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SUMMARY

This work pertains to the search for genetic targets to induce beta-cell
proliferation. This proliferation was intended to support the advancement of islet
cell transplant as a therapy for type-1 diabetes. Since beta-cells are post-mitotic
cells that rarely divide, we initially sought to find anything that would produce more
insulin-secreting cells. By comparing proliferative insulinomas and wildtype islets,
we identified a transcription factor, E2F3 that was differentially overexpressed in
insulinomas. Mimicking this overexpression in wild type islets resulted in the
induction of proliferation. These newly formed cells retained the beta-cell
phenotype and didn’t undergo apoptosis as they were cultured. When transplanted
into diabetic mice, these cells were able to reverse diabetes and restore normal
blood glucose levels.

We also investigated the role of E2F1 on the loss of beta-cell function that
often accompanies type-2 diabetes. We found a link between the BMI of islet donors
and E2F1 expression. Additionally, we observed that E2F1 controlled the expression
of the potassium channel subunit Kir6.2, whose mutational overactivity results in
diabetes. E2ZF1 knockout mice fed a high fat diet did not develop glucose intolerance,
while wildtype mice did. Further investigation of the ion channel function in these
cells revealed several differences between the E2F1 knockout and wildtype islets.
While these differences impacted the over all function of the islets, they don’t
appear to be responsible for imparting the resistance to glucose intolerance. Rather
we suspect a metabolic change in adipocytes from of the global E1F1 knockout

provided the protection.
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INTRODUCTION

Tissue Engineering:

Engineering is the process of designing and creating structures. In the
subsequently described experiments, the objective is to create a structure that is a
human cell, rather than a bridge or building typically associated with an engineer.
To design this cell, human beta-cells are used as a starting material, rather than
concrete or steel. The expression of genes are increased or decreased to obtain a cell
that functions as we want. From this, a brand new cell is created, one that without
external manipulation would never exist. This new cell is not the same as a normal
human beta-cell, rather it is a genetically engineered cell. It does not express the
same genes as a normal cell and does not function exactly like a normal beta-cell, its
expression of our inserted genes has fundamentally changed it. This cell ideally
functions in a way of the designers choosing - this is the essence of tissue
engineering. One of the greatest scientific achievements in the next 50 years will be
the creation of whole organs by a process that may be similar to the one described
here. The design and creation of these organs is the ultimate goal, and fate, of the
field of cell and tissue engineering.

The manufacturing of viable human organs for transplant is something
usually reserved to the minds of Phil K. Dick and other science fiction writers.
However, with recent advances in our understanding of the human body, we are
beginning increase our understanding about some biological processes enough to

attempt to make meaningful genetic alterations to these processes. Notably, the cell



cycle and the genes involved in regulating DNA synthesis are coming into focus in
such a way that we are able to manipulate specific genes and can make reasonable
predictions about the outcome. This knowledge of the cell cycle will fundamentally
change the way we treat many diseases. Understanding something so basic and yet
so complex like how a cell divides will one day allow us to proliferate any cell in the
body and use those new cells to better understand and treat many diseases. Cell
based therapies are already a reality in many primitive forms and personalized
medicine, while prohibitively expensive and technically awkward in its current
state, still holds promise for many diseases that just a decade ago seemed hopelessly
incurable. A common limiting step in most of these therapies is the source and
amount of the cells used. The field of bioengineering, specifically cell and tissue

engineering, is devoted to help eliminate this obstacle.

Islet Physiology and Diabetes:

Islets of Langerhans are clusters of cells located in the pancreas. This
endocrine tissue contains several cell types: beta-cells, alpha-cells, delta-cells,
pancreatic polypeptide (PP) cells, and epsilon cells. Beta-cells are the most
prevalent cell and represent about 60-80% of the islet. These cells secret insulin, a
hormone that causes muscle, liver, and adipose tissue to take up glucose from the
blood for metabolic use in the cell or conversion into glycogen or triglycerides. Beta-
cells also secret amylin, a hormone that compliments insulin in regulating glucose
metabolism, slows gastric emptying, and promotes satiety. It may also play a role in

the development of Type-2 diabetes [1]. Alpha-cells are the next most prevalent cell



representing about 15-20% of the islet. Alpha-cells secret glucagon, a hormone that
works in an opposite manner to insulin by increasing blood glucose levels through
conversion of glycogen to glucose in the liver. Delta and PP cells serve to regulate
endocrine hormone secretion in the islet itself. As part of the paracrine feedback
mechanism, delta-cells produce somatostatin and PP cells secret pancreatic
polypeptide, whose endocrine functions are to regulate the release of both insulin
and glucagon. Finally, epsilon cells produce ghrelin, which stimulates hunger. While
the islet is comprised of many cell-types, the beta-cells and alpha-cells are vital to
the islets ability to regulate blood glucose through insulin section.

Insulin is released in two phases from beta-cells. The first phase is a rapid
exocytosis of mature insulin granules in response to extracellular glucose levels. The
second phase is a slower, constant release of newly matured insulin granules that
takes place over a longer time period [2]. During the first phase, extracellular
glucose is transported into the cell via the glucose transporter 2 (GLUTZ2) receptor
of beta-cells. Once inside the cell, glucokinase converts glucose into glucose-6-
phosphate. Glucose-6-phosphate then enters the glycolysis pathway forming new
ATP molecules. Katp channels close in response to an increase in the intracellular
ATP/ADP ratio [2]. The Karp subunit SUR1 closes the Kir6.2 transmembrane
channel and prevents potassium from leaving the cell, depolarizing the membrane
[3]. This depolarization opens voltage-gated calcium channels and allows calcium
ions to enter the cytoplasm from the extracellular fluid fusing mature insulin

vesicles with the cellular membrane, releasing insulin [4].



The ATP-sensitive K* channel is comprised of two subunits SUR1 and Kir6.2,
which help regulate the flow of potassium ions into and out of the cell. Katp channels
will not form from either Kir6.2 or SUR1 alone, but require both subunits to form
functional channels. In pancreatic Katp channels, increases in ATP close the trans-
membrane potassium channel by binding to Kir6.2. SUR1 confers a hypersensitivity
to the Kir6.2 channel. Hydrolysis of ATP to ADP at the SUR1 subunit results in the
loss of SUR1-conferred Kir6.2 ATP hypersensitivity, negatively regulating the SUR1
subunit. In this way, when ATP is low, the Kir6.2 subunit is highly sensitive to ATP
causing increases in ATP levels to quickly close the Kir6.2 channel. SUR1 then
hydrolyses ATP to ADP, which stabilizes an open Karp state, allowing the cell to
return to the resting membrane potential, ending the first phase of insulin secretion.

Karp channels are a vital component of insulin secretion. Without the ability
to depolarize the membrane by sequestering K* inside the cell, insulin secretion is
not possible. Mutations in either Karp subunit (Kir6.2 or SUR1) resulting in loss-of-
function leads to unregulated insulin secretion and persistent hyperinsulinemic
hypoglycemia of infancy (PHHI). Transgenic mice expressing a dominant negative
Kir6.2 exhibit PHHI as neonates [5]. The mutated form of the Karp channel remains
closed and is insensitive to changes in ATP/ADP that would normally open them.
This permanent closure results in unregulated depolarization of the membrane,
continuous insulin secretion, and hypoglycemia in individuals effected. Mutations of
the Kir6.2 and SUR1 genes that cause over-activity result in diabetes in children.
With these mutations, the efflux of K* ions out of the cell is increased,

hyperpolarizing the membrane. This creates a strong ionic force resisting the influx



of calcium ions and reduces or eliminates the normal insulin secretion response.
These pancreatic Karp channels remain open due to decreased sensitivity to the
ATP:ADP ratio [6, 7].

Both Type-1 (T1D) and Type-2 diabetes (T2D) have in common
hyperglycemia as a result of a decrease in secretion and/or sensitivity to insulin.
Both diseases can be accompanied by serious complications including blindness,
stroke, heart disease, kidney failure and ketoacidosis. Type-1 diabetes is sometimes
referred to as juvenile onset diabetes, since patients with Type-1 diabetes are often
diagnosed early in life. However, Type-1 diabetes can occur at any age depending on
genetics and environmental factors [8]. T1D results from an autoimmune attack on
the insulin producing beta-cells of the islets of Langerhans in the pancreas. This
autoimmune attack destroys or damages beta-cells sufficiently to reduce or
eliminate insulin secretion. Type-2 diabetes is usually associated with obesity or
increased age and is often the result of insulin resistance in muscle and adipose
tissue. These tissues no longer respond to normal levels of insulin produced by beta-
cells, so the cells compensate by secreting more insulin to reach the desired effect.
This level of secretion is not sustainable however, and the disease is exacerbated as
the beta-cells are overworked, eventually losing function. The incidence of both
type-1 and type-2 diabetes is on the rise. According the Center for Disease Control,
almost 26 million people in the US alone are affected by diabetes, about 8.3% of the
population. The incidence of type-1 diabetes has been on the rise during the past
decade, increasing as much as 5.3% in the US. If this trend continues, the prevalence

of the disease will increase by 70% in children under the age of 15 by 2020 [9].



Determining the causes that predispose individuals and any environmental triggers
that may exist are important to curtailing this rapid increase in the incidence of
diabetes.

Even with current treatments (insulin injections/pumps) complications and
a shorter lifespan (~10 years) are near certainties for diabetics. The origin of this
disease lies in both environmental and genetic factors. Genetic predisposition to
type-1 diabetes has been known for some time, but given the increased prevalence
of this disease aspects beyond genetics may be influencing it. This has led to the idea
that environmental factors contribute to the initiation of the disease in genetically
predisposed individuals. Given the increasing trend of diabetes, whatever
environmental factor it is that is triggering this disease in predisposed individuals is
seemingly being encountered more frequently. Efforts to identify exactly what this
environmental trigger is have been underway for many years. These investigations
implicate such considerations as dietary compounds, bacteria, and viral infections
as influencing factors [10-12]. While there is no direct evidence of any of these
factors being causative, the idea that various strains of viruses may be a major
environmental trigger has gained serious consideration [13, 14]. To illustrate the
point of environmental triggers, the rate of monozygotic twins developing diabetes
simultaneously is only 50% and only 10% in dizygotic twins [15]. Over an entire
lifetime, identical twins usually both develop anti-islet autoantibodies and progress
to diabetes. However, one twin may develop autoantibodies more than 30 years

after the other develops the disease [16, 17]. Therefore, genetic susceptibility is ever



present for those predisposed, but an environmental trigger seems to be strongly
implied.

T1D is rarely caused by mutation of a single gene, or single nucleotide
polymorphism (SNP). When this is the case, diabetes is usually not the only
autoimmune disease these individuals develop. Some examples of SNPs causing
diabetes are IPEX syndrome (Foxp3 mutation) which leads to dysfunction of
regulatory T-cells and APS-1 (AIRE mutation) which interferes with thymic deletion
of autoreactive T-cells, leading to their escape into the body [18, 19]. Both IPEX and
APS-1 lead to multi-organ autoimmune attacks, with diabetes occurring in 80%
(IPEX) and 20% (APS-1) of those affected [20, 21]. However, these single mutation
diabetics represent only a small percentage of the overall diabetic population.
Comparative genetic assays have identified over 40 loci that potentially contribute
to the development of T1D [22]. Specific genes, variants and the effect they have on
the development of the disease are still being determined. However, one of the most
indicative of susceptibility and earliest genetic disparity between non-diabetic and
diabetic patients was found in the human leukocyte antigen gene (HLA) [23]. HLA is
a class of proteins that present antigens to T-cells. These T-cells then attack and
destroy the labeled cells by secreting cytotoxins. There are two classes of HLA
proteins, [ and IL. In over half of type-1 diabetics, these HLA proteins are mutated
and allow for T-cell infiltration into the islet [24]. These T-cells recognize and attack
the variant HLA expressing beta-cells, destroying them [25]. Another, less significant
genetic indicator of a predisposition to Type-1 diabetes is a mutation of the insulin

gene itself [26]. Mapping of the insulin gene reveals that the 5’-region contains a



variable number of tandem repeats (VNTR) [27]. The correlation between VNTR
and the risk of developing diabetes is related to the length of the VNTR. Shorter
VNTR patients are in the highest risk category, while longer VNTRs protect the
carrier against T1D [28]. The exact reason for this is not fully understood, but the
current hypothesis is that insulin reactive T-cells are more efficiently destroyed in
individuals with the longer VNTRs by negative selection in the thymus. Other
genetic indicators of a predisposition to T1D include, PTPNZ22, a gene that encodes
the lymphoid protein tyrosine kinase; interlukin-2 receptor-alpha; and CTLA-4,
cytotoxic T lymphocyte-associated protein 4 [29-31]. Most of these genes are only
one part of a complex mechanism that brings about the development of diabetes. No
single gene tells the whole story and with rare exception no single gene mutation
will cause the disease. Investigations into these genes are beginning to put together
pieces of the genetic puzzle that contributes to development of islet dysfunction and

diabetes.

Cell Therapy:

Cell therapy is the process of transplanting cells or tissue into a host in order
to alleviate a disease. This approach is particularly useful in diseases that involve
dysfunction of specific organs or tissues. One of the earliest cases of using a cell
therapy was the first successful blood transfusion. Since this time in the early 1800s
cell therapy has come a long way. Modern cell therapies address diseases in cardiac,
neurological, immunological, genetic blood disease, adipose, endothelial, pancreatic,

hepatic, myoblasts and limbal tissues. In 2011 the NIH website listed 123 clinical



trials using stem cells, by far the most common form of cell therapy. Stem cell
treatments represent a large portion of current cell therapies, but depending on the
application trans-differentiated cells, xenotransplant, or proliferation of adult cells
may provide cells for use in a variety of therapies. Most of these trials are in Phase I
(safety) or Phase Il (efficacy in humans) of FDA approval. Expectations for these
trials are high and the future of cell therapy is a promising one.

Many modern cell therapies often utilize differentiated stem cells as the cell
source. Both autologous and allogeneic stem cells can be used. Mesenchymal stem
cells (MSCs) are stromal-derived multipotent stem cells. They are found in many
tissues including umbilical cord blood, bone marrow, adipose tissue, and amniotic
fluid. These cells can be collected from fetal and adult tissue, both displaying unique
qualities that makes one or the other more appropriate depending on the
application.

A patient’s MSCs can be used to treat a variety of diseases; even those that
involve cell lineages that MSCs do not typically contribute to. In cardiac repair,
MSCs from umbilical cords may improve cardiac function following myocardial
infarction, but long term recovery has not been clearly demonstrated [32].
Additionally, these MSCs are able to form structures resembling cardiomyocytes in
vitro, with expression of some genes associated with cardiac muscle cells. However,
there is little evidence of myocardial regeneration in vivo, despite a 3-4%
improvement in left ventricle function following transfusion [33]. Using alternative

cell sources, such as cardiac derived stem cells, rather than MSCs, has provided a



more robust differentiation and may help optimize this treatment for future clinical
use [34].

Neurological diseases are also benefitting from the development of cell-based
therapies. Pre-clinical experiments involving MSCs have resulted in in vitro
formation of neuron-like cells, but there is little evidence of neuronal functionality
[35]. Blood derived stem cells have been shown to be safe for use in spinal cord
injuries, but not particularly effective in restoring function [36]. Despite all the data
showing little function of MSC-derived neural cells, clinical trials are relatively
common representing around 12% of those found on the NIH website
(clinicaltrials.gov). However, using neural derived stem cells (NSCs), found in the
neonatal and adult brain, several companies have developed treatments in phase 1
and phase 2 clinical trials. NSCs have been used by StemCells, Inc. in California to
treat children with Pelizaeus-Merzbacher disease (PMD), a genetic mutation that
disrupts myelination of neurons. Transplant of NSCs resulted in the production of
oligodendrocytes that re-myelinated the deficient neurons. Similarly, these cells
were used to treat spinal cord injuries. As seen with PMD, NSC’s were able to re-
myelinate neurons damaged by spinal trauma, which may lead to restoration of
nerve function. These and many more clinical trials involving NSCs are happening all
over the world and they are giving hope to people with debilitating neurological
diseases and trauma.

Cardiac and neuronal cells are not the only cell types making significant
progress towards productive cell therapies. Current treatment of T1D includes daily

blood glucose monitoring and insulin injections. While this life-saving therapy
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dramatically improves the life of people with this disease, complications still often
arise and their quality of life degrades over time. A more physiological method of
controlling blood glucose is an islet transplant, as it is able to dynamically regulate
blood glucose and eliminate hypoglycemic episodes sometimes seen in those
requiring insulin injections. Islet transplantation is currently indicated for those
with unstable T1D and a history of severe hypoglycemic episodes [37]. The first
report of an islet transplant being performed was in 1894 by Drs. Watson-Williams
and Marshant. They transplanted sections of a sheep’s pancreas subcutaneously in a
15 year old end-stage diabetic [38]. The boy’s condition improved over the next two
days, but this treatment was ultimately unable to reverse his disease for longer
periods. A major advancement in 1990 was the first successful islet allograft [39].
Throughout the 1990’s the technique was refined until 1999 when it was revealed
that glucocorticoid-free immunosuppression greatly improved outcomes in islet-
transplanted patients [40]. For a typical allogeneic islet transplant, a cadaver donor
pancreas is harvested and islet isolation performed by a combination of chemical
dissociation of islets from the surrounding tissue using collagenase and a
mechanical digestion chamber [41]. The islets are then purified in a continuous
density gradient and cultured. For the transplant, purified islets are slowly infused
into the hepatic portal vein by means of a percutaneous transhepatic cannulation.
[slet transplant patients receive a course of immunosuppressive drugs, which help
prevent rejection and maintain function of the grafted islets. Administration of
immunosuppressive drugs is a major drawback for islet transplantation, making it

appropriate only for diabetics who cannot maintain their blood glucose through
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regular insulin injections or pumps. Most patients become normal glycemic after the
transplant, with long term graft survival a reality for about 50-60% of patients,
though some require multiple transplants to achieve insulin independence [41].
[slet transplant is an example of a cell therapy helping to successfully manage a
complex disease. However, since the source of transplanted islets relies on cadaver
donor organs and the number of diabetics in the US is over 25 million, the need for a
stable renewable source of transplantable beta-cells is paramount.

Cell therapies have recently reached the point where they are becoming
applicable to many diseases. These cell therapies are offering hope to overcome
some diseases that have no other treatment options. The future for cell therapies is
exciting and the capacity to replace damaged cells with ones grown in a lab has long
been a dream of clinicians and researchers everywhere. For islet transplants, the
next major obstacle in perfecting the treatment is the generation of a reliable source

of transplantable cells.

Sources of Transplantable Beta-cells:

With the success of islet transplant in recent years, the need for a suitable
source of transplantable cells has intensified. A variety of biological processes and
surgical procedures provide sources of transplantable material. Differentiation of
stem and progenitor cells, trans-differentiation of mature cells, xenotransplantation,
proliferation of adult beta-cells, and whole pancreas transplant all offer some

measure of success. Though they represent different approaches to the same
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problem, they all hope to deliver a tissue that can be used to reverse diabetes when
transplanted.

Embryonic stem cells (ESCs) are pluripotent cells derived from embryonic
tissue, specifically from the inner mass of the blastocyst. These cells can presumably
give rise to any type of cell, including beta-cells [42]. They are attractive to use in
islet transplants because they readily proliferate in the undifferentiated state
making therapeutic numbers of cells obtainable. Part of the difficulty in using ESCs
in general is the identification of stages of development in vitro. The development of
the pancreas involves the stepwise expression of a series of transcription factors
[43-45]. Attempts to differentiate ESCs to pancreatic tissue uses knowledge of this
step-wise process to mimic in vitro what happens in vivo. However, expression of a
gene or even several genes seen in vivo is not necessarily the sole determining factor
of a stage in development. Therefore, attempts to mimic this in vitro could be
missing unknown key factors contributing to the cellular environment of a
particular developmental stage. This is evidenced by the fact that in vitro expression
of genes seen during development does not result in very high efficiency of
differentiation to beta-cells in vivo. The process of differentiation from endoderm to
a beta-cell is complex, involving expression of specific transcription factors in a
precise sequence with genes being activated or inactivated at specific times to
determine the ultimate fate of a cell. Simply generating cells expressing insulin in a
non-differentiated state is not sufficient to create a functional beta-cell. Glucose
sensitive insulin secretion, a hallmark of beta-cells, is often absent in differentiation

processes that chase insulin expression. In cells differentiated to a beta-cell fate,
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insulin mRNA expression can be so low that it represents only 1/100000 cells or
0.00001% of the total population [46]. Recent attempts to drive differentiation of
ESCs to insulin producing cells by expression of Pax4 have resulted in cells that
express Isl1, Ngn, insulin, lapp, and Glut2 [47]. A current method for differentiation
of beta-cells from ESCs is a stepwise expression of several genes, among them
Sox17, FoxA2, PdX1, Ptfla, Ngn3, Isl1, Nkx6.1, to produce on average 7.3% of the
population as insulin positive cells [48]. However, these cells have limited glucose
responsiveness and when transplanted the cells can form teratomas [49-51]. A
recent strategy to use stem cells in diabetic patients aimed to generate pluripotent
stem cells from a patient’s own cells. To do this fibroblasts from the patients were
cultured and infected with retroviruses encoding 3 transcription factors: 0OCT4,
S0X2, and KFL4, resulting in the generation of pluripotent stem cells from the
fibroblasts [52]. These induced pluripotent stem cells (iPS cells) were then able to
differentiate to cells that secreted C-peptide in response to glucose [52]. However,
further study is needed to show full maturation and function of these cells. In
addition to genetic differentiation, small molecules hold some promise in
differentiating functional beta-cells. Two such molecules, called IDE1 and IDE2 are
able to induce endoderm differentiation [53]. Another small molecule, indolactam V,
is able to induce differentiation of endoderm into PDX1 expressing pancreatic
progenitor cells [53]. Concerns over the use of ESCs for transplantation can be
assessed by two questions: what percentage of the starting material is differentiated
into glucose responsive insulin secretion cells? What percentage of the end

population are undifferentiated cells and is there an effective means to eliminate
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these potential teratoma-forming cells? These problems of poor efficiency and
teratoma formation are currently restricting progress of clinical trials with ESC
derived insulin secreting cells, but once this technique is improved it may provide a
transplantable source of human insulin secreting cells.

In an effort to obtain a transplantable source of insulin secreting cells, some
groups are taking non-endocrine tissue and attempting to trans-differentiate it from
one cell type to another. Two examples of this are trans-differentiation of liver cells
and pancreatic exocrine cells. Hepatic cells (hepatocytes, biliary and gall-bladder
epithelial cells) share a common developmental precursor with the pancreas. In
mice lacking the developmental transcription factor Hes1, overexpression of PDX1
changes biliary developing cells to become pancreatic tissue expressing all the
hormones normally seen in islets [54]. However, while these cells do secrete insulin
in a glucose responsive manner, they contain about 3000-fold less insulin compared
to normal islets [55]. In vivo hepatic expression of PDX1 in mice produces cells with
expression of both endocrine and exocrine pancreatic hormones [56]. These cells
are able to prevent STZ-induced diabetes in rats and demonstrate the feasibility of
liver-to-pancreas trans-differentiation. Exocrine cells in the pancreas can also be
trans-differentiated into pancreatic endocrine cells. Stem cells derived from mouse
pancreatic ductal cells are able to differentiate through an unknown mechanism
when transplanted into NOD mice [57]. These cells are able reverse insulin-
dependent diabetes in these mice for up to 55 days [57]. However, total insulin
content of these cells was not compared to normal islets and the full differentiation

and function of these cells remains in question. Human pancreatic ductal stem cells
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were also trans-differentiated into beta-cells by adenoviral expression of Ngn3 [58].
These cells showed weak expression of insulin but did not show expression of
GLUTZ2, suggesting the lack of glucose sensitive insulin secretion [58]. These
experiments have shown that the trans-differentiation of cell lines completely
separate from the pancreas can be directed to a pancreatic fate. While the steps to
take a hepatic or exocrine cell to a pancreatic endocrine cell are still be elucidated,
the principle has be proven and with further refinement may provide a source of
insulin secreting cells for islet transplant.

Pig islets are another option as a source of transplantable islet cells. The
problem in proceeding with clinical trials of porcine islets is the possibility of
xenozoonosis. Porcine endogenous retrovirus (PERV), porcine lymphotropic herpes
virus (PLHV) and porcine cytomegalovirus (PCMV) are viruses that may be
transmitted by xenografts into humans [59]. One pre-clinical study used a pig that
was specifically designed to be pathogen free. These islets were found to be free of
xenotic viruses in pig to primate transplants [60]. When fetal porcine islet-like
clusters were transplanted in 10 diabetic patients, 4 of them had measureable
porcine c-peptide levels [61]. However, none of the patients were able to stop taking
insulin and only one of the grafts stained positive for insulin and glucagon [61].
Graft function and rejection are still issues with porcine islet transplants, even
though this data indicates porcine islet transplants are plausible.

Proliferation of mature, functional adult beta-cells may provide a source of
transplantable islets. Though it is a debated topic, adult beta-cells seem to respond

to adaptive signals for growth, such as pregnancy, by mitotic division of mature
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beta-cells rather than differentiation of new beta-cells from a stem origin [62-64].
Genes that control the cell cycle and DNA synthesis have been identified and using
this knowledge it is possible to overexpress or inhibit genes to initiate S-phase in an
otherwise quiescent cell. Many groups have attempted to drive human beta-cells to
divide by exposing cells to growth factors and manipulating genes in various points
of the cell cycle. With the maturation of islet transplant, interest in proliferation of
human beta-cells has increased. Early attempts in the 1990s to proliferate human
beta-cells were typically focused on extracellular signaling and extracellular
matrices [65]. Using hepatocyte growth factor (HGF) in the culture media of human
islets resulted in proliferation of 17.5% of all cells and a 37% increase in insulin,
though recent duplication of this experiments did not achieve similar results [66].
Cells stimulated with HGF have a normal acute insulin secretion, but chronic insulin
secretion is significantly impaired [65]. More recently, manipulation of cell cycle
proteins has led to robust proliferation in human islets. Using adenoviruses to
deliver Cdk-6 and Cyclin D1, human beta-cells were able to divide, increasing the
beta-cell mass by 12% [67]. When these cells are transplanted into diabetic SCID
mice they are able to reverse diabetes and maintain regular blood glucose levels
[67]. Cdk4 and cyclin D1 co-expression, then later only Cdké6, were also found to
have a positive effect on functional human islet proliferation [68, 69]. Another cell
cycle protein, E2F1, was recent used to proliferate mouse and human beta-cells [70].
E2F1 overexpression induced up to 20% of insulin positive cells to proliferate, but
was accompanied by increasing rates of apoptosis as the multiplicity of infection

(MOI) was raised. To counteract this, adenoviral Akt was added and the apoptosis
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was eliminated [70]. In order to generate human beta-cell lines, permanent
incorporation of transgenes is required. To do this, adenoviruses must be replaced
with lentiviruses or other permanently incorporating virus. Retroviruses are less
desirable because they require cell division to transduce a cell, a rare event in
human beta-cells. Since manipulations of cell cycle proteins have proven to be a
potent stimulus of proliferation, groups have attempted to immortalize human beta-
cells. Simian Vacuolating Virus 40 large T antigen (SV40T) is a viral oncogene that
inhibits p53 and Rb, thereby inducing proliferation (presumably through E2F
expression) [71]. Using a SV40T retrovirus and human telomerase (hTERT) human
beta-cells were transfected and cultured. The resulting cell line was able to reverse
streptozotocin (STZ)-induced diabetes in SCID mice [71]. Another group established
a similar cell line utilizing SV40T lentiviruses to infect human fetal pancreatic buds
[72]. These buds were then grafted into SCID mice so the cells could mature. SV40T
infected beta-cells proliferated and formed insulinomas, which were then removed,
dissociated into single cells and transduced again with hTERT. These cells were
again transplanted into SCID mice and insulinomas allowed to form. They were then
cultured in vitro and were able to reverse STZ-induced diabetic mice when
transplanted [72]. [t's worth noting that to my knowledge, neither of these cell lines
are available commercially or privately and have not been used by the research
community or used in clinical islet transplants.

There are several concerns with adult beta-proliferation for use in
transplant. First, the difficulty of human beta-cells to respond to proliferative

signals. Signals that will proliferate typical cells, like a fibroblast, often have much
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more muted effect in islets [73]. Because of this, overexpression of oncogenes is
often required, increasing the threat of oncogenic transformation if the tissue is
transplanted into a patient. Additionally, efforts to proliferate cells often results in
dedifferentiation of beta-cells and loss of insulin expression [74]. Despite all of this,
adult beta-cell proliferation is making progress towards supplying cells to be used in
islet transplants. However, there are other sources of insulin secreting cells that are
currently used to treat diabetics in a manner similar to islet transplant.

The last and perhaps most obvious source of islets is the pancreas itself. Islet
transplant is not in competition to whole organ transplant of the pancreas; rather it
is something to be considered as an alternative to whole organ transplants. Both
have advantages and disadvantages what make one or the other more appropriate
for a given donor. BMI, age, and fibrosis all play a role in determining if a donor is
better suited for whole organ or islet transplant. Specifically, if an organ were
fibrotic, it would be unsuitable for whole organ transplant and would typically be
disposed of. However, these organs may still be suitable for islet isolations. Both
procedures require long-term immunosuppression, a significant draw-back, but
both procedures allow patients to be insulin independent [75]. Whole organ
transplants can be done at the same time as transplants of other organs affected by
the diabetic condition, such as kidneys, and make the benefits of islet transplant less
attractive for certain patients [76]. Rational evaluation of patients is critical to
helping them maintain their blood glucose levels. Both whole organ and islet
transplants are excellent tools to help them achieve this goal and are not

competitive therapies.
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The overall goal of obtaining a transplantable source of insulin secreting cells
is being approached through many biological processes. Differentiation of stem
cells, trans-differentiation of hepatic cells, xenotransplant, proliferation of adult
beta-cells, and whole organ transplant all currently provide or are making great
progress towards providing tissue for transplant. For adult beta-cell proliferation,
understanding the basic mechanism of how a cell divides will allow researchers to
make meaningful manipulations of cell cycle genes to give rise to functional beta-

cells.

The Cell Cycle:

The cell cycle is divided into several phases: Go, G1, S, G2, and M. Go is a phase
of rest. Cells in this phase are often referred to as quiescent. Quiescent cells are
neither dividing nor preparing to divide, but are post-mitotic and retain their
function. Gi is the beginning of the cell cycle. Cells enter Gi either from Go or
following mitosis from the previous round of division. G is a phase of high activity
for the cell as it prepares the necessary proteins and enzymes for DNA synthesis.
Once all the necessary preparations have been made, the initiation of DNA synthesis
marks the beginning of S-phase. S-phase is the time during which DNA is duplicated,
but it is a critical checkpoint for the cell. Following S-phase, G2 is another period of
growth and preparation as the cell readies itself for mitosis. Finally, mitosis is the
physical division of the cell. Cells proceed with the next phase only once the
previous stage has been completed. Each stage is essential to the overall process and

is regulated by a complex control mechanism. Since most cells require much more
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time to prepare the necessary proteins and machinery to divide than the actual time
division takes, many of these phases are simply times of growth and preparation.
The gap phases (Go, G1, and Gz) not only allow for growth, but also allow the cell to
monitor the progress of the overall process of cell division and are used to decide if
a cell should begin, continue or end dividing. S-phase is the critical point in the cell
cycle as once a cell has duplicated its DNA it will either divide or die via apoptosis
since it contains two copies of DNA. This makes the transition from G; to S a vital
point in the cell cycle. This checkpoint, termed the restriction point (r-point), is the
point of no return for the cell. If it proceeds with DNA synthesis and the
environmental factors that initiated the proliferative signal change or are removed,
the cell will still proceed with DNA replication [77]. This major undertaking for the
cell is a tightly regulated process with multiple layers of regulation. If a cell does not
progress through Gi in anticipation of DNA synthesis, it can enter a state of
inactivity called Go. In Go a cell can remain dormant, but functional for days, weeks
or years before it receives a signal to begin the process of proliferation. Once that
signal is received, the cell will again enter G; and prepare for DNA synthesis and cell
division.

The G1/S transition is a critical point in mitotic division of a cell. As such, it is
a tightly regulated process that ends with DNA synthesis. DNA synthesis is
controlled by hundreds of genes. In order to transcribe this DNA machinery
transcription factors control large numbers of genes involved in this process. In the
case of the G1/S transition, a family of transcription factors control, among other

things, the transcription of genes involved in DNA synthesis. One of the
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transcription factors involved in this process is called E2F. They are a regulator of
DNA synthesis and therefore the cell cycle in general.

The concept of a restriction point in G is a point at which a cell commits to
cycling. If the proliferative stimulus is removed prior to this point the cell will revert
to quiescence. If it remains, the cell will enter S-phase and complete the cycle [77].
There is a high threshold requirement for proliferative signals prior to the r-point.
This ensures that the cell has everything it will need to complete the non-reversible
process once it begins. When these criteria are met the cell begins dividing. At this
point there is a low maintenance mechanism that completes the cell cycle, even in
the absence of any proliferative signals [77] This is why the criteria to pass the r-
point is so strict.

In order to monitor the progress of the cell cycle, several tools have been
developed for researchers to see when a cell synthesizes DNA. S-phase labeling of
cells began in the 1960s with the use of radioactive nucleosides to detect DNA
synthesis. This was a slow and technical process. It was replaced with an antibody-
based system using a nucleoside analog 5-bromo-2’-deoxyuridine (BrdU). This
method is still in use today and proven to be a robust tool for measuring S-phase in
cells. A recent improvement on this method uses 5-ethynyl-2’-deoxyuridine (EdU)
instead of BrdU. It eliminates many harsh treatments, such as DNase, that were
necessary when using BrdU. EAU is not an antibody based system like BrdU, rather
it relies on a reaction of the ethynyl group of the incorporated EAU with a small

fluorescent azide-containing probe to generate the detectable fluorescence. This
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chemical reaction method produces much brighter signals than typically seen with
BrdU.

The understanding and ability to monitor the cell cycle is vital to the study of
proliferation of adult beta-cells. By studying the role of the many regulatory genes
involved in mitosis, our attempts to grow beta-cells will become more sophisticated
as they begin to match more closely the actual process of mitosis. Transcription
factors such as E2F that control the expression of many genes are ideal candidates
for engineering a cell that is able to divide since the manipulation of one gene can

influence hundreds of others.

E2F Transcription Factors:

E2F was discovered in 1979 as a gene that was expressed during the early
replication cycle of adenoviruses [78]. The adenovirus replication cycle is divided
into 3 phases: early, delayed early, and late. During the early phase, the genes
expressed are simply named early-1, 2, 3 or 4. A factor was found that was induced
by early-1 and bound to the early-2 promoter [78]. Its ability to initiate early-2
expression led it to become known as early-2 factor (E2F). E2F was later found to be
involved not only in adenovirus replication, but mitotic division as well, leading to
extensive study uncovering its role in a myriad of other cellular processes [79].

E2F1 was the first discovered and best-studied of the 8 known members of
the E2F family. E2ZF1 shares homology in both structure and function with E2F2 and
E2F3. If either E2F1 or E2F3 is knocked out, the other will compensate for the loss

with increased expression, without disruption of function [80]. While E2F1 -/- mice
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have a decreased pancreas size, beta-cell mass and impaired insulin secretion, they
are not overtly diabetic. However, combined knockout of E2F1 and E2F2 mice are
diabetic, indicating that while E2Fs have overlapping function, they also retain
specific functions unique to the individual E2Fs [81, 82]. The group of E2F1, 2, and 3
are transcriptional activators of genes involved many cellular process, including
apoptosis, mitosis, differentiation and development [83-85].

Regulation of E2F1/2/3 is achieved by formation of a complex with the
retinoblastoma protein (Rb) [79, 86]. Retinoblastoma is a member of a family of
regulatory proteins called pocket-proteins. So named, because of the pocket seen in
their tertiary structure that forms the regulatory domain that confers function. Rb is
not the only pocket protein, P130 and P107 are homologous to Rb in both form and
function [87]. Hyper-phosphorylation of pocket proteins by cyclins D, A and E and
Cdks 1, 2, 4, and 6 release E2F from Rb-E2F complexes and allow it to positively or
negative affect target genes. Some E2Fs bind to a dimerization protein (DP) which
enhances its transcriptional activity [88]. Expression of E2Fs is cyclic with E2F1-3
highly expressed during G1/S and minimally expressed during the other phases of
the cell cycle [89]. E2F1 is only bound to DNA immediately after exiting quiescence.
During subsequent rounds of division only E2F3 is required to drive proliferation
[80]. Once E2Fs have been activated, through exposure to serum, they stay activated
even when the proliferative signal is removed [77]. This suggests E2F is a key
regulator of r-point control and once its expression drives the cell past that point,

division will proceed without any further proliferative stimulus.
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E2F1-3 contains nuclear location signals (NLS) and must be localized in the
nucleus to effect transcription of their target genes. The E2F3 gene encodes two
isoforms that have opposing functions. E2F3a is the full-length E2F3 protein and
induces transcriptional activation of its target genes. E2F3b is a N-termini truncated
form of E2F3 that occupies E2F3a target gene promoters, restricting transcription of
these genes [90].

In addition to its role in apoptosis, proliferation and differentiation, E2F was
recently found to have a link to metabolism through its control over expression of
Kir6.2 and therefore insulin secretion [91]. Loss of E2F1 leads to decreased
expression of Kir6.2, impaired insulin secretion and glucose intolerance in mice
[91]. By over expressing Kir6.2, these mice are able to regain normal insulin
secretion and glucose regulation. Additionally, high glucose was found to induce
proliferation through an increase in E2ZF1 expression in both beta-cells and vascular
smooth muscle cells [91, 92]. This genetic link between hyperglycemia and insulin
secretion may provide new therapeutic targets for type-2 diabetics.

The remaining E2Fs (4 through 8) are normally seen as negative regulators
of transcription. E2F4 and 5 regulate expression of their target genes by occupying
the promoters of E2F1-3 target genes and preventing activating E2Fs from binding
and driving transcription [93]. They are thought to be a major influence on the
maintenance of quiescence [86, 94]. E2F4/5 lack a NLS and are excluded from the
nucleus during S-phase, but re-localized to the nucleus once complexed with a
pocket protein after mitosis is complete [95]. E2F4/5 preferentially bind to p130

and p107, but also have a weak affinity to Rb. They must be coupled with a pocket
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protein in order to repress transcription of E2F1-3 target genes [96]. While E2F4/5
maintain quiescence, E2F6/7 help create the cyclic nature of E2F expression.
E2F6/7 are believed to decrease expression of the pro-proliferative E2Fs after S-
phase, when the expression of E2F1-3 is no longer needed [97, 98]. Though they
have a similar function, E2F6 and 7 are unique in that E2F6 binds to DP while E2F7
does not bind to any dimerization protein. Both function independently of any
pocket protein [97]. E2F6 has also been reported to be involved in maintenance of
quiescence [99]. The overlap of E2F6 with E2F4/5 may depend on the cell type and
specific environment that leads the cell to Go. E2ZF7 only binds to a subset of E2F1-3
target genes, those involved in proliferation, while it does not repress E2F target
genes involved in other functions of E2F1-3 such as differentiation [98]. There are
two isoforms of E2ZF7a and b. While they appear to have similar functions they differ
in expression patterns, A is continually expressed while B is expressed only in S-
phase [87]. The most recently discovered E2F is the 8th in the family. E2ZF8 does not
form a heterodimer with any DP protein, nor is it regulated by any pocket protein
[100]. Its shape is similar to that of other E2Fs when they are complexed to DP,
presumably eliminating the need for a dimerization protein. Its exact function is still
being discovered, but it appears to function like E2F6 and 7 to eliminate E2F1-3
target gene expression following G1/S [101]. The concept of overlapping function
again appears with E2F8. It is functionally similar to E2ZF6/7, but does not require a
dimerization partner, similar to E2F6. Instead, the conformation usually obtained by
an E2F6-DP complex is achieved with the native E2F8 protein. This may allow for

E2F8 to fulfill the necessary repressive role of E2F6 in the absence of both E2F6 and
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DP. Given the critical aspect of E2F and the cyclic nature of its expression, redundant
fail safes are required to ensure that cells are dividing when they are needed, but do
not become oncogenic.

During Gi the necessary protein complexes and kinases are assembled in
preparation for DNA synthesis. Once the necessary machinery is formed a transition
state is reached where the cell will proceed with DNA synthesis. At the end of G:
there are several checkpoints that ensure DNA is intact and that organelles and the
cell as a whole are functioning normally. If the cell passes this point, genes involved
in DNA synthesis are transcribed and DNA replication begins. E2F target genes
include histone H2A, PCNA, DNA polymerase, RPA, Cdc6, and MCM [83, 87]. Histone
HZA is a histone core protein that allows access to supercoiled DNA sequences.
PCNA acts as a DNA clamp physically holding DNA polymerase on the leading strand
of DNA during replication. The rate-limiting step in DNA synthesis is the
association/dissociation of DNA polymerase with the template strand. PCNA greatly
increases the number of nucleotides that DNA polymerase can synthesize on the
growing strand before dissociating and associating again [87]. PCNA slides down
the template strand with DNA polymerase, limiting the occurrence of dissociation
events. RPA is a protein that binds to single stranded DNA. This is useful during DNA
synthesis because it prevents the newly created DNA strand from fold back on itself
and forming secondary structures [83]. It also helps keep template ssDNA unwound
during DNA synthesis. MCM and Cdcé proteins are part of the pre-replication
complex. This complex is formed at the origin of replication and once assembled

MCMs are phosphorylated, unwinding DNA and initiating DNA replication. MCMs
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help form and propagate the replication fork. Cdc6 helps load MCM proteins onto
the DNA downstream of the origin sequence. However, Cdc6 also inhibits the
function of the MCM proteins, providing another level of genetic regulation. When
DNA synthesis is initiated, Cdc6 is phosphorylated (by Cdkl) and no longer
represses the MCM proteins it laid in place. The DNA strand is then unwound,
allowing DNA polymerase (held in place by PCNA) to begin replication of the ssDNA.
These two E2F target genes form over half of the pre-replication complex (pre-rc).
In this way, E2F is able to control the proliferation of cells, both positively and
negatively. Cdk1 is cyclically expressed in a dividing cell. In early G phase it is low,
this allows the pre-rc to form and Cdc6 to insert MCMs onto the DNA. Later in Gy
when CDK1 expression is increased Cdcé6 is phosphorylated and the pre-rc complex
is activated. This step-wise procedure ensures that DNA replication only happens
once per cell division. Cdc6 overexpression (on its own) does not cause re-
replication in cells that have divided, because the high levels of CDK1 prevent it
from existing in its pre-phosphorylated state and therefore can’t carry out the
functions associated with that conformation, essentially resetting the cell cycle clock
to G1.

While E2F1 overexpression has been used to immortalize hematopoietic cells
and ectopic expression leads to proliferation in human beta-cells, proliferative and
repressive E2Fs do not always adhere to their standard classifications [70, 102].
E2Fs behave very differently dependent on cell type, species and developmental
stage [103-105]. This dual nature of E2F activators is completely dependent on the

cellular environment. A tumor cell's gene profile will be radically different than that
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of a fibroblast. Similarly, the E2F repressors are not always repressors. In
cardiomyocytes, some of the activating E2Fs increase proliferation, but so does
E2F4, a classical repressor [103]. Additionally, it does so with a decreased incident
of apoptosis compared to E2F1 [103, 105]. While there is overlap in function of the
activating and repressive E2Fs, it is also possible that overlap exists between the
two groups such that repressive E2Fs could drive transcription and vise-versa.
Factors such as Rb/p107/p130 phosphorylation, in the context of the specific
cellular environment, may play a role in deciding how a specific E2F will function.
E2F binding to DNA consensus sites is regulated not by the binding region in
the E2F complex alone, but also with other elements surrounding the promoter.
Transcription factors such as YY1 and TFE3 are found around the E2F binding sites
and their presence or absence can influence which E2Fs bind and when they bind
[106] [107]. This site-specific priming of the E2F consensus region is what gives
E2Fs the ability to regulate specific target genes while still allowing for overlap of
function. E2F3 and TFE3 combine to activate the p68 subunit gene of DNA
polymerase A. Even though they share a similar sequence, E2F1 does not have the
ability to activate this target gene [107]. Additional target genes unique to E2F3 are
DHFR, cdc2 and cdc6 among others [108]. Despite the fact that many E2Fs share a
similar promoter consensus sequence, specific E2Fs target specific genes depending
on co-expression of many yet undetermined factors. Even across the normal
grouping of E2F1-3a and 3b-8 E2Fs have similar DNA binding regions in their target
genes (accounting for the overlap in function) that are regulated by factors that

surround the binding sites (accounting for unique binding of specific E2Fs to
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specific target genes) [109]. This may explain how something like E2F4, which
would normally inhibit proliferation, could induce proliferation if the cellular
environment (i.e. expression of these co-factors) allowed E2F4 to bind to the target
genes of E2Fs that would normally drive proliferation [103]. Once we gain a better
understanding of the promoter environment, we will be able to better control from
the hundreds of genes E2Fs effect what genes and therefore what biological process
(apoptosis, proliferation, differentiation) occurs.

E2F6 is an Rb independent regulator of the “activating” E2Fs. That is, it binds
to the same target genes as E2F1-3 and regulates their transcription. During the
S/G2 transition E2F6 binds to and inhibits transcription of some genes that were
activated during G1/S. In this way it acts to repress the genes that were involved in
G1/S as the cell transitions from S to Gz and a new set of genes must be expressed.
E2F4 is bound to the promoters of E2F1-3 target genes during quiescence and Go. It
is displaced as the cell progress through Gi/S and activating E2Fs bind to the
domain. In the case where E2F6 is knocked out, E2F4 will act in its place. During Go
E2F4 is seen to occupy the promoter of E2F target genes, as normal. However, in the
absence of E2F6 it is found again in the promoter regions of these genes, as E2F6
would have been if it were present, during S/Gz [97]. In this way, E2F4 is able to
compensate for a loss of E2F6. As a cell progresses through the multiple stages of
the cell cycle the E2F binding is changed. E2F4 is displaced in G1/S by the activating
E2Fs in preparation for DNA synthesis. As the cell progresses further E2F6 displaces

the activating E2Fs as the cell progress into G2 and mitosis. Understanding this
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pattern of E2F expression is vital to understanding proliferation of not just beta-

cells, but all cells in general.
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MATERIALS AND METHODS

Islet Isolations — Male Lewis rats and C57B6 mice, 8-12 weeks old, were used

for islet isolations. Rodents were anesthetized with vaporized isoflurane and then
euthanized by heart perfusion exsanguination. They were laid supine and the
abdominal fur wet with 70% alcohol. The abdomen was opened in a V-shape
starting from the pubic region and extending to the lateral portion of the diaphragm
in order to expose all organs in the peritoneal cavity. The animal was then turned so
that the nose is closest to the surgeon with the tail pointed away. Gauze was used to
secure the lobes of the liver. Next, the common bile duct (CBD) is clamped with a
hemostat near the junction with the CBD and duodenum. For rats, a 27G needle
secured to a 20mL syringe filled with 15mL of 2.2mg/mL collagenase XI (sigma) was
used to canulate the CBD at the junction of the cystic duct from the gall bladder and
left hepatic duct from the liver. For mice, a 10mL syringe with 0.375mg/mL of
collagenase P (Sigma) was used. The pancreas was distended with 15-20mL (rat) or
2mL (mouse) of the enzyme solutions and then carefully removed from the animal.
The enzyme filled pancreas was placed in a 50mL conical tube and stored on ice
while the remaining rodents were processed. Once all pancreases were infused and
removed, the 50mL conical tubes were placed in a 37°C water bath for 14 (rat) or 11
(mouse) minutes. After this time, the tubes willed half way with 4°C HBSS (Cellgro),
shaken vigorously for several seconds and the remaining volume filled with 4°C
HBSS. Following centrifugation, the pellet was washed 2 more times in 4°C HBSS.
Next, the pellet was separated in a discontinuous ficol gradient (1.108, 1.096, 1.069,

and 0.570g/mL) (Cellgro). Islets were collected from the interfaces of 1.069/1.096
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and 1.096/1.108 g/mL. After purification, islets were cultured in CMRL 1640
(Gibco) with 11.5mM glucose, supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. Typically, to improve purity, islets were
handpicked after overnight culture at 37°C before experimental use. One islet
equivalent was defined as an islet of 150um diameter. Normal yield for one rat was
800-1000 islet equivalent (IEQ). All experiments performed with animals were done
in accordance with protocols approved by the University of Illinois at Chicago Office

of Animal Care and Institutional Biosafety.

Protein Extraction - Sample human islets were obtained from the UIC Islet Isolation
Center and washed once in PBS. Islets where then mixed with a 1:100 solution of
Cellytic M (Sigma) and a protease inhibitor at 30ul/10° cells and left overnight at -
80°C. The next day, samples were thawed on ice, vortexed 30 seconds and
homogenized by passage through a 27G needle 15 times. The lysate was then
centrifuges at 10,000g for 10 minutes and the supernatant collected. To determine
the protein concentration, the colorimetric Detergent Compatible (DC) Protein assay

(Biorad) was used per manufacturer's instructions.

Western Blot — 50ug of protein extracts were mixed with a loading dye consisting of
B-mercaptoethanol (BME) (Sigma) and Lamelli Sample Buffer (Biorad) in a 1:20
ratio. The addition of BME helps reduce the occurrence of protein dimers, which are
undesirable in electrophoresis, by its ability to cleave disulfide bonds. Once the

protein sample is mixed with the loading dye, it is heated in boiling water for 5
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minutes to denatured to proteins. Once this is complete, 40uL the sample and 10uL
of a protein ladder are loaded into the wells of a 4-20% polyacrylamide gel (Biorad)
and run at 100V in a Tris Glycine + SDS buffer until the samples have traveled the
length of the gel. Next, the gel is removed from its plastic case, overlaid with a pre-
soaked nitrocellulose membrane, and sandwiched between filter paper. The
membrane was run at 100V in a Tris Glycine + 20% methanol buffer for 1.5 hours at
4°C to ensure efficient transfer of the protein from the gel to the membrane.
Transfer was verified by staining with Ponceau S, followed by 3 washes in TBS to
remove the stain. Next, the membrane was blocked with non-fat dry milk, washed in
TBS, and probed overnight in a primary antibody solution (Figure X for dilutions) at
4°C. The next day, the membrane was washed in TBS-Tween and incubated with the
HRP-linked secondary antibody (1:2000) for 2 hours at room temperature. The
addition of chemiluminescent reagents causes a chemical reaction whereby HRP
converts the added luminol to an excited state, emitting light on return to its ground
state. This light is captured on x-ray film by exposures ranging from a few seconds
to ten minutes. In cases where the membrane was re-probed, it was first stripped
using Restore Western Blot Stripping Buffer (Thermo) and incubated in primary
and secondary antibodies as described above. Exposed films were scanned and
analyzed by densitometry using Image] (NIH) normalized to beta-actin to determine

relative amounts of protein expression.

RT-PCR - Islets not immediately processed for RNA were stored in RNALater

(Ambion). Whole RNA was extracted with the RNeasy Minikit (Qiagen) per
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manufacturer's instructions. RNA samples were combined with oligonucleotide
primers by heat shock in a 70°C water bath followed by 5 minutes in ice. cDNA was
synthesized by reverse transcription of 1ug of whole islet RNA with the ImProm-II
Reverse Transcription System (Promega) following the manufacturer's instructions.
Tubes were annealed for 5 minutes at 25°C, extended for 1 hour at 42°C and
inactivation of the reverse transcriptase occurred at 70°C for 15 minutes. PCR was
performed with 3uL of cDNA from the heat-inactivated PCR tube. Tubes contained a
final volume of 25uL of: 12.5ul. PCR Master Mix (Promega), 8.7uL nuclease-free
water, 3ul. cDNA, .4ul. (20nM) forward primer, .4ul. (20nM) reverse primer.
Primers were used for E2F1, 2, 3, 4, 5, 6, 7, 8, and GAPDH (as a housekeeping gene)
in human islets. Tubes were run at 95°C for 4 minutes, cycled 30 times (95°C for 30
seconds, 52°C for 30 seconds, 72°C for 1.5 minutes), and finally 72°C for 7 minutes.
Next, the PCR products were separated on 2% agarose gels and visualized with

SyberSafe at 1:10,000 (Invitrogen), a UV transilluminator, and a digital camera.

Cell Culture and Viral Infections - Human islets were isolated from pancreata of

organ donors at the University of Illinois at Chicago Islet Isolation Center. All islets
were rested overnight after isolation and cultured in CMRL 1066 (Mediatech) with
5.5mM glucose supplanted with 2.5% human albumin, 0.25% sodium bicarbonate,
0.02mg/mL ciprofloxacin, 0.2% ITS, and 1mM HEPES. Rat islets were isolated as
described above and cultured in RPMI 1066 with 11mM glucose supplemented with
10% FBS and 1% penicillin and streptomycin. Full-length ¢cDNA for human E2F3

was obtained from Origene and sent to Vector Biolabs for packaging into an
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adenovirus - type 5 (dE1/E3) with a CMV promoter and GFP tag. Control
adenovirus for Ad-CMV-LacZ was purchased directly from Vector Biolabs as well.
Construction of lentiviral plasmids from human cDNA for E2F3 and DP2 (Open
Biosystems) were a gift from Dr Salmon. E2F3 and DP2 plasmids were developed
with the target genes under a tetracycline/doxycycline gene switch. These
customized lentiviruses featured an optimized all-in-one TET-rtTA gene switch, the
presence of a selectable marker, Blasticidin (BSD), and a cloner-friendly
recombination cloning cassette. This allows dox-switchable control of our genes of
interest with the addition of a single lentivirus for E2F3 or DP2. Additionally, he
supplied plasmids for rat insulin promoter (RIP) driven destabilized GFP (RIP-
dGFP), RIP-Puromycin, and hTERT. The RIP-Puromycin lentivectors will select for
cells expressing insulin, independent of BSD, which will be used for cells containing
the gene switch. Infection of human and rat islets were performed in ultra-low
attachment 24-well plates (Corning) containing 300uL of the appropriate media. For
experiments involving the lentivirus with the dox-switch, 1ug/mL of doxycycline
(dox) (Sigma) was added to the media. Next, virus was added to the islets. For
adenoviruses a MOI of 500 was used and for lentiviruses the MOIs used ranged from
1, 10, 50 and 100. For determination of MOI, 1 IEQ was estimated to contain 1000
cells. The islets were then cultured overnight at 37°C in 5% COZ2. The following day
500uL of media supplemented with 20uM of EAU and 1ug/mL of dox (if applicable)
was added to the plates. Following 4 days of culture the islets were collected, fixed

and embedded as described below.
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Immunohistochemistry - Following infection and culture, islets were collected,

washed in PBS and fixed in Bouin’s solution (Thermo) for 15 minutes. During this
time, a 2% agarose solution was prepared and left to cool at room temperature.
Following removal of the fixative, 400uL of molten agarose was used to disperse the
islets and then quickly centrifuged to re-pellet them. The molten agarose was
allowed to solidify on ice for 10 minutes, the mold was removed, and the excess
agarose trimmed. The agarose molds where then dehydrated through an increasing
series of alcohol washes (70%, 80%, 95%, 100%, half xylene/half 100% alcohol)
ending with 100% xylene. Next, the molds were washed in molten paraffin for 1
hour, then embedded in paraffin blocks. After solidifying overnight at 4°C, the blocks
were serially sectioned with 5um sections taken every 30um. These 5um sections
were floated in 37°C water, attached to positively charged microscope slides, and
allowed to dry in a 37°C incubator overnight. For EAU incorporation staining, the
slides were rehydrated in xylene and a descending series of alcohol for 8 minutes
each (Xylene I, xylene II, 100%, 95%, 80%, 70%, 50%, 35%) ending in de-ionized
water. Next, the slides were stained with the Click-IT EdU labeling kit (Invitrogen)
according to manufacturer's instructions. Following EdU staining, the slides were
co-stained for insulin with a polyclonal guinea pig anti-insulin primary antibody
(Dako, 1:200) overnight at 4°C. The next day, the slides were washed in PBS and
stained with an anti-guinea pig 594 secondary antibody (1:200) for 1 hour at room
temperature. Next, the slides were washed and the nuclei were stained with DAPI, a
fluorescent stain that binds strongly to A-T rich regions of DNA. The final slides

contained fluorescence emitting at 461nm (DAPI), 594nm (insulin), and 647nm
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(EdU). Digital photographs were taken using a inverted fluorescence microscope
(Leica). Stains for glucagon were conducted in a similar manner, polyclonal rabbit
primary antibody (Sigma 1:200) overnight at 4°C followed the next day with anti-
rabbit secondary antibody staining (Invitrogen 1:200) for 1 hour at room

temperature.

Microfludic Assays - For all perifusion and imaging experiments conducted in this

study, mouse islets were labeled with ratiometric fluorescent dye Fura-2/AM (Fura-
2, Molecular Probes, CA) to determine intracellular calcium levels and fluorescent
Rhodamine 123 dye (Rh123, Sigma, MO) to determine changes in mitochondrial
potentials [110]. In brief, the islets were incubated with 5 pM Fura-2 and 2.5 uM
Rh123 for 30 min at 37°C in Krebs-Ringer buffer (KRB) containing 2 mM glucose.
The islets were then introduced into a temperature equilibrated microfluidic device
through the loading port with the device mounted on an inverted epifluorescence
microscope (Leica DMI 4000B). The loaded islets were perifused by continuous flow
of KRB2 at 37°C (pH 7.4) for 10 min. KRBs containing high glucose (14 mM) or
tolbutamide (250 uM) were then administered to the islets using a peristaltic pump.
Dual-wavelength Fura-2/AM was excited at 340 and 380 nm and fluorescent
emission was detected at 510 nm. Intracellular Ca?* was expressed as a ratio of
fluorescent emission intensity F340 /F380 (%). Rh123 is a lipophilic cation that
partitions selectively into negatively charged mitochondrial membranes. Glucose-
induced hyperpolarization of the mitochondrial membrane causes uptake of Rh123

into mitochondria with a subsequent decrease in Rh123 fluorescence via
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fluorescence quenching. Rh123 was excited at 490 nm#10, and emission was
measured at 530 nm*10. Fura-2 and Rh123 fluorescence emission spectra were
filtered using a Fura-2/FITC polychroic beamsplitter and double band emission
filter (Chroma Technology. Part number: 73100bs). These images were collected
with a CCD (Retiga-SRV, Fast 1394, QImaging). SimplePCI software (Hamamatsu
Corp.) was used for image acquisition and analysis. Both fluorescence signals were
expressed as ‘change-in-percentage’ after being normalized against basal intensity
levels established before stimulation. The perifusates were collected from device
outlets using an automated fraction collector (Gilson, model 203B, WI) at an interval
of 1 mL/min to determine (-cell insulin secretory kinetics. Collected microfluidic
perifusate samples were frozen at —80°C prior to insulin quantification. All samples
were then completely thawed and mixed well at room temperature prior to
determination of insulin levels via ELISA kit (Mercodia AB, Uppsala, Sweden)

according to manufacturer protocol.

Gluco-static Incubations - Following infection and 4 day culture, islets were washed

once in cold PBS and 5 islets were handpicked in 3 replicates. Islets were picked
based on size with 1 small (<100um), 3 medium (100-200um), and 1 large
(>200um) islet per condition. Islets were placed in a 24-well plate containing cell
strainers with a 12um mesh-bottom in a low glucose solution of 2.8mM in KRB.
Once islets were loaded, the liquid was drained from the cell strainer and
transferred to a fresh low glucose solution for the islets to rest for 1 hour at 37°C

5% CO:2. Following the rest, islet-containing cell strainers were again drained of
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liquid and placed in a new well containing fresh low glucose media (low glucose
condition) for 1 hour at 37°C 5% CO2. Next, the liquid was drained from the cell
strainers and they were transferred to a new well containing a high glucose solution
of 28mM glucose (high glucose condition). Following a 1 hour incubation at 37°C 5%
CO; the strainers were drained and transferred to acid ethanol (1.5% HCl in 70%
EtOH) for 15 minutes at 37°C 5% CO2 (total insulin condition). Insulin was analyzed
in each sample my ELISA (Mercodia) per manufacture's instruction. Stimulation

index was reported as high glucose insulin value/low glucose insulin value.

Mouse Transplants and In vivo EdU labeling - All experiments performed with
animals were done in accordance with protocols approved by the University of
[llinois at Chicago Office of Animal Care and Institutional Biosafety. Islets were
infected as described above and cultured for 4 days prior to transplant. 8-12 week
old male nude mice were rendered diabetic by a single intraperitoneal injection of
streptozotocin (STZ) at a concentration of 220 mg/kg. 11mg/mL of STZ powered
was dissolved in a solution comprised of 25mL of 0.478g of citric acid and 25 mL of
0.735g sodium citrate diluted 1:10 in sterile water for a working solution. Following
STZ treatment, mice were weighed and their blood glucose measured daily. Diabetes
was considered established after two consecutive days of blood glucose readings
over 350mg/dL. Mice with weight loss >20% or consistent blood glucose levels
>600mg/dL were considered too sick to use and sacrificed. On the day of
transplantation, islets were washed in PBS. A sterile gel pipette loading tip was

gently bent to form a ‘U’ shape in the narrow end of the tip and placed into the
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opening of a 1.5mL microfuge tube. Washed islets were allowed to settle in a 1.5mL
microfuge tube, collected with a P200 in a minimal volume of media and transferred
to the bent gel loading tip. After the islet had settled into the bend of the tip, excess
media was removed. The narrow end of the gel loading tip was then attached to a
length of PE-50 tubing, while the large end of the tip was attached to a P200 pipette.
The islets were slowly loaded into the tubing and the tubing removed from the gel
loading tip. The PE-50 tubing was then attached to the needle of a 25ul. Hamilton
syringe with the plunger withdrawn. The plunger was depressed until the islets
were near the end of the opening of the PE-50 tube. The syringe was set aside so the
islets could collect near the opening of the tube. Next, the mice were anesthetized
with vaporized isoflurane and injected with 0.03mg/mL bodyweight of Buprenex
subcutaneously. The animals left kidney was identified through the skin and the
incision site was alternately scrubbed with beta-dyne and 70% alcohol. An incision
was made directly above the kidney, parallel to the spinal cord, about 2 cm long
through the dermis and peritoneal wall. The kidney was forced through the
peritoneal opening and exposed. Once exposed and intermittently throughout the
procedure, the exposed kidney was wet with room temperature sterile HBSS. A
small (~2mm) posterior incision was made in the kidney capsule from the left
lateral side to the right lateral side with a 27G needle. A flame-pulled glass capillary
tube probe was inserted into the incision in the kidney capsule and moved in an
anterior direction along the dorsal lateral surface of the kidney. This created a
pocket between the kidney capsule and the kidney parenchyma where the islets

would be transplanted. The PE-50 tube containing the islets was cut directly above
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the aggregated islets in a beveled fashion. The beveled tubing was gently inserted
into the sub-capsular pouch and moved to the most anterior end of the capsule. The
islets were slowly deposited beneath the renal capsule by depressing the plunger on
the Hamilton syringe. After removing the tube the islets were gently packed into the
proximal end of the pouch by sliding a glass probe over the surface of the kidney
posterior to anterior. The small incision on the kidney capsule was then cauterized
and the kidney gently returned to the peritoneal cavity. Finally, the incision in the
dermis and peritoneal wall is sutured closed with 5-0 sutures and the wound
cleaned with beta-dyne and 70% alcohol. As the mice were removed the anesthesia,
they are injected with 500uL of warmed saline subcutaneously to ensure proper
post-operative hydration. Mice were then monitored daily for the first 5 days and 3
times weekly thereafter for weight and blood glucose for 21 days. For in vivo
labeling of EdU, mice were injected intraperitoneal with 60uL of a 2.5ug/uL stock
solution on day 27 post-transplant. On day 21, after an intraperitoneal glucose
tolerance test, the grafted kidney was removed, fixed, trimmed of excess tissue,
embedded in paraffin and sectioned as described above. For the EdU staining, slides

were process as described above.

IPGTT and Nephrectomy - After 21 days, mice were assayed for glucose tolerance by

intraperitoneal glucose tolerance test. First, the animals were fasted overnight. The
next day a 20% glucose solution was prepared by dissolving 1g of glucose in 5mL of
sterile water. The animals were injected with microliters of the 20% glucose

solution equivalent to 15 times their body weight in grams. The mice were weighed
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and their blood glucose collected at the time points: 0, 15, 30, 60, and 120 minutes
following injection. After the IPGTT, the grafted kidney was removed from the
transplanted mice. The mice were anesthetized and an incision made as previously
stated above. The kidney was exposed and the renal blood vessels clamped with a
hemocrit. The blood vessels were tightly tied off with a suture string. The kidney is
then excised distal to the tied off blood vessels and placed in a fixative for
histological processing. The incision is closed and the mice monitored as before for

an additional two days.

Electrophysiology - Islets from E2F1 knockout (Jackson Labs) and C57B6 mice
(Harlan) were isolated as detailed above and rested overnight. The next day, islets
were dissociated by 1 minute alternating culture in Accutase (Invitrogen) and a
37°C water bath. Dissociation was stopped with the addition of complete media
containing FBS, once a single cell suspension had been microscopically verified. Next
the single cells were plated in 35mm tissue culture treated dishes to attach
overnight cells were superfused with an external solution of 138mM NaCl, 5.6mM
KCl, 1.2mM MgCly, 2.6mM CaClz, 5mM HEPES, and pH adjusted to 7.4 with NaOH. 10
and 14mM glucose was added where indicted. Experiments were conducted at 29-
31°C. Membrane potential and whole-cell currents were measured using a
perforated patch whole cell method with an EPC-7 patch clamp amplifier. A solution
of 10mM KCIl, 10mM NacCl, 70mM K,SO, 7mM MgCl;, 5mM HEPES, pH adjusted to
7.35 with KOH was used for the pipette solution. The tip of the pipette was filled

with the above solution and then back-filled with the same solution with the
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addition of B-escin 50 uM in 0.2% DMSO. Perforation of cells was assured by the
decrease in serial resistance (Gs) and the increase in ability to compensate for the
capacitance of the cell. Perforation for Volatage-clamping (Gs < 50 MQ) could be
performed after 15 minutes of perforation and seal formation. For membrane
potential, only a few minutes were necessary before recording. Beta-cells were

verified by their response to glucose.

Statistical Analysis - Two-tailed unpaired t-tests were performed for pairs of data

and two-way ANOVA was performed for multiple comparisons with a control group.
The area under the curve of blood glucose measurements was determined by Mann-
Whitney U test. P-values <0.05 were considered significant. Standard error bars

were used in the appropriate figures.
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RESULTS

Overexpression of E2F3 promotes proliferation of functional human beta-cells

without induction of apoptosis

Since expression of E2F4-6 is known to inhibit proliferation, we sought to
characterize their expression in wild type human islets. Whole cell protein extracts
from 4 human islet isolations (H1-H4) were probed for the transcription factors
E2F1-6 (Fig. 1A). These immunoblots were densitometrically normalized to beta
actin and expressed as relative protein expression (Fig. 1C). These islets contained
detectable levels of 6 E2Fs in varying degrees of expression, depending on the
isolation. E2F4, an anti-proliferative E2F, was the most highly expressed, with other
anti-proliferative E2F 6 and 7 being expressed at detectable levels as well.
Proliferative E2F1-3 were all expressed at similar levels, but below the expression
of the anti-proliferative E2F4. Since E2Fs are only active when they are located in
the nucleus we performed western blots for E2ZF1-6 on nuclear extracted proteins
run alongside positive controls on the same gel, to determine which E2Fs may be
currently associated with DNA in the nucleus [95]. While all E2Fs were detectable in
the whole cell lysate, when the nuclear fraction of 4 other isolations (H5-H8) was
isolated, only the anti-proliferative E2Fs 4-6 were detectable (Fig. 1B). When these
are analyzed and normalized to beta actin by densitometry, we found E2F6 is the
most highly expressed, with high levels of E2F4 and E2F5 also present (Fig 1D).
Pancreatic donor information is described in table 1. The high expression levels of
repressive E2Fs, especially in the nucleus, may account for the slow proliferation

rate seen in human islets in vivo.
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Figure 1 - Endogenous E2F expression. (a and b): Western blots showing
differential E2F expression in whole cell (b) and nuclear (b) protein samples from
eight human islet isolations (H1-H8). (c and d) Quantification of whole cell (c¢) and
nuclear (d) immunoblots for E2F expression in human islets, relative protein
expression normalized to beta-actin by densitometry.

B-Actin | s s— — —

Cold Ischemia Time

Isolation ID Age | Sex | BMI (kg/m?) Purity (%) (hh:mm)

H1 58 | F 25.8 95 3:54
H2 57 | F 19.7 85 4:08
H3 49 | M 30 90 10:21
H4 48 | M 34.9 81.50 9:35
H5 52 | F 27.9 90 7:15
H6 54 | M 25.3 92.50 12:33
H7 44 | F 39.2 91 5:41
H8 70 | M 25.3 75 6:36

Table 1: Islet donor information
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To examine the E2F expression in proliferative primary human beta-cells, we
repeated the E2F protein screen on whole cell lysates of insulinomas obtained from
two patients, one benign (I-1) and the other malignant (I-2), from the University of
[llinois at Chicago hospital. These patients were hyperinsulinemic, hypoglycemic
and gained a significant amount of weight. E2ZF1-6 protein expression was again
probed by western blot (Fig. 2A) and normalized to beta actin (Figs. 2B and C). In
these insulinomas, the pro-proliferative E2Fs 1 and 3 were highly expressed. Unlike
wild type islets, none of the anti-proliferative E2ZF4-6 were observed in either of
these samples. Both samples displayed similar levels of proliferative E2Fs and
though access was limited to two samples, the results seem comparable between
each insulinoma. The high expression levels of proliferative E2Fs may account for

the increased proliferation rate seen in these human insulinomas.
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Figure 2 - Insulinoma E2F expression. (a): Whole cell protein samples from
benign (I-1) and malignant (I-2) human insulinomas probed for E2F1-6 by western
blot. (b and c): Insulinoma protein expression normalized to beta-actin by
densitometry.
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Since E2F3 was highly expressed in the proliferating insulinomas and
wildtype islets had such diminished endogenous expression we wanted to see if
ectopic induction of E2F3 in normal islets would lead to similar proliferation as
insulinomas. To this end, we infected adult human islets with adenoviruses
expressing E2F3-GFP to assess their ability to induce transgene expression in whole
islets. First, the viruses were tested for replication competency. If the viruses have
become replication competent, transduced cells would propagate the virus and lyse.
This would form plaques, large circular areas of lysed cells, which would indicate
the presence of viruses that were capable of synthesizing DNA. This DNA synthesis
would interfere with our assays for proliferation, so the absence of viruses capable
of replication is critical. Figure 3A and B shows no plaque formation in Hela cells
infected with E2F3 adenovirus indicating that the virus was not able to reproduce.
This ensures any proliferation seen by the addition of this virus is not due the
replication of the virus itself. When whole human islets are infected with the ad-
E2F3 at a MOI 500 for 4 days robust expression of E2F3 is seen by western blot (Fig.
4A). When normalized to beta actin, a more than 3-fold increase is seen in E2F3
expression (Fig. 4B). Histology of an infected islet stained for E2F3 reveals that the
adenovirus penetrates only about 1-5 cell layers deep into the islet, but does not
infect the core (Fig. 4C). Visualization of the GFP tag further confirms the viruses’
ability to infect whole human islets as GFP is readily seen after ad-E2F3 infection
while it is absent from uninfected islets (Fig 4D). E2F3 infected islets appear to have
several dead cells surrounding the islet, while uninfected islets have fewer dead

cells. Additionally, a necrotic center is noticeable in the E2F3 infected islets,
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however this is typical of islets of a certain diameter and we do not attribute it to the

viral infection.

\

Ad-E2F3 Uninfécted

Figure 3 - Non-replication competent adenovirus. (A) Hela cells were infected
with ad-E2F3 at a MOI of 500 and cultured for 7 days (B) Uninfected Hela cells (MOI
0) cultured for 7 days as a negative control.

50



S
J

Relative E2F3 Protien Expression

Ad-E2F3 Uninfected

GFP

Bright Field

Figure 4 - Adenovirus function and infection. (a): Western blot for whole cell
protein extracts following ad-E2F3 infection at a MOI of 500. (b): Quantification of
western blots for E2F3 in uninfected and ad-E2F3 infected islets, normalized to
beta-actin by densitometry. (c): Human islets infected with ad-E2F3 and
fluorescently stained for E2F3 showing the level of penetration the adenovirus
achieves in whole human islets. (d): Expression of GFP-tagged ad-E2F3 in infected
and uninfected human islets after 3 days of culture.
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To determine if ectopic E2F3 enhanced beta-cell proliferation, S-phase entry
was examined by EdU incorporation in rat islets transfected with ad-E2F3.
Uninfected (Fig. 5A) and ad-LacZ (Fig. 5B) infected islets showed no significant
difference with only 2.638% + 0.2688 and 2.879% * 0.2122 proliferation of insulin
positive cells. The addition of the E2F3 adenovirus significantly increased beta-cell
specific proliferation to 23.83% * 3.659, p=0.004 (Fig. 5C). These results are
quantified for 3 rat preparations, with a range of 700-1000 insulin positive cells

counted per preparation (Fig. 5D).
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Figure 5 - E2F3 induced proliferation in rat islets. (a, b and c): Representative
pictures of paraffin embedded sections for uninfected (MOI 0) (a), infection with ad-
LacZ (MOI 500) (b) and ad-E2F3 (MOI 500) stained for EdU (red), insulin (green)
and DNA stained with DAPI (blue) (c). (d): Quantification of immunohistochemistry
for EAU+/insulin+ cells. % beta-cell proliferation represents the number of cells that
co-stained for EAU and insulin over the total number of insulin positive cells, (*)
p=0.004. n=3 islet preparations
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Many methods of proliferating rodent beta-cells do not translate or translate
poorly into humans [111]. To confirm the proliferative effect of E2F3 seen in
rodents, human islets were infected and assayed for EdU incorporation.
Representative pictures of uninfected (Fig. 6A) and ad-LacZ (Fig. 6B) showed little
proliferation, 0.5208% +* 0.0579 and 1.504% =+ 0.22 respectively, with p=0.04.
Others have noted that adenovirus infection with transgenes typically used as viral
controls can activate Akt expression and produce small, but statistically significant
levels of proliferation, similar to what we see here[112]. Infection with ad-E2F3
significantly raised the beta-cell proliferation rate to 7.158% * 0.4776, p<0.001 (Fig.
6C). These results were quantified for 3 human islet preparations with 700-1000

insulin positive cells counted per preparation (Fig. 6D).
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Figure 6 - E2F3 induced proliferation in human islets. (a, b and c):
Representative pictures of uninfected (MOI 0) (a) human islets, ad-LacZ infected
(MOI 500) (b), and ad-E2F3 infected (MOI 500) (c) cultured in the presence of EAU
for 4 days and stained for EdU (red), insulin (green) and the DNA stained with DAPI
(blue). (d): Quantification of immunohistochemistry for EAU and insulin positive
cells, (*) p=0.04 (uninfected to ad-LacZ) (**) p<0.001 (ad-LacZ to ad-E2F3). % beta-
cell proliferation represents the number of cells that co-stained for EAU and insulin
over the total number of insulin positive cells. n=3 islet preparations
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Efforts to proliferate beta-cells often result in dedifferentiation and apoptosis
as they growl70.113], To ensure that E2ZF3-proliferated islets retained their phenotype
and glucose-sensitivity, we performed a static glucose incubation on rat and human
islets. Rat (Fig. 7A) and human (Fig. 7B) islets showed that insulin secretion in
response to both high (28mM) and low (2.8mM) glucose were normal in E2F3
infected islets. Additionally, overexpression of E2F3 did not affect the total insulin
content of the cells (Fig. 7C and D). Previous efforts to proliferate beta-cells using
E2F1 resulted in activation of apoptosis and cell death[70]. To investigate the
possibility that overexpression of E2F3 induced apoptosis, we assayed infected
human islets for caspase-3 activity. Uninfected, ad-LacZ, and ad-E2F3 infected islets
all showed similar levels of Caspase-3 activity, indicating that unlike E2F1, E2F3

induced proliferation does not activate apoptosis (Fig. 7E).
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Figure 7 - Assessing beta-cell function: static glucose incubation and
apoptosis. (a and b): Rat (a) and human (b) islets were incubated in low (2.8mM)
and high (28mM) glucose for 1 hour, p=ns (¢ and d): Total insulin content of
uninfected, ad-LacZ (MOI 500) and ad-E2F3 (MOI 500) islets, p=ns, n=3 islet
preparations (e): Caspase-3 activity in uninfected, ad-LacZ and ad-E2F3 infected
human islets, p=ns, n=4 islet preparations.
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To further characterize the beta-cell function, we assayed E2F3 infected
islets for: 1.) intracellular calcium concentrations in response to glucose or KCl, an
indicator of the glucose-stimulated insulin secretion kinetics determined mainly by
Karp and calcium ion channels and 2.) hyperpolarization of the mitochondrial
membrane, an indicator of glucose sensitivity and ATP production. Despite a trend
of decreased calcium flux, the area under the curve for both the entire curve,
p=0.854 and the glucose stimulated portion only, p=0.0657, are not significantly
different (Fig. 8A). Uninfected, ad-LacZ and ad-E2F3 infected islets all showed
similar intracellular calcium levels (Fig. 8A). Mitochondrial potential and dynamic
insulin secretion also revealed no impairment or loss of function (Fig. 8B and C).
Overall, no negative effects on insulin secretion, glucose sensitivity, total insulin
content, caspase-3 activity or Karp/calcium ion channels were observed with the

overexpression of E2F3 and the islets appear to retain their phenotype.

58



A 0~ 25mM Glucose KCl B, 25mM Glucose
L 1 [ ] . L 1 "
I 1 I 1 - Uninfected I 1 — Uninfected

513 - Ad-LacZ 100 N Ad-LacZ
3 — Ad-E2F3 2 — Ad-E2F3
212 =
<
o @ 90
o\°011 ‘G
1S ®
L= 40 80

90 T T T 1 70 )

L) lJ L) 1

L)
0 20 40 60 80 0 10 20 30 40 50
Minutes Minutes
25mM Glucose
C 254 I i .
— Uninfected
204 LacZ
-y — E2F3
S 151
£
3 101
<
5-
c L LJ L] L]
0 10 20 30 40

Minutes

Figure 8 - Assessing beta-cell function: microfluidic assay. (a): Dynamic
measurement of intra-cellular calcium levels in uninfected, ad-LacZ and ad-E2F3
infected human islets. Islets were incubated with Fura-2 then loaded into a
microfluidic device mounted on an epifluorescence microscope and perifused by
continuous flow of 2 mM glucose and 25 mM glucose in krebs-ringer buffer. KCl was
then added to inhibit K* efflux and depolarize the cells. Fura-2/AM was excited at
340 and 380 nm and emission was detected at 510 nm. Results are presented as
percent of baseline. p=ns, n=3 (b): Rh123 excitation at 490 nm and emission at 530
nm was measured to assess mitochondrial potential during exposure to 25mM
glucose. Results are presented as percent of baseline. p=ns, n=3 (c): Dynamic insulin
secretion during the intracellular calcium measurements in a, p=ns.
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To determine if the in vitro proliferative effect of E2F3 enhanced islet
function due to increased beta-cell mass we used a minimal mass islet transplant
model with infected rat and human islets into streptozotocin-induced diabetic nude
mice. E2F3 infected rat islets are able to reverse diabetes (reversal defined as blood
glucose <210 mg/dL), obtaining an average blood glucose of 184.2 + 30.4 mg/dL,
compared to 280.1 * 30.4 mg/dL with uninfected islets, p=0.009 (Fig. 9A). All mice
gained weight throughout the 21-day period (Fig. 8B). After 21 days, to further
characterize the graft function we performed IPGTTs on the transplanted mice,
revealing the E2F3 infected islets had an enhanced ability to clear glucose, with an
AUC of 24390 mg/dL/min * 2547 compared to 42654 mg/dL/min + 10684 for
uninfected, p=0.04 (Fig. 8C and D). Following the IPGTT, a unilateral nephrectomy of
the grafted kidney showed the transplanted islets restored normoglycemia, rather
than a spontaneous regeneration of the native pancreas (Fig. 9A and B).

To test the in vivo function of expanded human islets, we transplanted 2000
IEq, of uninfected islets as a positive control and 1000 IEq of uninfected islets as a
negative control. We found mice transplanted with 1500 IEq of E2F3 infected islets
did reverse the diabetic condition, but did not obtain superior non-fasting blood
glucose levels with an average of 203.2 mg/dL * 19.2 compared to LacZ, 157.3
mg/dL * 20.2, and 1500 [Eq uninfected islets, 158.1 mg/dL + 19.8, revealing no
significant difference (Fig. 9E). Additionally, all groups showed weight gains during
the 21 days (Fig. 9F). Glucose tolerance test further revealed no significant

enhancement of the islet graft with an area under the curve of 13868 mg/dL/min *
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4629 for uninfected islets, 12792 mg/dL/min + 776 for ad-LacZ and, 20138

mg/dL/min * 3652 for ad-E2F3 infected (Fig. 9G and H).
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Figure 9 - In vivo function of E2F3 infected rat and human islets. (a): Blood
glucose measurements for mice transplanted with minimal mass (250 IEq) of ad-
E2F3 infected (MOI 500) or uninfected (MOI 0) rat islets, AUC p=0.009 (b): Weight
of mice transplanted with rat islets infected with ad-E2F3 and uninfected.
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Nephrectomy performed at day 21. (¢ and d): Intraperitoneal glucose tolerance
testing in transplanted mice 21 days after minimal rat islet mass transplant and area
under the curve of glucose clearance, (*) p=0.04, n=4. (e): Blood glucose
measurements for mice transplanted with 1500 IEq of uninfected (MOI 0), ad-LacZ
(MOI 500), and ad-E2F3 (MOI 500) infected human islets, AUC p=ns. (f): Change in
weight over the 21 day transplant follow up. Nephrectomy performed at day 21. (g
and h): 21-day IPGTT of mice transplanted with human islets and area under the
curve of glucose clearance, AUC p=ns, n=5. NFX - unilateral nephrectomy

To determine if the normalization of blood glucose in the transplanted rat
islets was due to continued proliferation of the islets after they were transplanted
we injected mice with EdU for the last 3 days prior to IPGTT and nephrectomy. Little
or no proliferation was seen in both the uninfected and E2F3 infected islets (Fig 10
A and B) indicating that any proliferation resulting in increased beta-cell mass

occurred in vitro or early in vivo, before loss of transgene expression.
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Insulin

Figure 10 - In vivo proliferation. Representative sections from uninfected (a) and
ad-E2F3 (b) transplanted islets exposed to EdU during the last 3-days of the 21-day
transplant and stained for EdU (red), insulin (green), and DNA (DAPI).
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Islets shown in Fig. 4 C only had approximately 25% of the total cells of the
islet infected. In order to establish a method to increase the infection efficiency,
islets were dissociated, infected, and re-aggregated as means to allow the virus
access to islet cells located in the core of the islet. Islets were mildly dissociated and
infected with E2F3. Infection of single cells was verified by robust GFP expression in
the majority of cells (Fig 11A and B). Infected islets showed an increased rate of
proliferation (Fig. 11C) over LacZ (Fig. 11D) and uninfected islets (Fig. 11E). Given
the large number of non-insulin positive cells, we wanted to see if these were alpha-
cells or another cell type. Staining of dissociated islets revealed the presence of
glucagon positive cells, indicating alpha cells had survived the dissociation and were
able to be cultured with beta-cells (Fig 11F). However, there were still a large
percentage of cells that did not stain for either glucagon or insulin. These cells are
believed to be a mix of other pancreatic endocrine cell types, fibroblasts, and
perhaps dedifferentiated alpha and beta-cells. For re-aggregation, dissociated islet
cells where then plated in 3 densities, 42k, 84k, and 168k in non-adherent plates to
see what effect seeding density had on re-aggregation of islets. All conditions
contained islet-like clusters of cells, with increasing densities resulting in more islet-

like clusters rather than larger clusters (Fig 12 A, B, and C)
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Figure 11 - Dissociation, and infection of human islets. Sample GFP (a) and
bright field images (b) of islets that have been dissociated and infected with GFP
tagged ad-E2F3. Induction of proliferation in uninfected (MOI 0) (c), control virus
ad-LacZ (MOI 100) (d) and ad-E2F MOI 100 (e). (f) Immunohistochemistry for
glucagon (yellow), insulin (green), and DNA (blue) in dissociated islets.
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Figure 12 - Re-aggregation of dissociated islet cells. Islets were dissociated and
then re-aggregated in low attachment dishes for 4 days at 3 seeding densities: (a)
42,000 cells, (b) 84,000 cells, and (c) 168,000 cells.
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In order to extend the culture time of infected islets and prolong the
proliferative period we infected islets with a genome-incorporating lentivirus to
produce cells permanently transuded with E2F3. These viruses contained a
doxycycline dependent promoter controlling expression of E2F3. Upon infection
with a dox-on lenti-dox-E2F3 at a MOI of 50, in the presence of doxycycline, an
increase in E2F3 expression was visible by western blot after 3 days (Fig. 12A).
Quantification of the expression revealed an almost 4-fold increase in E2F3 (Fig.
12B). However, infection of RIP-dGFP virus produced no visible GFP expression (Fig.

12 C and D) raising doubts about the viral packaging process.
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Figure 13 - Lentivirus function. (a) Western blot for human islets infected with
lent-dox-E2F3 in the presence of doxycycline for 3 days. (b) Quantification of
western blot for E2F3-infected human islets, normalized to beta-actin. Bright field
(c) and GFP (d) in lenti-RIP-GFP infected (MOI 50) rat islets.
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When human islets were cultured with the E2F3 lentivirus at MOIs of 1, 50
and 100, then assayed for EdU, no proliferation was seen in any of the conditions
(Fig. 13 A and B). To verify the expression of E2F3 in infected cells, we fluorescently
probed for E2F3 expression in both lenti-E2F3 human islets and rat islets infected
with ad-E2F3 as a positive control. Cytoplasmic and nuclear expression of E2F3 was
readily visible in the rat ad-E2F3 islets (Fig 13 C). However, in lenti-dox-E2F3
infected cells, while there is cytoplasmic expression of E2F3, there are fewer nuclei
containing E2F3, showing a significantly decreased level of expression and infection

using lenti-E2F3. (Fig 13D).
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Rat Islets - Adenovirus Human - Lentivirus

Figure. 14 - Lentivirus E2F3 induced proliferation and infection.
Representative images from three human islet isolations infected with no virus (a)
or lenti-dox-E2F3 (b) and stained for EAU (red), insulin (green), and DNA (blue).
Infection of rat islets with ad-E2F3 (c) was compared to infection of human islets
with lenti-dox-E2F3 (d) for expression of E2F3 (yellow).
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Role of E2F1 and Kir6.2 in the development of diet-induced diabetes

We hypothesized that development of type-2 diabetes is influenced by
hyperglycemia due to systemic insulin resistance which increases E2F1 expression
in beta-cells leading to Kir6.2 overexpression and ultimately impaired insulin
secretion. If this were true, we reasoned that hyperglycemia would be correlated to
BMI and patients with high BMI would also have high E2F1 expression. In 7 human
islets isolations, a positive correlation between E2F1 expression and BMI was
discovered (Fig 15A). 53% of the variation in E2F1 expression is explained by BM],
R?=0.53, so while BMI is not the sole determinant in E2ZF1 expression it is seemingly
a contributing factor. If E2ZF1 expression is related to BMI, we wanted to verify that
increased levels of E2F1 led to increased levels of Kir6.2. We infected rat islets with
E2F1 adenovirus and cultured them for 3 days, and then collect RNA for PCR. RT-
PCR on day 3 revealed a 2.7-fold increase in Kir6.2 RNA upon activation of E2F1

(Fig. 15B).
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Figure 15 - E2F1 expression, BMI and Kir6.2. (a) Whole islet protein from 7
human pancreases probed for E2F1 expression and correlated to to BMI of the
donor, R?=0.53 (b) RT-PCR for Kir6.2 in rat islets infected with ad-E2F1.
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Next, we decided to see if E2ZF1 knockout mice were less susceptible to
development of diet-induced diabetes. E2ZF1 knockout mice fed a 60% fat diet did
not gain weight vs. the same knockout mice fed a regular diet. However, control
wildtype mice on the same high fat diet did gain weight (Fig. 16A). While blood
glucose was variable over the 60-day period, changes in non-fasting glucose levels
were not observed in any of the groups (Fig. 16B). [IPGTTs on day 0 revealed the
ability to clear glucose in all groups (Fig 16C). However, by day 60 the ability of the
control mice fed a high fat diet to clear glucose was significantly impaired (Fig 16D).
These mice were so impaired that they died following the IPGTT despite multiple
insulin injections. This suggested that systemic glucose metabolism is impaired due
to decreased sensitivity to insulin, as insulin elicited a muted response. Both high fat
and regular diet E2F1 knockout mice were able to clear glucose on day 60 similarly
as they were on day 0 (Fig. 16D). Insulin taken during the IPGTT revealed a low level
of insulin secretion in E2F1 KO mice in both conditions compared to control mice,
furthering the idea that these mice are unaffected by high fat diets due to altered
metabolic capacity rather than retaining a normal beta-cell function under the high

fat diet (Fig 16E).
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Figure 16 - In vivo data and IPGTT for E2F1 knockout mice. Weight (a) and
blood glucose (b) measured over 60 days for E2ZF1 knockout and C57B6 mice fed
high fat (60% fat) and regular diet (c) IPGTT for all mice on the day (day-0) high fat
and regular diet began. (d) IPGTT for E2ZF1 knockout and control mice following 60
days of high fat or regular diet. (e) Insulin secretion during 60-day IPGTT. n=3
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The decreased insulin secretion found in the E2ZF1 knockout mice led us to
hypothesize that the protective effect of E2ZF1 knockout was not due to changes in
beta-cell insulin secretion dynamics, but to changes in metabolism or
hypersensitivity to insulin. To further investigate the function of the islets in all
conditions we isolated islets from these mice as described above and performed a
microfluidic assay testing intracellular calcium flux, mitochondrial membrane
potential and performed electrophysiology on resting membrane potential and Karp
channels. During the isolations it was noted that the E2F1 knockout mice had
significantly smaller pancreases than control mice and similarly fewer islets were
isolated from these mice, as has been reported previously [81]. Calcium flux assays
revealed no difference between the groups when exposed to 10mM and 14mM
glucose (Fig 17A). Insulin collection during this assay revealed a decreased insulin
secretion in E2F KO mice isolated islets, similar to what was seen in vivo at the 60-
day IPGTT (Fig. 17B). Mitochondrial potential decreased in all islets in response to
both 10mM and 14mM glucose, indicating ATP production via glycolysis (Fig 17C).
Proper function of Karp channels was established by stimulation with the potassium
channel closer Tolbutamide and opener Diazoxide. All conditions displayed normal
calcium flux (Fig. 17D) and no change in mitochondrial potential, (Fig. 17E) as
would be expected since the ATP-dependent potassium channels were closed by
Tolbutamide rather than ATP synthesis. In E2ZF1 knockout mice fed the high fat diet

had noticeably greasy fur compared to high fat diet control mice (Fig. 18).
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Figure 17 - Microfluidic assessment of wild-type and E2F1 knockout islets.
[slets from all conditions were assayed for calcium flux (a) by exposure to 10mM
then 14mM glucose and the resulting insulin secretion (b) measured by ELISA.
Changes in mitochondrial potential due to 10mM and 14mM glucose (c). Function of
Karp channels was assessed by exposure of isolated islets from all conditions to
tolbutimide and diazoxide for calcium flux (d) and mitochondrial potential (e).
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Figure 18 - Image of WT and E2F1 KO mice after 60 days of high fat diet. WT
mice (top) and E2F1 KO mice (bottom) showing the difference in size and greasy
coating of the fur in E2F1 KO mice.
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Islets from all conditions of mice were then assayed for plasma membrane
action potentials to see if the resistance to high fat diet-induced diabetes came about
because of the E2F1 knockout decreasing expression of Kir6.2, which would
normally be increased by the hyperglycemia of a high fat-diet. Figure 19 shows
stimulation of action potentials in beta-cells by two glucose concentrations, 10mM
and 14mM, in both wild-type and E2F1 knockout mice fed the regular diet for 60
days (Fig 19 A-D). Resting membrane potential for WT mice at both glucose
concentrations was -68mV+/-3.1 (10mM glucose) and -70.8mV+/-1.2 (14mM
glucose) and for KO mice -66.67mV+/-2.9 (10mM glucose) and -67.27mV+/-0.82
(14mM glucose), showing no significant effect of E2F1 knockout on resting
membrane potential, p=ns (Fig 19 E). Maximum depolarization potential (MDP), the
voltage at which the cell depolarizes, for wild type and E2F1 knockout mice at both
glucose concentrations were -35mV +/- 2.7 for WT at 10mM, -45.3mV +/-3.7 for WT
at 14mM, -46.33mV +/-3.3 for KO at 10mM, and -39.5mV +/-0.5 for KO at 14mM,
which shows no significant difference in maximum depolarization potential p=ns
(Fig 19 F). The time to MDP (t-rise) for WT and KO mice was 4 minutes +/- 1.1 for
WT at 10mM, 3.4 minutes +/- 0.58 for WT at 14mM, 8.1 minutes +/-0.4 for KO at
10mM, and 7.9 minutes +/-0.81 for KO at 14mM, representing a significant,
p=0.0019, delay in the time to maximum depolarization (Fig 19 G). Finally,
amplitude and frequency of the spikes resulting from oscillations of calcium flux
typical of an action potential were measured. For WT mice, the amplitudes were
22.3mV +/-3.9 at 10mM glucose and 45mV +/-3.6 at 14mM and the frequency of the

oscillations was 4.477Hz +/- 4.477 at 10mM and 2.513Hz +/- 0.7589 at 14mM (Fig
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19 H and I). The spike amplitudes between cells stimulated with 10mM and 14mM
glucose are significantly different for WT mice, p=0.008, while the frequency of the
oscillations is not, p=0.2053. For E2F1 knockout mice, the spike amplitude appears
to be much lower when stimulated. At 10mM glucose, oscillatory spikes are not
above background noise and were not measurable. For 14mM glucose, the spike
amplitude was 27.33 +/- 8.19 and the frequency was 3.044 +/-1.18. The frequency
of the calcium oscillations is similar to WT, p=0.416, but the amplitude of the spikes
is significantly lower in E2F1 knockout islets when stimulated with 14mM glucose,

p=0.008 (Fig 19 H and I).
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Figure 19 - Electrophysiology of wild-type and E2F1 knockout mice.
Measurements of resting membrane potential and action potentials by exposure of
islets to 10mM (a and c¢) and 14mM glucose (b and d). Quantification of
electrophysiology results, significant p-values shown in graphs: resting membrane
potential (e), maximum depolarized potential (f), t-rise (time to MDP) (g), spike
amplitude (h), and spike frequency (i).

81



We hypothesized that the time to depolarization and a shift in glucose
sensitivity, such that 10mM glucose did not produce measurable calcium
oscillations, but 14mM did, was a result of reduced Kir6.2 expression because of the
E2F1 knockout. Therefore, we believed Karp channel function was impaired. To test
this, we performed voltage-clamp electrophysiology on Karp channels to measure
current through Karp channels in resting (OmM glucose) and stimulated (14mM
glucose) conditions. Figure 20 shows Karp current (normalized to capacitance,
pA/pF) of WT and KO islets in their un-stimulated state (0mM glucose) (Fig 20 A
and C) and stimulated (14mM) (Fig 20 B and D). Upon the addition of 14mM glucose,
wild type cells show a decrease in Karp current, as would be expected as Karp
channels close in response to glucose stimulation, p=0.0379. However, though there
is an apparent decrease in Karp current with the addition of 14mM glucose in E2F1
knockout cells, this observation is not statistically significant, p=0.1559. This
suggests E2F1 knockout beta-cells have an impaired ability to close Kir6.2 channels
in response to glucose, eliminating the hypothesis that E2ZF1 knockout confers an
enhanced beta-cell function. Though it does not address this under high fat diet,

where we hypothesized you would see a difference.
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Figure 20 - Karp channel currents in WT and KO beta-cells. Current through

potassium channels of WT cells stimulated with OmM and 14mM glucose, and E2F1
KO cells stimulated with
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DISCUSSION

Overexpression of E2F3 promotes proliferation of functional human beta-cells without

induction of apoptosis

We report several new observations of human beta-cell proliferation. First,
we show that wild type islets contain a high nuclear amount of repressive E2Fs.
Second, we show that proliferative human insulinomas have no expression of these
repressive E2Fs, but high amounts of the proliferation-inducing E2F3. Third, when
E2F3 is overexpressed in wild type rat and human islets it induces significant beta-
cell proliferation. Lastly, we show that this expansion does not impair the beta-cell
phenotype and the proliferation occurs without an increase in apoptosis. These
observations add to the growing picture of the human beta-cell cycle both in vitro
for cell replacement therapies and in vivo for regeneration of islets.

Replication of adult human beta-cells is a rare event, with multiple
mechanisms limiting proliferation and maintaining quiescence. Our observation of
high expression of E2F4-6 in the nucleus of wild type islets could represent one such
mechanism. During Go of the cell cycle, E2F4/5-p107/130 complexes and pocket
protein-independent E2F6 occupy the promoter region of genes responsible for
controlling DNA synthesis, inhibiting their transcription and preventing transition
from G1 to S-phase[86, 93, 95, 96, 99]. With the expression of these genes repressed,
G1 and S progression is impossible. E2ZF4 and 5 lack a nuclear location signal and are
therefore sequestered in the cytoplasm unless bound to a pocket protein[95, 96]. In
our immunoblots, we see a high expression of E2F4/5 in whole cell protein extracts.

This cytoplasmic E2F4/5 is likely not contributing to repression of cell cycle genes
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since its subcellular location implies it is free E2F rather than complexed to a pocket
protein. This implies the nuclear expression of E2F4 and 5 we see is p107/130
complexed and functionally repressing E2F1-3 target genes. In addition to the
nuclear E2F4, we also detected increased levels of E2F6. E2F6 has been reported as
a main E2F that maintains quiescence in cells [99]. The overlap in function with
E2F4/5 is likely additive and dependent on cell type and the cellular environment
that leads to GO. In our human islet preparations, we find a combination of these
E2Fs maintaining quiescence. These strong inhibitory signals may explain why
extra-cellular growth factors often fail to induce high levels of beta-cell proliferation
(typically less than a fraction of a percent)!114-116], Previous reports have shown
contradicting endogenous nuclear expression of E2F1, 3 and 4, in human beta-cells,
which we could not reproduce this in the fresh human islet isolations we
analyzed[67].

Debate over whether proliferation or differentiation of new beta-cells
maintains the adult beta-cell mass is ongoing[62-64]. In reality, a combination of
these two pathways likely maintains and adapts the adult pancreas to increased
biological demand. Insulinomas show that cell cycle mutations are capable of
proliferating insulin-producing beta-cells and could provide a model for their
expansion for research and cell therapies. Rodent insulinomas have been used to
reveal D cyclins and cdks, upstream effectors of E2F, as potent inducers of
proliferationl¢?. 1171, For the first time, we describe high levels of pro-proliferative
E2F3 and no repressive E2F4-6 expression in human insulinomas. Since E2F lies

downstream in the G1/S checkpoint, mutations of the many upstream regulatory
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genes can profoundly effect it, resulting in aberrant expression in almost all forms of
cancer[118]. E2F3 in particular is highly expressed in lung, bladder and prostate
cancers[119-121]. Additionally, E2F3 is required for normal proliferation and is rate
limiting in the proliferation of tumor cell lines[108]. Surprisingly, though E2F1 and
3 are necessary to start quiescent cells cycling, only E2F3 is needed for subsequent
rounds of division[80]. This may explain why both E2F1 and 3 were expressed in
our insulinomas, with E2F3 being the more prevalent one. Given this finding,
overexpression of E2ZF1 and 3 may prove to be a potent "one-two punch” to bring
beta-cells out of Go into G1/S. E2F1-3 are maximally expressed during Gi1/S and
minimally expressed during Go, while E2F4-6 remains relatively constant[89]. The
expression of anti-proliferative E2F4-6 was not detectable in these insulinomas,
indicating that they had both a loss of the anti-proliferative E2F expression (the
brakes of the cell cycle) and overexpression of proliferative E2Fs (driving the cell
cycle). This implies a decrease in E2F4-6 is not required for E2F1-3 to drive
proliferation as pro-proliferative E2Fs are able to displace the occupying E2F4-
6[86]. In fact, E2F1-3 are able to override inhibitory signals when their expression is
increased [122]. A decrease in expression of E2F4-8 is not required for E2F1-3 to
drive proliferation as they are able is displace the occupying E2F. A reduction of
E2F4-6 does not appear necessary to induce mitosis, but could further enhance
E2F3 induced proliferation.

Insulinomas represent a sort of positive control for proliferation of adult
beta-cells. These cells readily proliferate, secrete insulin, and do not lose function

over time. For those who question the plausibility of adult beta-cell proliferation as
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a means to generate cells for transplant, these cells prove the principle is sound.
There is a manipulation of the cell cycle genes that will allow beta-cells to readily
proliferate and retain their function, we just need to find it. This is almost exactly
the type of cell that we hope to be able to create in vitro, with the addition of the
ability to control expression of the genes driving proliferation and increasing the
glucose-sensitive insulin response.

Extra-cellular signals of proliferation that have dramatic effects in other cell
types often do not elicit a similar response in human beta-cells[114-116], [n contrast,
efforts to manipulate genes controlling the G1/S checkpoint have led to robust
proliferation of insulin positive cells[®7-70. These signals likely activate DNA
synthesis and proliferation through E2F, since they are upstream effectors of
E2F[111]. E2F expression has been shown to control proliferation through
activation or repression of genes involved in DNA synthesis[83, 87, 122]. However,
we do not uncover specific E2F3 target genes involved in either maintaining
quiescence or inducing proliferation. Our finding that E2F3 drives proliferation in
islets is previously unreported, but recently it has been shown that E2F1
overexpression is capable of inducing proliferation and considerable apoptosis in
mouse and human beta-cells[70]. In contrast, here we show that overexpression of
E2F3 induces significant proliferation without apoptosis. Induction of apoptosis
may be unique to E2F1 as its target genes include p53, p73, several caspases and
APAF1, while E2F3 is not an activator of these genes!8> 1231, Similarly, E2F3 is able to
positively regulate a unique set of pro-proliferative target genes, such as DNA

polymerase A, DHFR, and cdc6 (among others), while E2F1 is not[107, 108].
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The detection of replication competent viruses is essential for experiments
addressing proliferation. Since one of the assays for this is the incorporation of
labeled nucleosides during DNA replication, this technique would not distinguish
between viral DNA synthesis and DNA synthesis associated with normal mitotic
division of a cell. If replication competent viruses were to infect a cell, it would stain
positive for EdU, giving an inaccurate view of proliferation in the cells. This is
additionally important with adenoviruses for E2F. Since E2F is a transcription factor
involved in both mitotic and viral DNA synthesis, special care must be taken.
Typically, adenoviruses are rendered replication incompetent through deletion of
the E1 and E3 genes. However, E2F is unique in that it is an E2 activating
transcription factor [78]. This means the potential to bypass one of the genetic
safeguards of adenoviruses by activation of E2, despite E1 deletion, exists. We are
confident that our adenoviruses are not replication competent because of our own
plaque forming assays and the assays performed by Vector Biolabs after packaging
and expansion of the viruses. Our adenoviruses are able to infect whole islets with
great efficiency. Our infection of whole islets results in an infection depth of 1-5 cell
layers, or about 25-30% of the islet, similar to what others have seen [124]. In the
bright field images of our infected islets, a ring of apparently dead cells is present.
While there are similar dead cells in the uninfected islets, they are significantly less.
These cells are normally washed away during the subsequent fixation and
embedding process, so they do not appear on fluorescently stained images.
However, we do suspect that this mild increase in dead cells is related to our viral

infections. Since we only infect the outer layers of whole islets, it is reasonable to
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assume that a gradient exists with the outer cells being most infected and inners
cells exposed to less viral particles. Additionally, since the MOI is calculated for a
whole islet assuming all of the cells are infected, the actual MOI of all infected cells is
most likely higher than described. This increased effective MOI and the gradient due
to the penetration of whole islets, may lead to increased cell death on the outer
mantle of the islet. Despite this, we still see robust proliferation and function of
these infected islets.

Whereas many attempts to proliferate beta-cells result in the loss of glucose-
sensitive insulin section and the beta-cell phenotype, E2F3 proliferated islets
retained these abilities[113]. These cells displayed unimpaired intracellular calcium
levels, mitochondrial potential and dynamic insulin secretion, confirming the
presence and integrity of glucose-stimulated insulin secretion coupling by the
presence of functional Karp and voltage-gated calcium channels. The Cdk4-E2F1
pathway regulates the expression of PdxI and Ngn3, two genes expressed in the
developing pancreas[125]. Additionally, E2ZF1 was recently found to regulate
expression of the potassium channel subunit Kir6.2[91]. Despite significant
homology between E2F1 and E2F3, it is not know if E2F3 also regulates Kir6.2
expression and the secretion of insulin, though our results imply that the pathway
allowing for insulin secretion remain intact. Maintenance of Pdxl and Kir6.2
expression could be one mechanism by which E2F3-proliferated islets retain their
function during culture. These features make E2F3 a favorable target for increasing
human beta-cell mass and lend to its ability to induce proliferation independent of

apoptosis while retaining the beta-cell phenotype.
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E2F3-proliferated rat islets showed robust function both in vitro and in vivo
through functional increases in beta-cell numbers. In humans, islets infected with
E2F3 also showed normal function and apparently retained the beta-cell phenotype
in vitro, but did not increase the beta-cell mass sufficiently to improve transplant
outcomes. One explanation for this is the difference in E2F3-induced proliferation
rates between rats (23.8%) and humans (7.2%). The disparity in knowledge
between the rodent and human beta-cell cycle has been emphasized recently for this
exact reason[111]. Despite this, the overall function of the islets was not seemingly
impaired by ectopic delivery of E2F3. We propose that either improving the
infection efficiency or concomitant E2F4-6 knockout could increase E2F3-induced
proliferation sufficiently to functionally impact islet grafts and reduce the islets
required to reverse diabetes in this model. Future strategies for increasing the
infection efficiency could include dissociation of islets, infection and expansion, then
re-aggregation before transplantation or the use of an alternative, non-viral DNA
delivery system, such as gold nanoparticles, that infect the whole islets rather than
merely the mantle[126, 127].

Of note for studies using adenoviruses to induce beta-cell proliferation is the
finding of the "adenovirus effect". Infection of human islets with adenovirus
increases proliferation of beta-cells, simply as a results of viral infection [112].
When freshly isolated human islets are infected with adenovirus type-5 containing a
RIP-GFP or Luciferase a small, but statistically significant increase in BrdU
incorporation was seen. The exact mechanism of how this happens is not well

understood, but an increase in Aktl and Cyclin D3 has been observed in infected
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islets [112]. We see a small adenovirus effect in our human islets between
uninfected (0.5208%) and Ad-LacZ infected (1.504%) with a p-value of 0.0417.
Though it is just barely significant, it is worth noting as it has been previously
described [112].

Once the infected islets had been transplanted into nude mice, they were able
to reverse diabetes. This was most likely due to an increased beta-cell mass from in
vitro and early in vivo expansion, since no EdU positive cells were found at the end
of the in vivo period. While there was no detectable EAU incorporation during days
18-21, there may still have been proliferation in the graft earlier in vivo. The lack of
proliferation after longer than 2 weeks of culture (in vivo or in vitro) is not
surprising as the adenovirus transgene expression typically begins to decrease after
a week and normally is back to baseline expression by week 2. Though it has been
shown that islets infected with Cdk6 and cyclin D1 can be cultured and divide in
vivo, however this was within 2 days after transplant [67]. Expansion of islets in
vivo has been used by others as a means of culture, notably the human beta-cell line
endoC-fH1 [72]. However, the transplantation of immature cells into mice and the
retrieval of mature cells after several months represents a sort of ‘black box’. This
blind in vivo differentiation is difficult to study and while this is an interesting
mechanism for culture, it neither provides a product that would be of direct benefit
to human diabetics or furthers the understanding of the processes it have occurred
during the transplantation time. It is possible that these cells could be used to
understand the differentiation of a beta-cells or the progress of proliferation

without the loss of the beta-cell phenotype. However, more often than not this ‘back
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box’ is used when all other currently understood methods of proliferation or
differentiation have been used and failed to deliver the desired outcome. It is a last
resort to obtain functional beta-cells by any means necessary, even at the expense of
understanding the process by which you got there. It can be used to generate cells
for further study, but should be avoided as part of a protocol to generate beta-cells
for transplantation.

With the success of recent attempts to drive proliferation of adult beta-cells
at increasingly high rates, it is worth exploring the potential that current
proliferation efforts have on impacting islet transplant. Though infection of whole
islets is limited to only about 30% of the islet, it is possible to increase the functional
beta-cell mass. The recent success with proliferation of adult beta-cells using E2F1
was not in whole islets, but rather dissociated islets [70]. This has resulted in
E2F1/Akt inducing about 25% beta-cell proliferation. When compared with
proliferation rates in whole islets infected with adenovirus, E2F3 resulting in 7%
proliferation and cyclin D1/Cdké6 inducing about 12% proliferation, these results
seem comparable when infection efficiency is taken into account. Using any of these
methods, it would be possible to increase the transplantable mass of a human islet
isolation by about 12%. If a typical islet isolation transplants 400k islets, then this
would increase the transplantable mass by 48k islets. When islet transplant
recipients often require multiple transplants in order to become normalglycemic,
48k additional islets may provide an actual benefit. However, this is not a solution to
the disparity between the number of organ donors and the number of diabetics who

would require this treatment. If the current rates of proliferation do not greatly
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benefit graft enhancement, maybe a longer term culture could provide meaningful
proliferation. If instead of transplanting 400K islets they were instead infected with
a cell cycle gene and induced to proliferate at a rate of 12% every 48 hours, a low
estimate, you would end up with a little over 600k islets after a week. This assume
no loss in culture, which is not a reasonable assumption, and that beta-cells are able
to continually divide without a refractory period [62, 63]. Though transplantation of
600k islets would be of significant benefit compared to 400k, the process by which
you would arrive at that number is unreasonable. For proliferation to have a
meaningful impact on graft expansion it would require about a 30% increase in
transplantable beta-cell mass (400k to 520k islets). If in vitro culture of beta-cells is
to provide a sustainable source of transplantable cells, then the culture conditions
and de-differentiation of beta-cells needs to be addressed. Currently rates of
proliferation do not offer a therapeutic advantage in either enhancement of islet
grafts or long-term culture of proliferating cells. In order to reach these levels a new
method DNA delivery that can penetrate to the core of the islet (such as gold
nanoparticles [128]), culture conditions that significantly minimize cell loss and de-
differentiation, and finally development of a DNA delivery and culture system that
would be approved by the FDA. Until these issues are addressed, beta-cell
proliferation is in the same place it has been for the last two decades, finding ways
to increase division of beta-cells by furthering our understanding of the cell cycle.
Manipulation of cell cycle genes has been used to create beta-cell lines in
rodents, such as BTC [129]. Since the E2F3 infected islets appeared to have an

increased functional mass, but did not proliferate for more than, at most, 2 weeks,

93



due to temporary transduction with an adenovirus, we sought a means to
permanently transduce the cells with E2F3. Our lab and others have been able to
reversibly immortalize a variety of primary human cells with SV40 Large T antigen
and BMI-1 lentiviral vectors. Additionally, those vectors induced limited
proliferation in human beta-cells [130, 131]. Currently, we developed lentiviruses
with a dox-dependent promoter controlling expression of our transgene, E2F3. The
addition of the dox-switch was twofold: to be able to induce short rounds of
proliferation and then end the proliferative signal to give the cells time to rest
without expression of E2F3 and to provide a way to control expression of a
potentially oncogenic gene in vivo. The addition of the rest period was to help
prevent any loss of beta-cell phenotype associated with the efforts to induce
proliferation [74]. By limiting the duration of the proliferative period, we hoped to
minimize the loss of phenotype that often is associated with it. Others have shown
robust induction of proliferation and periods of rest in human islets using dox-
switchable adenoviruses for cyclin D1 and Cdké6 [132]. Using the time points
developed by this group as a starting point, 3-days of growth followed by 7-days of
rest, we hope to find the ideal pattern of growth and rest to maximize proliferation
and minimize dedifferentiation. Control over expression of the transgene is
important for transplantation of these cells too. Since E2F3 overexpression could
produce cancerous cells, it is important that we be able to ‘turn it off when
proliferation is not required. The addition of the dox-switch also leads to an
interesting characteristic of cells that have been infected and transplanted. If the

cells were grown in vitro to a needed mass for a specific patient, then transplanted,
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the patient would ideally become insulin independent. However, islet transplants
often require two or three grafts before the patient becomes normal glycemic.
Without transduced cells, the patient would need only take the antibiotic
Doxycycline for a couple weeks, inducing the expansion of their beta-cell graft. Once
the graft reached a size that was able to regulate their blood glucose levels, they
could stop taking the drug. Though this is only a hypothetical situation and the
requirements to show that this is efficient with the dox-switch genes have not been
met, the concept is plausible. Our initial attempt to generate dox-switchable E2F3
lentiviruses resulted in non-functional lentiviruses that we suspect are due to
manufacturing error when the viruses were packaged. Across various projects, 6
lentiviruses were purchased from the same company and none have been found to
be functional, though all plasmids were fully sequenced before shipment for
packaging. This may explain our lack of proliferation in human islets transduced
with these viruses. It is also possible that the level of transgene expression with the
lentiviruses is too low to induce proliferation through E2F3. Expression of
transgenes with adenoviruses is much higher than with lentiviruses and we were
already using a high MOI with the adenoviruses. It would be possible to reach this
MOI with lentiviruses, but would require almost an entire shipment of virus. It is
also possible that the 3 human islet isolations were ‘bad’ for a number of reasons,
the end result being that they are not susceptible to proliferation. Age, BMI, and
various factors in the isolation process can all influence the viability and therefore
the proliferative capacity of an islet. These lentiviruses will be remade and the

experiments repeated with the new virus. If they still prove to be unsuccessful, then

95



the lentivirus delivery system is just not able to reproduce what we see with
adenoviruses, possibly due to the level of expression of the transgene, which in the
case of E2F3 is very sensitive to the correct level of expression.

E2Fs role in processes outside of the cell cycle also makes it an attractive
target for proliferation of beta-cells. The Cdk4-E2F1 pathway also regulates the
expression of PDX1 and Ngn3, two genes expressed in the developing pancreas.
[125]. This may help E2F-prolfierated islets retain their phenotype. In addition to its
role in proliferation, apoptosis and differentiation, E2ZF1 was recently found to
regulate expression of the potassium channel subunit Kir6.2 [91] Though there is
much overlap between E2F1 and E2F3, it is not known if E2F3 also regulates Ki6.2
expression and the secretion of insulin, but with homology between the two
proteins, it's not impossible. Loss of expression of Kir6.2 may be one mechanism by
which islets dedifferentiate in culture. If E2F expression was able to maintain Kir6.2,
it could help prevent the loss of beta-cell phenotype in the presence of proliferative
stimuli. This is an area that warrants further investigation.

The idea of the work here was simply to try to explain why human beta-cells
are particularly resistant to efforts to proliferate them, compare that to a
proliferating beta-cell in an insulinoma and see if we could alter expression of the
genes controlling G1/S in an effort to make the non-proliferative human islets
proliferate like the insulinoma. In order to continue with the exploration of E2F3 in
human islets, it may be necessary to increase the infection efficiency with any type
of virus. To accomplish this, dissociation of the islets into single cells would allow

access to the cells found beyond just the first 1-5 cell layers and would result in a
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greater functional beta-cell mass for transplantation. Similar to what has been
shown in rat islets, human islets could be dissociated, infected and then re-
aggregated to form functional pseudo-islets containing all endocrine cells normally
found in an islet [126]. These pseudo-islets would ideally mimic the cellular
composition and structure of an islet. This could be accomplished by culture in
ultra-low attachment plates as above or utilizing the hanging drop method.
Expansion of hang drop to clinically relevant numbers of islets may prove to be a
difficult technical task, but could be accomplished if it were the last barrier between
a cell line and being used in transplants. For pilot studies such as this, it is not
necessary or ideal to further complicate the search for genes that will drive
proliferation. Issues such as this, apoptosis, virus titer, culture conditions etc. are
minutia of proliferation that best left to a second phase of optimization after
discovery of a gene that will drive proliferation.

Further understanding of the beta-cell cycle is critical for the advancement of
islet transplantation and the understanding of in vivo development, growth and
death of insulin secreting cells. Here, we identify expression of a key G1/S
checkpoint regulator, E2F in the wild type islets and human insulinomas. Mimicking
this expression in human islets induces proliferation of beta-cells without induction
of apoptosis. Furthermore, these proliferated beta-cells retain their phenotype with
no impairment of glucose-sensitive insulin secretion. This identifies E2F3 as a novel
target to induce expansion of insulin-secreting cells in vitro and may one day allow

for in vivo pancreatic regeneration.
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Role of E2F1 and Kir6.2 in the development of diet-induced diabetes

Here we describe several new observations of E2F1's role in development of
diet-induced glucose intolerance and beta-cell function. First, we show E2F1 is
related to BMI, with increasing BMI resulting in increased level of E2F1 in islets.
Next, we support the conclusions found by other groups, that the potassium channel
subunit Kir6.2 is an E2F1 target gene. Furthermore, we find E2F1 knockout mice do
not gain weight when fed a 60% high fat diet compared to control mice. E2F1
knockout confers resistance to the development of diet-induced glucose intolerance
compared to wildtype mice. Characterization of E2F1 knockout mice islets revealed
they have normal calcium flux, mitochondrial potential, normal response to
tolbutimide and diazoxide, but decreased overall insulin secretion. Further
electrophysiological studies revealed no change in resting membrane potential,
action potential spike frequency, or maximum depolarization threshold, but an
increased T-rise, decreased spike amplitude, and an impaired ability to close Karp
channels. Together, these observations further the understanding of the function of
human beta-cells and provide a link between the cell cycle and insulin secretion.

In addition to the proliferative effects of E2F, we also describe a role in the
development of diet-induced diabetes. We show a strong correlation between E2F1
and BMI and that increases in E2F1 expression result in an increase in potassium
channel subunit Kir6.2 mRNA. We also report the ability of E2ZF1 knockout mice to
retain their ability to clear glucose after 60 days of a high fat diet. We show that
while these mice have some characteristics that are typical of the E2F1 knockout

phenotype, reduced pancreas size and decreased insulin secretion, we find the mice
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to be glucose tolerant [81]. In fact, when exposed to a high fat diet for 60 days, we
find these knockout mice retain their glucose tolerance where control mice were
unable to regulate their blood glucose. However, this diabetes resistance is likely
due to their impaired adipogenesis and a hypersensitivity to insulin, rather than a
beneficial effect in the islets due to decreased Kir6.2 expression from the E2F1
knockout [81, 133].

Others have reported that E2F1 knockout results in glucose intolerance. Our
results showed normal glucose tolerance at day-0 and an improved glucose
tolerance compared to wildtype mice when fed a high-fat diet. It is possible that
whatever changes are elicited by the high fat diet are beneficial to the function of
E2F1 knockout islets, and the E2F1 knockout mice as a whole, whereas these
changes negatively effect wildtype mice. This same group has shown that glucose
increases CDK4 and thereby E2F1 and kir6.2 expression. We translate this to a
model of type-2 diabetes to show that E2F1 confers the ability to resist glucose
intolerance.

Decreased expression of Kir6.2 in mouse islets leads to hyperinsulinemia and
a slightly increased ability to clear glucose [134]. We anticipated generating cells
phenotypically similar to this by knocking down a gene involved in regulating Kir6.2
expression, E2F1, and feeding mice a high-fat diet. However, Kir6.2 knockout mice,
show increased resting membrane potential, no insulin secretion in response to
glucose or tolbutimide, but hypersensitivity to insulin results in only mild glucose
intolerance suggesting that Kat channels in skeletal muscle may be involved in the

action of insulin [135]. This is similar to the phenotype we see in our cells,
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decreased insulin secretion, but hypersensitivity to insulin. However, we find a
normal resting membrane potential, delayed T-rise and decreased sensitivity to
glucose. But we also see Karp current, so we know that the cells are not 100%
deficient in Kir6.2. This may be due to confounding aspects of the E2F1 knockout,
rather than just Kir6.2 as well as possible development compensation for the loss of
E2F1. When fed a high-fat diet, both knockdown and knockout Kir6.2 mice led to a
decreased insulin secretion and glucose intolerance, despite initially having
increased insulin secretion and excitability [136]. However, this loss of secretion
does not occur unless subjected to the increased dietary stress of a high fat diet,
further the idea of specific genetic changes in beta-cells that negatively impact
insulin secretion, except in E2F1 knockout islets. Other studies have shown that
control mice progress to hypersecretion of insulin on high fat diets [136]. Perhaps,
our control mice were unable to be rescued after 60-day IPGTT due to
hypersecretion, but desensitivity to insulin. This does not seem to be the case as
control mice were still able to regulate blood glucose levels, suggesting proper
sensitivity to insulin. Though they may not have developed the desensitivity to
insulin that accompanies hyperinsulinemia yet. Even still, compared to E2F1
knockout islets, there was significantly more insulin secretion in the control mice
fed high fat diet.

We see conflicting results in both our microfluidic assays of calcium flux and
mitochondrial potential and electrophysiology. In the microfluidic assay, while the
E2F1 KO islets show a decreased insulin secretion, the calcium flux and changes in

mitochondrial potential in response to both 10mM and 14mM glucose are similar to
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control islets. Electrophysiology of glucose induced action potentials, revealed a
prolonged duration of Karp channels closing (T-rise), resulting in a significant
increase in the time to MDP when stimulated with glucose. Additionally, when
stimulated with 10mM of glucose calcium oscillations were not seen in individual
beta-cells, whereas it was seen in the microfluidic assay of whole islets.
Furthermore, 14mM glucose elicited noticeably smaller spike amplitude in KO islets
than WT islets. Still, the microfluidic assay showed no impairment of the KO islets to
respond to 14mM glucose. These conflicting results are admittedly perplexing. How
does an individual beta-cell not respond to 10mM glucose and barely respond to
14mM glucose, while a whole islet responds with a seemingly normal calcium flux?
It is possible that the beta-cells chosen for electrophysiology were in fact not beta-
cells. Though the presence of a response to 14mM glucose seems to validate that the
cells investigate were beta-cells. Further study is need to determine any faults in
either of these methods or if there is a hypothesis that could explain the apparent
conflicting results.

For beta-cells, MDP is the point where enough Karp channels have closed to
trap K* ions in the cytoplasm to trigger voltage gated calcium channels to open and
increasing cytoplasmic levels of Ca?*. The E2F1 knockout islets may have fewer Karp
channels because of less expression of Kir6.2 due to the E2F1 KO [91]. Because of
this, at a given concentration of glucose/ATP it will take longer for the cells to reach
the threshold for depolarization and calcium influx. By way of example, suppose an
E2F1 knockout cell has 2 Katp channels while a wildtype cell has 6 channels. For 1

molecule of ATP it is more likely to hit a Katp channel and close it in the WT than in

101



the KO simply because of receptor-ligand kinetics. Also suppose that every time ATP
hits a Katp channel, it associates and dissociates causing one K* ion to stay in the cell
due to closing of the Karp channel. If the cells in our example need 5 K* ions to
trigger volatage-gated calcium channels, the WT will reach 5 much faster than the
KO, and have faster T-rise (as we see in our electrophysiology data). Once it reaches
that point, calcium begins to enter the cell. The amount of calcium that comes into
the cell is proportional to the ‘strength’ of the signal, i.e. 14mM glucose will produce
larger calcium oscillations than 10mM. Once the cells reach the point where calcium
begins to enter the cytoplasm, they both contain the same amount of potassium ions
(5 in our example). After reaching the MDP, potassium channels remain closed until
the voltage gated calcium channels close at the "peak” of the first phase of insulin
secretion. The closing of Karp channels at the MDP helps further depolarize the cell
and reach this peak. During this brief time, suppose 1 second in our example, K* is
still being sequestered in the cell. In our model, we find 1 ion per Karp channel
remains in the cytoplasm, 6 more in our WT cell and 2 more in out KO cell. Since
calcium influx into the cell is proportional to the amount of K* ions in the cytoplasm,
we would get 11 Ca?* in our WT and 7 Ca?* in our KO. This model may account for
the difference in spike amplitude in the electrophysiology data between wild type
and knockout cells.

Whole cell ion current is dependent on (1) the number of ion channels (n),
(2) the current through individual channels (i), and (3) the probability of an open
Karp channel. The impaired ability to close Karp channels, is likely what leads to the

increase in T-rise times we observed. This makes sense when we look at Karp
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current, it is not necessarily that the Karp channels are slower to close or less
sensitive to ATP, but rather that there are fewer Karp channels in the cell due to the
E2F1 KO. This decrease in the number of Katp channels leads to a longer T-rise (as
explained above) and therefore an overall impairment of Katp channel closure. With
the higher Katp current we observed, we would expect that these cells would take
longer to reach the MDP and initiate Ca?* influx (an increase in i in the formula
above). This extended T-rise is confirmed by our membrane potential studies.

Closure of Karp channels is a hallmark of insulin secretion in response to
glucose. Here, we measure Karp current at -80 (influx) and -60 (efflux) mV in the
E2F1 knockout islets. We see an impaired ability to decrease the Karp current with
the addition of glucose in E2F1 knockout cells, likely due to their impaired ability
close Katp channels. In the unstimulated case, we see an apparent increase in Katp
channel current versus wildtype cells, though this difference is not statistically
significant. One possible explanation for increased unstimulated current, is that with
fewer Karp channels, more potassium ions need to leave the cell in order to maintain
the same membrane potential. Since the resting membrane potential between the
wildtype and kncokout cells is similar, it is likely that this is maintained in the E2F1
KO cells with an increased K ion flux through fewer Karp channels, which reveals
itself as a high Katp channel current in our electrophysiology experiments.

The hypothesis of the E2F1 knockout experiments has not been sufficiently
addressed by the experiments shown here. The knockout mice have developmental
repercussions from the lack of E2F1, which adds numerous variables to the model.

Additionally, the assays performed on isolated islets reveal no increase in beta-cell
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function, though the data is incomplete. Also, though mice were glucose intolerant
by IPGTT, they did not develop increased non-fasting blood glucose levels during
the experiment. A more ideal model would be one that develops more overt diabetes
during this time purely from their diet, without the need to use transgenic mice. A
better system would also include a way to limit the in vivo expression of E2F1 only
during exposure to high-fat diet, avoiding the confounding developmental variables
of E2F1 knockout. The experiments performed here only look at the E2F1 KO
phenotype, and don't really address the issue of: will limiting E2F1 expression
during bouts of hyperglycemia prevent development of type-2 diabetes by limiting
overexpression of Kir6.2? Possible ways to decrease in vivo expression of E2F1 in
vivo include the use of a RIP-E2F1 siRNA vector or the use a small molecule to
knockdown the expression of E2F1.

The development of type-2 diabetes is complex process involving the loss of
insulin sensitivity in peripheral tissues and often is accompanied by the loss of
insulin secretion. This loss of insulin secretion may be related to Kir6.2 expression
and therefore E2F1. If this link between the cell cycle and glucose metabolism is
further investigated, it may reveal a new model for the development of type-2
diabetes. One in which high blood glucose levels, damage insulin secreting beta-cells
by overexression of Kir6.2 through E2F1. Should this model be proven correct, it
could provide for new therapeutic targets to not only treat the symptoms of type-2

diabetes, but also prevent the disease from fully developing.
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