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The Role of Arx in Specification and Maintenance of Pancreatic Islet a-Cells

Abstract

Correct specification and maintenance of pancreatic islet cells is an intricate process. Previous studies
have demonstrated the essential role transcription factors play in this process. For islet glucagon-
producing alpha-cells one such transcription factor is the aristaless-related homeobox gene (Arx).
Previous studies have demonstrated that Arx is necessary and sufficient for alpha-cell specification where
ablation of Arx results in complete loss of the alpha-cell lineage and misexpression leads to conversion
into an alpha-cell phenotype. However, the role of Arx in maintenance of alpha-cell fate as well the impact
non-null mutations of Arx have on alpha-cell development has not been explored. In this dissertation, |
utilize mouse models and pancreatic analysis to address this question. My results demonstrate that Arx
is necessary to maintain alpha-cell fate during development as well as in the adult. Furthermore, analysis
of a non-null expansion mutation of Arx suggests dual roles for this factor during alpha-cell specification
in activation of alpha-cell fate and repression of non-alpha-cell fate. These findings expand the role of Arx
in the islet alpha-cell as well as provide an attractive avenue for future therapies for type Il diabetes.
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ABSTRACT

THE ROLE OF ARX IN SPECIFICATION AND MAINTENANCE OF
PANCREATIC ISLETa-CELLS
Crystal L. Wilcox

Catherine L. May, Ph.D.

Correct specification and maintenance of pancreslgt cells is an intricate process.
Previous studies have demonstrated the esserlgaranscription factors play in this
process. For islet glucagon-produciagells one such transcription factor is the
aristaless-related homeobox gene (Arx). Previous studies have demonstrated that Arx is
necessary and sufficient farcell specification where ablation of Arx resultscomplete
loss of theu-cell lineage and misexpression leads to convelisimnano-cell phenotype.
However, the role of Arx in maintenancecwtell fate as well the impact non-null
mutations of Arx have oa-cell development has not been explored. In tiaseadtation,

| utilize mouse models and pancreatic analysigithress this question. My results
demonstrate that Arx is necessary to maintagell fate during development as well as
in the adult. Furthermore, analysis of a non-expansion mutation of Arx suggests dual
roles for this factor during-cell specification in activation af-cell fate and repression

of nona-cell fate. These findings expand the role of Arthe isleta-cell as well as

provide an attractive avenue for future therapoegyipe Il diabetes.
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INTRODUCTION
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The pancreasis a two-component organ responsible for maintaining glucose

homeostasis and digesting nutrients.

The pancreas is an organ situated between theastoand intestine composed of
three tissue types: exocrine, endocrine, and d{{}alThe exocrine portion of the
pancreas makes up the majority of pancreatic n#sdt[is comprised of acinar cells,
which secrete digestive enzymes utilized in thedémom of the digestive tract [2]. The
endocrine portion of the pancreas, organized imtallsspheres called Islets of
Langerhans, is responsible for producing and segrébrmones responsible for glucose
homeostasis [1]. The ductal system of the pandgseaseries of tubes that connects the

exocrine acinar cells to the duodenum of the imtedt].

During embryogenesis dorsal and ventral evaginatfdhe foregut endoderm
occurs resulting in the formation of the dorsal &adtral pancreatic buds [3]. This event
takes place at approximately embryonic day (E)8t3He dorsal bud and a day later for
the ventral bud (Fig 1.1) [4]. Initially, the paras grows as two separate buds
influenced by distinct signals from the surroundiisgues and transcriptional regulators
[4]. During mid-gestation, these buds undergo tinarxg morphogenesis and
differentiation to form the mature pancreas contgnhe three major cell types [4].
Before birth, the ventral portion of the pancreatstes around the gut to fuse with the

dorsal portion, thereby forming the final pancreatructure (Fig 1.1) [1].

Pancreatic development is organized into two ttiams during embryogenesis

(Fig. 1.1). The primary transition begins with thedding of the dorsal pancreas around
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E9.5 [3]. The initial set-up of the pancreatictbpiium defines this period [3]. The
secondary transition occurs between E13.5 and Edrfl3s marked by a peak of
endocrine and exocrine proliferation and expan¢rDuring this time the exocrine
acinar cells expand exponentially and begin to pcedligestive enzymes [3]. In the
endocrine compartment, the secondary transitiovhesn the principal endocrine cells are

formed and migrate to form the Islets of Langerh&hs
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Primary Transition Secondary Transition
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Figure 1.1: Primary and Secondary Transitions of Pancreatic Development
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Figure 1.1: Primary and Secondary Transitions of Pancreatic Development. A
schematic diagram depicting embryonic pancreasloewent. Around E9.5 dorsal and
ventral pancreatic buds develop from the foregugut junction of the definitive
endoderm. The dorsal bud develops first, followethy later by the ventral bud. The
initial budding, proliferation, and set-up of thengreatic structure define the primary
transition. The secondary transition consists whae of exocrine and endocrine cellular
proliferation. Finally, at ~E18, the ventral budates around the gut and fuses with the

dorsal bud to create the final pancreatic structure
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Theendocrine |l slets of L anger hans produce and secr ete hor mones responsible for

glucose homeostasis.

The Islets of Langerhans contain five cell type$, 6, PP, and [1]. Murine
islets are comprised of a core of insulin produdiraglls with a surrounding mantle af
, 0-, PP-, ana&-cells, which synthesize the hormones glucagonasostatin, Pancreatic

Polypeptide, and ghrelin, respectively (Fig 1.2A) [

During the primary transition a few glucagand insulifi cells are present [5].
However, these cells do not contribute to the fiometi compartment of the endocrine
pancreas [6]. The principal endocrine cells dgveloring the secondary transition. All
endocrine cells are derived from a common endogiogenitor population that is
Neurogenin3 (Ngn3) [7]. Endocrine cells, first formed in the demging pancreatic
ducts, undergo an endoderm-mesoderm transitiongrate into the surrounding acinar
tissue and form the Islets of Langerhans [7]. Pnecess begins during the secondary

transition and is completed within the first twoeks of life [7].

The endocrine pancreas is responsible for glunosgeostasis, which is achieved
through the converse actionsfsfanda-cells secreting the hormones insulin and
glucagon, respectively [8]. After ingestion of thdolood glucose levels rise afietells
begin to secrete insulin [8]. Insulin signals te #keletal muscle and adipose tissue to
metabolize and store glucose, removing it fromildlo®d stream, and consequently
reducing blood glucose levels (Fig 1.2B) [8]. Cersely, during a period of fasting,

such as sleep, blood glucose levels fall [9]. Tantain blood glucose levels during a
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fasted state, glucagon is secreted from the paticreaells [9]. Glucagon signals to the
liver to break down stored glucose and releasdatthe blood stream through the
process of gluconeogenesis and glycogenolysisltirggin a rise in blood glucose levels

[10]. Together, these two hormones maintain prop@sd glucose homeostasis.
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() B-Cell & Insulin
o a-Cell = Glucagon

6 0-Cell = Somatostatin
@ PP-Cell = Pancreatic Polypeptide

6 ¢-Cell & Ghrelin

B Blood Glucose
too High

B-Cells Secrete

Insulin to Lower
Blood Glucose__, -
Homeostasis

Blood Glucose
too Low

a-Cells Secrete

Glucagon to -
Raise

Figure 1.2: Theldetsof Langerhans are composed of five different cell typesand

control blood glucose homeostasis.

www.manharaa.com



Figure 1.2: Theldetsof Langerhans are composed of five different cell typesand
control blood glucose homeostasis. (A): Murine Islets of Langerhans are comprised of
five cell types: a core of insulin-producifiecells (blue) with a surrounding mantle of
glucagon-producing-cells (red), somatostatin-producitgells (purple), Pancreatic
Polypeptide-producing PP-cells (green), and ghietoducinge-cells (orange).(B): The
converse actions of glucagon-producinrgells and insulin-producing-cells maintain
glucose homeostasis. Under conditions of highdlgiacosep-cells secrete insulin,
which causes uptake and storage of glucose andawcuotant decrease in blood glucose
levels. Conversely, when blood glucose levelsttaillow, a-cells secrete glucagon,

resulting in the breakdown of stored energy andeia®ed blood glucose levels.
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L oss of nor mal glucose homeostasis resultsin the metabolic syndrome diabetes

mellitus.

Diabetes mellitus is a metabolic syndrome charaeté by the loss of normal
glucose homeostasis leading to consistently elevalteod glucose levels, even during
periods of fasting [11]. Clinically, there are tfayms of diabetes, type | and type Il
Type |, or juvenile diabetes, results from the loksndocring3-cells via an autoimmune
attack [12]. Type Il diabetes is the most commamfof the disease and is the product of
insulin resistance argtcell dysfunction [12]. In type Il diabetes.cells become
exhausted and can no longer produce enough insuiroperly lower blood glucose

levels [12].

In correlation with the rise in obesity, the inente of type Il diabetes over the
past few decades has skyrocketed [13]. CurredtB?%o of the United States population
has been diagnosed with some form of diabetes,hahanslates into 25.8 million adults
and children [13]. Furthermore, there are 1.9ionlhew cases each year [13]. Diabetes
has a deleterious influence on overall healthuigicig negative impacts on a patient’s
vision (glaucoma and cataracts), circulation (htgresion and neuropathy), skin
(infections and inflammation), mental health, hegriteeth (gum disease), stomach
(gastroparesis), and kidneys (ketoacidosis androppthy), as well as dramatically
increasing risk of stroke and heart attack [13}.ell, diabetes and its related
complications cost the United States $245 billim2012, making diabetes a global

health crisis [13].

10
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Recently, a new model underlying the clinical preation of diabetes has been
proposed. This new mechanism focuses on a bihahveew of the disease,
encompassing not onptcell exhaustion and lack of insulin release, iisib a-cell
dysregulation and over secretion of glucagon [10]this modelB-cell exhaustion leads
to loss of proper signaling to glucagon-produaincells [10]. This results in
deregulation ofi-cells, over secretion of glucagon, and furthereases in blood glucose
levels [14]. Additionally, continual glucagon rake makes attempts to reduce blood

glucose levels less effective, further compoundiregproblem [14].

The bihormonal view of diabetes suggests thatdbgsoper glucose homeostasis
results from dysregulation of the entire endocpaacreas, not just logtcell function
and insulin secretion [10]. Thus, treatments aimteidcreasing-cell mass or function
while decreasing-cell mass/function would be extremely effectivehtaining blood
glucose control [15]. Most therapies only focusmereasing insulin content, while
largely ignoring the effect of glucagon in theséigras, rendering current therapies
largely ineffective [15]. Thus, novel treatmentisleessing both sides of the bihormonal

theory of diabetes are essential.

11
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Novel treatmentsfor diabetesfocuson in vivo replacement of B-cells.

Currently, exogenous insulin administration thiowgily subcutaneous injections
is the most common treatment for Type | and 1l diab (Fig 1.3) [13]. While this
treatment addresses the most pressing hallmarabétds, high blood glucose levels and
reduced insulin secretion, it contains severalrieheflaws. First, exogenous
administration of insulin does not contain the salegree of control as endogengds
cell sensing and insulin release. This lack ofticmequires constant blood glucose
monitoring to ensure adequate insulin is admingstéo control blood glucose levels
[13]. Second, exogenous insulin administratiorcg@éapatients at risk for severe and
potentially life-threatening periods of hypoglycenfil6]. If insulin levels are forced too
high this could cause blood glucose levels todaltigerously low. Finally, exogenous
insulin administration does not address the lomgrggroblem of3-cell loss or
dysfunction. Continual adjustment of insulin adistration and dosage is necessary to
combat insulin resistance and deteriorating bldadage homeostasis [13]. New
treatments that provide a finer degree of contnol @re more suitable for long-term use
are critical, given the large percentage of theldvpopulation that suffers from some

form of diabetes.

A novel treatment for type Il diabetes has regemtbved into clinical
development: islet transplantation. Islets ar&aisol from multiple donors, pooled, and
transplanted into the portal vein of the liver wéhére islets attach to the walls of the vein
[17]. Clinical trials have demonstrated succesgditicing blood glucose levels and

improving diabetic patient outcomes utilizing tajgproach [17]. However, there are
12
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multiple drawbacks to islet transplantation. Isletspecially-cells, are sensitive to the
immunosuppressants necessary for this procedufe FLifthermore, studies have
demonstrated that transplanted islets have a fifetepan of only five years before a
patient requires either supplemental therapy othemdransplant [17]. Additionally,
multiple donors (usually 2-3) are necessary toial#aough islets for a successful
transplantation [17]. Overall, the current stdtesket transplantation deems it unfeasible
for large-scale use in treating Type |l diabet®gw developments in prolonging islet
life as well as improved harvesting methods mighkenthis treatment a more attractive

option in the future.

A different take on the concept [pfcell replacement is the use of embryonic stem
cells (ESCs) or induced pluripotent stem cells (i8yenerat@-cellsin vitro. ESCs are
cells with unlimited differentiation potential onlly derived from human blastocysts
[18]. These cells are maintained in culture amsihgithe correct developmental signals,
can be directed into any mature cell type [18]u§,HESCs can theoretically be used to
create functional, matufecells [18]. In contrast to the finite supply adile for islet
transplantation, creation of ngacells in a laboratory setting would yield a themaly

unlimited p-cell population and make transplantation proceslanere feasible [18].

A variation on this method is the use of inducadipbtent stem cells (iPS cells).
iPS cells are mature cells that are converted bdolka stem-like fate [19]. These iPS
cells can then be differentiated into a differeritune cell type using the same
technology as for ESCs [19]. The benefit of usig cells over ESCs is that iPS cells

can be made from non-pancreatic tissue from therdamd thus be matched to the
13
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recipient, eliminating the need for harmful and exgive immunosuppressive therapies

(Fig 1.3) [19].

These stem cell based therapies have multipl@adlest including lack of cellular
homogeneity, inability to correctly differentiatmnd questions regarding patient safety
[19]. Neither the ESC or iPS fields have been &blegroduce maturg-cells that
correctly respond to insulin in anvitro setting [19]. Studies that have managed to
makep-like cells report very low yield of potentigtcells from the starting stem cell
population [20]. In fact, the majority of cells ated are ndgb-cells, but rather are some
other pancreatic or endoderm cell [20]. Finallerif maturep-cells can be produced,
they will require years of testing to ensure theslés do not become malignant once
transplanted into recipient tissue [19]. Ovenahjle promising, these therapies are most
likely decades away from being a treatment optarrdfabetic patients in a clinical

setting.

Another very attractive therapy for type | andiibetes is the use of
transdifferentiation to create ngdacellsinvivo [19]. This treatment involves altering
the identity of other endogenous cells, typicabypreatic cell types, intofacell fate
either through the loss or misexpression of spepifoteins [19].1n vivo andin vitro
studies have demonstrated that pancreatic celstgperelatively plastic and can be
directed into @-like-fate [21]. With the development of the bihwnal theory of
diabetes, use of endogenausells to create ne@-cellsin vivo has become a very
appealing option [19]. Transdifferentiationwetells would address the bihormonal

theory of diabetes by decreasing the number ofagjoc-producing-cells while
14
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increasing the number of insulin-producihgells. This would provide an ideal long-

term therapy for type | and Il diabetic patientg(E.3).

15
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Treatments for Diabetes

N

Exogenous Insulin Islet Replacement
&
Other Medications v
Generation of new
B-Cells
ESC/PS Transdifferentiation

Differentiation

Figure 1.3: Current and novel treatment optionsfor Typel and Il diabetes
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Figure 1.3: Current and novel treatment optionsfor Typel and Il diabetes. Flow
chart depicting current (left most red box) andeldxeatments (middle and right-most
red boxes) for type | and type Il diabetes. Curtkarapies focus on exogenous insulin
replacement or boostirzcell function (left most red box). New therapesrently in
clinical development include islet transplantatfoght most red box). Future therapies
focus on the generation of n@acells (center red box) either through ESC/iPS
differentiation (left purple box) or transdifferéation of other endogenous cell types

(right purple box).

17
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Transcription Factors Are Essential for Proper Pancreatic Endocrine Specification

and M aintenance.

In order to develop novel therapies to treat diedyeknowledge of normal
endocrine cell development and maintenance icatitiDecades of research have
demonstrated that broadly expressed (i.e. Ldbl)ehldype specific (i.e. Pdx1, etc)
transcription factors are essential for the prgpercification and maintenance of

pancreatic endocrine cells [2].

Transcription factors are proteins that bind toA&hd activate or repress
specific transcriptional programs [22]. In the eadne pancreas, these factors are first
expressed in NgriZndocrine progenitors, in which they act to nareowl define cell
fate [7]. In turn these transcription factors tomother cell-type specific proteins,
eventually leading to the correct transcriptionalgsam for each discrete endocrine cell
population (Fig 1.4A) [7]. The transcriptional ¢oyl of pancreatic endocrine cell
specification has been most extensively studidtigells. Three examples picell
specific transcription factors that are essentiakbrrect specification and/or

maintenance are Pdx1, Pax4, and MafA (Fig 1.4B).

Pdx1 is one of the first transcription factors egsed in the embryonic pancreas,
starting at approximately E8.5 [23]. Expressioigioates in the entire pancreatic
epithelium, but is eventually restrictedfoands-cells where it is expressed in the
mature pancreas [24]. Ablation of Pdx1 early imedlepment results in agenesis of the

pancreas (Fig 1.4B) [23]. Additionallypacell specific ablation of Pdx1 during

18
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development results in a drastic reduction in tin@lper off-cells [24]. Finally, in the
mature pancreas Pdx1 is essential for proper nmmantz of3-cell function [25].
Ablation of Pdx1 in maturf-cells leads to loss of proper insulin signaling an

eventually, apoptosis [25].

Another transcription factor important iacell specification and development is
Pax4. Pax4 expression is seen at E9.5 in both gaticibuds, but is restricted fecells
after E15 [26]. Ablation of Pax4 in the developpancreas results in lossffands-

cells with a concomitant increasednande-cell fates (Fig 1.4B) [26].

One of the most important transcription factonsrf@mintenance of endocritfie
cells is MafA. MafA is first expressed at E13.5nsulin’ cells, and persists into
postnatal and adult stages [27]. Ablation of Mai&idg embryogenesis does not have a
profound impact offi-cell specification, likely due to upregulationtbe closely related
protein MafB (discussed later) [27]. However, MagAdirectly responsible for the
transcriptional regulation of insulin and otheradse-responsive genes [27]. Ablation of
MafA in the matures-cell results in loss of insulin biosynthesis aedrstion (Fig 1.4B).
Furthermore, studies have demonstrated that Ma#Avisry accurate barometerfatell
activity status [27]. When internal glucose levals too high, MafA expression is
reduced and eventually lost, indicatigwgell dysfunction and loss of glucose

homeostasis [27].

While the transcription factors described aboweganerallyB-cell specific, there

are several other factors equally importari-tells expressed in multiple cell types.
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Specifically, Nkx2.2 is a transcription factor thaiexpressed in all endocrine cell types,
exceptd-cells, starting around E9.5 [28]. Ablation of NK® results in loss d¢f-, a-, and
PP-cells with a concomitant increasesioells (Fig 1.4B) [29]. Interestingly, in Nkx2.2
null mice there is a population of immatyeells that don’t express Glut2 or
glucokinase (maturp-cell markers), but do express other markerf3-o¢lls, suggesting

Nkx2.2 is crucial for propeB-cell maturation [29].
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MafB, Brn4, and Arx are a-Cell Specific Transcription Factors Necessary for

Correct Specification.

Similar to endocrin@-cells, transcription factors are also important-icell
specification and maintenance. For many yeargtidecrinex-cell has not garnered as
much attention as its neighbor, fheell. However, since the proposal of the bihoraion
theory of diabetes, a higher degree of attentienfbeused on understanding treell
and transcription factors important in its speeaifion and maintenance. Much is still
unknown about the-cell, including a list of important transcriptidactors similar to the
list for B-cells. Currently, only three-cell specific transcription factors necessary for

specification and maintenance have been identifiéafB, Brn4, and Arx.

MafB is first expressed at E10.5 in hormone-pradigi@endocrine cells (both
insulin® and glucagob) [30]. It is expressed in boti andp-cells during embryogenesis,
but is restricted ta-cells after postnatal day (P)14 [30]. AblationéfB during
embryogenesis results ia andp-cell maturation defects [31]. In a mouse model of
MafB ablation the number of glucagoand insulifi cells is drastically reduced, although
total endocrine mass is unchanged [31]. The asttiemonstrate that while immature
andp-cells do exist, these cells cannot become phygicddly functional (Fig 1.4B) [31].
MafB continues to be expressed in aduttells from P14 onward, but a role for MafB in

maintenance ai-cell fate has not yet been explored [30].

Anothera-cell specific transcription factor is Brn4. Bri#dexclusively expressed

in endocrinex-cells beginning at E10 [32]. Ablation of Brn4nmuse models does not
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display a pancreatic phenotype, likely due to camspton by other factors [32]. Further
studies have demonstrated that Brn4 binds to ajdates glucagon gene transcription in

the endocrine-cell (Fig 1.4B) [33].

The last transcription factor importantdscell specification is tharistaless-
related homeobox gene (Arx) [34]. Numerous studies have demonstrated thaighr
necessary and sufficient for proper specificatibthe endocriner-cell, upon which |
will expand further in the following section. Aeppears to be an attractive target for

future transdifferentiation studies exploring notredrapies for diabetic patients.
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A
Pancreatic Endocrine > > a-cells
Progenitor Progenn
ig(rj;' 2222 Pdxl* |=—> Hormone- y
Producing afuire
> = B-cells
Exocrine Birth

Lineage

Endocrine Embryonic Adult
Transcription | Expression? | Expression? Ablation Phenotype

Factors Where? Where?

Pdx1 All B,0 Early: agenesis of pancreas
B-cell specific: loss of B-cells

Pax4 B B Loss of B & d, increas in a & PP
MafA No B Loss of B-cell maintenance

Nkx2.2 a, B, €, PP a, B, €, PP Loss of B, a, and PP; increased in ¢
MafB B, a a Loss of a & B maturation
Brn4 a a None

Figure 1.4: Transcription Factorsare Necessary for Proper Endocrine Specification

and M aintenance.
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Figure 1.4: Transcription Factors are Necessary for Proper Endocrine Specification
and Maintenance. (A): Schematic depicting how transcription factors oarendocrine
fate through multiple developmental stages. Pdxitession defines pancreatic
progenitor fate while Ngn3 expression restricte tatthe endocrine lineage. Cell
specific transcription factors are expressed in®Ngmdocrine progenitors and define
fate for each endocrine cell lineage. Many factanstinue to be expressed after birth
and play a role in maintenance of cell f§&#): Table outlining transcription factors
important for endocrine specification and mainte@anColumns outline embryonic
expression profile (2 column from left), adult/mature expression prof@&’ column

from right), and ablation phenotype (right mostucoh).
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Arx isnecessary and sufficient for endocrine a-cell specification.

Arx is a paired homeodomain-containing transaoipfiactor located on the X-
chromosome at Xp22.13 [35]. Arx contains a varatpreviously classified domains
including an aristaless domain, an octapeptide dorttaree nuclear localization
sequences (NLS), a central acidic domain, andgolyalanine tracts [36]. Although Arx
contains activation (aristaless) and repressiotaf@ptide and polyalanine tract 4)
domains, several studies have demonstrated it ynaaot through a repressive
mechanism (Fig 1.5A) [37]. Furthermore, Arx hasishown to co-localize with the
co-repressors Groucho/Tranducin-like enhancer @1(Tand C-terminal binding proteins
(CtBPs) [37,38]. This colocalization increases ’Amepressive ability imn vitro assays

[37].

Previous studies have demonstrated that Arx isssaey and sufficient far-cell
specification. Global ablation of Arx results ionsplete loss of glucagon-producing
cells with a concomitant increasefinands-cells, maintaining normal pancreatic
endocrine mass [34]. Ablation of Arx in pancreaticendocrine progenitors demonstrates
similar results, indicating this defect occurs madecrine cell development (Fig 1.5B)
[39]. Arx is Ngn3-dependent, and is first expresseNgn3 endocrine progenitors [34].
After specification, Arx becomes restricted to glgori cells, where it is maintained into
postnatal life [34]. While it has been proposeat tbss of Arx leads to respecification of
presumptivex-cells intop- ands-cell fates, lineage tracing has not been perfortaed

validate this model. Arx is also sufficient to sifg ana-cell fate. Forced misexpression
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of Arx in the developing pancreas or islets resulthe conversion df- ands-cells into

ana- and PP-cell fate (Fig 1.5B) [40].

Contrary to pancreatic Arx ablation, loss of faeell transcription factor Pax4 in
the developing pancreas results in losB-ands-cells and a concurrent increaseuin
and PP-cells (described above) [26]. Work exangiive opposing roles of Arx and
Pax4 in endocrine specification has demonstratatithiese two factors negatively
regulate each other through direct DNA binding aadepression [34]. Loss of Arx
results in a significant upregulation of Pax4 wiild>ax4 mutant mice the converse is
true [34]. These data suggests that Arx and Palgldontrol the proper specification of

a- andp-cells through a dual repression model.

The interaction of Arx with other endocrine tramggon factors has also been
explored, including the interaction between Arx &ick2.2. Mastracci and colleagues
demonstrated that loss of both Arx and Nkx2.2 caaseincrease igrands-cells at the
expense ofi- andp-cell populations, which are completely lost irstmodel [41].
However, the increase icell number does not correspond to increased ighrel
transcript levels [41]. Furthermore, double musamarbored a ghrelifsomatostatih
endocrine population not observed in controls [#ijally, although ablation of Nkx2.2
alone results in a drastic decrease in the numid@Pecells, this cell population is
restored in the double mutant mice [41]. Togethese data demonstrates that there is a
novel interaction between Arx and Nkx2.2 that hekxgulate endocrine cell fate and

specification. Future studies examining the inteoa between different transcription
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factors will help expand and clarify this as wedl@her interactions necessary for

endocrine cell fate specification and maintenance.

Together these previous studies show that Anetessary and sufficient for
propera-cell specification in the developing pancreas. ild/the role of Arx in
specification has been described, a possible mnateli fate maintenance has not yet been
examined. Previous studies examining the role @DNA methyltransferase, Dnmtl, in
adultp-cell maintenance suggests that such a role cousdl [@2]. Loss of Dnmtl results
in progressive loss of DNA methylation, derepressibArx, and transdifferentiation of
B-cells into a glucagomu-cell fate [42]. These data suggest that simdatst role during

embryogenesis, Arx is required for maintenance-oéll fate in the adult pancreas.

Studies examining the role of Arx after specificatare essential to determine a
potential role for Arx in maintenance of endocreieell fate. Additionally, these studies
will be helpful in examining the possibility of ug mature endogenouscells in

transdifferentiation experiments for novel treatisdor type | and Il diabetes.
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ol w =) @ « Homeo- 2] k7]
©) El E g 3 E = domain El g E

B
o | wous | henoype

Pancreas Germ-line null, ablation in Pdx1* Complete loss of a-cells; increase in p & &
cells, ablation in Ngn3* cells
Pancreas Misexpression in developing Conversion of B- & &-cells into a-cells
pancreas/islets
Pancreas Loss of Dnmt1 in mature B-cells Upregulation of Arx and conversion of B-cells
into a-cell fate
Digestive Ablation in entire endoderm loss of gastrin-, glucagon/GLP-1-, CCK-, and
Tract secretin-producing cell populations; increase
in somatostatin-expressing cells
Muscle Ablation of Arx in muscle Delay in myogenesis
progenitors
Testis Ablation of Arx in developing testis  Extreme reduction in number of Leydig cells
Brain Germ-line null Defects in neuronal patterning, migration,
differentiation, maturation, and axonal
outgrowth and connectivity
Brain Expansion of first polyalanine tract Loss of GABA-ergic tangential migration but
not radial; selective derepression of Arx
targets

Figure 1.5: Arx isa homeodomain-containing transcription factor necessary for the

correct development of multipletissue types
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Figure 1.5: Arx isa homeodomain-containing transcription factor necessary for the
correct development of multiple cell types. (A): Diagram outlining the domain

structure of the Arx protein. Arx contains an @eiptide domain, three nulclear
localization sequences, four polyalanine tractsa@dic domain, a homeodomain, and an
aristaless domair{B): Table outlining the role of Arx in the developmehimultiple

tissue types. Columns depict organ, model utilized resulting phenotype (from left to

right).
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Arx playsdiverserolesin the development of multiple tissues.

While the role of Arx in the developing endocrpencreas has been described,
Arx is also expressed in a variety of other tissnekiding the digestive tract, skeletal
muscle, testis, and brain [43]. The role of Anthese other tissues has also been
examined (Fig 1.5B). In the digestive tract, ablabf Arx results in loss or severe
reduction of several enteroendocrine cell poputetimcluding gastrin-, glucagon/GLP-
1-, CCK-, and secretin-producing cell populationthan increase in somatostatin-
expressing cells [44]. The role of Arx in the mlesand testis has also been described.
During myogenesis (the development of muscle fib&rg acts as a positive regulator
through its association with Mef2C and MyoD [45].téstis development, ablation of
Arx results in a drastic decrease in Leydig cethber due to defects in Leydig

progenitor cells (Fig 1.5B) [46].

Finally, the role of Arx in neuronal developmeiashbeen extensively described.
Arx is first detected at the 3-somite stage [4Kiter the 10-somite stage, it is confined to
an area in the anterior neural plate where it me&ssed throughout the telencephalic
structures, including the ganglionic eminence, lzedecortex, and hippocampus [48].
Arx null mice die within a day of birth and displagvere neuronal defects [49].
Phenotypically, Arx null mice have smaller braioBactory bulbs, and testes [49].
There are multiple developmental problems thatesponsible for the observed
phenotypes. Defects exist in tangential migratromfthe medial ganglionic eminence to
the cortex, in radial and tangential migrationhe striatum, radial migration in the

cortex, cholinergic neuronal differentiation, arezdlopment of GABAergic interneurons
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[49]. These defects result in a thickened striatimimner cortical plate, lissencephaly,
and severe loss of inhibitory GABAergic internewsd9]. When taken together, these
data demonstrates that Arx plays multiple rolesearonal development, including
patterning, proliferation, migration, differentiati, and axonal outgrowth and

connectivity (Fig 1.5B) [47].
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Mutation of Arx resultsin a spectrum of human mental disorders.

Similar to mouse models, mutation of ARX in hunpatients results in several
neurological disorders [50]. X-linked mental ref@ion (XLMR) is a heterogeneous
group of disorders that result from mutations ingglocated on the X-chromosome [50].
XLMR dominantly affects male patients with somenal defects reported for
heterozygous females [50]. Mutations in ARX cdmite significantly to this group of
disorders. ARX mutations and the associated @lirdesorders can be placed on a
spectrum, where more severe mutations result irersevere clinical outcomes and vice
versa [50]. This spectrum demonstrates a strigimgjunique genotype-phenotype
correlation, suggesting that ARX is directly resgible for the clinical presentations of

these patients [50].

The most severe ARX-related disorder, X-linkeddiscephaly associated with
abnormal genitalia (XLAG), is associated with rarld missense mutationsARX [47].
XLAG patients present with lissencephaly, agenektbe corpus callosum, neonatal-
onset intractable epilepsy, severe hypotonia, anthig genitalia, and death within the
first few months of life [51]. The clinical pregation of XLAG patients closely mirrors
that of Arx null mice, potentially allowing sciests to use Arx mouse models to develop

treatments for patients affected by ARX-relateddisrs [52].

While XLAG mutations are on the most severe enthefARX-disorder
spectrum, the most common mutation is expansidheofirst two polyalanine tracts of

ARX [53]. Expansion of the first polyalanine trdmt an additional seven alanines is
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associated with the clinical disorder West syndroonenfantile spasms (ISSX) [54].
Patients suffering from West syndrome present witéintile spasms, hypsarrythmia, and
mental retardation; however, they do not usualleharain malformations

(lissencephaly), and also have a longer life exgrexst than XLAG patients [54].

To explore the mechanism behind the distinct tiffiees in phenotype between
XLAG-like mutations of ARX and the polyalanine exyzéon of ARX found in West
syndrome, mice with a West syndrome expansion mouatatere created [55,56]. Mice
with an expansion mutation of Arx are born in noriiandalian ratios and have brains
that appear normal in size and gross morphologikaiArx null mice [55,56].

However, mutant mice do have seizures, and diamilt months of birth [55].
Interestingly, GABAergic progenitor radial migratiowhich is absent in Arx null mice,
appears normal in Arx expanded mice [55]. In catfrimngential migration is lost,
similar to the phenotype reported in the Arx nutidel [55]. Mechanistic studies behind
these phenotypes demonstrate selective dereprexs@osubset of Arx targets in the
polyalanine expansion mutant [57]. The authomsbatte this selective derepression to
loss of proper association with a subset of coesgors [57]. Specifically, an expanded
Arx demonstrated reduced, but not absent, associwiith Tlel [57]. These studies
demonstrate that expansion of Arx results in cargpecific defects due to selective loss

of association with co-repressors.

Recently Itoh and colleagues explored the panicrpaenotype in an ARX-null
XLAG patient [58]. Interestingly, they demonstitéat similar to Arx null mice,

human patients with null mutations in ARX have anptete loss of endocrinecells
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[58]. This study demonstrates that, similar torneal studies, Arx null mice and XLAG
patients display surprisingly similar pancreatiepbtypes. However, the question of
whether, similar to the brain, there is a genotghenotype correlation associated with
ARX/Arx mutation severity and the specification andintenance of endocrinecells
remains unanswered. Future studies using nonAmxlimutations are necessary to study
this potential correlation. Furthermore, any intpaabserved might lead to treatments

for Arx-related disorders, as well as type | andidbetes mellitus.
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Summary and Specific Aims

Understanding endocrinecell specification and maintenance is essential to
provide knowledge in designing novel treatment&typnd Il diabetes. The
homeodomain-containing transcription factor, Arasteen shown to be necessary and
sufficient fora-cell fate specification [34,40]. However, Arx ¢ones to be expressed
in the maturex-cells and therefore could play an additional role-cell maintenance

throughout life[34].

Additionally, neuronal studies on the role of Anxproper migration and
development of interneurons, and the human pathedagssociated with different forms
of ARX mutations, have demonstrated a unique gg@sphenotype correlation [47].
Arx null mice and XLAG patients demonstrate striginsimilar pancreatic phenotypes,
namely a complete loss of endocrireells [58]. Exploration of non-null Arx mutations
and the resulting impact on endocrireells, will provide further information on proper
endocrine specification and maintenance as wellhether a genotype-phenotype

severity correlation exists in the pancreas asétsdn the brain.

The following chapters in my thesis aim to exp#mknowledge of the role of
Arx in the endocrine-cell. The goal of these experimentsisto (1) determinetherole
of Arx in maintenance of mature a-cell fate and (2) describe the effect a non-null
Arx mutation has on a-cell specification and maintenance. These results will
demonstrate the role of Arx in maintenance-akll fate, as well as provide a better

understanding of how a non-null Arx mutation impaaell development.
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CHAPTERIII:

The Role of Arx in the Maintenance of |dlet a-Cell Fate
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Abstract

The specification and differentiation of pancreatciocrine cell populations- -, o,
PP- anct-cells) is orchestrated by a combination of traipsiomal regulators. In the
pancreasAristaless-related homeobox gene Arx) is expressed first in the endocrine
progenitors and then restricted to glucagon-protyeicells. While the functional
requirement ofArx in earlya-cell specification has been investigated, its mole
maintaininga-cell identity has yet to be explored. To stud tlaiter role ofArx, we have
generated mice in which tl#x gene has been ablated specifically in glucagon-
producinga-cells. Lineage-tracing studies and immunostaiminglysis for endocrine
hormones demonstrate that ablatio\of in neonatabi-cells results in an-to--like
conversion through an intermediate bihormonal stadethermore, thestrx-deficient
converted cells expregscell markers including?dx1, MafA, andGlut2. Surprisingly,
short-term ablation oArx in adult mice does not result in a simitato-p-like
conversion. Taken together, these findings rezgadtential temporal requirement for

Arx in maintainingo-cell identity.
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Introduction

During development, the pancreas organizes intodigtinct compartments:
the exocrine acinar cells, which secrete digegtiveymes, and the hormone producing
endocrine cells organized into islets of LangerHahs These islets contain a core of
insulin-producing3-cells with a surrounding mantle ef9, €, and PP-cells, which
produce the hormones glucagon, somatostatin, gheeld pancreatic polypeptide,
respectively [2]. Islef- anda-cells are the two key endocrine cell populationslved
in maintaining glucose homeostasis [3]. Disruptbthis homeostasis throughcell
loss or dysfunction leads to diabetes mellitusyamon metabolic disorder manifested at
all ages.

Given the limited supply of functioningrcells in diabetics, one potential
treatment avenue is cell-replacement therapy @nsiderable effort has been invested
in identifying alternatives-cell sources through either directed differentiatirom
embryonic/induced pluripotent stem cells or repangming from other differentiated cell
types [5]. Due to the close lineage relationsl@weenu- andp-cells, the
reprogramming potential of ancell to adopt #-cell fate has been recently investigated
[3]. In one study, neB-cells were generated from glucagon-producirgells through a
glucagoriinsulin® bihormonal intermediate state after a near-fot@Il loss [6].
Moreover, ani-to-p-cell lineage conversion was observed wRard, a prof-cell
transcription factor, was expressed in pancreatiioerine progenitors ar-cells [7].
Similarly, forced expression &dx1 in endocrine progenitors leads to an increage in
cells and a decreasedrcell number [8]. Although the-cell population is mostly post-

mitotic, these studies collectively illustrate thatell fate can be plastic and is able to be
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reprogrammed to adoftcell fate. However, the extent of this plastiadiyring different

stages of an animal’s life is currently unknown.

One transcription factor capable of altering ptastiin endocrine cells is the
Aristaless-related homeobox gene Arx). In the mouse pancreas,x is expressed in a
subset of endocrine progenitors and then restrictgtlicagon-producing-cells where it
is expressed throughout the life of the animalQf,When misexpressed in the
developing pancreadyx is sufficient to force endocrine progenitorglecells to adopt
ana-cell fate [11]. These results demonstrate Aratis sufficient forp-to-a-cell

reprogramming during development.

Although much is known regarding factors necesaad/sufficient for endocrine
development, the factors required to maintain deaiity of matures-cells during
different stages are less clear. Mice wAtlx null mutations in the germ-line, pancreatic
progenitors, or endocrine progenitors all displaymplete loss ad-cells with a
concurrent increase [t andé-cells in the pancreas [9,10,12]. Moreovecell loss has
been reported in patients with null mutation®\RX [13]. However, none of the existing
mouse models are suitable for determining the fanaif Arx in maintaining (as opposed
to establishing) mature-cell identity. Further, lineage-tracing experirteehave not yet
been performed to determine if lossfok leads directly to an-to-3-cell conversion.

Here we show tharx is required for-cell lineage maintenance in the neonatal
pancreas, but not in the adult pancreas. Duriaghdonatal period, ablation Afx
results in loss of glucagon expression and actwadf insulin ang-cell markers

through an insulifglucagon bihormonal intermediate. In contrast, short-ten
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ablation in the adult pancreas does not resulitieea loss of glucagon expression or an
activation offj-cell marker expression. These data suggestibxamnay act in a stage-

and context-specific manner in maintainmgell identity and reveal potential

differential plasticity between fetal and adadtells. When taken together, these findings

have important implications for the potential use-@ells for the purpose @cell

replacement therapy.
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Results

Arx removal in neonatal glucagon-producing cells.

Arx is expressed in endocrine progenitorgell precursors, and mature
glucagon-producing cells of the pancreas [9,10).investigate its role in the neonatal
cell, we generated mice witkrx ablation in glucagohcells @rx“/y or Arx-/,;Glucagon-
Cre; referred to as GKO hereon). FirsiRasa-YFP reporter was used to assess the Cre-
mediated recombination efficiency in our GKO modkl.P5 control mice (including
Arx*ly :Glucagon-Cre, Rosa-YFP andArx /. or */,; Glucagon-Cre;Rosa-YFP), Arx
expression was found in all glucagarells; however, only 13% of glucagaells co-
expressed Arx and YFP (Fig. 2.1A, C; white barontcol). All male and female control
animals utilized in these experiments were pheno#yfy identical according to their
islet morphology and were compared to their sexcheat GKO animals. These
observations indicate a low Cre-mediated recomimnatte, which is in agreement with
what others have previously reported using @ligcagon-Cre transgenic mouse [19]. In
GKO;Rosa-YFP mutant mice, Arx protein was removed in all glucagt-P" cells,
which equated to about 12% of glucagjoells (Fig. 2.1B, C; grey bar in GKO). This
result suggests that YFP expression faithfully rmanddls that have undergoAex
ablation. The low Cre-mediated recombination freguyevas also observed in P21
animals (Fig. 2.2 and data not shown). Real-tim& R@alysis from P5 and P21 animals
further showed\rx mRNA levels were decreased by 20% and 50% in GKials,
respectively, although not significantly (Fig. 10) addition, in P5 control animals,

while 90% of YFP cells co-expressed glucagon, approximately 10%hef'FP cells
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were positive for insulin staining due to some laaks of the Cre (se«elow and dat:

not shown).
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Figure 2.1: Arx is specifically ablated in YFP" a-cells of GKO;Rosa-Y FP mice.
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Figure 2.1: Arx is specifically ablated in YFP" a-cells of GKO;Rosa-YFP mice. P5
pancreatic sections were stained for glucagon YpArx (red), and YFP (green)A):

Arx is expressed in all glucagooells in control;Rosa-YFP pancreata. A subset of
glucagoriArx™ cells is YFP. (B): In GKO;Rosa-YFP animals, there is a subset of
glucagori cells that express YFP. These YFRIls have lost Arx expression. Scale bar
represents 36n. (C): Quantitative analysis of Arx and YFP expressingsagithin
glucagori population in P5 animals. Over 500 total glucagueils were counted with
three mice per group used. Error bars represemtiatd error of the mean wighvalue
indicated. N.S: not significan{D): Quantitative PCR analysis f&rx mRNA in total
pancreata at P5 and islets from P21 control and @Hi@als. Control mRNA level was
set at one fold + standard error of the mean. Matkfemale control and GKO animals

(n>3) were sex-matched for all analyses.
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Figure2.2: Arx isspecifically ablated in P21 a-cells by Glucagon-Cre with Arx-
deficient cellsexpressed YFP. Pancreata were stained for glucagon (blue),(fect),
and YFP (green)(A): Arx is expressed in all glucagooells in controRosa-YFP
pancreata(B): In GKO;Rosa-YFP animals, Arx is ablated in all YRRlls. Male and
female GKO mice (B3) were analyzed and compared to their sex-matcbetols.

Scale bar represents 0.
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Arx ablation in the GKO miceresultsin an emergence of glucagon™ insulin® co-

expressing cells.

To determine whether loss Afx in thea-cells of GKO mice may have resulted
in a change of cell fate in a small subset of c&lks performed double immunostaining
for glucagon and other endocrine hormones. Givahdhly 12% of the glucagon-
producing cells have lost Arx expression, we ditexpect to observe any significant
changes in the number of glucagon cells or thelilatéon of these cells in P5 GKO
mice. Indeed, immunostaining analyses confirmeslahticipated result (Fig. 2.3A-H).
Real-time PCR analysis also revealed no significhahges in the mRNA levels of
glucagon transcript between control and GKO mice (Fig. R.#lthough hormone cell
numbers were not significantly altered, close exatidn revealed a small population of
glucagoriinsulin bihormonal cells in the pancreas of GKO mice (Ri§B). These
bihormonal cells were only found in the GKO mickhere was no overlap or significant
differences in the expression of glucagon with soistatin or PP between P5 GKO and
control mice (Fig. 2.3C-F). Endocrine cells exgieg glucagon and ghrelin have been
reported in the developing and neonatal pancrég2122]. The number and location of
these glucagoghrelin’ cells were comparable between P5 control and GKe® (fig.
2.3G-H). Real-time PCR analysis did not reveal sigpificant changes in hormone
expression between P5 control and GKO animals @8J-L). Together, these data

indicate that loss of Arx in glucagbnells results in misexpression of fheell hormone

insulin in glucagoha-cells.
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To determine the fate of this bihormonal populatieevaluated glucagon,
insulin, somatostatin, PP, and ghrelin expressiadheé pancreata of P21 control and
GKO mice by immunostaining. Again, there was rgmgicant change in the cell mass
or distribution associated with these endocrineupadons (Fig. 2.4A-B). Interestingly,
while a few glucagotfinsulin® cells could still be found in the P21 GKO miceg th
frequency of this bihormonal population was draoely reduced by this age relative to
P5. Instead, many of the remaining bihormonal ¢elB21 GKO mice have reduced
glucagon staining in cells readily expressing ims(fFig. 2.4A-B). These cells are likely
in the later stage of thesr-to-p-like cell fate conversion. These observations sagthat
upon ablation ofrx, insulin expression is activated in the glucagoodpcinga-cell,
which then gradually loses glucagon expressionallyi, we evaluated mRNA levels for
B-cell (Pdx1 andNkx6.1) anda-cell (MafB andBrn4) markers in the islets isolated from
P21 control and GKO mice. From the real-time PCRyais, we observed a significant
upregulation oPdx1 mRNA and an upward trend bikx6.1 levels (Fig. 2.4J).
Conversely, we detected a significant reductioBrim4 with a small downward trend in
MafB expression (Fig. 2.4J). While the significantroges in the mRNA levels éfdx1
andBrn4 data are surprising in the context of the smalhgea in hormone expression,
this result could be due to direfitx regulation. Arx could potentially directly repress
Pdx1 and activatdBrn4, which would result in a drastic increaseRolik1 (and resulting
decrease dBrn4) uponArx ablation. When taken together, these data sugjugst
glucagon-producing cells requifex to maintaina-cell identity and repregscell

markers during neonatal life.
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Figure 2.3: Loss of Arx in glucagon® cellsresultsin the appearance of a
glucagon‘insulin® population. (A-H): P5 control and GKO pancreata were stained for
glucagon (green), insulin (red; A, B), somatostéfiat; red; C, D), PP (red; E, F), and
Ghrelin (red; G, H)Glucagoriinsulin’ cells are the only bihormonal population unique
to GKO animals (B, D, F). Glucagon/ghrelin coexgsiag cells are both found in control
and GKO animals (G, H). Male and female control &iD animals (r3) were sex-
matched for all analyses. Scale bar denot@gs28-L): Quantitative PCR analysis
examining glucagon (1), insulin (J), somatostaki, @nd PP (L) gene expression in P5
control and GKO animals. Control mRNA level wasaesone fold + standard error of

the mean. For all GKO and control groups, at I8dsiblogic replicates were performed.
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Figure 2.4: Loss of glucagon®insulin® cellsin P21 GK O animals. (A-H):

Immunostaining for glucagon (A-H), insulin (A-Bpmatostatin (C-D), PP (E-F), and
ghrelin (G-H) in P21 control and GKO animals witlerged images shown. Glucagon
positive cells do not overlap with insulin (A, Bpmatostatin, (C, D) or PP (E, F).
Ghrelin is no longer expressed at P21 (G, (): Total insulin, glucagon, somatostatin,
and PP cell mass in the pancreata of P21 conttbGaO mice. Male and female GKO
mice (r»3) were analyzed and compared to their sex-matcbetiols. Scale bar denotes
25um. (J): Quantitative PCR analysis for P21 control and GEléxs forp-cell markers
Pdx1 and Nkx6.1 ang-cell markers MafB and Brn4. “*” denotes p<0.05rdgrbars

represents standard error of the mean.
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Arx-deficient cellsfail to maintain a-cell identity

To directly determine the origin of the glucadimsulin® cells seen in P5 GKO
mice, lineage-tracing studies were performed iIrftR® mice. Triple-immunostaining
for glucagon, insulin, and YFP were performed & plancreas of contr&lpsa-YFP and
GKO;Rosa-YFP mice. YFP expression was detected in only a $udfsgucagon-
producing cells at P5 (Fig. 2.5A-B), due to the liogquency of the Cre-mediated
recombination in th&lucagon-Cre transgenic mice (Fig. 2.1). The majority of YFP
cells in the P5 control mice expressed glucdgam 2.5A, E and F) though a very small
number of insulin-producing cells positive for YERpression were found (blue),
demonstrating relatively high, though not 100%seliy of the Cre-mediated
recombination (Fig. 2.5E and F). In P5 GKO mice,weticed an emergence of
glucagoriinsulin"'YFP* (purple) cells and an increase in the number siflin"YFP"
(blue) cells while the number of glucag¥P’ (red) cells was reduced compared to

controls (Fig. 2.5A-B, E and F).

To follow up with our previous observations thag tilucagofinsulin® cell
number has dramatically reduced by P21, we evalugepancreata of contrBhsa-
YFP and GKORosa-YFP mice at P21 for glucagon, insulin, and YFP expogss
Interestingly, corresponding to the previously dibsd disappearance of bihormonal
cells by P21 (Fig. 2.4A-B), the majority of YFBells in GKORosa-YFP pancreata at
this stage were insulir(blue) with only a small percentage of YF&ells expressing both
insulin and glucagon (purple) or glucagon alond)({€ig. 2.5C-D and G). These data

demonstrate tharx loss in glucagon-producingcells leads to a failure in maintaining
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a-cell identity and a conversion tg3ecell-like fate. Taken together, these lineageirgc
data indicate that the loss of neona@tat in glucagon-producing cells results in a cell fate

conversion from a glucagbn-cell into an insulifi B-cell-like fate through a bihormonal

intermediate.
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Figure 2.5: Lineagetracing studies demonstrate that Arx ablated a-cells become
glucagon®insulin™ at P5 then insulin expressing at P21. (A-D): Triple immunostaining
for glucagon (red), insulin (blue), and YFP (greengontrol;Rosa-YFP and GKO;Rosa-
YFP pancreata at P5 and P21. YEBIIs in P5 or P21 control;Rosa-YFP animals are
positive for glucagon (A and C). “*” denote insulin cells that are negative fdugagon
or YFP expression (A and C; *) Glucadorsulin"YFP" cells are found in P5 GKO
animals (B:), but rarely in controls (A). YFReells are positive for glucagimcontrol
P21 pancreata (C) but insuliri in P21 GKO pancreata (D). (E): Schematic outlining
cell populations resulting from lineage-tracing amenunostaining analysi¢k, G):
Quantification of hormone expression in YR#lls at P5 (F) and P21 (G). At P5 and
P21, over a total of 10,000 cells were counted fB3fanimals per group. Out of the
10,000 cells counted, approximately 1,000 cellssnéfP. Each category was
calculated and presented as a percentage of tBfl ¢ells per animal and then
averaged. Error bars are denoted as standardoéfoe mean with significance<p.05)
between each color denoted with “*",™ and “.1”. Male and female GKO mice £3)
were used for all analysis and compared to theinsatched controls. Scale bar

represents 48m.
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Marker s associated with matur e p-cells ar e activated in Arx-deficient YFP célls.

To further examine how closely these newly conwktéike-cells were to tru@-cells,
expression of several knovigacell markers including Glut2, MafA, and Pdx1 were
examined in contraRosa-YFP and GKORosa-YFP mice at P5 and P21. In P5
GKO;Rosa-YFP animals, there was a significant increase in timatver of YFP cells
coexpressing Glut2, MafA, or Pdx1 (Fig. 2.6B, DG&;,I, K). Similar increases were
also seen in P21 mice with a further increaseeémtimber of YFPcells expressing
Glut2 and Pdx1 in the pancreata of the GR&3a- YFP mice (Fig. 2.6H, J, L, Fig. S3).
As expected, due to the leakiness of@hacagon-Cre transgene, we did find a small, but
not significant, percentage of YFBells that coexpressed Glut2, MafA, or Pdx1 inoP5
P21 controlRosa-YFP mice (Fig. 2.6A, C, E, G, |, K). Taken togetheregsbk data
demonstrate that a subset of the converted celleiGKORosa-YFP mice activate-

cell markers as well as insulin expression in theeace oArx.
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Figure 2.6: YFP cellsin GKO animals express markers of mature g-cells at P5 and
P21. (A-F): Control;Rosa-YFP and GKO;Rosa-YFP P5 pancreata stained for

insulin (blue), YFP (green), Glut2 (A,B,red), Mafg,D,red), Pdx1 (E,F,brown). YFP
cells in GKO animals are insuli@lut2 (B; ), insulinMafA™ (D; ) and insulifPdx 1’

(F; ). In control animals, the majority of YFEo not expresg-cell markers (A,C,E).
The YFP cells seen in exocrine tissue (panels E and Fadkground due to the
combined IHC, IF staining method used and not sigeal.(G-L): Quantification of
percentage of YFReells that express or do not express Glut2 at B&@ P21 (H),

MafA at P5 (1) and P21 (J), and Pdx1 at P5 (K) Bad (L). Over 200 YFPcells were
counted for each stage with 3-5 animals per gr&umr bars represent standard error of
the mean with significance between each cell pdijonigp<0.05) denoted as “*” and

““» Male and female GKO mice ¥8) were used for all analysis and compared to their

sex-matched controls. Scale bar represenism25
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Short-term ablation of Arx in adult a-cells does not lead to loss of a-cell identity.

To explore the requirement fArx in the maintenance of adulicell fate, we
used a global, tamoxifen-inducible transgenic mauseel to ablatérx in adult
animals. Two-month-old control arix"/v;pCAGG-CreER (IKO) mice were injected
with tamoxifen for three consecutive days and thienals sacrificed two weeks later for
tissue analysis (Fig. 2.7A). Efficiency Afx removal was evaluated by immunostaining
in control and IKO mice. While Arx expression wasifid in glucagohcells in control
animals, all glucagon cells in IKO animals have ls< expression (Fig. 2.7B, B’, C, C’;
marked by arrows). To determine the impact of stesrn Arx ablation in adulti-cells,
gene expression and immunostaining for endocrimenboes were examined in control
and IKO animals (Fig. 2.7D-I). Real-time PCR analysvealed no significant changes
in the mMRNA levels of hormone genes between coumindl IKO islets (Fig. 2.7K). We
also did not detect any significant changes imtlvabers of glucagon-, insulin-,
somatostatin-, and PP-producing cells in the IK@amiompared to controls (Fig. 2.7D-
J). Unlike P5 GKO mice in which a large proportmimArx glucagoninsulin® cells were
found (Fig. 2.7A-B), we detected only a small numisebihormonal cells in adult IKO
mice, which were not proportionally significantgtethan 0.1%; data not shown).
Additionally, analysis ofi- andp-cell factors including MafB, Brn4, Glut2, and Pdx1
also did not reveal any significant changes indcaiptional profile of IKO animals (Fig.
2.7L). Since the pCAGG-Cre is globally expressbd,IKO animals develop an
intestinal phenotype that excludes any meaningfalysis to explore the long-term

impact ofArx on adulta-cell (data not shown). Taken together, usingaaurent mouse
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model with short-term Arx ablation, these findirdgmonstrate tharx is likely
dispensable in maintainingcell identity in adult mice. Future experimentsizing an
induciblea-cell specific Cre transgenic mouse will be reqaiite study the long-term

requirement foArx in the maintenance ofcell fate.
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loss of a-cellsor changesin endocrine cell populations.
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Figure 2.7: Short-term complete ablation of Arx in adult mice doesnot result in a

loss of a-cellsor changesin endocrine cell populations. (A): Diagram outlining
experimental desigriB-C): Arx (red) is expressed in glucagon (green) cellsantrol
(B,B’; arrows) but lost in IKO (C,C’;arrows) aningal Asterisks (*) mark autoflourescent
blood cells and are non-specific staini(i@-1): Control and IKO pancreata were stained
for glucagon (green), insulin (red; D,E), somatostésst; red; F,G), and PP (red; H,I).
No significant colocalization of glucagon with otlle®rmones was seen in control or
IKO mice. Male control and IKO mice were used foalysis though female control and

IKO mice produced similar results. Scale bar den@tgm.

(J): Endocrine cell number quantification for insulghicagon, somatostatin, and PP in
control and IKO animals (over 10,000 cells wererted from 3 animals per grougkK -

L): Quantitative PCR analysis of gene expression imroband IKO islets. Results are
displayed as fold change relative to control wittoebars representing the standard error

of the mean. For all analysis n=3.
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Discussion

This study demonstrates a requiremenArfin a-cell fate maintenance.
Ablation of Arx in neonatal glucagdrcells results in a loss ofcell identity and
conversion into an insulin-producirfigeell-like fate (Fig. 2.8). Conversely, short-term
ablation ofArx in adult animals did not result in a significang$ or conversion oef-cells
or an increase ifi-cells orp-cell markers (Fig. 2.8). Our findings from neorsadad
adults expand the previously defined rolédof in the specification od-cells. When
taken togetherArx plays a role during specification as well as dyiarly maintenance

of a-cell fate, but appears not to be required in aaliltnals for its fate maintenance.

Others have shown that ablationfok at any stage of specification results in a
complete loss of the-cell lineage with a concomitant increasedofinds-cells
[9,10,12,23]. As there is no change in total ensh@cmass reported in these studies,
thesen-cells likely undergo re-specification ine ands-cell lineages. Our findings add
significant support to these observations by ulimgage tracing to directly demonstrate
thatArx-ablateda-cells convert t@-like cells in neonatal animals. Interestinglyy ou
data, while showing coexpression of glucagon asdlin, does not show coexpression of
glucagon and somatostatin. Our initial hypothess thatArx-deficienta-cells would
give rise to both somatostatin and insulin popateti It is possible that the inefficiency
of theGlucagon-Cre did not enable us to detect a rare population of
glucagorisomatostatihcells. Alternatively, as the animal ages, the ptigtof cells

among different endocrine fates could be altered.
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Previous studies have demonstrated that endoaihtate is relatively
undifferentiated during gestation such that abfatbsingle transcription factors results
in loss of cell fate [2]. As endocrine cells matunowever, this plasticity drastically
decreases, and more extreme measures are neexntet/éot one endocrine cell type to
another [4,6,8]. Whil&dx1 is normally restricted tf-cells, early overexpression én
cells results in a postnatal loss of glucagon-esgirga-cells with a concomitant gain of
insulin-producing-cells demonstrating anto-p-cell fate conversion [8]. Conversely,
overexpression dPdx1 in adulta-cells does not result in a similar conversionteas,
these cells maintain proper cell identity [8]. Tgwential temporal requirement Afx
closely parallels the results obtained throfgikl overexpression in-cells. Early in
development, endocrine cell fate appears moreiplast subject to reprogramming.
During later life, however, cell fate is more defih and as a result, reprogramming is

more difficult to achieve.

Interestingly, although overexpressionRaix1 in a-cells results in a gain of
insulin-producing cells, those cells did not appedose all markers af-cell fate [8].
Examination of immunostaining for the expressiofi-akll-specific factors in th&rx
ablated neonatal animals demonstrates that YERs are at least partially reprogrammed
with the expression of Glut2, MafA, and Pdx1. VEHilxis necessary to maintasnacell
fate during development, loss Aifx, even immediately after specification, may not be
sufficient to fully reprogram cells into a functiirg-cell fate. Due to the low efficiency
of theCre utilized in our study, functional analysis of tmsulin-producing cells derived

from Arx ablation ina-cells was not feasible.
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As the animal ages, there could be epigenetic dsatitat have occurred during
the process of specification or maturation thaianhheseArx deficient cells from
becoming functiongb-cells under homeostatic conditions. In fact, epgfic
modification has been shown to play important radethe differentiation and
maintenance of cell types. A recent study dematestrthati-to-p-cell reprogramming
could be promoted by manipulating the histone matlon signature in mammalian
pancreatic islets [24]. Conditions of stress, hosvemnay also make cell fate transitions
more fluid. It has been shown that excessive édgscell mass, induced by
administration of #-cell specific toxin, results in spontaneous repaogming ofa-cells
into ap-cell fate [6]. Additionally, partial pancreatentg in mice and rats can result in
regeneration of-cells through the conversion of duct cells or duagenitor cells
[25,26]. These studies demonstrate that whilefatdlis more defined in adult animals,
extreme conditions can force a npitell into ap-cell fate. Future studies examining this
possibility should be performed and will elucidaieits to cell fate maintenance in adult
animals and how to overcome those limits. Paidyl the ability to utilizex-cells for

conversion to functiondi-cells could be a potential therapy for diabetes.

Finally, it is important to note that our curreniut IKO mouse model does not
allow for a complete investigation for the roleAvk in adulta-cells. Arxis required in
early enteroendocrine cell development of the digesract [27]. Therefore mice with
Arx removal in the intestine have alterations of speeifiteroendocrine cell population,
which lead to lipid malabsorption and diarrhea [{2hd unpublished observations).

Since the adult IKO mouse model was generated wasgigbal inducible Cre transgenic
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mouse, enteroendocrine cell populations were inggl@tnpublished observations). Itis
important to note that we did notice a 0.1% incegashe number of bihormonal cells in
IKO mice (data not shown). However, whether thigbmwhange is due to the direct
impact uporArx loss ina-cells or changes in the animal’s physiology remmambe
determined. Ani-cell specific induciblédrx-deficient mouse model combined with
lineage tracing studies will be required to prdgisketermine the role ohrxin adulto-

cells.

In conclusion, the current study demonstrates amial temporal requirement for
Arx in maintenance af-cell fate. Ablation ofArx in neonatab-cells results in a loss of
glucagon expression and a conversion of this aglufation to adopt an insulin-
producingp-cell-like fate. However, short-term lossArfx in adult animals does not
phenocopy this result but instead suggestsAbais dispensable in maintainingcell
fate in adulthood. These data expand the knowlefitfee field not only related to the
role of Arx in the endocrine-cell but also in regards to global temporal restns for
reprogramming endocrine cells. Future studies @xagthis temporal requirement, as
well as perturbations to the cell that circumvéretse restrictions, will help clarify this
plasticity and bring understanding to endocriné feé¢ specification, maintenance, and

therapeutic potential.

Note: The data presented in this chapter has bealgliisped in PLOS ONE as an Original

Research Article entitled,

Pancreatic a-cell specific deletion of mouse Arx leadsto a-cell identity loss.
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Crystal L.Wilcox, Natalie A. Terry, Erik R. Walp,aRdall A. Lee, and Catherine Lee

May (2013). PLOS ONE. 8(6):e66214.
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Neonatal Mature

Figure 2.8: Proposed model showing that Arx is necessary to maintain a-cell fatein

neonatal islets but not in mature a-cellsin adult animals.
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Figure 2.8: Proposed model showing that Arx is necessary to maintain a-cell fatein
neonatal islets but not in mature a-cellsin adult animals. Loss of neonatal Arx results
in the conversion of glucagbn-cells into an insulin-producinglike-cell through a

bihormonal intermediate.
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Materials and Methods
Ethics Statement

The Children’s Hospital of Philadelphia’s Institatial Animal Care and Use Committee
(IACUC) approved all animal experiments under th&qcol number 2011-10-756.

CLM monitored all animal studies.
Animals and Breeding Strategy

The derivation of thé\rx-/y andGlucagon-Cre transgenic lines has previously been
described [14,15,16]. To generdtex‘/y; Glucagon-Cre mice, Arx-/,;Glucagon-Cre and
Arx-/ymice were mated on a BL6 background. Male and fedad/y or
Arx‘/,.Glucagon-Cre mice were phenotypically indistinguishable in teraf their islet
morphology, size, body size and weight. All mutamged in our analysis were compared
to their sex-matched controkrx*/y; Glucagon-Cre, Arx'/y, Arx-/, andArx‘/.;Glucagon-
Cre mice were used for controls with no observablenphgic differences in the islets
between any of them. The reporf®sa26"™ " /yep was mated into this line in either
heterozygosity or homozygosity for lineage tracsiggies, which yielded the same result
in all experiments [17]. The generationp@AGG-CreER animals has been previously
described [18].Arx"/y or Arx/ ; pPCAGG-CreER animals were generated by crossing
Arx-/,;pCAGG-CreER females toArx'/y males. Male and female mutants were
phenotypically indistinguishable in the endocrirmagreas and both were used in this

study.
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I mmunohistochemistry and Histology

All dissections were performed in cold 1X PBS aaitidr toe snips collected for
genotyping. Tissues were fixed in cold 4% parafdahyde overnight at 4°C,
embedded in paraffin, and 8um sections collectfattigen retrieval was performed in
10mmol citric acid buffer (pH 6.0) and endogenoesogidase, avidin D, and biotin
activity blocked with 3% KO, (Sigma) and Avidin/Biotin Blocking Kit (Vector),
respectively. Endogenous protein was blocked ®@#s-Block reagent (Invitrogen).
Slides were incubated in primary antibody overnaf4°C. Primary antibodies used
were: Insulin (MS 1:400, Thermo Scientific and GPQDO, Abcam), Glucagon (1:3000,
Millipore), Somatostatin (1:200, Invitrogen), PP2Q0, Invitrogen), Arx (1:250, gift
from Dr. Kanako Miyabayashi at Kyushu Universit@f-P (1:250, Abcam), Ghrelin
(2:200, Santa Cruz), Pdx1 (1:200, Santa Cruz), M&AL000, Bethyl), Glut2 (1:1000,
Millipore), and Chromogranin A (1:3000, DiaSorniAfter rinsing in PBS, appropriate
secondary antibodies were added for two hoursaahiemperature.
Immunohistochemical detection was performed withWECTASTAIN ABC kit
(Vector Laboratories) and diaminobenzidine tetrabgtloride (DAB) as the substrate.
Immunofluorescence utilized secondary antibodiegugated to Cy3, Cy2 or Cy5. All

images were obtained using a Leica DM6000B micrnpsco

Real-Time PCR Analysis

Total RNA was extracted in TRIZOL (Invitrogen) ugithe protocol provided with

reagent. Oligo-dT, Superscript Il, and additiorgjuired reagents were used to
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synthesize cDNA (Invitrogen). PCR reactions wesdqrmed using Brilliant SYBR
Green PCR Master Mix (Agilent) in the Stratagene3RB5P real-time PCR machine.
All PCR reactions were performed in duplicate facte sample with at least 3 animals
per group analyzed with reference dye normalizaftyirmer sequences are available

upon request.
Hormone Cell Quantification

Hormone-positive cells from pancreatic sectionsensunted, averaged, and normalized
to either total pancreatic area or total endoctelenumber. Three separate regions of
each pancreas were used for quantification in bottirol and mutant mice. At least three
animals for each group were used for quantificainoall analyses. To determine
hormone cell mass, hormone-positive area as welaasreatic area was measured using
the Aperio Image Analysis System. These areasellsag/weight of the pancreas was
used to determine hormone cell mass. For spduitimone cell number, hormone
positive cells were counted and normalized to tetalocrine cell number, which was
determined by combining counts for all endocrinentanes (insulin, glucagon,
somatostatin, and PP). Over 10,000 total endocefis were counted for each analysis
consisting of over 5,000 insufinover 1,000 glucagdrand somatostatinand over 500

PF cells.
| slet Isolation

For P21 and adult RNA analysis, islet isolation wagormed by injecting 5 mL
Collagenase P (Roche) in HBSS with 0.02% BSA (Sigmta the clamped pancreatic
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duct to inflate the pancreas. Once inflated angoneed, pancreatic tissue was incubated
in 15mL CollagenaseP/HBSS at 37°C at 50rpm for drfutas to digest exocrine tissue.
After spin down and rinse, islets were isolatedrfi@maining exocrine tissue in HBSS.

Upon isolation, islets were placed in TRIZOL for Rxtraction.

Tamoxifen Induction

Two-month-old male and female mice, matched witkrinate controls, were injected
intraperitoneally (IP) with 58g/g body weight of 10mg/ml tamoxifen (Sigma) sabuti
which consisted of 10% ethanol and 90% sunfloweds®l (Sigma). Injections were
performed for three consecutive days followed Iw@week chase. After the chase
period, pancreatic tissue was removed and procéssedher immunostaining or RNA

analysis.

Statistical Analysis

All values are presented as average * standarda@rtbe mean. Significance was
determined using a two-tailed Student’s t-tpstalues less than or equal to 0.05 were

considered significant.
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Chapter I11I:

The Role of Arx in Maintenance of Adult a-cell Fate
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Abstract

Type Il diabetes is a global health crisis, affegtmore than 25 million people in
the United States alone. Diabetes is a metabdarder that stems from unregulated
glucose homeostasis, which is normally maintainedlbcagon-producing-cells and
insulin-producingp-cells in the endocrine pancreas. In order to libgveovel treatments
for type Il diabetes, knowledge of normal endociieé development and maintenance is
essential. Previous studies have demonstratadhiietance of transcription factors in

endocrine cell development.

An important transcription factor for endocriaeells is thearistaless-related
homeobox gene (Arx). Previous studies have demonstrated that Anecgssary for
proper specification and maintenancewafell fate in the neonatal pancreas, but is
dispensable for short-termcell fate maintenance in adult animals. Howetres,long-

term impact of Arx ablation in matusecells has not been studied.

Here, we show that upon long-term ablation of Arxnaturen-cells, mice
become more glucose tolerant and lose weight ghgdmaer time. Phenotypic analysis
demonstrated normal glucagarumbers; however, a majority efcells co-express
insulin or PP. Finallyin vitro secretion assays demonstrate loss of glucagontisecre
and content. Instead, Arx-ablated islets secrstelin in response to bothandp
stimuli. When taken together, these data demaestnat long-term ablation of Arx in
the maturex-cell results in loss of cell fate maintenance eonversion into an-p-PP

hybrid cell.
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Introduction:

Type Il diabetes is a metabolic disorder thata@ffever 25 million people in the
United States [1]. The hallmarks of type Il disgseare inadequate insulin secretion
combined with excess glucagon due to loss of prghmose homeostasis [2]. Glucose
homeostasis is largely maintained by the endog@anereas, which secretes insulin and
glucagon in response to elevated and reduced lgloedse levels, respectively [3].

Thus, novel therapies to treat type Il diabetesi$oan the endocrine pancreas and seek to

restore blood glucose homeostasis [4].

The pancreas is a two-component organ situatedeleetthe stomach and
duodenum of the digestive tract [5]. The pancie@®mprised of an exocrine portion,
which secretes digestive enzymes, and an endomom@onent, which produces and
secretes hormones involved in glucose homeostadisnatabolism [5]. The murine
endocrine portion of the pancreas is organizedIslets of Langerhans, consisting of a
core of insulin-producing-cells with a surrounding mantle &f, 5-, PP-, ancd-cells,
which secrete the hormones glucagon, somatosidimgreatic Polypeptide (PP), and

ghrelin, respectively [5].

Glucose homeostasis is maintained by insulin-prodyf-cells and glucagon-
producinga-cells [3]. Increased blood glucose levels causadin secretion fronf-
cells, uptake and storage of excess glucose ietshkehuscle and adipose tissue, and
lowering of blood glucose concentration [3]. Corsety, when blood glucose levels fall
below baseline, insulin secretion is halted andnanaicids are released, signalingells
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to secrete glucagon [3]. Glucagon signals to ther lio break down stored glucose
through the processes of gluconeogenesis and gyobgsis, resulting in an increase in
blood glucose concentration [6]. The opposing psees induced by glucagon and insulin

act to maintain proper blood glucose homeostasis.

In order to develop novel therapies for type Hhbtes, knowledge of normal
pancreatic endocrine cell development and maintmancritical. Previous studies have
demonstrated the crucial role transcription facfdey in endocrine specification and
maintenance [1]. During development, ablationssemtial transcription factors leads to
loss of cell fate specification and/or maintenajide However, in adult animals
pancreatic cell fate is more defined, and ablatibimanscription factors is less likely to
result in complete loss of cell fate [1]. Celldas maintained in mature endocrine cells
through a combination of a complex transcriptigmalgram and extensive chromatin

modifications [7].

In endocrinex-cells, one such crucial transcription factor reedifor proper
specification and maintenance is the homeodomantagung proteiraristaless-related
homeobox gene (Arx) [8]. Ablation of Arx during development resultsthe complete
loss of then-cell lineage and reallocation of presumptiveells intop- andos-cell fates
[8,9]. Furthermore, forced misexpression of Arthe developing pancreas or islets
leads to conversion @f ands-cells intoa- and PP-cell fates [10]. Thus, Arx is

necessary and sufficient farcell specification.
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Arx is also necessary for neonaiatell fate maintenance [9]. Arx is exclusively
expressed in glucagbn-cells at all time points examined after specifima{8]. Loss of
Arx in glucagon a-cells results in conversion of Arx-ablatedells into aB-like cell fate
through an insulifglucagon binormonal intermediate [9]. However, short-teabiation
of Arx in maturea-cells does not result in loss @fcells or misexpression of other

endocrine hormones [9].

This previous study characterized the role of lrraintenance of neonatal
cell fate and began to explore this role in matucells [9]. Although short-term (2
weeks) ablation of Arx in maturkecells does not result in a visible phenotype,| dimg-
term (~8 weeks) impact of this ablation has not leegiiored. Here, we demonstrate
that long-term ablation of Arx in matueecells results in improved glucose tolerance,
gradual weight loss, and misexpression of insulith AP, but not somatostatin, in
glucagoni cells. In vitro secretion studies of Arx-ablated islets demonstiags of
glucagon secretion in response to incubation withix@ed amino acid solution and
instead insulin is secreted in response-tandp-cell stimuli. Additionally, Arx-ablated
islets display severely reduced glucagon cont&éhese results suggest that long-term
ablation of Arx in adulti-cells leads to loss of proper cell fate mainteeaartd
conversion ofi-cells into am-p-PP hybrid cell that no longer secretes glucaganh, b

instead produces and secretes insulin in resporisathao- andp-cell stimuli.

88

www.manaraa.com



Results:
Ablation of Arx in adult animalsleadsto improved glucose tolerance

Short-term ablation (2 weeks) of Arx using a glpkamoxifen-inducible mouse
model has been previously described [9]. To detegrthe long-term consequence
associated with ablation of Arx in adult mice, #ane mouse model was utilized. Two-
month old control, ArXY;pCAGG-CreER male, and Ak;pCAGG-CreER female (IKO
from here on) mice were induced with tamoxifen thaalyzed by glucose tolerance tests

(GTT) every two weeks to monitor changes in gludosmeostasis over time.

Two weeks post-induction, control and IKO mice d@strated similar blood
glucose levels after an overnight fast (Fig. 3.1Mpwever, IKO mice had significantly
lower fasting blood glucose levels four and six kgepost induction when compared to
controls (Fig. 3.1B-C). Interestingly at eight Wweeost induction IKO mice no longer
demonstrated significantly lower fasting blood gise levels, though the data were

approaching significance (Fig 3.1D).

Similar to the fasting blood glucose levels, IK@endemonstrated a slightly, but
not significantly, improved glucose tolerance staytat four weeks post induction (Fig.
3.1B-D). Two weeks post induction control and IiK@ce demonstrated similar glucose
tolerances (Fig. 3.1A). While control and IKO mmeaked at relatively the same blood

glucose level during GTT, IKO mice returned to biasefaster.

Starting at 6 weeks post-induction, IKO mice begadisplay diarrhea, weight

loss, and eventually rectal discharge (data notvalno On average, control mice gained
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around 2g after induction (Fig 3.1E). Converst#y) mice began to lose weight
starting at six weeks and weighed significantlgldgn controls by eight weeks post

induction.

However, Arx is also required for proper enterasarthe cell specification [11].
The model utilized in this study is a global aldatmodel resulting in ablation of Arx in
the pancreas as well as the intestine. Thuslikdly that the physiological data
presented are due to ablation of Arx in the intestis well as the pancreas. However,
when taken together, these data suggest that stnle-term ablation of Arx does not
result in a visible phenotype, long-term ablatiéox results in improved glucose
tolerance and weight loss. To examine the panggesfic defects associated with
ablation of Arx in mature-cells immunohistochemistry amd vitro assays were

performed.
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time
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Figure 3.1: IKO animalsdisplay improved glucose tolerance and weight loss over

time (A-D): Glucose tolerance tests for control (black circhasd IKO mutant mice
(white boxes) two(A), four(B), six(C), and eight(leeks after ablation of Arx. Results
are graphed as blood glucose levels measuredl&t G0, 60, 90, and 120 minutes after
injection of a bolus of glucos€E): Change in weight from initial induction to six and
eight weeks post induction. Results are grapheghasge in weight with controls
represented by the black bars and IKO mutants septed with the white bars. All
results are presented as £SEM with (*) denotingiStance wherg<0.05. Non-
significant datg values are indicated on corresponding charts. €wérol and five IKO

mice were utilized for each experiment.
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|KO glucagon™ a-cells misexpressinsulin and PP, but not somatostatin, eight weeks

after ablation of Arx

Previous studies have demonstrated that shortdetation of Arx does not result
in loss ofa-cells or significant misexpression of other endehormones even with
complete loss of Arx expression [9]. To determifreelong-term ablation of Arx results
in a pancreatic phenotype, control and IKO panereadre examined nine weeks post
induction for the presence, localization, and sgafien of glucagon, insulin,
somatostatin, and PP. Similar to the previousystnd apparent change in the quantity
or localization of glucagdncells was noted in IKO mice (Fig 3.2). Howevercbntrast
to short-term ablation of Arx, long-term ablati@sulted in the misexpression of insulin
and PP in glucagdrecells (Fig 3.2 A, B, E, F). No co-expression wased in control
animals. Approximately 50% of glucagasells in IKO animals co-expressed the
endocrine hormone insulin. Furthermore, a teeells were also noted to co-express PP
and glucagon. Conversely, no misexpression of sustetin was noted in control or
IKO pancreata (Fig 3.2C-D). These data demonstinaitlong-term ablation of Arx in
adult animals does not result in loss of glucdgenells, but does result in misexpression

of the endocrine hormones insulin and PP in a sufsecells in IKO mice.
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Figure 3.2: 9 weeks after ablation of Arx, glucagon™ cells coexpress the endocrine

hormonesinsulin and PP, but not somatostatin
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Figure 3.2: 9 weeks after ablation of Arx glucagon™ cells coexpressthe endocrine
hormonesinsulin and PP, but not somatostatin. (A-F): Control (left) and IKO (right)
pancreatic sections were stained for glucagon yraed insulin (red, A-B), somatostatin
(red, Sst, C-D), and PP (red, E-F). No chang@émumber of glucagdrecells was
apparent in IKO animals. However, many glucdgoells coexpressed the endocrine
hormones insulin and PP, but not somatostatin.gésare representative from five
controls and five IKO animals utilized for each ekment. (*) represent autoflourescing
blood cells not real signal. Arrows point to copiesi cells. Enlarged image in upper left

hand corner represents boxed in cells in correspgnhage.
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IKO idletsdisplay loss of glucagon secretion and improper insulin secretion in

responseto a-cell stimuli

Given the striking bihormonal phenotypevittells upon Arx ablation in the adult
pancreas, it was crucial to determine if these niusdets still properly secrete hormones
in response to glucose and amino acid stimulatkurther, since IKO animals
demonstrate diarrhea and weight loss from an ingthenotype, we utilizech vitro
secretion assays to isolate islet function front tfidhe intestinal phenotype. Control
and IKO islets were incubated with either media gtimulation), a 4mM mixed amino
acid solution (stimulates glucagon secretion), 80mM glucose solution (stimulates

insulin secretion). After stimulation, insulin glucagon secretion was measured.

Glucagon secretiom vitro assays demonstrated that control islets secreted
glucagon upon stimulation with a mixed amino aabligon, but not a glucose solution
(Fig. 3.3A). However, IKO islets had a lower basakl of glucagon secretion and failed
to secrete glucagon in response to a mixed amidosatution (Fig 3.3A). This finding

demonstrates loss of glucagon secretion upon lemg-ablation oArx.

To further characterize the secretion propertfd&0 islets insulin secretiom
vitro assays were performed. Control islets releasadimin response to a 10mM
glucose solution, but not a mixed amino acid sohuffFig 3.3B). Conversely, IKO islets
released insulin when stimulated with both a 10mitgse and 4mM amino acid
solution (Fig 3.3B). This result demonstrates tbhag-term ablation of Arx results in

improper insulin secretion in IKO islets.
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Finally, insulin and glucagon content was measuraxntrol and IKO isolated
islets. While insulin content was similar betweemtrol and IKO islets, glucagon
content was drastically reduced in IKO islets whempared to controls (Fig. 3.3C-D).
When taken together, these data demonstrate l@ggaezgon content and secretion upon
long-term Arx ablation in adult pancreata. Inste@ck-ablatedu-cells secrete insulin in

response to boti andp-cell stimuli.
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Figure 3.3: IKO idets havereduced glucagon secretion and content with improper
insulin secretion. (A-B): Invitro insulin (A) and glucagon (B) secretion assay famtool
(black bars) and IKO (white bars) islets in resgottsmedia (GO, no stimulation), a 4.0
mM mixed amino acid solution (AAM, glucagon seasa)i, and a 10mM glucose
solution (G, insulin secretion). Results are geaphs ng of insulin or pg of glucagon
secreted per 50 islets in 30 minut¢€-D): Insulin (C) and glucagon (D) content in
control (black bar) and IKO (white bar) islets. SRits are graphed as ng of insulin/pg of
glucagon per islet. All results are graphed aEMSvith (*) denoting significance
wherep<0.05. n.s. indicates results that are not sigmtficabove studies were

performed by Dr. ChangHong Li
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Discussion:

The data presented here demonstrate loss of puegadl fate maintenance upon
long-term ablation of Arx in adult mice. Eight vkseafter tamoxifen induction, IKO
mice demonstrate improved glucose tolerance, miessn of insulin and PP, loss of
glucagon secretion and content, and gain of ingdaretion in response decell stimuli.
These data suggest that ablation of Arx resullsss ofa-cell fate and conversion of
these cells into an-B-PP hybrid cell that expresses multiple hormonasgkclusively
secretes insulin in response to betlandp-cell stimuli. Overall, these results expand
the previously defined role for Arx, and demongriduat Arx is necessary for cell fate

maintenance in maturecells.

An a-cell specific ablation of Arx is essential to determine pancreas specific

physiological defects.

The data presented here were obtained using algtamoxifen-inducible
transgenic mouse model, resulting in ablation of kirthe entire animal upon
administration of tamoxifen. Prior studies havendestrated that Arx is necessary for
the proper development and maintenance of sevifalat tissues, including the brain,
digestive tract, testis, muscle, and pancreas [82113,14]. Thus, the physiological
defects described here, such as improved gluctam@ance, weight loss, and diarrhea,
cannot be attributed solely to loss of Arx in tlempreas. Rather, it is likely that these
observed phenotypes are due to the ablation ofrAmultiple tissue types, especially the
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digestive tract. However, the immunohistochemiatngin vitro secretion assays
performed demonstrate a clear pancreas specifectgséparate from that of the intestine.
These studies allowed pancreas specific analystsegbhenotype and demonstrate that
long-term ablation of Arx in maturecells results in loss of cell fate maintenance.
Future studies utilizing am-cell specific model will clarify the physiologicgbancreas
specific, defects, as well as uncover other legsrsgphenotypes not observed in this

global study.

Long-term ablation of Arx in mature a-cellsresultsin loss of cell fate maintenance.

We first demonstrated that short-term (2 weeksatadn of Arxin adult mice
does not result in loss afcells or misexpression of other endocrine horm¢@gsWe
demonstrate that, using the same model, eight waeitsnduction the majority of-
cells express multiple hormones, have lost glucaganetion and content, and
improperly secrete insulin in responseutoell stimuli. These data demonstrate that Arx

is necessary for long-termcell fate maintenance and function in matueells.

While no apparent defects were noted 2 weeksipdsttion, Arx-deficienti-
cells were likely beginning to lose control of cielte maintenance. However, there are
other cellular mechanisms in place to help maindagell fate. Previous studies have
demonstrated that matusecells have a vast landscape of activating ancessimg
chromatin marks [15]. This landscape aids in naanig the proper transcriptional
program in addition to expression of the corrembs$cription factors and proteins [15]. A
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situation can be imagined where, upon ablationraf Ather transcription factors and the
remaining chromatin structure are able to mainiagell fate for a brief period of time.
However, in the long term, these chromatin marlgrb® erode and the necessary
transcriptional programs begin to slip, resultingass ofa-cell fate, misexpression of
other endocrine hormones, and subsequent losgmeictsignaling mechanisms. Future
studies examining the role of histone modificationmaturen-cells, as well as a more
detailed description af-cell characteristics following ablation of Arx, Welarify this
result, explore the above hypothesis, and begadtiess how cell fate is maintained

short-term and long-term in the mature endocrimepEas.

Arx-ablated a-cells respond to both a- and g-cell stimuli by secretion of insulin.

In vitro stimulation of endocrine islets with glucose andre acids is an
accurate and sensitive way to examine insulin dmcbgon secretion, respectively [16].
Control islets responded correctly to each stimwuesreting insulin in response to a
glucose solution and glucagon in response to adaxeino acid solution. However,
IKO islets improperly responded to both stimulilifey to secrete glucagon in response

to amino acids and instead secreting insulin ipgase to both glucose and amino acids.

This result indicates that upon ablation of AngGells begin to resemble anp-
PP hybrid cell that is able to respond via insakaretion to both- andp-cell stimuli.
Although ablation of Arx leads to loss @fcell fate maintenance and glucagon secretion,
it does not result in loss of glucagancells as seen upon neonatal ablation [9]. Future
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studies examining a longer chase period after iablaf Arx will be useful in
determining if these hybrid cells eventually lodgcggon expression and acquire a pure
B-cell phenotype. Alternatively, these cells corddhain trapped in an intermediate fate

and continue to secrete insulin in response to @o#mdp-cell stimuli.

Additionally, these data will be useful in devealupnovel treatments for type I
diabetes. Because type Il diabetes results framequate insulin supply combined with
excess glucagon secretion, therapies utilizing gadousu-cells and transdifferentiating
them into functionaB-cells would present an ideal therapy [2,4] Aik-ablatedu-cells
eventually differentiate into a pupecell fate, this result can then be expanded as a

possible novel treatment for diabetic patients.

Conclusion

The data presented here demonstrate an essefi&br Arx in the maintenance
of maturea-cell fate. Long-term ablation of Arx in adult amls leads to loss afcell
fate maintenance. IKO mice display an improveagée tolerance over time as well as
diarrhea and weight loss. Phenotypic analysisraeted co-expression of insulin and
PP in glucagohcells. h vitro secretion assays showed loss of glucagon secretion
However, the IKO islets were able to secrete imsuliresponse to amino acids which
normally only stimulates glucagon secretion. Thesealts demonstrate that Arx is

necessary foa-cell fate maintenance. Futuxeto B-cell transdifferentiation therapies
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for type Il diabetes focused on the role of Anuatgell fate may provide an avenue for

endogenous restoration of normal blood glucose lostasis.
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Materialsand Methods:
Animals and Breeding Strategy

The derivation of the Arx floxed and pCAGG-CreHERnisgenic lines has been
previously described [17,18]. IKO mice were getentdby crossing heterozygous
Arx‘/,:pCAGG-CreER females to Atk males. IKO mutant mice consisted of
Arx“ly;pCAGG-CreER males and Aix;pCAGG-CreER females. Control mice
consisted of littermate sex-matched animals, baiterand female, including Atk
Arx*ly;pCAGG-CreER, Ark/y, Arx“/,, Arx"/.;pCAGG-CreER, and AM.. No
significant differences were noted between anyrcbanhimals in terms of pancreatic and
islet size, weight, or morphology. Male and fem#&® animals were phenotypically

identical and used interchangeably in this study.

| mmunohistochemistry

Dissections were performed in cold 1X PBS. The&epancreatic tissue was
removed, weighed, and submerged in cold 4% PFA/BEB®ight at 4°C. Tissue was
then rinsed, dehydrated, embedded in paraffinsastoned at @m on charged glass
slides. Immunohistochemistry was performed usidigninol citric acid buffer (ph 6.0)
for antigen retrieval followed by blocking endoges@rotein using CAS-Block reagent
(Invitrogen). Primary antibodies were added andeslincubated overnight at 4°C.

Primary antibodies used were: Insulin (MS 1:400erfmo Scientific and GP 1:1000,
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Abcam), Glucagon (GP 1:3000, Millipore and Rb 10,00hemicon), Somatostatin (Rb

1:200, Invitrogen), and PP (Rb 1:200, Invitrogen)

Tamoxifen Induction

Two-month old IKO and matched littermate controkravinjected with 5@g/g
body weight of 10 mg/ml tamoxifen solution to in@uCre expression. Tamoxifen was
dissolved in a solution of 10% ethanol and 90% lewer seed oil (Sigma). IKO and
control animals consisted of both male and femateminjections were intraperitoneal
and performed on three consecutive days followed syecified chase period (2-8 weeks

post induction).

Alternatively, induction was accomplished usingoaal gavage system with the
same concentration of tamoxifen solution and indacstrategy previously described.

Both methods resulted in similar ablation with mgngicant differences observed.

Glucose Tolerance Test

Glucose homeostasis was examined using an inttapeal glucose tolerance
test. Mice were fasted overnight and injected aitiolus of glucose (2g/kg body
weight, Sigma). Blood glucose levels were measatéy 15, 30, 60, 90, and 120

minutes post injection using an automatic glucom@ae Touch Ultra; LifeScan).
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|slet Isolation and Culture

Control and IKO islets were isolated via collagendigestion. Once isolated
islets were cultured in 10mM glucose RMPI 1640 rad@igma) for three to four days.
Culture media consisted of 2mM glutamine, 100umtglenicillin, and 50ug/mi
streptomycin. Islets were maintained at 37°Cetlolation studies were performed by

Dr. ChangHong Li of the Children's Hospital of Rldié&lphia.

In vitro Secretion Assays

50 islets from each control and IKO animal wergcpd in 96-well plate, pre-
incubated in warmed KRBB (115mM NacCl, 24mM NaH{6mM KCI, 1mM MgC},
2.5mM CaC}, pH 7.4) buffer for 30 minutes at 37°C, and thtamglated with either a
4.0mM mixed amino acid solution or a 10mM glucoskion for 30 minutes at 37°C.
Supernatant was removed from well and glucagoresearmeasured (Cisbio glucagon
kit) or diluted 10X and insulin secretion measug€dbio insulin kit). Molecular Devices

M5e plate reader was utilized to measure glucaganrasulin.

Insulin and Glucagon Content

Islets were isolated and washed 2X in cold 1X RB$6-well plate. 100l
homogenization buffer (10mM Trisma, 10mM Sodium #&te, 1M EDTA, 1% Triton
X-100, pH 7.4) was added, islets were homogeniaed diluted 100X for glucagon

107

www.manaraa.com



content or 2000X for insulin content. Moleculanixes M5e plate reader was utilized

to measure insulin and glucagon content.

Statistical Analysis

All results are graphed as = the standard errtne@imean (SEM). In all
calculations significance was determined using@&tailed Student’s t-test where@05
was considered significant. Other p values théindit reach significance, but were

deemed meaningful are displayed on the correspgrgtaphs/charts.
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CHAPTER IV:

Arx polyalanine expansion in mice leadsto reduced pancreatic a-cell

specification and increased a-cell death
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Abstract

ARX/Arx is a homeodomain containing transcripti@ctor necessary for the
specification and early maintenance of pancreatitoerinea-cells. Many transcription
factors important to pancreas development, inclyidiRX/Arx, are also crucial for proper
brain development. Although null mutationsARX in human patients result in the
severe neurologic syndrome XLAG (X-linked lisserftaly associated with abnormal
genitalia), the most common mutation is the expmamsi the first polyalanine tract of
ARX, which results primarily in the clinical syndron&SX (infantile spasms).
Subsequent mouse models of XLAG, ISSX and otheramARX mutations demonstrate
a direct genotype-phenotype correlation in ARXtelaneurologic disorders.
Furthermore, mouse models utilizing a polyalanmettexpansion mutation have
illustrated critical developmental differences beén null mutations and expansion
mutations in the brain, revealing context-spedifdects. Althougli\rx is known to be
required for the specification and early maintemapicpancreatic endocrinecell, the

consequence of a polyalanine expansion has notégsaored.

We report here that mice with an expansion mutatidhe first polyalanine tract
of Arx have impaired:.-cell specification and maintenance with apoptpfaying a
critical role in graduadi-cell loss. This finding is novel and distinctnavhat was
reported in mice with germ-lin&rx null mutation, in whichu-cells were re-specified into
B- ands-cells. Overall, this analysis of an Arx polyala@iexpansion mutation on
pancreatic development further defines the critiedure of timing iru-cell specification

and maintenance.
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Introduction

Aristaless-related homeobox gene (Arx) encodes a homedomain containing
transcription factor that is expressed in the hristis, muscle, pancreas, and digestive
tract [1,2]. In the brainArx is essential for the proper development and magnaif
GABA-ergic interneurons and has a role in cortieaitricular zone proliferation [3,4].

In humans, various mutations ARX result in a spectrum of neurologic disorders, the
most severe clinical presentation being X-linkeddncephaly associated with abnormal
genitalia (XLAG) [5]. XLAG, which has been linked null and missense mutations in
ARX, is characterized by a severe brain malformatermed lissencephaly, corpus
callosum agenesis, neonatal-onset intractablepsyjend early death [63rx null mice
phenocopy the clinical presentation of XLAG patgmtisplaying cortical brain
malformations and agenesis with lethality withint#rs of birth [3,4]. Histological

and molecular analyses reveal a dual functiorfarin radial and tangential migration

of GABA-ergic interneurons in mice [7].

Interestingly, polyalanine expansion mutationstheemost commoARX
mutations found in human disease [8]. ARX contés polyalanine repeat tracts
spaced throughout the protein [9]. It is the fivgdb polyalanine repeats that are most
often expanded in human disease [10]. Patientstivébe expansion mutations present
with severe neurologic phenotypes, including s@zwand mental retardation, but without
brain malformations [11]. Expansion of the firslyalanine tract by an additional seven

alanines has been associated with West Syndromnéaatile spasms (ISSX) [12].
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Analyses using genetically modified mouse modeletzeen performed to
explore the impact differe®RX polyalanine expansion mutations have on neuronal
development and cognitive functionality; these miedemonstrate a similar genotype-
phenotype correlation to humans [13]. Specificalipuse models with an expansion
mutation of the first polyalanine tract Afx reveal that only tangential migration of
GABA-ergic interneurons is lost, with no signifitampact to radial migration [14,15].
Thus, it appears that expansion of the first palyade tract ofArx results in context

specific defects in neural development.

In addition to the profound effectdRX/Arx mutations have on the brain, it also
has a severe impact on the development of othansrgOf note, Itoh and colleagues
recently described complete loss of glucagon-privdue-cells in the pancreas of an
ARX-null XLAG patient [16]. The mammalian pancreastedms an endocrine and
exocrine compartment that functions to producesewlete hormones and enzymes
necessary for glucose homeostasis and digestigmectvely [17]. The endocrine
compartment is organized into Islets of Langerhaitis a core of insulin-producing
cells and a surrounding mantleoof 8-, -, and PP-cells producing the hormones
glucagon, somatostatin, ghrelin, and pancreatiggagtide, respectively [18prx is
expressed in NgriZandocrine progenitors and then restricted taxtbell lineage where
it is expressed throughout the life of the anin2jl [Loss of glucagon-producingcells
in XLAG patients suggests thARX is necessary for specification and/or maintenarice
this endocrine cell population [16]. Similar obsa&igns in the pancreas were also

reported inArx null mice in which a complete loss @efcells was detected [2,19].
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Without Arx function,a-cells are lost whil§- ands-cells simultaneously increase
without a change in total endocrine mass [2]. R#gelineage tracing of theg&ax
ablateda-cells has demonstrated that removahof in glucagon cells results in
conversion into an insulirg-like fate through a bihormonal intermediate [20].
Interestingly, this conversion atcells into none-cell fates was only seen with loss of

Arx during the neonatal period, not in adulthood [20].

Previous work has suggested a dual role for Afxath specification oé-cells
and repression ¢¥- ands-cell fate. However, no studies have investigaltedeffects of
the more common polyalanine expansion mutationnoloerine pancreas-cell
specification and maintenance. Here we show thatqeatic defects associated with this
Arx expanded mouse model (ArxE) are also context gpediiur results demonstrate a
reduced number of glucagon-expressingells in ArxE pancreata, suggesting impaired
a-cell specification. However, a subsetetells is specified in ArxE mice and these
cells do not express other hormoneg-gell specific transcription factors, indicating
correct fate determination. Conversely, maintesasfahis subset af-cells is impaired,
and these cells are gradually lost through apoptoger time. Furthermore, unlikex
null mutations, no change i or 8- cell mass is observed, suggesting that an explande

Arx protein is still capable of blocking other, narcell fates.

These results describe a unique pancreatic phemaiggociated with afrx
polyalanine expansion mutation and further illustiie genotype-phenotype correlation

associated with different forms ARX/Arx mutations. Taken together, these findings
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help elucidate our understanding of Arx-relateddsgmes outside of the brain as well as

characterizing the different roles Afx in a-cell specification versus maintenance.
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Results
ArxE miceretain a subset of glucagon-producing a-cells at embryonic day (E) 15.5.

To determine the effect afrx expansion mutation has arcell specification and
maintenance, hemizygous A"}, (referred to as ArxE from here on) mutant mice
were obtained by crossing heterozygous™%“Y, females to wild-type Ar{y males.
ArxE mice were born in normal Mendelian ratios whiihth weights similar to their
littermate controls. However, ArxE mice displayedlower growth curve and by
postnatal day 6 (P6) were significantly smallemnticantrol littermates (Terry and May,
unpublished data). We did not observe any sigaifichanges in pancreatic weight,
morphology, or histology between ArxE mice and coistat any time point (data not

shown).

To explore a possible pancreatic defect, immunostgiwas performed in control
and ArxE pancreata at E15.5 to examine the preséuaization, and segregation of
each endocrine hormone. Immunostaining for glunatgmonstrated a dramatic
reduction in the number of glucagancells at E15.5 in ArxE mice (Fig. 4.1A-F).
However, unlikeArx null animals, a subset afcells appeared to be specified in ArxE
mice by glucagon staining [2,19]. Furthermorestheemaining glucagdreells did not
coexpress insulin or somatostatin suggesting preetl fate determination (Fig. 4.1A-
D). Co-staining for glucagon and ghrelin did r@év@0% colocalization in both control
and ArxE pancreata, similar to what has been pusliyodescribed in wildtype pancreata

(Fig. 4.1E-F) [21]. PP-cells are not normally mmtsat E15.5 and immunostaining for
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glucagon and PP did not reveal any precocious fgatton of this cell type in ArxE
mice (data not shown) [17]. Consistent with oualgative analysis, morphometric
studies showed that whitecell mass is significantly decreased to 20% otivtylpe
levels, no change ip+ or 5-cell mass was observed (Fig. 1G). Furthermote] to

endocrine mass was not significantly altered & tinhe point.

Although the endocrine massgfandos-cells was not changed, we also measured
the expression levels of the hormone genes in Ankte using quantitative PCR (qPCR).
The expression level of glucagon was significandiguced in ArxE pancreata, as
expected (Fig. 1H). However, both insulin and smsiatin transcript levels were
significantly upregulated in ArxE pancreata whemgpared to littermate controls (Fig.
4.1H). No significant difference in the expressievel of PP was observed in ArxE
mice, further indicating that there was no precosiexpression of PP upon ArxE
mutation (Fig. 4.1H). Sind& oré-cell mass is not increased, our qPCR results stigge
that there is a significant upregulation of hormgeee expression within the respective
endocrine cells. These data demonstrate that #yerity of a-cell specification is
impaired in ArxE mice but, for a subsetwtells that are specified, fate determination
appears intact without any misexpression of othdoerine hormone populations within

thea-cells, unlike Arx null mouse models.
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Figure4.1: ArxE mice are ableto specify a subset of a-cellsat E15.5
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Figure4.1: ArxE mice areableto specify a subset of a-cellsat E15.5. (A-F): Control
and ArxE E15.5 pancreatic sections were stainedltamragon (green) and insulin (red;
A-B), somatostatin (Sst; red; C-D), and ghrelin (Gkd; E-F). Scale bar denoteq.f)
(G): Quantification of total endocrine (ChrgA) afid 8-, anda-cell mass in control
(black bar) and ArxE (white bar) pancredtd): Quantification of transcript levels for
each endocrine hormone in control (black bar) andEApancreata (white bar) at E15.5
using qPCR. All results are graphed as fold chaalzive to littermate controls +
standard error of the mean. Significance is denaidid (*) when p<0.05. All analysis

consists of 4-5 animals per group.
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By P14, the a-cell lineage is profoundly lost in ArxE pancreata

To determine the fate of this remaining subset-oélls in ArxE mice, control
and ArxE P14 pancreatic sections were examinethéoexpression of each endocrine
population. Morphometric analysis showed traell mass is reduced by 99.5% with
only a few single glucagdreells remaining (Fig. 4.2A-H, J). Immunostainingla
guantification off-, 5-, PP-, and-cell mass at P14 did not reveal any significant
differences in quantity or localization of theselecrine cell types in ArxE mice (Fig.
4.2A-1). Finally, we observed a significant 30% wetlon in total endocrine mass in P14
ArxE mice as measured by Chromogranin A staining.(@.2l). This reduction is likely
the result of the drastic loss @fcells in the ArxE mice at this age. These datsst

thata-cells are lost in ArxE mutant mice and not realed to ¢3- or 5-cell fate.

To examine when the loss of tiieell lineage occurs, we measukedell mass
in embryonic and postnatal pancreata, startingla&tdE(Fig.4. 2J). As previously
described, a subset @fcells is properly specified in E15.5 ArxE pancegdtowever,
these cells are gradually lost over time. Fromroarphometric analyses of E15.5,
E18.5, PO and P14 pancreata, we conclude that-itedl population is not maintained,
and is lost in a temporal manner without reallamato a- or 6-cell fate, resulting in a

significant reduction in total endocrine cell mass.

122

www.manaraa.com



P14 Control P14 ArxE

| Endocrine Mass J a-Cell Mass Over Time
_ 18
% 1.6 y 1000 -
2 ™ S 800
2 q2 * £
3 2 600 ~oor =
& W Control g P= Control
ug,’ 0.8 DArxE ?‘3 400 9—007 BDArxE
g 06 it
o 04 200
o
“ o2 . i
0

ChrgA Ins Sst PP  Ghr E15.5 E185 P14

Figure4.2: ArxE mice have ailmost complete loss of a-cell fate by P14 with a

concomitant decreasein total endocrine mass, but no changein g- and §-cell mass
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Figure4.2: ArxE mice have almost complete loss of a-cell fate by P14 with a
concomitant decreasein total endocrine mass, but no changein - and 4-cell mass.
(A-H): P14 pancreatic sections were stained for glucagae() and insulin (red; A-B),
somatostatin (Sst; red; C-D), PP (red; E-F), anelgh(Ghr; red; G-H). Scale bar
denotes 50m. (1): Quantification of endocrine hormone mass includotgl endocrine
mass (ChrgA), insulin, somatostatin, PP, and ghiiBplayed as fold change in ArxE
mice (white bar) relative to control (black bgt)): Analysis of glucagon mass over time
starting at E15.5 and ending at P14 in controlglblaar) and ArxE (white bar) pancreata.
Resulting p value is listed. (*) denotes significa where p<0.05. Error bars represent
standard error of the mean (I, J). For all analysb animals per group were analyzed

with all ArxE mice being males and control mice sisting of male and female mice.
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ArxE a-cellsdo not express p-cell specific transcription factors

To further examine whethercell specification is properly executed in ArxE
pancreata, qPCR analysis was used to analyze phesskon ofi- andp-cell specific
transcription factors in ArxE and control pancreat&15.5. The-cell specific
transcription factors Arx and Brn4 were signifidgrdownregulated in ArxE mice to
approximately 30% of wild-type levels (Fig. 4.3AYhis downregulation is similar to the
reduction ina-cell mass and is likely the result of having fewerells expressing these
transcription factors. Strikingly, examinationfatell specific factors MafA, Glut2,
Pdx1, and Pax4 demonstrated a significant upragalaf MafA and Glut2 while Pdx1

and Pax4 levels were not altered (Fig. 4.3A).

To determine if the significant upregulation of Madnd Glut2 mRNA levels in
ArxE mice results in misexpression of these factorscells, immunostaining for
glucagon, Pdx1, Glut2, and MafA was performed (Bi§B-G). Similar to control
animals, no colocalization of glucagon with Pdx1yt®, or MafA was observed in ArxE
pancreata at E15.5 (Fig. 4.3B-G). These dataatelithat while ar\rx expansion
mutation results in upregulation of MafA and Glu2nscript levels, this change does not
lead to misexpression of the protein in ArxE Eldliicagon a-cells. When combined
with previous results, this result indicates tinaell fate determination has occurred

normally in the remaining glucagbnoells.
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Figure 4.3: Specified a-cellsin ArxE mice do not misexpress -cell specific

transcription factorsat E15.5
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Figure 4.3: Specified a-cellsin ArxE mice do not misexpress -cell specific

transcription factorsat E15.5. (A): Quantification of transcript levels far andp-cell
specific transcription factors graphed as fold ¢jeaim ArxE pancreata (white bar)
relative to littermate control (black bar). Ertmars represent standard error of the mean.
Significance, when0.05, is denoted with (*)(B-G): Control and ArxE E15.5
pancreatic sections were stained for glucagon (graed Pdx1 (red; B-C), Glut2 (red; D-
E), and MafA (red; F-G). Five specimens were aredyior each group and
representative images taken. (*) denotes autafkemnce of red blood cells. Scale bar

denotes 50m.
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ArxE pancreata contain mor e apoptotic glucagon® cells

There are two possible causes for the apparenbfassells in ArxE pancreata:
reduced proliferation or increased apoptosis. iferation was measured by examining
the localization and quantity of proliferating ghgori o-cells using the proliferation
marker Ki67. No change in the number of prolifergt Ki6 7" a-cells was noted in ArxE
mice when compared to control littermates at E{bi§. 4.4A-B). Furthermore,
expression analysis using qPCR for Ki67 and Biertother proliferation marker) did not
reveal any differences in the expression level betwcontrol and ArxE pancreata (Fig.

4.4C). These data demonstrates theells proliferate normally in ArxE mice at E15.5.

To explore whether changes in the rate of apoptosiy have contributed to
cell loss we performed TUNEL assays. Co-immunastgifor glucagon and TUNEL
demonstrated an increase in the number of TUMglicagon cells in ArxE pancreata at
E15.5 (Fig. 4.4D-E). Quantification of the percage of glucagorthat were TUNEL in
control and ArxE pancreata demonstrated a sigmfiaad profound increase in the
percent apoptotia-cells in ArxE pancreata (Fig. 4.4F). Taken togetithese results
demonstrate that an increase in apoptosis is tha mantributor to the temporat-cell

loss seen in ArxE pancreata.
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in ArxE mice, but no apparent changein proliferation
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Figure4.4: Thereisadrasticincreasein the percentage of apoptotic glucagon® cells

in ArxE mice, but no apparent changein proliferation. (A-B): Control and ArxE
E15.5 pancreatic sections were stained for glucégmen) and Ki67 (red). Scale bar
denotes 50m. (C): gPCR analysis for two markers of proliferationKiand Birc5, in
E15.5 control (black bar) and ArxE pancreata (whd€). Results are graphed as fold
change relative to littermate control + the staddaror of the mear{D-E): Control and
ArxE E15.5 pancreatic sections were stained focagon (green) and TUNEL (red).
Arrow points to TUNEL cell. Scale bar denotes,if). (F): Quantification of the
percentage TUNEIglucagori cells over total counted glucagarells in control and
ArxE E15.5 pancreatic sections. All glucaaeells in five different pancreatic sections
from both control (black bar) and ArxE (white barice were counted and determined to
be TUNEL positive or negative. The percentage oNBL glucagori cells was
calculated and graphed as + standard error of #tenm(*) denotes significance where

p<0.05. Between 4 and 5 animals were examined peipdar each analysis.
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Discussion

This study demonstrates that expansion of thepgtalanine tract of\rx results
in impaired specification and maintenance of enidecr-cells through a mechanism of
programmed cell death, as opposed-tll fate re-specification. We show that only a
subset (20%) of-cells is present in E15.5 ArxE pancreata. Howgtharse glucagdru-
cells are not maintained over time and eventuailyeugo apoptosis, leading to a
complete absence of tlecell lineage and a significant decrease in tataloerine cell
mass by P14. While cell proliferation is a majagainanism to expandingcell mass
during development, we did not detect a significdr@nge in the rate of proliferation in
ArxE pancreata. These findings suggest that prograd cell death is the principal

cause, after initial specification, farcell loss in ArxE mice (Fig. 4.5).
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Figure4.5: ArxE mice are ableto correctly specify a subset of a-cells, but a-cellsare
gradually lost through apoptosis. Model demonstrating normal proliferation, but
increased apoptosis in ArxE mice. Normal prolifieraduring embryonic time points
maintains ther-cell lineage by replacing cells lost to apoptokiswever, proliferation

slows during the neonatal stage leading to loskexd-cell lineage.
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ArxE micereveal context specific defectsin a-cellsthat differ from Arx null mice.

Our study reveals a novel and unique impact aEAmutations on the pancreas.
Phenotypes found in ArxE mice differ from thosearted in theArx null mouse models:
1) there is no change fa ands-cell mass, 2) there is a significant reductiotoital
endocrine cell mass, and 3) a small numbexrcélls are present during embryogenesis
[2]. Arx null mutations result in loss efcell specification in which glucagomells are
never present, even at embryonic time points [2iss ofArx in these endocrine
progenitors results in loss of specification aralloeation of these cells intopa or 5-cell
fate, thus maintaining total endocrine mass [2pn¥&rsely, ArxE mice are able to
specify a small subset afcells and, more importantly, repress nooell fates,
includingp ands. This retained repressive ability results in nakfit ands-cell mass
even with the eventual complete loss of dheell lineage. Finallyg-cells in ArxE mice
are not able to maintain their fate, as thesells are gradually eliminated over time
through apoptosis, not reallocation or reprograngmniasulting in an overall decrease in

endocrine cell mass.

ArxE mice display selective derepression similar to previous neuronal studies.

Cell culture based mechanistic studies have detraded that Arx associates with
the groucho-family corepressor Tlel [22]. Thisoasation is carried out through Arx’s
octapeptide domain and results in increased rapeeastivity [22]. Examination of this
association in an expanded neuronal model demdestaadecreased, but not complete
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loss, of Arx-Tlel protein binding [23]. Furthernepmeuronal studies have demonstrated
that expansion of the first polyalanine tract okAesults in selective derepression of a
subset of Arx targets [23]. It is hypothesized tbas of association with specific co-
repressors (if not Tlel itself) results in thisestive derepression [23]. Interestingly, we
show here that ArxE mice do not misexpress eitierendocrine hormones insulin and
somatostatin of-cell specific transcription factors in embryoricells. Thus, it appears
that at least part of Arx’s repressive abilities artact. Future studies using chromatin
immunoprecipitation to determine direct target#\of in the pancreas will serve to

clarify this finding. The increased expressionngiulin, somatostatin, arfdcell markers

are in the cells where Arx is not expressed, suggea secondary effect.

Comparing ArxE and Arx null mouse models demonstrate a direct genotype-phenotype

correlation.

In neuronal studies, there appears to be a dyj@uitype-phenotype correlation
associated with variousrx mutations [24]. Our study demonstrates thatdhbrselation
is likely to be applicable in the pancreas as wkllthe brain, more severe phenotypes
are attributed to null and missense mutation&rgf{8]. In the pancreas, thigx null
mutation has an earlier onset with complete loggwfagon-expressingcells [2].
Although thea-cell population is almost completely lost by Ph4he ArxE mice, their
survival curve compared to the global null micemproved. It is difficult to determine

if this improved survival can be attributed to fFancreatic phenotype without a tissue-
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specific model. Although it has been suggestetlhijpoglycemia is the cause of early
fatality, blood sugar levels cannot be attributelely to the pancreas in the setting of
diarrhea and lean body mass in the ArxE mouse m@aety and May, unpublished
data). Complete understanding at a molecular lefehy this spectrum of disease
exists in both mouse models and human patientdeiéssential in generating future

treatments for patients withRX-related disorders.

Conclusion

In conclusion, this study demonstrates dual fumgtifor Arx ina-cell gene
activation ang-cell gene repression during fate specification exahtenance. Utilizing
a mouse model with an expansion mutation of tis fiolyalanine tract oArx, we
demonstrate present but impairedell fate specification. Althougi-cell number is
dramatically reduced, proper fate determinatioobiserved in the remainingcells.
However, these cells eventually undergo apoptegig;h leads to complete loss @cell
fate postnatallyp- or d-cell mass is not increased, and there is a saggmfidecrease in
total endocrine cell mass, attributechtaell death. Our study begins to explore the more
common polyalanine expansion, non-nmulk mutations and the effect they haveosn
cell specification and maintenance. Being ablegjgarate the dual function for gene
activation and gene repression leading to fateiSpaton and maintenance will lead to a
better understanding of the clinical presentatibARX-related disorders and help in

designing future therapeutic treatments.
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Materials & Methods
Ethics Statement

The Children’s Hospital of Philadelphia’s Institatial Animal Care and Use Committee
(IACUC) approved all animal experiments under th@qcol number 2011-10-756.

CLM monitored all animal studies.
Animals and Breeding Strategy

The derivation of mice with an expansion mutatiothe first polyalanine tract of Arx

has been described previously [15]. Since Arx ¢afed on the X chromosome
ArxEPanded B females were bred to Afk males to generate Ak mutant males and
ArxFl., Arx'l., and ArX/y control females and males, respectively. Abovrats, both
males and females, were physiologically indistispable in all aspects examined and as
such were used interchangeably. Mice were mated ©87BL/6 background. The
Children’s Hospital of Philadelphia’s Institution&ahimal Care and Use committee

approved all experiments.
I mmunohistochemistry and Histology

All dissections were performed in cold 1X PBS. iEnpancreatic tissue was removed,
weighed, and submerged in cold 4% PFA/PBS overnigigsues were rinsed in PBS,
dehydrated, embedded in paraffin, and section8drat Antigen retrieval was
performed in 20mmol citric acid buffer (pH 6.0) lfsved by blocking of endogenous

peroxidase and avidin/biotin activity with 3%®} (Sigma) and avidin/biotin blocking
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kit (Vector), respectively. Slides were incubategrimary antibody overnight at 4°C.
Primary antibodies used were: Glucagon (GP 1:3PWpore and Rb 1:1000,
Chemicon), Insulin (MS 1:400, Thermo Scientific &a& 1:1000, Abcam), PP (Rb
1:200, Invitrogen), Sst (Rb 1:200, Invitrogen), &r (Gt 1:200, Santa Cruz), Pdx1 (Gt
1:200, Santa Cruz), MafA (Rb 1:1000, Bethyl), Gl(f 1:1000, Millipore), and
Chromogranin A (Rb 1:3000, DiaSornin). Appropriaéeondary antibodies were added
at room temperature (Vector Laboratories). For unofluorescence, secondary
antibodies were conjugated to either Cy2 or Cy8Ksan Laboratories) while
immunohistochemical detection was obtained withMBE€TASTAIN ABC kit and
diaminobenzidine tetrahydrocholoride (DAB) substr@tector Laboratories). All

images utilized in this study were obtained usingiga DM6000B microscope.

Real-Time PCR Analysis

For expression analysis, whole pancreatic tissuedissected in cold 1X PBS and
homogenized in 1ImL TRIZOL reagent (Invitrogen). RMAs isolated using provided
protocol and cDNA synthesized using Oligo-dT, Sspapt, and additional necessary
reagents (Invitrogen). All quantitative PCR (qPGRalysis was conducted in duplicate
for each specimen including at least three biologpticates for control and mutant
analyzed with reference dye normalization. qPC&yais was performed using Brilliant
SYBR Green PCR Master Mix (Agilent) in the Stratagd/ix3005P Real-time PCR
machine. Changes in expression level were detexdry calculating and graphing fold

change relative to control. Primer sequences aagade upon request.
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Hormone Cell Quantification

Total endocrine and hormone cell mass was calautateugh the use of Aperio
Software. Two sections per animal were used vaitht br five animals per group (both
control and ArxE) analyzed. Sections were staioe@ither hormone mass (glucagon,
insulin, somatostatin, PP, and ghrelin) or totalaarine mass (ChrgA) using
immunohistochemistry. After dehydration and moogtislides were scanned into the
Aperio software and positive hormone area and fuatreatic area determined.
Hormone mass and total endocrine mass was thanl&@i@d using pancreatic weight.
All ArxE mice were males while control specimensisigted of male and female mice
(see animal breeding section above). No differemé®rmone or total endocrine mass

was seen between any of the controls utilized.

Statistical Analysis

Error bars were determined as + standard errdreoftean (SEM) and all values are
displayed as £+ SEM. Significance was determinealgus two-tailed Student’s t-test and

results considered significant wher:|9.05.

140

www.manaraa.com



References

1. Ohira R, Zhang YH, Guo W, Dipple K, Shih SLakt(2002) Human ARX gene:
genomic characterization and expression. Mol Getezab 77: 179-188.

2. Collombat P, Mansouri A, Hecksher-Sorensen dyBRB, Krull J, et al. (2003)
Opposing actions of Arx and Pax4 in endocrine psadevelopment. Genes
Dev 17: 2591-2603.

3. Stromme P, Mangelsdorf ME, Shaw MA, Lower KMwlie SM, et al. (2002)
Mutations in the human ortholog of Aristaless caXidenked mental retardation
and epilepsy. Nat Genet 30: 441-445.

4. Kitamura K, Yanazawa M, Sugiyama N, Miura Huka-Kogo A, et al. (2002)
Mutation of ARX causes abnormal development oflioaen and testes in mice
and X-linked lissencephaly with abnormal genitaliaumans. Nat Genet 32:
359-369.

5. Conti V, Marini C, Gana S, Sudi J, Dobyns WBakt2011) Corpus callosum
agenesis, severe mental retardation, epilepsydgsikdnetic quadriparesis due to
a novel mutation in the homeodomain of ARX. Am Jd\&enet A 155A: 892-
897.

6. Uyanik G, Aigner L, Martin P, Gross C, NeumanpneDal. (2003) ARX mutations in
X-linked lissencephaly with abnormal genitalia. Keagy 61: 232-235.

7. Colasante G, Collombat P, Raimondi V, Bonanomir&tai C, et al. (2008) Arx is a
direct target of DIx2 and thereby contributes te thngential migration of
GABAergic interneurons. J Neurosci 28: 10674-10686.

8. Gecz J, Cloosterman D, Partington M (2006) ARXene for all seasons. Curr Opin
Genet Dev 16: 308-316.

9. Friocourt G, Poirier K, Rakic S, Parnavelas @Gelly J (2006) The role of ARX in
cortical development. Eur J Neurosci 23: 869-876.

10. Olivetti PR, Noebels JL (2012) Interneuronermiipted: molecular pathogenesis of
ARX mutations and X-linked infantile spasms. Cutrepinion in neurobiology
22: 859-865.

11. Guerrini R, Moro F, Kato M, Barkovich AJ, Shatta T, et al. (2007) Expansion of
the first PolyA tract of ARX causes infantile spasamd status dystonicus.
Neurology 69: 427-433.

12. Depienne C, Gourfinkel-An |, Baulac S, LeGuEr(R012) Genes in infantile
epileptic encephalopathies.

141

www.manaraa.com



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Kato M, Das S, Petras K, Kitamura K, Morohashet al. (2004) Mutations of ARX
are associated with striking pleiotropy and coesisgenotype-phenotype
correlation. Hum Mutat 23: 147-159.

Price MG, Yoo JW, Burgess DL, Deng F, HrachBW et al. (2009) A triplet repeat
expansion genetic mouse model of infantile spagmdreme, Arx(GCG)10+7,
with interneuronopathy, spasms in infancy, persisseizures, and adult cognitive
and behavioral impairment. J Neurosci 29: 8752-8763

Kitamura K, Itou Y, Yanazawa M, Ohsawa M, Suzdigishima R, et al. (2009)
Three human ARX mutations cause the lissencepiiadyahd mental retardation
with epilepsy-like pleiotropic phenotypes in mittum Mol Genet 18: 3708-
3724.

Itoh M, Takizawa Y, Hanai S, Okazaki S, Miy&aet al. (2010) Partial loss of
pancreas endocrine and exocrine cells of human ARKmutation:
consideration of pancreas differentiation. Diff@ratmon 80: 118-122.

Pan FC, Wright C (2011) Pancreas organogerfesis:bud to plexus to gland. Dev
Dyn 240: 530-565.

Bramswig NC, Kaestner KH (2011) Transcriptioregulation of alpha-cell
differentiation. Diabetes Obes Metab 13 Suppl 1203

Hancock AS, Du A, Liu J, Miller M, May CL (201Glucagon deficiency reduces
hepatic glucose production and improves glucosgadakte in adult mice. Mol
Endocrinol 24: 1605-1614.

Wilcox CL, Terry NA, Walp ER, Lee RA, May CL@23) Pancreatic alpha-Cell
Specific Deletion of Mouse Arx Leads to alpha-Geéntity Loss. PLoS One 8:
€66214.

Prado CL, Pugh-Bernard AE, Elghazi L, Sosa-tRari&, Sussel L (2004) Ghrelin
cells replace insulin-producing beta cells in twouse models of pancreas
development. Proc Natl Acad Sci U S A 101: 2924992

McKenzie O, Ponte |, Mangelsdorf M, Finnis Myl&ante G, et al. (2007)
Aristaless-related homeobox gene, the gene redperfer West syndrome and
related disorders, is a Groucho/transducin-likeagkr of split dependent
transcriptional repressor. Neuroscience 146: 236-24

Nasrallah MP, Cho G, Putt ME, Kitamura K, Gaold& (2011) Differential effects of
a polyalanine tract expansion in Arx on neural digyment and gene expression.
Hum Mol Genet.

Shoubridge C, Fullston T, Gecz J (2010) ARXcspen disorders: making inroads
into the molecular pathology. Hum Mutat 31: 889-900

142

www.manaraa.com



Chapter V:

Conclusions and Future Directions
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Conclusions

Type Il diabetes mellitus is a global health eridi]. Current therapies for this
disease, the majority of which attempt to conttobll glucose levels through exogenous
insulin administration, only address the most imiatdconsequences of inadequate
insulin signaling [1]. Long-term therapies thattoge endogenous blood glucose
homeostasis will provide patients with better cohtif their condition while vastly
improving quality of life [1]. One of the most &tttive long-term therapies is
transdifferentiation of endogenous pancreatic endeo-cells into physiologically

functionalp-cells [2].

This treatment option stems from the novel bihoradlamew of diabetes, which
posits that both decreased insulin action and lgypeagonemia contribute to
hyperglycemia [3]. Transdifferentiation ef to p-cells would alleviate both of these
pathological issues by increasipgell numbers and insulin secretion while
simultaneously decreasingcell numbers and glucagon secretion. This thevapy
provide patients with long-term endogenous cordfdilood glucose levels and eliminate

the need for exogenous insulin administration [3].

In order to develop novel to f-cell replacement therapies to treat diabetes, a
complete understanding of normatell development and maintenance is essential [3].
Previous studies have demonstrated the key ra@asdription factors play in endocrine
cell fate specification and maintenance [1]. Kneage of the involvement of these

factors can be utilized to manipulateells in designing an effective protocol for fugur
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therapies [1]. My dissertation attempted to broskizowledge of normail-cell
specification and maintenance by examining the iffadeted roles of the homeodomain
containing transcription factor Arx. Previous sasdhave demonstrated that Arx is
necessary and sufficient farcell specification [4,5]. However, the role ofANn
maintenance ad-cell fate, as well as the processes that are itaddxy non-null Arx

mutations during-cell development, has not been examined.

In Chapter 2, | examined the role of Arx in mairgeoe ofa-cell fate. |
demonstrated that ablation of Arx in glucagoells during development results in loss of
proper cell fate maintenance and conversion irftdike-cell through a glucagdimsulin®
bihormonal intermediate. By P21 the majority of Axilateda-cells were only insulih
suggestive of transdifferentiation t@aell fate. Many of these newly converted cells
also expressed othprcell markers, including MafA, Glut2, and Pdx1. r@ersely,
short-term ablation (2 weeks) of Arx in adult ma®es not result in loss of endocrine
cells or misexpression of other endocrine hormoridgese data determined that Arx is
necessary for neonatalcell fate maintenance, but not for short-term Gk

maintenance in the adult.

| expanded on these results in Chapter 3, in whetplored the impact of a long-
term ablation of Arx in mature-cells using a global, tamoxifen-inducible, transige
mouse model. This long-term study demonstratetdight weeks after Arx ablation,
mutant mice had an improved glucose tolerance adddst weight compared to
littermate controls. Pancreatic analysis revetiatlwhile normal numbers of glucagon

cells are present in mutant mice, mangells co-express other endocrine hormones,
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including insulin and PP, but not somatostatin.difidnally, insulin and glucagon
secretion studies demonstrated loss of glucagaetsat and content, as well as
improper insulin secretion in response to bwthndp-cell stimuli. When taken
together, these data determined that although Alxteda-cells are capable of
maintaining glucagon expression, over time thedls [wse their identity and become an
a-p hybrid cell. These hybrid cells expressed hothndp-cell hormones, but only
secreted insulin in responsedtoor B-cell stimuli, indicative of a transdifferentiatidike

process.

Finally, in Chapter 4 | explored the effect nonirrix mutations have on proper
a-cell specification and maintenance. Using a krinakouse model with an expansion
mutation in the first polyalanine tract, | detereihthat pancreatig-cell development is
severely impaired in these mice. However, unfke null mutations, a subset afcells
are specified and do not misexpress other endobhonaones of-cell specific
transcription factors, indicating correctell specification and repression of nercell
fates. This subset afcells subsequently undergoes apoptosis, and-t&tl lineage is
lost by P14, along with a significant reductiortatal endocrine mass. Together, these
studies suggest that Arx plays a dual role dusiugll specification through both
repression of nom-cell fates and activation efcell fate. An expansion mutation of Arx
results in loss of activation ofcell fate (only a subset ofcells specified), but not

repression of nom-cell fates (no misexpression [icell-specific hormones or proteins).
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Future Directions

What arethe cellular differences between neonatal and adult endocrine cells?

Numerous studies show that complete maturatidira&lls occurs during the first
two weeks of life [6]. Before and during this metiinsulin-producing-cells are
classified as immature and cell fate is more ptdsii. After weaning (P21) and
maturation oB-cells is complete, cell fate is more defined aeliscare less likely to
convert into other cell types [6]. The end of th&siod is marked by the loss of MafB

and gain of MafA expression in the matreell [7].

Since pancreatic endocrine cells have a commeadje, a similar maturation
period seems likely in endocriecells [8]. | demonstrated phenotypic differences
between ablation d&rx in neonatal versus aduitcells. These observed differences
could be attributed to immature versus matuells and the associated plasticity in cell
fate. These data also correlate with a study exagpimisexpression of Pdx1 écells
during late development and in matuareells [9]. Misexpression of Pdx1 in "immature"
a-cells led to transdifferentiation infacells [9]. However, misexpression of Pdx1 in

maturea-cells did not result in such a conversion [9].

When taken together, these studies suggest théateemaintenance is different
in neonatal versus adultcells. Future studies identifying differentiabpressed
transcription factors will begin to characterizeleatate. Further experiments ablating
transcription factors at diverse time points witl a mapping the maturation process for
endocrinex-cells.
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Likely, chromatin marks and histone modificatiomsypan important role in this
maturation process [10]. A situation can be imadim which newly formed endocrine
cells are largely devoid of lineage-specific higtanodifications and thus more plastic.
However, over time histone modifications are adaeaking cell fate more defined and
the cell mature. Previous studies have demonsdtetextensive landscape of activating,
repressing, and bivalent chromatin marks in madeeells [11]. Furthermore, loss of
normal DNA methylation in maturfgcells leads to loss of cell fate, derepressioAraf
and conversion into am-cell fate [12]. Experiments examining histone mfiodtions
and other chromatin marks will determine the natirhese marks, if there are
differences throughout the maturation process,ifaese differences correlate with
maturinga-cells.a-cell specific characterization and ablation offeatark during

development as well as in matureells will greatly clarify this issue.

Does Arx play multiples roles in specification and maintenance of a-cells?

Using a mouse model with an expansion mutatiohenfitst polyalanine tract of
Arx, | demonstrated a reduced, but present, pancreatd population.a-cell
specification appears correct, with no misexpressicother endocrine hormonesfoar
cell transcription factors. These data suggestAhbaplays a dual role during
specification in which it not only activatescell fate, but also leads to repression of other

non-ua-cell fates. While an expanded form of Arx is abte to allocate normal numbers
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of a-cells (activation ofi-cell fate), it is able to repress narcell fates, resulting in

proper specification of a subsetmwtells.

Future experiments utilizing other non-null mutas of Arx that differentially
affecta-cell function will help clarify and elucidate thesoles. Human neuronal studies
have classified a wide range of Arx mutations thHerentially affect Arx's functional
abilities during neuronal development [13]. Expigrthese mutations and the resulting
pancreatic phenotypes will further elucidate tHe(s) of Arx duringa-cell development.
In addition, chromatin immunoprecipitation (ChiRperiments are essential to identify
direct targets of Arx. Since Arx predominantly étions as a repressor, and is also
thought to represi-cell fate, likely targets includ@gcell specific transcription factors,
such as Pdx1 and Pax4 [14,15]. These ChIP expetsmeih determine if each role of
Arx is due to direct repression/activation of Ab@agene promoter or the indirect result
of Arx activity in endocriner-cells. Finally, co-immunoprecipitation experimentd
determine if Arx is interacting with other co-regsers to exert its transcriptional
regulation in endocrine progenitors and newly @éatcells. Neuronal studies have
demonstrated Arx association with the co-represslas and CtBP, leading to increased
transcriptional repression ability [14,16]. Stuglexamining these potential associations
during endocrine development will determine thelerin the specification af-cells.
Together, these experiments will clarify the fuantand mechanism(s) of Arx during

cell development.

Once the role(s) of Arx during-cell development is understood, this knowledge

can be expanded to the role of Arx in maintenaricecell fate. My data demonstrate
150

www.manaraa.com



that Arx is necessary for-cell fate maintenance. It would be interestingxplore the
targets and co-factors of Arx in the adudtell and determine if they are similar during
embryogenesis and postnatal life, or if there amgartant changes. This knowledge
would illustrate key differences between neonatal maturex-cell fate maintenance.
Factors expressed in matureells, but not during development, are likely & b
important in maintenance of cell fate. These &siavill help expand the knowledge of
Arx in a-cells as well as how the endocrine pancreas igf@ggeand maintained in

general.

Novel therapiesfor Type Il Diabetes utilizing Arx in a-cells

During embryogenesis, endocrine cells are plastccimmediately lose cell fate
upon disruption of the proper transcriptional pergr{15]. However, as these cells
mature they become less plastic, and disruptiotisanranscriptional program do not
immediately result in striking phenotypes [17]. lime with this, ablation ofrx in
maturea-cells does not result in a rapid or complete tfsscell fate. Insteadirx-
ablateda-cells appear to slowly lose cell identity and takeana-B-cell hybrid fate that
secretes insulin in response to bethndp stimuli. Other cellular processes may make it
difficult for maturea-cells to quickly and completely abandon their deiaed cell fate.
Previous studies have illustrated the extensiverohtin landscape in matusecells
[18]. This landscape, combined with the normaidriptional program, likely maintains

cell fate even upon transcriptional disruptions.
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Novel therapies for type Il diabetes could emptasiecreased Arx expression
combined with additional stimuli to transdiffereateé maturexr-cells into functional,
physiologically correcp-cells. Previous studies have demonstrated that tgial
ablation offj-cells, matures-cells can spontaneously convert into functighaklls [19].
Future experiments combining ablationfok with other pancreatic stressors or ablation
of chromatin marks would extend the observed gohéhotype and bring the field closer
to innovative treatments for type Il diabetes. tRermore, these experiments will extend

the field's knowledge of cell fate maintenance asmtimits.

Summary

The goal of this dissertation was two-fold: (1)3d&termine the role of Arx in
maintenance of neonatal and mature endoericells, and (2) to characterize the effect
of a non-null polyalanine expansion mutation ommalra-cell specification and
maintenance. Overall, these results expand thequay described role of Arx in the
early specification ofi-cells. The data presented here demonstrate thxasAlso
necessary for maintenanceostell fate, and plays a dual role during specifarat

through the activation af-cell fate and repression of nareell fates.

Together these studies significantly contributéhtofield in multiple ways. First,
| demonstrated a novel role for Arxdncell fate maintenance, which can be utilized for
novel treatments of type Il diabetes. Additionathe discovery of dual roles for Arx
duringa-cell specification raises the possibility that éiddal transcription factors are
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playing similar roles in other endocrine cell typésnally, the loss od-cell fate
maintenance during long-term ablation of Arx dentiatss that while mature pancreatic
islet cells may be able to function normally in g8tert-term upon loss of Arx, over time
even mature endocrine cells can lose their cefitide Overall, these data expand the
field’'s knowledge regarding normaicell specification and maintenance, and provide an
attractive avenue for future transdifferenatiordsts to develop novel treatments for type

[l diabetes.
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