representative immunostaining of pancreatic sections from E15.5 control (A) or PM15KO (B)
pancreas demonstrated a reduction in NEUROG3 (NGN3; green) but not SOX9 (SOX9; red)
cells in PM15KO (B) sections, as quantified by Cellprofiler (C,D). Total pancreatic cell numbers
are unchanged (E). (F-G) Representative immunostaining of E18.5 pancreas for insulin (INS;
green) quantified by Cellprofiler demonstrated a reduction in INS+ cells (H) but not total
pancreatic cells (I). n=3-4. p≤0.05. Unpaired two-tailed t-tests.

5.5 MED15 is Required for β-cell Differentiation Following Endocrine Specification
As MED15 is required for NEUROG3 induction, PM15KO would mask a role for MED15 in βcell differentiation following NEUROG3-induced endocrine specification. Therefore, we utilized
NM15KO mice to address whether MED15 is necessary for β-cell differentiation downstream of
NEUROG3 induction. As shown in chapter 3, we postulated that loss of Med15 expression with
NM15KO occurs with a time-delay and would allow for the high induction of NEUROG3 to
specify endocrine fate. This was validated at E15.5 with immunostaining demonstrating no
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statistical difference in the number of NGN3+ cells nor SOX9+ cells (Figs. 40A,B), as expected
from previous data (Fig. 16). However, E18.5 NM15KO pancreas sections, demonstrated a
reduction in the number of INS+ cells, but not GCG+ cells or total pancreatic cell number (Figs.
40C-E). These data suggest that in addition to a requirement for endocrine specification, MED15
continues to be required for β-cell development.

Figure 40: NM15KO embryonic pancreases have reduced β-cell numbers versus controls.
Cellprofiler quantification of E15.5 paraffin sections immunostained for (A) NEUROG3+ and
(B) SOX9+ showed no difference in PM15KO versus controls. Quantification of E18.5 sections
displayed differences in (C) INS+ cell numbers but no significant differences in (D) GCG+ cell
number or (E) total pancreatic cell number. n=3-4. p≤0.05. Unpaired two-tailed t-tests.

5.6 Loss of MED15 Results in Glucose Intolerance
Interestingly, Med15 expression is at a relative maximum in E18.5 and isolated islets from 8
week old mice, versus earlier pancreatic stages (Fig. 35A). In addition, several TFs important for
early pancreas development are active in the maintenance of functional β-cells, such as PDX1,
NEUROD1, and NKX6-1. TFs require Mediator complex to engage Pol II, and as MED15 was
determined to be important during embryonic pancreas development, it may continue to be
required for the function of TFs involved in maintaining a functional β-cell state. To explore this,
IM15KO mice were utilized, where Med15 is conditionally deleted from maturing β-cells that
begin to express Insulin I (Ins1; Fig. 36A).
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IM15KO mice were born at Mendelian ratios with no significant differences in body weight at 8
weeks of age (Fig. 41A). Following an IP glucose bolus, IM15KO exhibited severe glucose
intolerance (Fig. 41B). Blood samples collected prior to glucose injection and 10 minutes after,
demonstrated an impaired increase in plasma insulin levels (Fig. 41C) suggesting impaired
functional β-cell mass. To investigate further, eight-week old pancreases were then paraffin
embedded and sectioned. Quantification of INS+ and GCG+ immunostained cells within
pancreatic sections demonstrated no differences in IM15KO pancreas versus controls, nor were
total pancreatic cells significantly different (Figs. 41D-G). Collectively, these data demonstrated
that conditional knockout of Med15 in maturing β-cells resulted in compromised β-cell function
that was not due to a reduction in overall β-cell number.
5.7 Identification of Gene Expression Changes in IM15KO
As MED15 is a TF co-regulator, gene expression changes in the IM15KO were assessed in order
to understand the underlying changes that contributed to the functional impairment of β-cells.
Islets isolated from 8 week old mice were processed for high-throughput RNA sequencing
(RNA-Seq). The dataset generated was validated, and unbiased k-means clustering was able to
independently segregated 1M15KO and control islets (Figs. 45; Appendix A; page 120-121).
After multiple comparison correction, 174 genes were identified that displayed significant
differences in gene expression in IM15KO islets, with the majority downregulated in IM15KO
islets compared to controls (Fig. 45; Appendix A; page 120-121). Gene ontology and KEGG
analyses of these genes revealed enrichment in pathways related to insulin exocytosis, protein
processing, and diabetes (Figs.42A,B; Figs. 43A-E).
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Figure 41: IM15KO mice are glucose intolerant despite similar number of β-cells. (A)
IM15KO mice at 8 weeks of age have no differences in body weight versus control mice
(CTRL). (B) IM15KO mice at 8 weeks of age demonstrated glucose intolerance (n=13-16) and
(C) were unable to increase blood insulin concentration following glucose bolus as measured by
plasma insulin levels 10 minutes post IP injection (n=10). (D-F) Quantification of pancreas
sections from IM15KO showed no differences in (D) INS+ cells (E) GCG+ cells or (F) total
pancreatic cells at 8 weeks of age. (G,H) Representative images of islets from 8 week sections
stained for insulin (INS; green) and glucagon (GCG; red) from control (G) or IM15KO (H) mice.
n=4. *=p≤0.05. (B) Two-way ANOVA with Sidak multiple-comparison test. (C) Two-way
ANOVA (A,D-F) Unpaired two-tailed t-tests.
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Notably, MED15 deletion phenocopied the glucose intolerance observed in adult mice with
conditional deletion of NKX6-1 from β-cells134. Cross-examination of the IM15KO RNA-Seq
dataset with NKX6-1 RNA-Seq and Chromatin-immunoprecipitation-Sequencing (ChIP-Seq)
data demonstrated overlapping gene targets that were significant upon Fisher-exact analysis (Fig.
42C). Finally, immunostaining was performed to verify the presence of NKX6-1 and differential
expression of β-cell genes (MAFA, UCN3, GLUT2) that are known markers of β-cell function
(Fig. 43F-I). Immunostaining of these proteins reflected the mRNA expression level differences.
These data strongly suggest that MED15 is an important co-regulator for NKX6-1 in maintaining
a functional β-cell state.
5.8 Loss of MED15 Impacts β-cell Metabolism and Mitochondrial Function
As data demonstrated functional β-cell impairment and downregulation of multiple genes
involved in glucose metabolism, islets were examined ex-vivo by GSIS. Here, islets from 8 week
IM15KO showed decreased insulin exocytosis following stimulation by 16 mM glucose, but not
with 40 mM KCl (Fig. 44A). Total insulin content was similar in IM15KO versus controls (Fig.
44B). This demonstrated that MED15 is required for GSIS. Furthermore, as KCl-stimulated
insulin secretion was similar in IM15KO, this implied that loss of Med15 impaired β-cell
function upstream of the KATP channel, perhaps by modulating metabolism. Therefore, cellular
respiration was assessed by Seahorse XF mitochondrial stress assay. Here, IM15KO islets
exhibited reduced oxygen consumption rates (OCR) during basal glucose (2.8 mM) and high
glucose (16 mM) measurements, and one data point following administration of the uncoupling
agent FCCP (Fig. 44C). These results suggest that loss of MED15 led to reductions in glucosestimulated cellular respiration and ATP generation, important for glucose-stimulated insulin
exocytosis. Further, mild mitochondrial impairment was observed as FCCP decoupled OCR had
107

a minor impact, likely contributing to the reduced OCR during 2.8 mM and 16 mM glucose
conditions. Together, these experiments demonstrate that MED15 is a TF co-regulator of genes
important primarily for glucose metabolism and/or mitochondrial function.
5.9 Discussion
Characterization of Mediator subunits have led to the finding that specific subunits interact with
transcriptional master regulators of cell fate. Genome-wide occupancy experiments have
identified Mediator at OCT4, SOX2, and NANOG sites, postulated to form super-enhancers to
regulate ES cell pluripotency291,292. Subunit specific roles include MED1 interaction with PPARγ
to regulate the development of adipose tissue228, and with GATA1 in the regulation of
haematopoiesis293. Other subunits such as MED12, MED13, and MED23 have also been
described in chondrogenesis, smooth muscle development, and adipogenesis. Interestingly,
Mediator subunits MED12 and MED25 have also been demonstrated to interact with TFs known
to be important for pancreas development, such as SOX9294,295. In zebrafish, mot gene encodes
for Med12 and mutation studies have established a role in the development of a sub-set of
neurons. However, despite recent progress, many Mediator subunits lack known roles in
mammalian development.
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Figure 42: Analysis of differentially expressed genes in RNA-Seq data obtained from 8
week old IM15KO islets. (A) GO enrichment of genes in biological processes regulating insulin
exocytosis and processing were identified. (B) KEGG analysis of biological pathways
demonstrated enrichment for processes in MODY and type 2 diabetes. (C) Overlap of IM15KO
differentially expressed genes with a ChIP-Seq dataset of genes identified within 10kb of NKX61 bound chromatin (SRP015805; 134); n=5. (C) Fisher-exact test; p≤0.05.
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Figure 43: Protein validation of IM15KO differentially expressed genes. (A-E) RNA-Seq
gene expression data showed no change in (A) Nkx6-1. However, NKX6-1 targets (B) Pdx1, (C)
Glut2, (D) MafA, and (E) Ucn3 have reduced expression. FPKM: fragments per kilobase of
transcript per million mapped reads. * = p≤0.05. Significance obtained from DESeq2 analysis:
wald-test with B-H multiple-test correction. Representative immunostaining in 8 week
pancreatic sections reflect RNA expression data with no changes in NKX6-1 (F,F’; green) or
PDX1 (F-I, F’-I’; red) staining. GLUT2 (G,G’; green), MAFA (H,H’; green), and UCN3 (I,I’;
green) were reduced in matched conditions. n=3. Scale bars=50 μm.
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Figure 44: Glucose-stimulated insulin secretion and cellular respiration profile of IM15KO
islets. (A) GSIS on 50 matched islets per well, non-serial measurements from 2.8 mM basal
glucose to either 16 mM glucose or 40 mM KCl. IM15KO had reduced insulin exocytosis at
16mM glucose but not at 40 mM KCl compared to controls (n=5-6). (B) Total insulin content
from islets was similar. (C) Seahorse XF Mito stress kit demonstrated reduced cellular
respiration at 2.8 mM glucose (2.8 mM), 16 mM glucose (16 mM), and FCCP. Olig:
Oligomycin, AA+R: Antimycin + Rotenone. n=6, p≤0.05. (A,C) Two-way ANOVA (B) MannWhitney U test.

This is the first study to demonstrate a role for the MED15 subunit in mammals. Loss of MED15
in pancreatic progenitors led to significant reductions in the master regulator NEUROG3.
However, pancreatic progenitors were unaffected with similar cell numbers and expression of
both PDX1 and SOX9 intact. This suggests that Mediator complex is able to function despite the
lack of MED15 in pancreatic progenitors. Additionally, MED15 also appears to be a required coregulator of the pancreatic endocrine cell lineage, in line with observations that Mediator
subunits interact with specific pathways. Conditional deletion of Med15 in endocrine progenitor
also displayed defects in β-cell development, while loss of Med15 in maturing β-cells impairs βcell function in the adult. Multiple roles for MED15 may be conferred by the presence of a KIX
domain, an important protein-protein interaction site that has known interactions with multiple
TFs229. Additionally, MED15 contains conserved intrinsically disordered regions throughout the
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protein, proposed to be important for protein-protein interactions296,297. Therefore, similar to
other mediator factors, MED15 likely engages multiple TFs through the course of
development219.
Expression data from RNA-Seq of IM15KO offers a potential MED15 interacting candidate that
is able to explain the different phenotypes observed in the mouse models used, NKX6-1. Maike
Sander’s group134 demonstrated that Nkx6-1 gene deletion in 4 week old mice led to glucose
intolerance and reduced plasma insulin levels, features shared by the IM15KO mice. There was
also significant overlap of genes with altered expression in both mouse models, regulating genes
important for glucose metabolism, insulin exocytosis, and β-cell maturity. The pattern of NKX61 expression in pancreatic progenitor and endocrine progenitors also coincides with MED15
expression during pancreas development, suggesting that it is a plausible interacting factor54,97.
Importantly, Nkx6-1-/- mutants also demonstrate a similar 90.7% reduction of NGN3+ cells in
pancreatic sections from E12.5, although this had recovered to wild-type levels by E14.576. This
was postulated to be due a residual population of SOX9+PDX1+ trunk-like progenitor cells that
may contribute to NGN3 induction. One possibility is that MED15 is a central integrator of
multiple TFs present in pancreatic progenitor cells. Therefore, loss of MED15 as a lineage
regulator would likely prevent even the residual SOX9+PDX1+ trunk-like cells from adopting an
endocrine cell fate, although this remains to be examined. Finally, Ngn3-Cre mediated Nkx6-1
deletion in endocrine progenitors also resulted in a specific decrease in β-cell numbers, mirroring
our MED15 results. As MED15 phenocopies NKX6-1 at multiple stages of β-cell development,
MED15 appears to be a good candidate as an NKX6-1 co-regulator of transcription.
Alternatively, MED15 may be interacting with other factors such as the HNF family members
during β-cell development. There is evidence that HNF1α is expressed in developing pancreatic
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epithelium, and is regulated by NKX6-1298,299. Loss of HNF1α also leads to downregulation of
similar genes observed in the RNA-Seq dataset300, supporting the data that it is regulated
downstream of NKX6-1. Finally, worm MDT-15 has been demonstrated to interact with a
related family member, NHR-49 (HNF4α)231. Therefore, MED15 may be able to interact with
HNF proteins in the pancreas, to regulate a gene set that overlaps the differentially expressed
genes in the NKX6-1 knockout. This remains a hypothesis to be experimentally validated.
Finally, loss of MED15 in maturing β-cells specifically impacted glucose-stimulated insulin
exocytosis. Despite the downregulation of genes known to be involved in insulin biosynthesis
and exocytosis such as Ero1lb, Sytl4, Pdi, and MafA, this study demonstrated that IM15KO
retained a similar capacity as control mice to secrete insulin following KCl-stimulated
depolarization. Therefore, in the context of Med15 deletion, it appears that glucose metabolism
and downstream cellular respiration is the basis of the observed phenotype. This may be in part
due to the downregulation of Slc2a2, encoding for the GLUT2 transporter as well as
mitochondrial genes such as Cox6a2, one of the most differentially expressed genes in the
IM15KO RNA-Seq dataset. Overall, MED15 appears to be indispensable for β-cell development
and further examination may provide insight to identify essential TF partners and networks.
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6. Conclusions
6.1 Research Summary
Research into the transcriptional regulation of β-cell development has continued to yield novel
insights, yet has also showed an increasingly complex landscape of factors and interactions.
Efforts are underway to leverage current understanding of β-cell signaling and TF dynamics to
generate β-cells from ES-cells46,47, alternative tissues153,154, or accelerate existing β-cell survival
and proliferation301,302. An improved map of β-cell TF networks could offer a clearer
understanding of the underlying changes that occur during lineage specification. Moreover, it
would help to elucidate the reinforced TF networks during the terminal β-cell state. As there is
evidence of a destabilized β-cell state in type 2 diabetes, this may offer insight on how to restore
a functional β-cell state. Toward these ends, this thesis embarked upon the functional
characterization of Sox4 and Med15.
One of the earliest loss-of-function studies of Sox4 highlighted a role for this TF in lineage
progression, as Sox4-/- cells had a block at the pro-B-cell stage199. Ongoing studies have
demonstrated additional cell fate specification roles for Sox4 in other tissues such as heart, brain,
and bone201. In the pancreas, the earliest studies demonstrated that pancreas explants from Sox4-/mice had severely reduced numbers of β-cells211. Additional characterization in zebrafish
revealed that Sox4b ortholog in fish had important roles in the regulation of pancreatic endocrine
development303, while ENU mutagenesis studies revealed a role in insulin secretion212. These
initial studies suggested that Sox4 may be important in β-cell development, although significant
questions remained:
1. What is the spatiotemporal pattern of SOX4 in vivo?
2. Which cells during pancreatic development require SOX4 and what is its role?
114

3. As a co-activator, what are the co-factors for SOX4 during pancreatic development?
4. What are the targets of SOX4 and how are they regulated by SOX4?
To address these questions, multiple mouse models combined with lineage tracing were utilized
to study Sox4 both during development and in adult β-cells in vivo in chapter 3 and 4. Previous
studies identified Sox4 message within the pancreatic epithelium. Here, the first protein level
validation of SOX4 expression was performed revealing expression within pancreatic progenitor
cells that become restricted to NEUROG3+ cells and later, endocrine cells. In addition, SOX4
was shown to be important for the induction of NEUROG3, and therefore necessary for
endocrine cell specification. In this context, in vitro experiments demonstrated that SOX4 acted
in a cooperative manner with NEUROG3 to induce NEUROG3 expression, although other cofactors may exist. As high levels of NEUROG3 need to be attained for endocrine cell
specification, initial changes in NEUROG3 due to stochastic differences in Notch signaling may
be amplified through a positive regulatory loop that includes SOX4 and FOXA2286.
Next, as SOX4 becomes enriched in maturing endocrine cells, studies were performed with
Neurog3-Cre to determine if SOX4 continued to promote endocrine development. These
experiments determined that loss of SOX4 led to reduced β-cell numbers. One role for SOX4 in
endocrine cells was identified with experiments demonstrating that SOX4 cooperates with
NEUROG3 in the promoter binding and induction of Pax4 and Neurod1. This is similar to the
interactions between NEUROG3 and NKX2-2 in regulating TF expression following NEUROG3
induction256. These experiments provide evidence of pleiotropy for Sox4, suggesting that multilineage analysis is important to dissect specific roles during pancreatogenesis. Finally, lineage
tracing of Sox4 deletion following endocrine program activation revealed that a subset of these
cells were devoid of islet hormone staining, although they were positive for the neuroendocrine
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marker CHGA. This suggested that while these cells were able to initiate endocrine
differentiation, it is incomplete. This may be a potential interim cell state observed in previous
single TF knockout studies where endocrine cell numbers are reduced, although further
experiments would be necessary to establish this. The fate of these cells also remains to be
understood as they appear to persist in E18.5 tissue sections. One potential outcome could
involve apoptosis of these cells shortly following birth, as observed in Neurod1 knockout mice86,
since loss of SOX4 reduced Neurod1 expression. Alternatively, these cells may default to
another transient endocrine population found only during development, such as Gastrin+ cells,
although these hypotheses remain to be formally tested. Taken together, these studies provide an
improved understanding of how SOX4 is required for endocrine development, and the initial fate
of cells that have compromised endocrine development.
Experiments presented in Chapter 4 utilized the Pdx1-CreER; Sox4flox/flox loss of function model
to determine if SOX4 bridged the transition to a mature β-cell state. Loss of Sox4 at 6 weeks of
age resulted in no differences in body-weight for either HFD or chow-fed mice. However, HFD
mice displayed worsening glucose tolerance over time. Additional experiments identified no
differences in glucose-stimulated insulin secretion from size matched HFD-fed mouse islets, nor
altered insulin sensitivity. These findings were consolidated upon examination of β-cell number,
with decreased β-cell mass in HFD-fed mouse pancreatic sections. As β-cell mass is maintained
via replication, one week of EdU was administered to 7-week old mice to label dividing β-cells.
As predicted, loss of SOX4 decreased β-cell replication, with changes in cell-cycle gene Cdkn1a.
Previous research has demonstrated that a Sox4 loss of function mutant allele impacts stimulated
insulin secretion. However, the experiments presented in chapter 4 suggest that loss of Sox4
leads to no differences in insulin secretion, with a primary defect of β-cell replication. This may
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be due to differences in the models utilized. Previous studies used heterozygous mice carrying a
loss of function Sox4 allele derived from ENU mutagenesis. These mice may also harbour
undetected mutations in other loci. Further, the studies were paradoxically marked by 100%
increased expression of Sox4212,264. One speculation may be that this is a form of developmental
compensation for the reduced gene dose of the functional allele. The authors argue that impaired
insulin secretion is due to overexpression of Sox4, driving an increase in Stxbp6 expression
observed in their mouse model. Stxbp6 is a SNARE protein suggested to be involved with
granule exocytosis, as their experiments observed reduced granule fusion. Further, in vitro
experiments with overexpression of Sox4 also increased the expression of Stxbp6.
In contrast, the studies in chapter 4 utilized Sox4 deletion that led to decreased expression,
reflecting the levels of Sox4 expression observed from human patients with type 2 diabetes. The
reduction of cellular proliferation is in concordance with observations that Sox4 hypomorphic
alleles result in decreased proliferation and accelerated aging272. Moreover, this was observed
only in HFD conditions that simulate a nutrient surplus pre-diabetes state. As obesity or high fat
diet produces a setting that results in increased β-cell proliferation169,268, this setting may be
sensitive to loss of Sox4. Further, Sox4 has been identified as a positive regulator of the
polycomb repressive complex gene Ezh2 in epithelial cells. Interestingly, studies in the pancreas
have suggested that loss of Ezh2 expression leads to de-repression of cell-cycle inhibitors of the
INK/ARF family leading to age related reductions in β-cell proliferation. A clear relationship
between Sox4-Ezh2-p16 will require additional experiments. Finally, given previous studies
identifying Sox4 as a type 2 diabetes related risk-factor24,25,210, the work encompassed in this
chapter offers a potential mechanism of how Sox4 impacts β-cell development and function.
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Although experiments described in chapters 3 and 4 have identified key genes regulated by Sox4
several observations were of note. Specifically, loss of Sox4 leads to the presence of cells that
have specified to an endocrine lineage, yet do not show detectable levels of hormone. It is
unknown whether these “incompletely” differentiated cells resolve to a specific fate during
postnatal maturation, or whether they have reprogrammed to an alternative endocrine fate, such
as gastrin+ cells, found within embryonic but not adult pancreas262. As these cells are a subset of
endocrine cells in the Sox4 knockout, FACS sorting followed by single-cell RNA-Seq may offer
improved characterization of these cells. In adult islets, SOX4 appears to partner with yet
unidentified factors to regulate cell replication. While studies here have shown an increase in
Cdkn1a, direct regulation of this gene and others by SOX4 is unknown. The ability to isolate
islets allows for future ChIP-Seq and RNA-Seq experiments to identify bona-fide targets with
SOX4 occupancy. Further, as SOX4 upregulates Ezh2 in epithelial cells, their relationship in the
pancreas is unknown. It would be of interest to determine whether SOX4 expression level
diminishes with age, leading to loss of Ezh2 repression of cell-cycle inhibitors.
A key component of regulated transcription following TF-enhancer binding is the engagement of
Mediator. Indeed, in yeast, there is an absolute requirement for Mediator complex in
transcriptional activation218,304. As described in chapter 1, there is now accumulating evidence
that Mediator complex is comprised of variable subunit composition224,305,306. This is important
as subunit knockouts have illustrated that different TFs and signaling pathways activate specific
subunits to coordinate gene responses. This in part may be due to the abundance of intrinsically
disordered regions within the mediator complex, allowing for induced-fit binding of multiple
transcription factors307. Curiously, subunit composition appears to be reduced in differentiated
liver cells308, postulated to be another mechanism for the reinforcement of a terminally
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differentiated state. Thus while many TFs have been identified in pancreas development, their
interaction with Mediator has not been previously shown, nor has a specific subunit been linked
to the distinct cell fate decisions during pancreas development. This thesis now contributes to our
understanding of TF regulation by identifying MED15 as a key mediator subunit that coordinates
pancreatic endocrine development.
Experiments presented in chapter 5 offer the first characterization of MED15 in the pancreas.
MED15 message and protein were detected in the pancreas throughout development, localized to
endocrine cells by E18.5. MED15 knockout mice exhibited severe glucose intolerance and frank
diabetes. Loss of MED15 within pancreatic progenitors led to >95% reduction of the master
regulator NEUROG3 by E15.5, demonstrating a requirement for MED15 in endocrine lineage
induction. However, as MED15 is a co-regulator, its binding partners in this context are
unknown. NKX6-1 is hypothesized to be a likely co-factor of MED15 due to multiple similar
phenotypes in NKX6-1 knockouts in development and adult β-cells. An alternate hypothesis
could be that MED15 binds to unique TFs at different stages of cell development. MED1
exhibits this characteristic as it is involved in the specification of multiple tissues, segregated
spatiotemporally219. MED15 may also be suitable to bind multiple co-factors as it contains
intrinsically disordered domains, which can mediate varied protein-protein binding interactions.
Further, these domains are conserved in MED15 as opposed to other Mediator subunits297,
perhaps as they are important for MED15 specific protein-protein interactions.

These

hypotheses remain to be assessed.
Furthermore, the signaling cascades that require MED15 expression remain undefined during
pancreatic development. Some hints towards these cascades may be from previous MED15
studies demonstrating roles in nuclear hormone receptor, TGF-β, and fatty acid signaling230–232.
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Retinoic acid signaling is important for early pancreas formation48, and MED15 may be a coregulator of the intracellular nuclear receptors of retinoic acid, a hypothesis that remains to be
tested. In addition, while MED15 is important in Xenopus TGF-β signaling, whether MED15
plays a similar role during pancreas formation remains to be seen. Activin signaling is required
dorsal pancreas specification285, however the Pdx1-Cre; Med15 deletion in the pancreatic
progenitors did not alter the number of pancreatic cells by E12.5. This may be due to the timing
of the Med15 deletion which occurs following initial bud specification. However, loss of Gdf11,
a gene encoding a TGF-β ligand led to a 3-fold expansion of NEUROG3 by E15.5309, as opposed
to the severe reduction in NEUROG3 cells observed in the Med15 knockout mice. This suggests
that MED15 may have alternate functions in mammalian β-cell development. Finally, Neurog3Cre mediated loss within specified endocrine cells also led to a decrease in β-cells. Despite the
reductions in endocrine cells, neither pancreatic progenitors nor total pancreatic cell numbers
were affected in either model, suggesting that MED15 has endocrine lineage specific roles.
Additional work utilizing Med15 deletion in maturing β-cells with Ins1-Cre revealed a
requirement for MED15 for β-cell functionality. Intriguingly, Med15 deletion in this context led
to a significant decrease in only 174 genes, many of which have been demonstrated to be related
to β-cell function. This again supports a highly specific role for MED15 in the regulation of an
endocrine cell state as opposed to being a general docking subunit in the Mediator complex. Loss
of MED15 in maturing β-cells did not decrease β-cell mass, yet compromised glucose
metabolism. Interestingly, despite the downregulation of numerous genes, insulin protein
expression and secretion following KCl appeared to be intact. These results suggest that
decreased cellular respiration is the principal cause for compromised β-cell function. Rescue
experiments to restore cellular respiration in the setting of an altered β-cell state would be
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interesting to identify whether it is sufficient to restore β-cell functionality despite perturbed
identity. In summary, these experiments represent the first characterization of MED15 in
mammals. It is a critical TF co-regulator important for the specification of an endocrine cell
state, and has potential for further studies to identify binding partners and its role in adult β-cell
state.
6.2 Future Directions
The data presented in this thesis show key roles for both SOX4 and MED15 in β-cell
development. As these are some of the first studies to characterize these proteins and their roles,
future research avenues remain diverse. For example, all SOXC family members are present
within the pancreas. Other studies of pancreatic factors such as NKX6-1 and NKX6-2
demonstrate the potential for functional redundancy310, and triple-SOXC family knockouts have
shown overlapping roles of SOXC family members during development201. Thus while beyond
the original scope of this thesis, use of combined of SOXC gene deletion models could determine
whether compensation occurs to allow for partial NEUROG3 induction during development, or
β-cell proliferation in adult cells. Other avenues of research include further assessment of the
SOX4 knockout. In adults, rescue experiments in ex vivo islets with siRNAs targeted against
Cdkn1a or other cell-cycle genes would help determine the critical factor downstream of SOX4.
Additionally, expression analysis of hESC differentiation noted increased expression of SOX4 as
differentiation progressed towards pancreatic progenitor like cells. Several TFs identified in
mouse β-cell function do not have identical expression or roles in human β-cells, for example
MAFB311. shRNA knockdown of Sox4 in human islets and additional work in hES differentiation
could determine whether SOX4 has conserved functions. Previous GWAS studies pointed
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towards a likely role for SOX4 in humans, as studies demonstrated a modest increase in oddsratio for a Cdkal1 SNP, now associated with a Sox4 enhancer.
Future studies for MED15 will include identification of MED15 binding co-factors during
pancreas development, using strategies such as co-immunoprecipitation experiments. This may
be followed by ChIP experiments at the NEUROG3 promoter to determine co-enrichment of
MED15 and its binding partners. This may help to identify upstream signaling cascades
important for NEUROG3 induction. Initial metabolic studies have also identified glucose
metabolism as a key defect in Med15 β-cell knockouts. As GLUT2 expression is reduced, future
experiments assessing glucose import and rescue with anaplerotic intermediates may pinpoint the
root cause of β-cell dysfunction in Med15 knockouts. Moreover, in our Ins1-Cre model,
recombination of Med15 floxed allele is detectable since the time of birth238. As β-cells exhibit
postnatal maturation, one question is whether loss of Med15 in β-cells after they have reached
functional maturity, would alter function and gene expression? Finally, Mediator subunits are
found in regions of super-enhancers, defined as enhancer regions that are enriched for master
regulator TF and Mediator binding. These regions are associated with genes that are critical for
cell identity. As MED15 appears to be indispensable for β-cell function, it may serve as the
integrative hub for β-cell TFs to establish β-cell identity. Future ChIP-Seq experiments could
identify MED15 DNA binding regions for the differentially expressed genes identified in
Chapter 5. This may be followed by chromatin conformation capture with genome sequencing to
identify enhancers, and their inferred cognate TFs, that operate in a network to regulate genes
important for a functional β-cell state.
Although the studies in chapter 5 were limited to the MED15 subunit, other subunits are likely
important for pancreatic progenitor specification as well as acinar and ductal development, as
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these tissues are unaffected in Med15 knockouts. In addition, MED15 expression appears to be
restricted to endocrine cells by E18.5 (Fig. 36). As anecdotal evidence exists for restrictions in
Mediator subunit expression with increasing cellular differentiation, a profile of Mediator
subunits during differentiation may be informative as a marker for maturation into a functional βcell state. However, how mediator subunit expression is regulated in the pancreas is unknown.
Identification of non-endocrine Mediators or factors that regulate Mediator subunit expression
may allow for the development of small molecule drugs to prohibit the function or expression of
Mediator subunits required for non-endocrine development, curtailing the generation of
unwanted cell-types during ES differentiation. Finally, MED15 sequence exhibits modest
conservation between mouse and their human counterparts, and an examination of MED15 in
human β-cells will be critical.
6.3 Final Thoughts
Research in the β-cell development field continues to progress rapidly, with the identification of
numerous pathways involved in both β-cell development and pathogenesis of type 2 diabetes.
Phase I/II FDA clinical trial is now underway for transplantation of differentiated hESCs
(ClinicalTrials.gov ID: NCT02239354), representing one of the first potential long-term
treatment options for millions of patients with diabetes. Continued research into β-cell
transcription provides the foundation for this and other strategies. Identification of SOX4 and
MED15, critical TFs for β-cell development and function, opens up new nodes in the β-cell
landscape regulatory landscape. It is the hope that the work encompassed within this thesis
contributes to the understanding of β-cell formation, failure, and ultimately the development of
effective treatments for patients who live with diabetes.
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Appendices
Appendix A: IM15KO RNA-Seq Differentially Expressed Genes

Figure 45: 174
differentially expressed
genes from IM15KO RNASeq analysis by DESeq2.
(Left) Table of differentially
expressed genes organized in
columns representing: gene
name (genes), mean FPKM
(mean), Log2 fold difference
of control over IM15KO
FPKM values (change), nonadjusted p-value (pvalue),
and B-H multiple
comparison correction
adjusted p-values (padj).
Genes organized by padj
value. (Right) R module
“pheatmap” heatmap plot of
differentially expressed
genes by their Log2 FPKM
values. Data organized by kmeans clustering of samples
on the x-axis and by genes
on the y-axis. Legend depicts
scale of FPKM data
represented on the graph.
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Appendix B: Taqman Low Density Array Gene Assay IDs
Table 6: Applied Biosystems, Inc. Taqman® low-density array gene ID
Taqman Low Density Array Gene Assay ID:
Mm02619580_g1
Mm00487804_m1 Mm00437336_m1
Mm00599749_m1
Mm00456190_m1 Mm00437347_m1
Mm03053308_g1
Mm00485408_m1 Mm00437350_m1
Mm00437967_m1
Mm00440464_m1 Mm00437353_m1
Mm00432284_m1
Mm00448100_g1
Mm01301717_m1
Mm01195085_m1
Mm00465434_m1 Mm00460518_m1
Mm00432337_m1
Mm00440924_g1
Mm01259683_g1
Mm00438064_m1
Mm00772799_m1 Mm00731595_gH
Mm03053893_gH
Mm01317678_m1 Mm00845209_s1
Mm01171453_m1
Mm00479224_m1 Mm00463644_m1
Hs99999901_s1
Mm00487888_m1 Mm00435565_m1
Mm00432359_m1
Mm00485474_m1 Mm00486320_s1
Mm00438070_m1
Mm00485586_m1 Mm01281943_s1
Mm00486880_m1
Mm00803251_m1 Mm02529758_s1
Mm00772471_m1
Mm00495559_m1 Mm00521599_m1
Mm00438128_m1
Mm00490624_m1 Mm01243796_g1
Mm00726334_s1
Mm01731287_m1 Mm02619580_g1
Mm00432437_m1
Mm00494175_m1 Mm00599749_m1
Mm00438163_m1
Mm01331624_m1 Mm03053308_g1
Mm00432448_m1
Mm00545877_m1 Mm00437967_m1
Mm00438170_m1
Mm01299062_g1
Mm00432284_m1
Mm01257348_m1
Mm01265783_m1 Mm01195085_m1
Mm00483241_m1
Mm01342435_m1 Mm00432337_m1
Mm00466006_m1
Mm00483039_m1 Mm00438064_m1
Mm01617993_gH
Mm01322146_m1 Mm03053893_gH
Mm00492069_m1
Mm00443800_m1 Mm01171453_m1
Mm00516196_m1
Mm00452114_m1 Hs99999901_s1
Mm01138833_m1
Mm00438851_m1 Mm00432359_m1
Mm00514160_m1
Mm00445405_s1
Mm00438070_m1
Mm00446953_m1
Mm00433382_m1 Mm00486880_m1
Mm00497217_m1
Mm03053560_s1
Mm00772471_m1
Mm00786984_s1
Mm00433409_s1
Mm00438128_m1
Mm00712529_m1
Mm01719732_m1 Mm00726334_s1
Mm00801867_m1
Mm00444911_m1 Mm00432437_m1
Mm00725863_s1
Mm00550265_m1 Mm00438163_m1
Mm00484848_m1
Mm00455902_s1
Mm00432448_m1
Mm00487656_m1
Mm00493445_m1 Mm00438170_m1
Mm00484963_m1
Mm00501505_m1 Mm01257348_m1
Mm01278606_m1
Mm00437328_m1 Mm00483241_m1
146

Mm01617993_gH
Mm00492069_m1
Mm00516196_m1
Mm01138833_m1
Mm00514160_m1
Mm00446953_m1
Mm00497217_m1
Mm00786984_s1
Mm00712529_m1
Mm00801867_m1
Mm00725863_s1
Mm00484848_m1
Mm00487656_m1
Mm00484963_m1
Mm01278606_m1
Mm00501741_m1
Mm00487804_m1
Mm00456190_m1
Mm00485408_m1
Mm00440464_m1
Mm00448100_g1
Mm00465434_m1
Mm00440924_g1
Mm00772799_m1
Mm01317678_m1
Mm00479224_m1
Mm00487888_m1
Mm00485474_m1
Mm00485586_m1
Mm00803251_m1
Mm00495559_m1
Mm00490624_m1
Mm01731287_m1
Mm00494175_m1
Mm01331624_m1
Mm00545877_m1
Mm01299062_g1
Mm01265783_m1
Mm01342435_m1

Taqman Low Density Array Gene Assay ID:
Mm00501741_m1
Mm00437330_m1 Mm00466006_m1
Mm03053893_gH
Mm00485474_m1 Mm00521599_m1
Mm01171453_m1
Mm00485586_m1 Mm01243796_g1
Hs99999901_s1
Mm00803251_m1 Mm02619580_g1
Mm00432359_m1
Mm00495559_m1 Mm00599749_m1
Mm00438070_m1
Mm00490624_m1 Mm03053308_g1
Mm00486880_m1
Mm01731287_m1 Mm00437967_m1
Mm00772471_m1
Mm00494175_m1 Mm00432284_m1
Mm00438128_m1
Mm01331624_m1 Mm01195085_m1
Mm00726334_s1
Mm00545877_m1 Mm00432337_m1
Mm00432437_m1
Mm01299062_g1
Mm00438064_m1
Mm00438163_m1
Mm01265783_m1 Mm03053893_gH
Mm00432448_m1
Mm01342435_m1 Mm01171453_m1
Mm00438170_m1
Mm00483039_m1 Hs99999901_s1
Mm01257348_m1
Mm01322146_m1 Mm00432359_m1
Mm00483241_m1
Mm00443800_m1 Mm00438070_m1
Mm00466006_m1
Mm00452114_m1 Mm00486880_m1
Mm01617993_gH
Mm00438851_m1 Mm00772471_m1
Mm00492069_m1
Mm00445405_s1
Mm00438128_m1
Mm00516196_m1
Mm00433382_m1 Mm00726334_s1
Mm01138833_m1
Mm03053560_s1
Mm00432437_m1
Mm00514160_m1
Mm00433409_s1
Mm00438163_m1
Mm00446953_m1
Mm01719732_m1 Mm00432448_m1
Mm00497217_m1
Mm00444911_m1 Mm00438170_m1
Mm00786984_s1
Mm00550265_m1 Mm01257348_m1
Mm00712529_m1
Mm00455902_s1
Mm00483241_m1
Mm00801867_m1
Mm00493445_m1 Mm00466006_m1
Mm00725863_s1
Mm00501505_m1 Mm01617993_gH
Mm00484848_m1
Mm00437328_m1 Mm00492069_m1
Mm00487656_m1
Mm00437330_m1 Mm00516196_m1
Mm00484963_m1
Mm00437336_m1 Mm01138833_m1
Mm01278606_m1
Mm00437347_m1 Mm00514160_m1
Mm00501741_m1
Mm00437350_m1 Mm00446953_m1
Mm00487804_m1
Mm00437353_m1 Mm00497217_m1
Mm00456190_m1
Mm01301717_m1 Mm00786984_s1
Mm00485408_m1
Mm00460518_m1 Mm00712529_m1
Mm00440464_m1
Mm01259683_g1
Mm00801867_m1
Mm00448100_g1
Mm00731595_gH Mm00725863_s1
Mm00465434_m1
Mm00845209_s1
Mm00484848_m1
Mm00440924_g1
Mm00463644_m1 Mm00487656_m1
Mm00772799_m1
Mm00435565_m1 Mm00484963_m1
Mm01317678_m1
Mm00486320_s1
Mm01278606_m1
147

Mm00483039_m1
Mm00456190_m1
Mm00485408_m1
Mm00440464_m1
Mm00448100_g1
Mm00465434_m1
Mm00440924_g1
Mm00772799_m1
Mm01317678_m1
Mm00479224_m1
Mm00487888_m1
Mm00485474_m1
Mm00485586_m1
Mm00803251_m1
Mm00495559_m1
Mm00490624_m1
Mm01731287_m1
Mm00494175_m1
Mm01331624_m1
Mm00545877_m1
Mm01299062_g1
Mm01265783_m1
Mm01342435_m1
Mm00483039_m1
Mm01322146_m1
Mm00443800_m1
Mm00452114_m1
Mm00438851_m1
Mm00445405_s1
Mm00433382_m1
Mm03053560_s1
Mm00433409_s1
Mm01719732_m1
Mm00444911_m1
Mm00550265_m1
Mm00455902_s1
Mm00493445_m1
Mm00501505_m1
Mm00437328_m1
Mm00437330_m1
Mm00437336_m1
Mm00437347_m1

Taqman Low Density Array Gene Assay ID:
Mm00479224_m1
Mm01281943_s1
Mm00501741_m1
Mm00487888_m1
Mm02529758_s1
Mm00487804_m1
Mm01322146_m1
Mm00445405_s1
Mm01719732_m1
Mm00443800_m1
Mm00433382_m1 Mm00444911_m1
Mm00452114_m1
Mm03053560_s1
Mm00550265_m1
Mm00438851_m1
Mm00433409_s1
Mm00455902_s1
Mm00437336_m1
Mm00437350_m1 Mm01301717_m1
Mm00437347_m1
Mm00437353_m1 Mm00460518_m1
Mm00845209_s1
Mm00521599_m1 Mm00437967_m1
Mm00463644_m1
Mm01243796_g1
Mm00432284_m1
Mm00435565_m1
Mm02619580_g1
Mm01195085_m1
Mm00486320_s1
Mm00599749_m1 Mm00432337_m1
Mm01281943_s1
Mm03053308_g1
Mm00438064_m1
Mm02529758_s1
Mm00463644_m1 Mm00463644_m1
Mm00486320_s1
Mm02529758_s1
Mm00521599_m1
Mm01281943_s1

148

Mm00437350_m1
Mm00437353_m1
Mm00493445_m1
Mm00501505_m1
Mm00437328_m1
Mm00437330_m1
Mm01259683_g1
Mm00731595_gH
Mm01301717_m1
Mm00460518_m1
Mm01259683_g1
Mm00731595_gH
Mm00845209_s1
Mm00435565_m1
Mm01243796_g1

