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The hormone insulin plays a critical role in carbohydrate metabolism of
animals. The production and secretion of insulin by beta-cells of the pancreatic islet need
to be tightly regulated to maintain proper blood glucose levels in the circulation.
Dysfunction of this important endocrine system is responsible for diabetic mellitus. Over
the last several years, research has suggested that the function and integrity of beta-cells
can be dramatically affected by exposure to and accumulation of lipids. Several Orphan
Nuclear Receptors (ONRs) have been identified and characterized in other cell types as

“lipid sensors” that respond to elevated cellular lipid levels to regulate gene expression.
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Therefore the goal of my thesis research is to evaluate the expression and role of these
transcription factors on beta-cell function and glucose metabolism.

First, the complement of nuclear hormone receptors in mouse islets, and
representative alpha- and beta- cell lines was determined by quantitative real-time PCR.
Many nuclear receptors are expressed in the cells of the islet and several show differential
expression levels under varying glucose conditions which suggests these nuclear
receptors may be important for normal islet cell function.

Of particular interest to our group LXRp, and to a lesser extent LXRa, are
present in the beta cell of islets, and respond to synthetic LXR agonists to upregulate
previously identified target genes. Exposing isolated mouse islets to the synthetic LXR
agonist T1317 results in increased glucose-stimulated insulin secretion (GSIS).
Incubation of islets from Lxr-null mice with this ligand has no effect on GSIS thus
suggesting the T-compound effect is mediated by LXR. In addition, oral administration
of T1317 to wild type, but not Lxr-null mice, altered islet GSIS in vivo and promoted
efficient glucose clearance. These results suggest that activation of LXR in islet cells can
modify islet function and help to control serum glucose levels. We also identified
ChREBP as a novel target gene of LXR in the beta cells of the islet and characterized the
importance of the LXR-ChREBP axis in insulin secretion from pancreatic islets.

In addition to LXR, HNF4y is also an ONR of interest in beta cells. Real-
time PCR results suggested that HNF4y and HNF4a are highly expressed in the
pancreatic beta cells. Losing the function of HNF4a in beta cells has been shown to

cause a rare form of diabetes called MODY1 (maturity-onset diabetes of the young).
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However, the importance of HNF4y in beta cell function has not been addressed. We
found that HNF4o and HNF4y form a heterodimer in the beta cells of the islet. This

interaction may be a novel way of regulating gene expression in the beta cells and may

have functional significance in islets.
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CHAPTER ONE

Introduction

Functional anatomy of the endocrine pancreas

The pancreas is a glandular organ nestled next to intestine in the abdominal cavity of
vertebrates (Figure 1.1 A). It contains exocrine and endocrine compartments that play
important roles in digestive and hormone systems respectively. The exocrine pancreas
makes up the majority of the pancreas mass and is composed of acinar cells and ductal
cells. These cells synthesize and secret digestive enzymes and bicarbonate through a
ductal system to intestine to help the processing of foods in the digestive tract.
Specialized endocrine cells can be found embedded in the exocrine compartment and
only occupy about 2% of cell mass in the pancreas (Figure 1.1 B). These cells form
clusters called islets of Langerhans and are able to produce insulin, glucagon, and some
other hormones that are secreted into the bloodstream. Together, these hormones
produced by endocrine pancreas work on multiple tissues to maintain blood glucose
levels within a narrow range.

In the islets, five distinct cell types have been identified and are characterized by
the expression of different peptide hormones secreted from each cell type (Elayat, el-
Naggar et al. 1995) (Figure 1.1 D). Beta-cells (B-cell) represent the most abundant cell
type (65-80%) in the islet and are responsible for the production of insulin, alpha-cells
(a-cell, 15-20%) are located on the periphery of the islet and secret glucagon, delta-cells
(8-cell, 3-10%) secrete somatostatin, pp-cells (3-5%) secrete pancreatic peptide, and the

fifth cell type, epsilon-cells (g-cell) secrete ghrelin. The expression of ghrelin in the islet is



The molecular mechanism of insulin secretion

Insulin secretion is primarily regulated by a feed-forward mechanism driven by the
elevation of blood glucose. After a meal, the concentration of glucose in the bloodstream
increases quickly and the glucose together with other nutrients are transported to all cells
in the body through circulation. In the beta cells of the islet, glucose is transported into
the cell by Glut2 (Slc2a2), a low-affinity but high-capacity glucose transporter that
rapidly raises intracellular glucose levels to that of the bloodstream (Permutt, Koranyi et
al. 1989). Once glucose enters the beta cell, it is metabolized by several enzymes
sequentially to generate ATP. The resulting elevation of the ATP/ADP ratio causes the
closure of ATP-dependent potassium channels (SUR1/Kir6.2) on the cell membrane and
the accumulation of intracellular potassium leading to cell membrane depolarization.
Upon depolarization, voltage-dependent calcium channels are opened to allow calcium
influx (Ashcroft, Proks et al. 1994), which triggers the exocytosis of insulin-containing
secretory vesicles (Figure 1.2). This insulin released in the circulation will then have
effects on insulin sensitive tissues to increase the uptake of circulating glucose (muscle,
and adipose tissue) and reduce gluconeogenesis (liver). Once the blood glucose level
returns to a normal range (~5mM), glucose import into beta cell will decrease and the

downstream events that lead to the secretion of insulin will be terminated.
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Environmental cues that regulate endocrine pancreas

Being a master regulator of glucose homeostasis, the endocrine pancreas has to sense
many environmental cues and respond properly. The major environmental cues that
regulate islet function include hormones from other endocrine tissues, signals from the
sympathetic/parasympathetic nervous system, and nutrient metabolites in the blood
(Figure 1.3). Cells in islets are equipped with molecular sensor systems to receive these
environmental signals, and these sensors are critical for islets’ proper function. Many of
the hormonal and neuronal factors bind to well characterized membrane receptors that
lead to downstream signaling cascades to regulate gene transcription or insulin release.

Nutrient metabolites are generally thought to act in an intracellular manner but with the



identification of nutrient regulated GPCRs, these signals can also be transmitted from the
extracellular environment. The most well known nutritional factor to regulate islet
function is glucose itself which was discussed earlier. In addition to glucose, many other
nutrient intermediates are also known to regulate the function of islet cells. Several amino
acids including arginine, alanine, and glutamate have also been shown to have effects on
hormone secretion from islets (Fajans, Floyd et al. 1967). Recently, the importance of
lipid molecules such as fatty acids and triglyceride on islet function has also been
addressed (Jordan and Phillips 1978; Hjelte, Ahren et al. 1990; Yoshikawa, Tajiri et al.
2001). However, the molecular sensors for these lipid molecules in the islets cell are still

poorly characterized.

Nutrients * Neuronal

Glucose & %
Lipids ., A A
Aminoacids e e

(L N J

a . - B
AA’.' l
mns . |

GLP-1 g = — \ @cgulin

GIP
Glucagon . \ @
Fig. 1.3 Environmental cues that regulate beta-cell function.

Sympathetic
Parasympathetic




Nuclear receptor superfamily as lipid sensors in the islet cells

Nuclear receptors are ligand-inducible transcription factors that directly link signaling
molecules to transcriptional activities of target genes. The ligands for nuclear receptor are
small, hydrophobic molecules including steroid hormones, vitamins, and metabolic
intermediates. Targets genes of nuclear receptors participate in a wide range of
physiological activities to affect development, proliferation, metabolism, reproduction,
and immunity.

Nuclear receptor genes appear specific to multicellular organisms of the
metazoan (animal) kingdom. Estrogen receptor (ER) was the first nuclear receptor
identified by the use of tritiated-estradiol binding activity (Gorski, Toft et al. 1968;
Jensen and DeSombre 1973; Jensen 2004). Shortly after, the glucocorticoid receptor was
also cloned (Weinberger, Hollenberg et al. 1985), and based on the sequence similarities
of these receptors, molecular techniques were used to identify a large number of nuclear
receptor genes in several model organisms (Petkovich, Brand et al. 1987; Evans 1988;
Laudet, Hanni et al. 1992; Mangelsdorf, Thummel et al. 1995). Unlike traditional
endocrinology studies in which hormones and their biology were used to identify the
receptors, these putative receptors were identified without knowledge of their
physiological ligands. As a result, these receptors were called orphan nuclear receptors.
The hunt for the endogenous ligands and characterization of the physiological functions
for these orphan nuclear receptors has been the major goal of “reverse endocrinology”
(Kliewer, Lehmann et al. 1999). After two decades of intensive research, physiological
ligands for several of the orphan receptors have been found and these receptors are now

referred to as ‘adopted’ orphan receptors (Allenby, Bocquel et al. 1993; Kliewer, Lenhard



et al. 1995; Janowski, Willy et al. 1996). Many of the newly identified ligands for the
orphan receptors are hydrophobic metabolic intermediates including oxysterols, bile
acids, and fatty acids. To date, there are 21 nuclear receptors in the genome of drosophila,
48 in human, 49 in mouse, and about 284 in C.elegans. Among them, many still remain
orphans with their natural ligands awaiting identification.

Members of the nuclear receptor superfamily share a conserved structural
organization. The variable N-terminal region (A/B domain) contains a ligand-
independent transactivation region (AF-1). The DNA binding domain (DBD, C domain)
is the most conserved region and contains two zinc finger motifs that allow the receptor
to bind to specific sequences called hormone response elements (HREs) on genomic
DNA. The hinge region (D domain) provides the structural flexibility for nuclear
receptors to form various dimers and bind to DNA. The nuclear localization signal (NLS)
of nuclear receptors is usually located in the junction of the DNA binding domain and
hinge region. The ligand binding domain (LBD, E domain) is usually the largest protein
region and is a multi-functional domain that participates in ligand binding, receptor
dimerization, and ligand-dependent transactivation (AF-2). The LBD is very structurally
conserved among nuclear receptors and is formed by the folding of 11-13 a-helixes.
Some receptors have a C-terminal variable domain (F domain). The function of the F
domain is not clear but some studies suggest that this domain may be responsible for co-
factor recruitment and can fine-tune the molecular events associated with the
transcriptional activity of the LBD domain. In some cases, the F domain has auto-

repressive activity for receptors.



The fact that the ligands for many of the orphan nuclear receptors are small
hydrophobic metabolic intermediates makes orphan nuclear receptors ideal lipid-
molecule sensors for islet cells. Several nuclear receptors have indeed been reported to be
able to regulate various aspects of islet function (Table 1.1).

Sex hormones such as estrogen and progesterone have been shown to modulate
insulin secretion from islets (Costrini and Kalkhoff 1971; El Seifi, Green et al. 1981) and
may contribute to the sexual dimorphism in diabetes (Bailey and Ahmed-Sorour 1980).
Estrogen has been known to positively regulate insulin secretion and estrogen receptor
alpha (ERa) has been proposed to provide protective effects in islets from toxicity of islet
amyloid polypeptide (IAPP) (Geisler, Zawalich et al. 2002) and inflammatory cytokines
(Eckhoff, Smyth et al. 2003). On the other hand, progesterone has been shown to inhibit
insulin secretion (Howell, Tyhurst et al. 1977) and progesterone receptor (PR) null mice
have improved insulin secretion and glucose homeostasis (Picard, Wanatabe et al. 2002).

Glucocorticoids have also been shown to inhibit insulin secretion (Barseghian
and Levine 1980) and the glucocorticoid receptor (GR) has been shown to directly bind
to the promoter of the insulin gene and repress the expression of insulin RNA
(Goodman, Medina-Martinez et al. 1996).

In addition to steroid hormones, thyroid hormone also participates in regulating
islet function. Hyperthyroidism has been known to a cause a decrease in insulin secretion
and thyroid hormone receptor (TR) has been demonstrated to bind to the promoter of the
insulin gene and repress insulin RNA expression (Clark, Wilson et al. 1995; Fukuchi,

Shimabukuro et al. 2002). In addition, TR has also been shown to cause the activation of



the AKT pathway in B cells through a non genomic pathway (Verga Falzacappa, Petrucci
et al. 2007).

Lipophilic vitamins such as Vitamin A (all-trans retinol) and Vitamin D (1, 25
dihydroxyvitamin D) are required for proper development of the endocrine pancreas
(Clark, Stumpf et al. 1987; Matthews, Rhoten et al. 2004). Their receptors are the retinoic
acid receptors (RARa, B, and y) and Vitamin D receptor (VDR) respectively. In the adult
islet, deficiency of these vitamins can cause impaired insulin secretion (Chertow, Blaner
et al. 1987; Labriji-Mestaghanmi, Billaudel et al. 1988).

Recently, the role of PPARs in the islets has been the focus of many studies after
they were discovered as the molecular targets of drugs widely used for the treatment of
diabetes and hyperlipidemia. PPARa is the target of fibrates for treating lipid diseases
and PPARYy is the target of Thiazolidinediones (TZD). Activation of PPARs has been
shown to ameliorate insulin resistance in peripheral tissues and directly regulate insulin
secretion as well. Endogenous fatty acids are low affinity ligands for PPARs and are
known to regulate islet function at least partially through PPAR dependent mechanisms.
More recently, the function of several other nuclear receptors including HNF4a, COUP-
TF2, and SHP were also addressed.

Despite the accumulating data showing that members of the NR superfamily are
important functional modulators of islet function, very little is known about the
expression and function of the majority of nuclear receptor members in the islet. The goal

of my studies is to establish a comprehensive understanding of the expression of these
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receptors in cells of the pancreatic islet and to identify target genes and pathways by

which these receptors impact islet function.

Advances in RNA technology have allowed me to quantitate receptors and their

target genes in the mouse islets and representative o/ cell lines. The results of these

studies will reveal novel therapeutic strategies to treat diabetes.

Table 1.1 Nuclear receptors that have been reported to regulate islet function.

Nuclear
receptor

Ligands

Effect on islets

Species

Reference

ERa
(NR3A1)

Estrogen

Suppress c-JNK;
anti-inflammatory

Baboon, human,
mouse

(Winborn,
Sheridan et al.
1983; Heine,
Taylor et al.
2000; Eckhoff,
Smyth et al.
2003)

PR
(NR3C3)

Progesterone

B cell growth;
intracellular insulin
degradation

Baboon, mouse

(Winborn,
Sheridan et al.
1987; Sandberg
and Borg 2007)

GR
(NR3C1)

Glucocorticoid

Decrease insulin
secretion/synthesis

Hamster

(Philippe and
Missotten
1990),(Goodman,
Medina-Martinez
et al. 1996)

TRb
(NR1A2)

Thyroid

Akt activation

Cell line
(rRINm5f)

(Verga
Falzacappa,
Petrucci et al.
2007)

Retinoic acid

Required for fetal islet
function

Rat

(Chertow, Blaner
et al. 1987;
Chertow, Goking
et al. 1997;
Driscoll, Adkins
et al. 1997;
Kadison, Kim et
al. 2001)




still controversial in that some reports suggest that it is expressed in a-cells (Date,
Nakazato et al. 2002), and some suggest that it is produced in unique, g-cells (Wierup,
Svensson et al. 2002). These hormones work together as important regulators for glucose
homeostasis. By synthesizing and secreting these hormones, the endocrine pancreas is the
master regulator of glucose metabolism. Islets can be separated from the exocrine
compartment by carefully digesting the pancreas with collagenase (Figure 1.1C).
Cultured islets maintain many of their in vivo characteristics such as glucose stimulated
insulin secretion (GSIS) and thus provide an ideal culture model to investigate the

complexity of islet physiology.

. dcell (glucagon)
P cell (insulin)
O cell (somatostatin)

pp cell
(pancreatic peptide)

€ cell (ghrelin)

Fig. 1.1 Functional anatomy of the endocrine pancreas.

Pancreas (Red arrow head) is a glandular organ situated next to the intestine in the
abdominal cavity (A). The endocrine pancreas (islet) is surrounded by exocrine tissue in
the pancreas (B, H&E staining). Islets isolated from mouse can be maintained in culture
for up to 2 weeks and used for a variety of ex-vivo studies (C). Specialized cells in the
islet exhibit a distinctive distribution in the islet and are responsible for the production
and secretion of a wide variety of peptide hormones (D).
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9-cis-retinoic Prevent islet (Lenhard,
RXR acid degeneration Mouse Lancaster et al.
1999)
(Johnson, Grande
. et al. 1994; Lee,
(I\\I/R%II{D Vitamin D Re?;ig%fgz t?(?;mal Human, rat Clark et al.. 1994;
Chang, Lei et al.
2000)
(Zhou,
PPARa Fatty acids/ Required for TG Shlmabukur.o ct
L Rat al. 1998;
(NRIC1) fibrates homeostasis in islet Yoshik
oshikawa,
Tajiri et al. 2001)
PPARS . Improye .islet (Tanaka,
(NRIC2) Fatty acids hyperplasia in ob/ob Mouse Yamamoto et al.
mice 2003)
(Buckingham,
PPARYy Fatty acids/ Improve islet Al-Barazanql et
(NRI1C3) TZDs hyperplasia Rat, mouse al. 1998;
Kameda, Okuya
et al. 2000)
(Efanov, Sewing
LXRB o et al. 2094;
(NR1H2) xysterols Increase GSIS Mouse Gerin, Dolinsky
et al. 2005), and
current study
(Nakajima,
HNF4a Fatty acids Mutations cause Human, mouse Y109sgg'lcohc11§:na1.
(NR2A1) MODY1 ’ Zisl ’ ’
izlsperger et al.
2004)
C&L}I{Pz—gzliﬂ Orphan Islet development Mouse (Zh;nﬁ" 12338;)0 un
SHP Orphan Positively regulate Cell line (Suh, Kim et al.
(NROB2) GSIS (INS-1) 2004)




CHAPTER TWO

Expression of orphan nuclear receptors in the endocrine pancreas

Abstract

The endocrine pancreas is comprised of the islets of Langerhans, tiny clusters of cells that
contribute only about 2% to the total pancreas mass. However, this little endocrine organ
plays a critical role in maintaining glucose homeostasis by the regulated secretion of
insulin (by beta-cells) and glucagon (by alpha-cells). The rapid increase in incidence of
diabetes worldwide has spurred renewed interest in islet cell biology. Some of the most
widely prescribed oral drugs for treating type 2 diabetes include agents that bind and
activate the nuclear hormone receptor, PPARy. As a first step in addressing potential
roles of PPARy and other nuclear hormone receptors (NHR) in the biology of the
endocrine pancreas, we have used quantitative real-time PCR to profile the expression of
all 49 members of the mouse NHR superfamily in primary islets, and cell lines that
represent alpha-cells (aTC1) and beta-cells (BTC6 and MIN6). In summary, 19 NHR
members were highly expressed in both alpha- and beta-cell lines, 13 receptors showed
predominant expression (at least an 8-fold difference) in alpha- versus beta-cells, and 10
NHR were not expressed in the endocrine pancreas. In addition we evaluated the relative
expression of these transcription factors during hyperglycemia and found that 16 NHR
showed significantly altered mRNA levels in mouse islets. A similar survey was
conducted in primary human islets to reveal several significant differences in the NHR
expression between mouse and man. These data identify potential therapeutic targets in

the endocrine pancreas for the treatment of diabetes mellitus.

12
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Introduction

The incidence of diabetes mellitus is increasing at an alarming rate. The World Health
Organization estimates that over 180 million people worldwide have diabetes. In the
United States alone, the American Diabetes Association reports that roughly 7% of the
population has diabetes. Some of the most widely prescribed oral drugs for treating type
2 diabetes include agents that bind and activate the peroxisome proliferator-activated
receptor-y (PPARY) (Lehmann, Moore et al. 1995). PPARYy is one of the 48 members of
the nuclear hormone receptor (NHR) superfamily of transcription factors (mice have
FXRp, thus have 49 members). In animal studies, additional nuclear hormone receptor
ligands have been shown to have potent serum glucose-lowering effects. Synthetic
agonists for the retinoid X receptor (RXR, (Mukherjee, Davies et al. 1997)), liver X
receptor (LXR, (Cao, Liang et al. 2002; Laffitte, Chao et al. 2003)), PPARS (Tanaka,
Yamamoto et al. 2003), and farnesoid X receptor (FXR, (Zhang, Lee et al. 2006)) all
have been reported to lower serum glucose levels in rodent models of diabetes.

While many of the positive effects of these NHR agonists have been attributed to
improved insulin sensitivity and glucose clearance by peripheral tissues, there has been
increased interest in their potential role in the endocrine pancreas: can they improve
glucose responsiveness, insulin secretion or survival of beta-cells, or alter glucagon
production and secretion by alpha-cells? As a first step in answering these questions, we
have performed a comprehensive survey to identify the complement of NHR expressed in

mouse primary islets and cell lines and in human islets of Langerhans.
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Materials and methods

Animals

All tissues and islets were obtained from 3-month old, male A129/Sv] mice. Mice were
maintained in a temperature-controlled room (23 + 1°C) with 12 hours light (7 am — 7
pm)/dark cycle and ad libitum access to water and a standard rodent diet (Harlan Teklad
Premier Laboratory Diet #7001). Tissues were harvested in early morning with mice in

the fed-state.

Islet isolation and culture

The mouse pancreas was perfused and digested with liberase R1 (Roche). Islets were
then isolated using Ficoll gradient centrifugation and hand-selection under a
stereomicroscope for transfer to RPMI 1640 medium (11.1 mM glucose) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum, 100 IU/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen). These culture conditions are routinely used for murine islet
studies to avoid apoptotic cell death and preserve optimal glucose-stimulated insulin
secretion capacity. Islets were allowed to recover overnight (37°C, 5% CO,) before
further use. Typically 10-12 mice were used to isolate islets that would be pooled for
each group then distributed evenly among multiple wells (200 islets/well) for each assay
condition. To determine the effect of glucose, mouse islets and cell lines were incubated
in 3 mM glucose for 8 hours, then shifted to 5 mM (low glucose) or 17.5 mM (high
glucose) for 16 hours before RNA isolation. All experiments were performed a minimum

of two times.
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Human islet experiments

Human islets (obtained from cadaver pancreas of a nondiabetic individual) were procured
at the University of Virginia (Kindly provided by Dr. Raghavendra G. Mirmira). Islets
were maintained in 5.6 mM glucose in the presence of 10% fetal bovine serum prior to

RNA isolation.

Cell culture

The insulinoma cell line Beta-TC-6 ([CRL-11506], (Poitout, Stout et al. 1995)) and the
adenoma-derived glucagonoma cell line alphaTC1-clone 9 ([CRL-2350], (Powers, Efrat
et al. 1990)) were obtained from American Type Tissue Culture. The MING6 cell line
(Miyazaki, Araki et al. 1990) was kindly provided by Dr. Melanie Cobb (UT
Southwestern). Cells were maintained in their optimal culture conditions unless indicated
otherwise. Beta-TC6 cells were routinely cultured in DMEM (4.5g/L glucose, 4 mM L-
glutamine) with 15% heat-inactivated FBS. MIN6 cells were maintained in DMEM
(4.5g/L glucose); 2 mM L-glutamine, 1 mM sodium pyruvate and 10% heat-inactivated
FBS. Alpha-TC1 cells were cultured in DMEM with 4 mM L-glutamine adjusted to
contain 1.5 g/L sodium bicarbonate and 3 g/L glucose with 10% heat-inactivated dialyzed
FBS, further supplemented with 15 mM HEPES, 0.1 mM non-essential amino acids and

0.02% BSA.

RNA measurement
RNA was isolated from tissue samples or cultured cells using RNA STAT-60 (Tel-Test

Inc.) and 2 pg of total RNA was treated with RNase-free DNase (Roche), then reverse-
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transcribed with random hexamers using SuperScript II (Invitrogen)., as previously
described in detail (Kurrasch, Huang et al. 2004).

Quantitative real-time PCR (qPCR) was performed using an Applied Biosystem
Prism 7900HT sequence detection system and SYBR-green chemistry (Kurrasch, Huang
et al. 2004; Valasek and Repa 2005). Gene-specific primers were designed using Primer
Express Software (PerkinElmer Life Sciences) and validated by analysis of template
titration and dissociation curves. Primer sequences are provided in Table 1 for mouse
genes and primer sequences used for the measurement of human NHR are available at

www.nursa.org/10/1621/datasets.04011. 10 ul qPCR reactions contained 25 ng of

reverse-transcribed RNA, each primer (150 nM) and 5 pl of 2X SYBR Green PCR
master mix (Applied Biosystems). Multiple housekeeping genes were evaluated in each
assay to insure that their RNA levels were invariant under the experimental conditions of
each study. Results of qPCR were evaluated by the comparative Ct method (user bulletin
No.2, Perkin Elmer Life Sciences) using hypoxanthine-guanine phosphoribosyl

transferase (HPRT) or cyclophilin as the invariant control gene.

Statistics
Values shown reflect the mean + SEM, n=3 samples per tissue or cell line. Two-tailed
Student’s t-test was performed to compare low- and high-glucose treated samples (Fig

2.5), and significance was established at p<0.05.
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Results

The expression of NHR in mouse islets and cell lines recognized as models for cells of
the endocrine pancreas was determined by quantitative real-time PCR (qPCR). This
technique is extremely sensitive, can utilize small amounts of RNA (thus allowing
measurement with RNA from islets), provides a quantitative assessment of RNA species
across a large linear range of values, and can analyze sufficient sample numbers to depict
RNA levels as an average with biologic variance (Valasek and Repa 2005). In all gPCR
analyses that were performed for our NHR survey, four tissues from young adult, male
A129/Sv] mice were included as positive controls. NHR play a critical role in
metabolism (adipose, liver), reproduction (testis) and nervous system (whole brain), and
among these four tissues all 49 mouse nuclear hormone receptors are expressed at
appreciable levels (Bookout, Jeong et al. 2006). Cyclophilin was selected as the
housekeeping gene to use as the invariant control for each tissue, as previous northern
analyses demonstrated that cyclophilin is expressed at equivalent levels in these four
organs (Repa and Mangelsdorf 2000), and we determined that it was similarly expressed
in mouse islets and cell lines relative to total RNA content (data not shown).

This survey of receptor expression is first presented by subfamily classification
showing mRNA levels in islets and cell lines relative to various mouse tissues. This
format is consistent with previous NHR surveys and provides a basis of comparison to
tissues commonly associated with each receptor type.This receptor classification system
is based on sequence similarity and phylogenetic tree construction and most often
correlates with DNA-binding and dimerization characteristics (Figures 2. 1- 2.3 (Nuclear

Receptors Nomenclature Committee 1999; Germain, Staels et al. 2006)). Additional
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general information on any of the nuclear hormone receptors can be found in reviews
(Germain, Staels et al. 2006; Benoit, Cooney et al. 2007) or at the website for the Nuclear

Receptor Signaling Atlas (http://www.nursa.org/index.cfm). In addition, since this survey

focused on expression in a select few cell types (islets, cell lines), we could analyze RNA
levels for all receptors in a single assay for direct comparison of NHR levels within a
given tissue. This rank order of expression is provided in Fig. 2.4. Finaly, we were able to
obtain RNA from human islets to compare the relative expression of all 48 NHR in this

tissue source (Fig. 2.4).

Nuclear hormone receptor subfamily 1 (Fig. 2.1)

The majority of these receptors function as RXR heterodimer partners (TRs, RARs,
PPARs, LXRs, FXRs, VDR, PXR, and CAR) that respond to small lipophilic ligands of
dietary origin to regulate gene expression (Chawla, Repa et al. 2001). Thyroid receptors
are expressed in the endocrine pancreas at much lower levels than in other tissues,
however among the receptors of the islet, TRa is found at appreciable levels and TR is
expressed at moderate amounts (Fig. 2.4). RARy is the most abundant of the RAR
subtypes in the islet and beta-cell (Figure 2.1 and 2.4). PPARS is highly expressed in
mouse islets, alpha-cells and beta-cells, and is the most prominent of the PPARs.

LXRp is more highly expressed than LXRa in beta-cells and islets, in agreement with
previous reports (Efanov, Sewing et al. 2004). FXRa mRNA is present in intact mouse
islets, yet there is no evidence that this receptor is found in the alpha- or beta-cell lines

examined in this study. This suggests that FXRa is present in one of the minor cell
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types of the islet (6—cells, e—cells or PP-cells) or that these immortalized cell lines have
lost expression of this receptor. Further confirmation that islets express FXRa was
provided by the finding that islets exposed to synthetic FXR agonists alter the expression
of several recognized FXR target genes (Kjallarsdottir & Repa, unpublished). FXR[, a
nuclear hormone receptor unique to mice (a pseudogene in humans (Robinson-Rechavi,
Carpentier et al. 2001; Otte, Kranz et al. 2003)) is not expressed in the endocrine
pancreas. The vitamin D receptor is highly expressed in islets, and represents the fourth
most abundant nuclear hormone receptor, based on its level of RNA expression (Fig.
2.4).

The remaining members of subfamily 1 are thought to function as constitutive
repressors (RevERBs) or activators (RORs) that play an important role in the regulation
of circadian rthythm (Yang, Downes et al. 2006). RevERBp and RevERBa are highly
expressed in alpha-cells, and RevERB] is also expressed in beta-cells and islets. All
ROR members are expressed, again showing the highest expression in alpha-cells. In
fact, the RORP RNA level in alpha-cells is equivalent to that of brain, the mouse tissue
exhibiting highest expression of this receptor (Bookout, Jeong et al. 2006).

In summary a large number of the lipid-activated receptors are present in cells of
the endocrine pancreas, and several reports have appeared to suggest that ligands for
some of these receptors affect insulin secretion, including the LXRs, (Efanov, Sewing et
al. 2004; Gerin, Dolinsky et al. 2005), PPARa., (Tordjman, Standley et al. 2002; Bihan,
Rouault et al. 2005; Ravnskjaer, Boergesen et al. 2005), PPARy (Shimabukuro, Zhou et

al. 1998), and VDR (Bourlon, Billaudel et al. 1999). In addition, receptors associated
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HNF4a plays a fundamental role in the function of the mouse islet (Gupta, Vatamaniuk
et al. 2005; Miura, Yamagata et al. 2006). Inactivating mutations in the human HNF4a
gene are responsible for maturity onset diabetes of youth (MODY 1, (Shih, Dansky et al.
2000)). HNF4a is expressed in beta-cells of the mouse islet at levels far below that seen
in liver (Fig. 2.2), and represent the HNF40.7 and 8 isoforms, rather than the HNF4al
and 2 isoforms of mature hepatocytes ((Briancon and Weiss 2006) and Fig. 4.1). The
closely related receptor, HNF4y, is highly expressed in islets, exclusively in beta-cells
(Fig. 2.2 and 4.1). The common heterodimer partner, RXR, is expressed in islets, and the
isoforms are found in the rank order RXRo >> RXRB>>>RXRy (Fig. 2.4). The testicular
receptors, TR2 and TR4, which function as homodimers and heterodimers, are highly
expressed in islets, in fact TR4 exhibits the highest relative RNA level of all the 49
mouse nuclear hormone receptors (Fig. 2.4). TLX is not expressed, and PNR is found at
very low levels in the endocrine pancreas. The orphan monomeric receptors, COUP-TFs,
are expressed with the following relative abundance: COUP-TFIII > COUP-TFII >

COUP-TFL
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Fig. 2.2 Nuclear receptors expressed in the mouse endocrine pancreas: subfamily 2.
Refer to the legend of Figure 1 for details.

Nuclear hormone receptor subfamilies 3 & 4 (Fig. 2.3)

Subfamily 3 contains the steroid receptors. The estrogen receptors are expressed in islets

and cell lines at very low levels relative to other mouse tissues. GR is highly expressed in

alpha-cells. The rank order of the steroid receptors in mouse islets is MR >> GR >> AR

= PR = ERa > ERB. Among the estrogen receptor-related receptors, ERRa and y are

highly expressed in islets, particularly in alpha-cells.

The NR4 members of the nuclear hormone receptor superfamily, are expressed in

the following rank order: NGFIB >>> NURR1 = NORI, and are found in intact islets as

well as both beta- and alpha-cell lines.
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Fig. 2.3 Nuclear receptors expressed in the mouse endocrine pancreas: subfamilies 3
and 4. Refer to the legend of Figure 1 for details.

Nuclear hormone receptor subfamilies 5, 6, and 0 (Fig. 2.1)

There is no detectable RNA for the Steroidogenic Factor, SF1, in the mouse endocrine

pancreas. The highly related protein, liver receptor homolog, LRH-1, was originally

cloned from the pancreas (Becker-Andre, Andre et al. 1993), and its distribution has been

evaluated by in situ hybridization to reveal that it is highly expressed in the exocrine

pancreas (Fayard, Schoonjans et al. 2003). Our results confirm the lack of LRH-1

expression in beta-cells, but indicate that LRH-1 mRNA is present in an alpha-cell line at

a level equivalent to that seen in liver tissue.
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The Germ Cell Nuclear Factor, GCNF, is the sole member of subfamily 6, and
plays critical roles in development and reproduction (Zhao, Li et al. 2007). There are
detectable levels of GCNF mRNA in mouse islets, alpha- and beta-cells (Fig 2.1).

The receptors of subfamily 0 are unique in that they lack the conventional DNA-
binding domain that defines the NHR family of transcription factors. DAX-1 is not
expressed in the mouse endocrine pancreas, and SHP is found at very low levels in beta-

cells (Fig 2.1).

Nuclear hormone receptor rank order of expression (Fig. 2.4) and comparison to mRNA
levels in human islets.

The design of these studies allowed for a rank order determination of RNA levels for
NHR within a given cell type. The PCR primers were designed to provide equivalent
PCR amplification efficiency (Valasek and Repa 2005) and showed no evidence of
product formation in the absence of template cDNA. Therefore, as all of these analyses
were performed on the same triplicate samples for each tissue and cell type, we could
compare the relative expression of all 49 NHR to one another within a given tissue (Fig.
2.4). In mouse islets the 6 most abundant receptors are TR4, RevERBf3, RORy, VDR,
RevERBa, and RXRa. Placing the NHR of the beta-cell line (MING6) and the alpha-cell
line in a similar arrangement, one can easily see the differences in relative expression of
the receptors in these cells. MING cells express relatively lower levels of RORy, VDR,
RevERBa, and RXRa than intact islets. The alpha cell line expresses no VDR, and higher

levels of RORB, LRH-1, PPARq, and TRa than islets or the beta-cell lines.
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A similar survey of NHR transcripts in human islets was performed and revealed
significant differences as compared to the receptor expression pattern observed in mouse
(Fig. 2.4). The most abundant receptor is human islets is LRH-1, which is present at
mRNA levels equivalent to the housekeeping gene cyclophilin (CT ~ 21.5). This increase
may be partly attributable to the larger contribution of alpha-cells in the human islet
(Cabrera, Berman et al. 2006), but also suggests that LRH-1 may play a more important
role in the development and/or function of the endocrine pancreas in humans than
rodents. The second most abundant NHR is COUP-TFIII, which falls into subtype rank
order (COUP-TFIII > TFII > TFI) similar to that observed in mouse islets. ERa, HNF4a,
and GR mRNA species are present at levels similar to the housekeeping gene HPRT1
(CT = 24), and receptors indicated by bars with heights greater than that shown for RARy
(CT = 26) would be declared “abundant” by the criteria used to rank receptor expression

in the mouse islet.
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Fig. 2.4 Comparative expression levels of the 49 NHR for mouse islets, cell lines and

human islets. The relative mRNA levels are depicted for mouse islets, beta-cells (MIN6
cell line) and alpha-cells (a—TC1), and human islets. All values are expressed relative to
cyclophilin, and arithmetically adjusted to depict the highest-expressed NHR for each

tissue/cell line as a unit of 100. Values represent the means and SEM of three
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independent samples for each tissue or cell line. Note that comparisons can only be made
between the NHRs within a tissue or cell type. Setting arbitrary cut-offs at Ct< 26
(abundant); 26 < Cr < 30 (present); Cr> 30 (absent) as shown by broken lines in the
mouse islet panel, reveals that 19 NHR are highly expressed in both alpha- and beta-cells;
5 NHR are predominant (greater than 8-fold difference in RNA level) only in beta-cell
lines; 8 only in the alpha-cell line; and10 not expressed in the mouse endocrine pancreas
or cell lines. For the analysis of human islets, these cutoffs correspond to bars of height
greater or equal to RARY (CT ~ 26, abundant) and less than PPARy (CT = 30, absent).

Glucose regulation of nuclear hormone receptor expression in mouse islets and beta-
cells (Fig. 2.5)

One of the most important functions of the endocrine pancreas is to respond to elevated
circulating glucose by secreting insulin. Therefore, we also evaluated the expression of
the 49 mouse NHR in islets to determine whether changes in RNA levels occur during
hyperglycemia, thus suggesting they may play a role in the glucose-response of this
organ. Islets were exposed to low-glucose (5 mM) or high-glucose (17.5 mM) conditions
for 16 hours prior to RNA isolation. Although our aim was to evaluate the impact of
elevated glucose on NHR gene expression, the 16h high-glucose exposure resulted in
very high insulin levels in the culture media (insulin concentrations of 37 ng/ml for the
low-glucose treated islets and 408 ng/ml, or approximately 70 nM, for the high-glucose
treated islets). Therefore, genes upregulated under high-glucose conditions in islets could
be either glucose-regulated or insulin-regulated. In the course of these studies, we also
evaluated the mRNA levels of several common housekeeping genes in islets at various
times after high-glucose administration and found that most (-actin, HPRT, 36B4,

RPL19) remained constant, however cyclophilin and GAPDH showed a gradual increase
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with time, making them inappropriate for use as invariant calibrator genes in the studies
shown in Fig. 2.5.

The efficacy of the high-glucose treatment was evident by the robust increase in
the heterogenous, nuclear insulin II transcript (hnINSII), increases in mature insulins I
and II, and the novel insulin splice variants NAT and SPV. In addition, established
glucose-responsive genes were significantly induced (MafA and GLUT?2) or repressed
(Chop10) as expected. LXR has recently been identified as a glucose-responsive
transcription factor (Mitro, Mak et al. 2007), therefore we also evaluated LXR target
genes in islets exposed to high glucose. The bona fide LXR target genes ABCAI,
ABCG1, and apoE were not induced by high glucose. SREBP-1¢ and SCD-1 were
significantly elevated, although as these genes are also insulin-responsive, a role for
LXR-mediated glucose regulation cannot be established. Overall, these results suggest
that glucose does not regulate LXR target genes in the mouse endocrine pancreas.

Sixteen of the 49 mouse NHR exhibited significantly altered RNA levels in islets
exposed to high glucose. Reduced RNA levels were observed for TRa, PPARa (as
previously reported (Roduit, Morin et al. 2000)), PPARy, RevERBs, RORa, TR2, ER},
and MR. Significantly increased RNA levels were observed for RORB, FXRa, VDR, and
the early response genes NGFIB, NURR1, NORI, and ERa. A similar increase of ERa
mRNA was observed by microarray analysis of human islets exposed to high-glucose
(data not shown).

A similar evaluation of glucose-mediated changes in gene expression in MIN6
cells demonstrates the limitations of insulinoma cell lines. Typically insulinoma cells

lines have dampened glucose-responsiveness and insulin secretion capacity, and efforts
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are underway to identify new cell lines or subclones with improved glucose-stimulated
insulin secretion capacity (Hohmeier, Mulder et al. 2000; Hohmeier and Newgard 2004;
Narushima, Kobayashi et al. 2005). High glucose exposure did not increase mature
insulin RNA levels, although the primary INSII (hnINSII) transcript levels were modestly
elevated and the Chop10 mRNA levels were altered. There were no changes in RNA
levels for LXR target genes. Of the sixteen NHR that showed altered expression in
mouse islets, only three exhibited significant changes in the MING6 cells (VDR, ERa., and

NGFIB, Fig 2.5).
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Fig. 2.5 The effect of elevated glucose on NHR expression in the mouse endocrine
pancreas. Mouse islets and cell-lines were incubated in 3 mM glucose for 8 hours, then
shifted to 5 mM (low glucose) or 17.5 mM glucose (high glucose) for 16 hours before
RNA isolation. The efficacy of this treatment protocol is illustrated by the robust changes
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in RNA levels for insulin and representative glucose-responsive genes. A, The gene
structures for mouse insulin I and insulin I genes are provided, and the respective
fragments amplified by qPCR are shown for total mature insulin (insulin I/II primer

set, red), native insulin IT (NAT, green), an insulin II splice variant (SPV, blue (51) and
heterogenous nuclear insulin II, hnINSII, yellow). mRNA levels relative to the
housekeeping gene HPRT are shown for mouse islets (B) and MING6 cells (C). The three
upper panels in B and C display the results of both low-glucose (open bars) and high-
glucose (hatched or black bars) treatments for insulin, glucose-responsive genes, and
LXR target genes. Values depict the means + SEM of three independent samples. Below
the results for each RNA species we have provided the qPCR cycle number (Ct) for the
low-glucose group to allow for an appreciation of relative expression among various
genes. In the lower panel the 16 nuclear hormone receptors, of the 49 tested, that showed
significantly different mRNA levels by high-glucose treatment in islets are shown. Note
that while all 16 were significantly different in mouse islets, only VDR, ERa., and
NGFIB were significantly altered in the MING6 cell line. Statistical significance was
determined by Student’s t-test, n=3, *P<0.05.

Discussion

Global gene expression profiling by microarray analysis is widely used to identify RNA
species in a variety of mouse and human tissues (Su, Cooke et al. 2002; Zhang, Morris et
al. 2004; Shyamsundar, Kim et al. 2005; Bono, Yagi et al. 2007). In these analyses
pancreas was included among the many tissues examined. However, the islets of
Langerhans comprise only about 2% by mass of the pancreas, so extrapolating the results
from whole pancreas to endocrine pancreas is difficult. The comprehensive evaluation of
transcription factor expression in fetal and adult human pancreas has identified potential
regulators of pancreatic development (Kong, MacDonald et al. 2006), but again those
factors expressed in the endocrine versus exocrine compartment are difficult to
distinguish.

Nuclear hormone receptors are one of the largest transcription factor families in

the mammalian genome. These receptors are clinically important, as many are bound and
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activated by orally available lipophilic compounds, and represent about 3% of the
druggable genome in humans (Hopkins and Groom 2002). The earliest surveys of
nuclear hormone receptor expression relied on northern blot analysis (Repa, Makishima
et al. 2001), thus requiring fairly large quantities of RNA. Subsequently, reverse-
transcription PCR was utilized to identify NHRs in selected tissues, for example the
mouse small intestine (Choi, Romer et al. 2006). Most recently the distribution of NHR
RNA has been performed using qPCR. By this method the quantitative assessment of
NHR RNA levels has been established for various mouse tissues (including the pancreas,
(Bookout, Jeong et al. 2006)), mouse macrophages (Barish, Downes et al. 2005), mouse
adipocytes (Fu, Sun et al. 2005), and during the circadian cycle in mouse liver, adipose,
and muscle (Yang, Downes et al. 2006).

In this report, we provide the first survey of NHR expression in the adult mouse
endocrine pancreas and commonly used mouse cell lines resembling beta-cells and alpha-
cells. The mouse islet typically contains about 1500 cells, consisting of 75% beta-cells
and 20% alpha-cells (Cabrera, Berman et al. 2006). Previous work by Gu and colleagues
to elucidate gene expression changes in the mouse endocrine pancreas during
development reported three findings relevant to NHRs: 1) LXRa and COUP-TFII are
enriched in endoderm (versus mesoderm and ectoderm) in the E7.5 mouse; 2) LXRa is
enriched in mature islets relative to early-stage pancreas; and 3) RXRa is down-regulated
as the endocrine pancreas develops (Gu, Wells et al. 2004). Our current findings also
suggest that the expression of various NHRs in the mouse islet can be affected by
extracellular glucose levels. In addition, we provide a survey of nuclear hormone receptor

expression in human islets obtained from a cadaveric pancreas of a nondiabetic adult. Of
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the eighteen receptors that are abundantly expressed in human islet, 9 also fall into this

category in mouse islet and 8 others are clearly present in mouse islet. The obvious

exception is LRH-1 which is highly expressed in human islet, unlike the mouse islet

where it is predicted to reside in the alpha-cell compartment, based on its expression in

oTCl1 cells.

In summary, our results identify NHR present in cells of the mouse and human

endocrine pancreas, and suggest potential therapeutic targets to affect islet physiology.

Future work that takes advantage of NHR ligands and genetically altered mouse strains

should further reveal roles for these proteins in islet physiology, and ultimately these

findings will need to be confirmed in human islets.

Table 2.1 qRT PCR primer sequences for mouse NRs

Gene Gene Name Accession Sequence of Primers (5’ to 3”) Amplicon

Abbrev. Number position

NUCLEAR HORMONE RECEPTORS

NR1A1 TRa NM 178060 | F: GGATGGAATTGAAGTGAATGGAA 414-522
R: CCGTTCTTTCTTTTTCGCTTTC

NR1A2 TR NM 009380 | F: CTCTTCTCACGGTTCTCCTC 819-940
R: AACCAGTGCCAGGAATGT

NR1B1 RAR NM_009024 | F: CCAGCTTCCAGTCAGTGGTTA 542-600
R: TGCTCTGGGTCTCGATGGT

NR1B2 RARB NM 011243 | F: ACAGATCTCCGCAGCATCAG 1319-
R: GCATTGATCCAGGAATTTCCA 1394

NR1B3 RARy NM 011244 | F: CCATGCTTTGTATGCAATGACA 517-611
R: TTCTGAATGCTGCGTCTGAAG

NRICI PPARa NM 011144 | F: CGTACGGCAATGGCTTTATC 1444-
R: AACGGCTTCCTCAGGTTCTT 1498

NR1C2 PPARS NM_011145 | F: CCACGAGTTCTTGCGAAGTC 1211-
R: AACTTGGGCTCAATGATGTCA 1267

NRI1C3 PPARy NM 011146 | F: CCCACCAACTTCGGAATCA 157-212
R: TGCGAGTGGTCTTCCATCAC

NR1D1 RevERBa NM 145323 | F: TCCAACAGAATATCCAGTACAAACG | 556-623
R: GCGATTGATGCGAACGAT
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NR1D2 RevERBf NM_011584 | F: CATCAGGATTCCACTATGGAGTTC 496-576
R: ACTGGATGTTTTGCTGAATGCT

NR1F1 RORa NM_013646 | F: GGAATCCATTATGGTGTCATTACG 249-322
R: GTGGCATTGCTCTGCTGACT

NRI1F2 RORB NM_146095 | F: GGCAGACCCACACCTACGA 873-931
R: CAGAGCCTCCCTGGACTTG

NRI1F3 RORy NM_011281 | F: TCTACACGGCCCTGGTTCT 1356-
R: ATGTTCCACTCTCCTCTTCTCTTG 1423

NR1H2 LXRp NM_009473 | F: CTCCCACCCACGCTTACAC 1826-
R: GCCCTAACCTCTCTCCACTCA 1889

NRI1H3 LXRa NM 013839 | F: AGGAGTGTCGACTTCGCAAA 635-735
R: CTCTTCTTGCCGCTTCAGTTT

NR1H4 FXRa NM 009108 | F: TGAGAACCCACAGCATTTCG 1319-
R: GCGTGGTGATGGTTGAATGTC 1390

NRIHS FXR} NM_198658 | F: GCGCAGAAAATGCCAAGA 615-684
R: GAGCAAACATTCTGCCAACATC

NRI1I1 VDR NM_009504 | F: GGCTTCCACTTCAACGCTATG 238-296
R: ATGCTCCGCCTGAAGAAAC

NRI1I2 PXR NM_010936 | F: CATCGTTCCTGATTCTTCAAGGT 240-334
R: TCTAGGTTTACATCTGTGTGTCCTAG

NRII3 CAR NM_009803 | F: GCTGCAAGGGCTTCTTCAG 330-387
R: AACGGACAGATGGGACCAA

NR2A1 HNF4a NM_008261 | F: CCAACCTCAATTCATCCAACA 254-316
R: CCCGGTCGCCACAGAT

NR2A2 HNF4y NM_013920 | F: TCCCTGCCTTCTGTGAACTG 751-811
R: CCAGCATGGGCTCTCAAGA

NR2B1 RXRa NM_011305 | F: TGCCCATCCCTCAGGAAA 607-670
R: GCGGTCCCCACAGATAGC

NR2B2 RXRp NM_011306 | F: TCCCCAAATCCCCTTTCTC 396-530
R: CCCCATGGAAGAACTGATGA

NR2B3 RXRy NM_009107 | F: GCCACCCTGGAGGCCTATA 1567-
R: AGCAGAAGCTTGGCAAACCT 1634

NR2C1 TR2 NM 011629 | F: TGCACATCAAATTATCGACCAA 660-740
R: GCTGTCACGATCTGCATTTTC

NR2C2 TR4 NM 011630 | F: GTCATGAGTCTCTCCACCATCCT 1375-
R: GCTTTATCCGGTCACCAGAAA 1465

NR2EI TLX NM_152229 | F: AGCCCGCCGGATCAA 690-780
R: CAAGCGTAGACCCCGTAGTG

NR2E3 PNR NM_013708 | F: AGGTGATGCTAAGCCAGCATAG 1199-
R: GAGGAGCAATTTCCCAAACC 1269

NR2F1 COUP-TFI NM_010151 | F: TGGACCTTCCAGGATTTATTGTG 1898-
R:AGTCCACTTCCATTGAGTAGTTTTCTG | 1971

NR2F2 COUP-TFII | NM_009697 | F: TCAAGGCCATAGTCCTGTTCA 1208-
R: TCCGGTGGTGCTGATCAA 1285

NR2F6 EAR2 NM_010150 | F: GAGGGCTGCAAGAGTTTCTTC 336-432
R: TCCGGTGGTGCTGATCAA

NR3Al ERa NM_007956 | F: GCAGATAGGGAGCTGGTTCA 1242-
R: TGGAGATTCAAGTCCCCAAA 1312
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NR3A2 ERp NM_207707 | F: GCCAACCTCCTGATGCTTCT 1824-
R: TCGTACACCGGGACCACAT 1924

NR3B1 ERRa NM_007953 | F: AGCAAGCCCCGATGGA 808-912
R: GAGAAGCCTGGGATGCTCTT

NR3B2 ERRp NM_011934 | F: CAGATCGGGAGCTTGTGTTC 1177-
R: TGGTCCCCAAGTGTCAGACT 1252

NR3B3 ERRy NM_011935 | F: GTGCTTAGTGTGTGGCGACA 519-576
R: TTCACATGATGCAAGCCCAT

NR3C1 GR NM_008173 | F: GCAAGTGGAAACCTGCTATGC 1980-
R: CATACATGCAGGGTAGAGTCATTCTT | 2055

NR3C2 MR XM 98332 | F: AGCAGGCCTTTGAGGTCATT 1378-
R: AAGGCCCCACCATTCATG 1436

NR3C3 PR NM 008829 | F: GCTTGCATGATCTTGTGAAACA 2613-
R: TGTCCGGGATTGGATGATT 2677

NR3C4 AR NM_13476 | F: TGTCAACTCCAGGATGCTCTACT 2240-
R: TGGCTGTACATCCGAGACTTG 2320

NR4A1 NGFI-B NM_010444 | F: GTTGATGTTCCCGCCTTTG 1612-
R: CCTGGAGCCCGTGTCG 1678

NR4A2 NURRI1 NM_013613 | F: GCACTTCGGCGGAGTTG 499-560
R: GGAATCCAGCCCGTCAGA

NR4A3 NORI1 NM_015743 | F: AGTGTCGGGATGGTTAAGGAA 1063-
R: ACGACCTCTCCTCCCTTTCA 1122

NR5AL1 SF1 NM_139051 | F: CCCTTATCCGGCTGAGAATT 121-196
R: CCAGGTCCTCGTCGTACGA

NR5A2 LRH1 NM_030676 | F: TGGGAAGGAAGGGACAATCTT 1406-
R: CGAGACTCAGGAGGTTGTTGAA 1506

NR6A1 GCNF NM_010264 | F: CAGAGCTTGATCCAGGCACTAAT 511-612
R: AGGTTCGTTGTTCAGCTCGAT

NROB1 DAX-1 NM_007430 | F: AAGGGACCGTGCTCTTTAACC 1178-
R: TCTCCACTGAAGACCCTCAATGT 1251

NROB2 SHP NM_011850 | F:CAGCGCTGCCTGGAGTCT 492-565
R: AGGATCGTGCCCTTCAGGTA

HOUSEKEEPING GENES

36B4 36B4 NM 007475 | F: CACTGGTCTAGGACCCGAGAAG 455-527
R: GGTGCCTCTGAAGATTTTCG

B-ACTIN | B-Actin NM_007393 | F: CATCGTGGGCCGCTCTA 179-246
R: CACCCACATAGGAGTCCTTCTG

CYCLO Cyclophilin NM 011149 | F: TGGAGAGCACCAAGACAGACA 642-707
R: TGCCGGAGTCGACAATGAT

GAPDH GAPDH NM_199472 | F: CAAGGTCATCCATGACAACTTTG 602-690
R: GGCCATCCACAGTCTTCTGG

HPRT1 HPRT1 NM_013556 | F: GCCTAAGATGAGCGCAAGTTG 739-839
R: TACTAGGCAGATGGCCACAGG

RPL19 RPL19 NM_013556 | F: GACGGAAGGGCAGGCATATG 209-430

R: TGTGGATGTGCTCCATGAGG

GLUCOSE- AND LXR-RESPONSIVE GENES

ABCA1

ABCA1

NM_013454

F: CGTTTCCGGGAAGTGTCCTA

R: GCTAGAGATGACAAGGAGGATGGA

6805-
6883
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ABCG1 ABCG1 NM_009593 | F: GCTGTGCGTTTTGTGCTGTT 1676-
R: TGCAGCTCCAATCAGTAGTCCTAA 1759
APOE apoE NM_009696 | F: GCAGGCGGAGATCTTCCA 965-1037
R: CCACTGGCGATGCATGTC
CHOP10 | CHOP10 NM_007837 | F: CACCACACCTGAAAGCAGAAC 125-189
R: GGTGAAAGGCAGGGACTCA
GLUT2 SLC2A2 NM_031197 | F: CAACTGGGTCTGCAATTTTGTC 1386-
R: GAACACGTAAGGCCCAAGGA 1458
hnINSII Heterogenous | NT 039437 | F: GGGGAGCGTGGCTTCTTCTA
nuclear INSII | X04724 R: GGGGACAGAATTCAGTGGCA 1262-
1347
Insulinl/IT | Insulinl/II NM 008386 | F: TGAAGTGGAGGACCCACAAGT 351-475
NM 008387 | R: AGATGCTGGTGCAGCACTGAT 241-371
MafA MafA NM 194350 | F: TTCAGCAAGGAGGAGGTCATC 757-821
R: GCGTAGCCGCGGTTCT
NAT NAT NM 008387 | F: AGCCCTAAGTGATCCGCTACAA 2-88
R: ATCCACAGGGCCATGTTGAA
SCDI1 SCD1 NM_009127 | F: CCGGAGACCCCTTAGATCGA 3778-
R: TAGCCTGTAAAAGATTTCTGCAAACC | 3866
SPV SPV NT 039437 | F: AGCCCTAAGTGATCCGCTACAA
DQ250569.1 | R: TCAAGTCCCTGAGGTCTTAGCTG 7-103
SREBPIC | SREBP-I¢ NM 011480 | F: GGAGCCATGGATTGCACATT 10438-
NT 096135 | R: GGCCCGGGAAGTCACTGT 10419
(Genomic 7291-
seq.) 7308
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CHAPTER THREE

The roles of LXR and ChREBP in the mouse islet

Abstract

LXRs have been characterized as oxysterol sensors to regulate the expression of genes
critical for cholesterol homeostasis and bile acid metabolism. Recently, the roles of LXRs
in regulating lipid metabolism and glucose homeostasis have also been addressed. In
diabetic rodent models, an oral administration of LXR agonists has been reported to
reduce serum glucose levels. It is proposed that this glucose lowing occurs by LXR-
mediated repression of hepatic gluconeogenesis and an increase in glucose uptake by
adipose. In my studies, I also addressed a potential role for LXR signaling in beta-cells to
enhance insulin secretion and hence improve glucose clearance. LXR[ is abundant in
beta-cells of the islet. Exposure of isolated mouse islets to various LXR agonist increases
glucose-stimulated insulin secretion (GSIS). Using both a candidate approach and an
unbiased microarray analysis, we identified LXR target genes in the mouse and human
islets. We identified ChREBP as a novel target gene of LXR in the beta-cells, and

demonstrated that ChREBP plays an important role in regulating insulin secretion.

Introduction

The liver X receptors, LXRo (NR1H3) and LXRP (NR1H2), were considered orphan
members of the nuclear receptor superfamily until oxysterols, were identified as
endogenous ligands (Willy, Umesono et al. 1995; Repa, Liang et al. 2000). LXRs

function as obligate heterodiners with RXR and bind to LXREs (AGGTCAn4AGGTCA)
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in the promoters of target genes. LXRa. is expressed in metabolically active tissues
including liver, white adipose tissue, intestine, macrophages, and kidney while LXR} is
ubiqutously expressed. Oxysterols including 22(R)-hydroxycholesterol, 24(S)-
hydroxycholesterol, 27-hydroxycholesterol, and 24,25 epoxycholesterol have been
identified as endogenous ligands for LXRs. In the absence of ligand, the LXR/RXR
heterodimer binds to an LXRE and interacts with co-repressors to mediate target gene
silencing (Ahuja 2003, (Wagner, Valledor et al. 2003)). Ligand binding elicits a receptor
conformation change resulting in the release of co-repressors and recruitment of co-
activators to promote transcription of target genes.

Studies using synthetic LXR agonists and Lxr-null mice led to the identification
of numerous target genes of LXR. Many of these genes are enzymes and transporters that
participate in cholesterol metabolism such as Cyp7al, ABCA1l, ABCG5, ABCGS8, and
APOE. LXRs are also involved in fatty acid and lipid metabolism by regulating key
genes in the lipogenesis pathway such as FAS, SCD-1, and SREBP-1c.

More recently, LXRs have also been shown to participate in the regulation of
glucose homeostasis. Administration of an LXR synthetic agonist improved glucose
clearance and insulin sensitivity in both genetic and diet-induced diabetic murine models
(Cao, Liang et al. 2003; Laffitte, Chao et al. 2003). Underlying mechanisms have been
proposed to account for these observations, and include a decrease of hepatic
gluconeogenesis and an increase in glucose uptake by adipocytes (Dalen, Ulven et al.
2003).

In our mouse islet nuclear receptor profiling study, we found that LXRp is

expressed abundantly in the beta cells of the islet. Based on this observation, we aimed to
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reveal the functional significance of LXRf in the beta cell of islet. Using a combination
of cell-based and whole animal studies we found that LXR activation improves beta-cell
insulin secretion. We also identified novel target genes that may contribute to this beta-

cell function.

Materials and methods

Mouse islet isolation and culture

The mouse pancreas was perfused and digested with liberase R1 (Roche). Islets were
then isolated using Ficoll gradient centrifugation and hand-selection under a
stereomicroscope for transfer to RPMI 1640 medium (11.1 mM glucose) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum, 100 IU/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen). Islets were allowed to recover overnight (37°C, 5% CO,)
before further use. Typically 10-12 mice were used to isolate islets that would be pooled
for each group then distributed evenly among multiple wells (200 islets/well) for each

assay condition. All experiments were performed a minimum of two times.

Human islet experiments

Human islets (obtained from cadaver pancreas of a nondiabetic individual) were procured
at the University of Virginia (kindly provided by Dr. Raghavendra G. Mirmira). Islets
were maintained in 5.6 mM glucose in the presence of 10% fetal bovine serum prior to
RNA isolation.

In vivo study of LXR agonist T1317 effects on glucose homeostasis
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Female wild-type and Lxr-null mice on a mixed strain (A129/C57BI6) background and
maintained on a standard mouse chow (Teklad 7001) were treated daily with T1317 by
oral gavage (50 mg/kg body weight) for five days. After 3 days of treatment, mice were
fasted 15 hours and given a single oral dose of glucose (15% glucose solution, 10 ml/g
mouse). Blood was collected and glucose measurements were performed using a PGO
Enzyme assay. After blood was collected, mice were given two more treatments of

T1317 and were sacrificed after five days of treatment.

Cell culture

The insulinoma cell line Beta-TC-6 ([CRL-11506], (Poitout, Stout et al. 1995)) and the
adenoma-derived glucagonoma cell line alphaTC1-clone 9 ([CRL-2350], (Powers, Efrat
et al. 1990)) were obtained from American Type Tissue Culture. The MING6 cell line
(Miyazaki, Araki et al. 1990) was kindly provided by Dr. Melanie Cobb (UT
Southwestern). Cells were maintained in their optimal culture conditions unless indicated
otherwise. Beta-TC6 cells were routinely cultured in DMEM (4.5g/L glucose, 4 mM L-
glutamine) with 15% heat-inactivated FBS. MIN6 cells were maintained in DMEM
(4.5g/L glucose); 2 mM L-glutamine, | mM sodium pyruvate and 10% heat-inactivated
FBS. Alpha-TC1 cells were cultured in DMEM with 4 mM L-glutamine adjusted to
contain 1.5 g/L sodium bicarbonate and 3 g/L glucose with 10% heat-inactivated dialyzed
FBS, further supplemented with 15 mM HEPES, 0.1 mM non-essential amino acids and

0.02% BSA.

RNA measurements
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RNA was isolated from tissue samples or cultured cells using RNA STAT-60 (Tel-Test
Inc.) and 2 pg of total RNA was treated with RNase-free DNase (Roche), then reverse-
transcribed with random hexamers using SuperScript II (Invitrogen)., as previously
described (Kurrasch, Huang et al. 2004).

Quantitative real-time PCR (qPCR) was performed using an Applied Biosystem
Prism 7900HT sequence detection system and SYBR-green chemistry (Kurrasch, Huang
et al. 2004; Valasek and Repa 2005). Gene-specific primers were designed using Primer
Express Software (PerkinElmer Life Sciences) and validated by analysis of template
titration and dissociation curves. Primer sequences are provided in Table 1. 10 pul gPCR
reactions contained 25 ng of reverse-transcribed RNA, each primer (150 nM) and 5 pl of
2X SYBR Green PCR master mix (Applied Biosystems). Multiple housekeeping genes
were evaluated in each assay to insure that their RNA levels were invariant under the
experimental conditions of each study. Results of qPCR were evaluated by the
comparative Ct method (user bulletin No.2, Perkin Elmer Life Sciences) using
hypoxanthine-guanine phosphoribosyl transferase (HPRT) or cyclophilin as the invariant

control gene.

Western analysis

Tissues, islets, and cultured cells were lysed in cold lysis buffer (Cell Signaling
Technology, MA) containing 1 mM PMSF and were centrifuged at 10,000x g for 10 min
at 4 °C. Protein concentrations were measured using the BCA protein assay kit (Pierce).
Proteins were size-fractioned on an 8% denaturing SDS-polyacrylamide gel and were

transferred to nitrocellulose membrane. Rabbit anti-ChREBP antibody (Novus Biology,
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1:1000) and mouse anti-gamma tubulin antibody (Sigma Aldrich, 1:5000) were used with
the species-appropriate HRP-conjugated secondary antibodies and the Supersignal West
pico-chemiluminescent substrate (Pierce) to generate a signal by autoradiograph. Signal
density of bands was determined by analyzing scanned images with OptiQuant v3.1

software (Packard Bioscience).

Glucose-stimulated insulin secretion-static measurement

Mouse islets (5-10/well of 24-well culture plate, each condition represented in 4
independent wells) were incubated in Secretion Assay Buffer (SAB, containing 0.114 M
NaCl, 4.7 mM KCl, 1.2 mM KH,POy, 1.16 mM MgSQOy,, 12.75 mM NaHCOs3, 25 mM
CaCl,, 20 mM HEPES and 0,2% BSA, pH 7.4) without glucose for 1 hour then were
stimulated with 5 or 17.5 mM glucose for 1 hour . Secreted insulin was measured using
radioimmunoassay (RIA, Linco Diagnosis). Islets were collected and lysed by sonication,
and total insulin (by RIA) and/or DNA (using Hoechst 33528, Sigma Aldrich) was

quantified.

Glucose-stimulated insulin secretion-perifusion

Islets were incubated for 1 hour in SAB without glucose, then were transferred onto a
nitrocellulose filter (Millipore) in a plastic perifusion chamber (Millipore) with 100
islets/chamber performed in duplicate. Culture media contains varying glucose
concentrations, warmed to 37°C was then applied to the chamber by peristaltic pump at a
flow of 0.5 ml/min, and effluent fractions were collected for insulin measurement by

RIA.
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ATP measurement

Islets were incubated in SAB containing 2.7 mM glucose for 1 hour. Following the pre-
incubation, islets were transferred to wells (15 islets each well x 5 for each condition) of
24-well culture plate containing 0.5 ml SAB with either 2.7 mM or 17.5 mM glucose and
incubated for 1 hour. Islets were then transferred into 1.5ml tube, snap-frozen in liquid
nitrogen, and stored at -80°C before assay. ATP content of islets was measured using an

ATP bioluminescence assay kit HS II (Roche) following the manufacturer’s instructions.

Glucose and insulin measurement in mice

To measure postprandial plasma analytes, food was removed 3 hours before blood
sampling at 9 am. To obtain plasma samples in the fasted-state, food was removed from
the mouse cages at 7 pm (for 14-15 hours fasting). For glucose tolerance tests, mice were
fasted overnight, then received an intraperitoneal glucose injection (1 g/kg body weight)
and plasma samples were collected at 0, 2, 5, 15, 30, 60, and 120 min after glucose
administration. Plasma glucose levels were measured using PGO kit (Sigma) and insulin
measurements were performed using Ultrasensitive rat insulin ELISA kit (Crystal

Chemical).

Immunohistochemistry and beta cell mass determination

Dorsal pancreata dissected from adult mice were fixed overnight in 10% Formalin
Solution (Sigma), dehydrated, and paraffin-embedded in Paraplast Plus tissue Embedding
Medium (McCormick). 10 pum sections spanning from distal to proximal regions of the

pancreas were mounted in Superfrost/Plus slides (Fisher). For immunofluorescence,
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sections were de-waxed; rehydrated using decreasing concentrations of ethanol; washed
several times in PBS; blocked for 1 hr at RT with 5%NDS, 5%NGS (Sigma); and
incubated with primary antibody diluted in blocking solution overnight at 4°C. The
primary antibodies used were: rabbit anti-Glucagon (LINCO Research, 1:300) and guinea
pig anti-Insulin (DakoCytomation, 1:300). Signal was detected the following day by
incubating the slides at RT for 1 hr with fluorophore-conjugated antibodies and mounted
using Vectashield with DAPI (Vector Laboratories). The secondary antibodies used were:
TRITC-conjugated goat anti-Guinea pig (Jackson ImmunoResearch) and FITC-
conjugated donkey anti-Rabbit (Jackson ImmunoResearch). Images were acquired on a
LSMS510META confocal microscope. For pancreas area determination, sections were de-
waxed, rehydrated using a graded series of ethanol concentrations; sections were stained
with Harris Hematoxylin (Fisher) and counterstained with Eosin-Y (Fisher); dehydrated
and mounted with permount solution (Fisher). Pancreatic sections and 3-cell areas were

analyzed using AxioVersion 4.5 software.

Whole pancreas insulin measurement

Three wild type and three ChREBP -/- female mice aged 10 months were fasted overnight
and the pancreases were carefully dissected and wet weights were obtained. Pancreatic
insulin was extracted in acid ethanol (180mM HCI in 70% ethanol). Whole pancreas was
homogenized in 3 ml acid ethanol and the homogenate was left overnight at 4°C. The
homogenate was then centrifuged at 2000g for 3min and the supernatant was collected.
The extraction was repeated three times and the supernatants from each time were pooled

and used for determination of insulin content by RIA kit.
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Oligonucleotide array

Human islets was treated with vehicle (DMSO, final conc. of 0.1%) or T1317 (1 uM) for
24 hours (n=2 per group) under both low (2.5 mM) and high (25 mM) glucose culture
conditions and RNA were extracted. RNA samples were hybridized to the Illumina
Human Ref-8.2 v2 Beadchip. Expression of genes was analyzed and compared using

Genesifter software (http://www.genesifter.net/web/). Genes up- or down-regulated by

T1317 under low glucose condition are shown in Supplemental Table 3.2 and

Supplemental Table 3.3, respectively.

Statistics

Data are reported as the mean + SEM or Std. Dev. (as stated in each figure legend) for the
specified number of conditions or animals. GraphPad Prism software (GraphPad, San
Diego CA) was used to perform all statistical analyses. The assumption of equal variance
was tested by Bartlett’s test, and log transformation was performed if necessary prior to

statistical evaluation.

Results

Expression of LXRs/ RXRs in the endocrine pancreas

We used qPCR to determine the expression of LXRa, LXRp, and their heterodimer
partner, RXRs, in isolated mouse islet and representative cell lines (BTC6, MING6, aTC1).
LXRp is the predominant isoform of LXR in islet cells, and RXRa is the most abundant
among all three RXR isoforms (Figure 3.1 A). This relative distribution was also

observed in hamster, rat, and human islets (data not shown). mRNA levels of LXRs and


http://www.genesifter.net/web/
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RXRs did not change in mouse islets cultured in low glucose (5 mM) or high glucose
(17.5 mM) medium (data not shown).

To test the functional integrity of the LXR/RXR pathway in the islet, a synthetic
ligand (T1317) of LXR was used to treat isolated islets. Many known target genes of
LXR including ABCAL, SREBP-1c, SCD-1, and FAS are expressed in islets and were
activated when islets were exposed to T1317 for 16 hours (Figure 3.1 B). These results

demonstrate that the LXR/RXR pathway is present and functional in cells of the islet.
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Figure 3.1. LXRs and RXRs are expressed in islets and beta-cell lines.

(A) Distribution of mRNA encoding LXRa, LXR[ and their heterodimerization partner, RXRs, in
tissues, a mouse alpha-cell line (aTC-1), and beta-cell lines of mouse (BTC-6), hamster (HIT-
T15), and rat (INS-1/832). RNA was measured by quantitative real-time PCR, using cyclophilin as
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the invariant calibrator gene. Values depict the mean and standard error of three independent
samples. The numbers provided under the islet values are the PCR cycle numbers.

(B) Activation of known LXR target genes in mouse islets and cell lines by the synthetic ligand
T1317. Isolated mouse islets and BTC-6 cell line were treated with either vehicle (DMSO, white
bars) or T1317 (10uM, black bars) for 16 hours and the activation of previously identified target
genes of LXR were measures by qPCR. (* p<0.05, as compared to vehicle).

Administration of LXR agonist in mice leads to better glucose control

To evaluate the effects of LXR activation on glucose metabolism, wild type and LXr o-/-
/B-/- knockout mice were treated with the LXR synthetic ligand T1317 daily (50 mg/kg
body weight). After 3 days of treatment, oral glucose tolerance tests were performed. The
results demostrate that T1317-treated wild type mice exhibit improved glucose clearance
compared to vehicle-treated wild-type mice. This effect is not observed in Lxr o-/-/B-/-

knockout mice suggesting that the glucose lowing effects of this drug are indeed LXR-

dependent (Fig 3.2).
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