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Title: Novel genes expressed in the pancreatic islets and regulated by IGF-I
ABSTRACT

Insulin-like growth factor (IGF)-I is mainly produced by hepatocytes and other
tissues including pancreas at lower level. Acting through its receptor, IGF-IR, it promotes
embryonic development, postnatal growth and maturation of major organ systems. To
evaluate the effects of increased IGF-I level on islet growth and glucose homeostasis, our
lab previously characterized MT-IGF mice which over express IGF-I gene under the
metallothionine I promoter and found that its expression was highly concentrated to -cells.
IGF-I overexpression led to a significant hypoglycemia in fasted animals, hypoinsulinemia
and improved glucose tolerance. Moreover, MT-IGF-I mice were significantly resistance
to streptozotocin-induced diabetes, with diminished hyperglycemia and abolished weight
loss and reduce mortality.

Although IGF-I is known to stimulate protein synthesis, cell survival and
proliferation, the specific target within the islets have not been screened in a systematic
manner. In order to explore novel targets of IGF-I action, we performed a whole genome
DNA microarray analysis on isolated islets from overexpressing IGF-I mice, and found 82
genes specifically up- or down-regulated. Prominent targets among those are HSD11B1
encoding 11B-hydroxysteroid dehydrogenase-1 (11B-HSD1) and CCN5/Wisp-2,
previously not shown to be expressed in the pancreatic islets and regulated by IGF-I. In
this study, we further checked 1) the localization of these targets in pancreatic islets both
at the mRNA and protein level; 2) the effect of CCN5/Wisp2 in pancreatic islet
proliferation and survival; 3) the effect of 113-HSD1 under IGF-I regulation and assessed

its functional relevance to type 2 diabetes.



The studies described in chapter II demonstrates that CCN5/Wisp2 is normally
expressed in mouse B-cells and IGF-I directly stimulated its expression. CCN5 over
expression increases the proliferation of mouse insulinoma cells, activates Akt and ERK
kinases, and inhibits streptozotocin-induced cell death. Furthermore, use of recombinant
CCNS5 protein seems to reproduce the proliferative effect and the stimulation on Akt
phosphorylation. All these findings suggest that CCNS5 can regulate islet cell proliferation
and survival and its increased expression may contribute to IGF-I stimulated islet cell
growth and/or survival.

The study outlined in chapter III confirmed the presence of 11B3-HSD1 exclusively
on a-cells of the islet. We demonstrated an inhibitory effect of IGF-I on 11B-HSDI
expression and activity which may partially explain the observed increase in basal insulin
levels in MT-IGF mice. The Inhibitory effect of IGF-I on 113-HSD1 may render protection
to islet cells by delaying apoptosis and thus can be proved beneficial for type 2 diabetes

patients.
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Titre : Génes novateurs exprimés dans les ilots pancréatiques et leur régulation par IGF-I
RESUME

IGF-1, le facteur de croissance analogue a I’insuline, est principalement produit par
les hépatocytes, ainsi que par d’autres tissus incluant le pancréas a des niveaux plus bas.
En interagissant avec son récepteur, IGF-IR, IGF-I promeut le développement
embryonnaire, la croissance postnatale, et la maturation d’organes vitaux. Afin d’évaluer
les effets d’une hausse des niveaux d’IGF-I sur la croissance des ilots pancréatiques et sur
la régulation de I’homéostasie du glucose, le laboratoire du Dr Liu a précédemment
caractérisé les souris transgéniques MT-IGF qui sur-expriment le géne du IGF-I sous le
controle du promoteur métallothionéine I et a ainsi identifié I’expression d’IGF-I comme
¢tant la plus concentrée aux cellules béta. La surexpression d’IGF-I a mené a une
hypoglycémie a jelin significative, a ’hypoinsulinémie et a une amélioration de la tolérance
au glucose. De plus, ces souris transgéniques MT-IGF-I ¢étaient significativement
résistantes au diabéte induit par la streptozotocin, ce qui a par conséquence diminué

I’hyperglycémie et aboli la perte de poids et la mortalité.

Bien qu’IGF-I soit connu pour sa capacité de stimuler la synthése protéique et de
promouvoir la survie et la prolifération des cellules, la véritable nature de sa cible dans les
ilots pancréatiques n’a pas encore ¢ét¢ détectée d’une maniere systématique. Afin de
découvrir des cibles novatrices de 1’action d’IGF-I, nous avons conduit une analyse
micropuces ADN du génome entier d’ilots isolés des souris sur-exprimant IGF-I ce qui
nous a mené a I’identification de 82 génes dont I’expression est stimulée ou supprimée par
I’activité de la voie IGF-I. Parmi les cibles retrouvées, les plus importantes incluent

HSD11B1 qui encode 11B-hydroxystéroide déhydrogénasel (11B-HSD1 in vitro) et



CCNS5/Wisp-2 qui n’ont pas auparavant été démontrées d’étre exprimées dans les ilots
pancréatiques ni d’étre régulées par IGF-I. Le but de cette étude est d’analyser davantage
1) la localisation de ces cibles dans les ilots pancréatiques en tant que mRNA et protéines;
2) les effets de CCN5/Wisp-2 sur la prolifération et la survie des 1lots pancréatiques; 3) les
effets de 11B-HSDI1 sous la régulation d’IGF-I et 1’évaluation de sa pertinence

fonctionnelle dans le diabéte type 2.

Les ¢études décrites dans le chapitre II démontrent que CCNS5 /Wisp2 est
habituellement exprimé dans les cellules béta murines et IGF-I stimule directement son
expression. La surexpression de CCNS5 stimule la prolifération des cellules murines
pancréatiques de I’insulinome, active les kinases Akt et ERK, et inhibe la mortalité
cellulaire induite par la streptozotocine. D’ailleurs, I'utilisation de la protéine recombinante
CCNS semble reproduire 1’effet prolifératif et stimuler la phosphorylation d’Akt. Ces
résultats suggerent que CCNS5S peut réguler la prolifération et la survie des flots
pancréatiques, tandis que 1’augmentation de son expression peut contribuer a I’action

stimulatrice d’IGF-I sur la croissance cellulaire et/ou la survie des 1lots.

L’étude soulignée au chapitre I1I confirme la présence de 113-HSD1 exclusivement
dans les cellules alpha des ilots. Nous avons démontré un effet inhibiteur d’IGF-I sur
I’expression et ’activité de 11B-HSD1, ce qui peut partiellement expliquer la hausse des
niveaux d’insuline de base observés dans les souris transgéniques MT-IGF. Nous avons
aussi constaté une baisse de sécrétion d’insuline par les cellules murines pancréatiques de
I’insulinome qui sur-expriment 113-HSD1. Il est possible que I’effet inhibitoire d’IGF-I

sur 11B-HSDI renforce la protection des cellules d’ilots pancréatiques en retardant



I’apoptose démontrant ainsi des bénéfices potentiels aux patients souffrant du diabéte de

type 2.
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Chapter |

GENERAL INTRODUCTION



1.1 Glucose homeostasis in the body

Glucose is quantitatively the most important fuel source for humans as well as other
animals. It is the major building block for cellular structures. Glucose constitutes about 80% of
absorbed dietary sugars. Glucose is also the primary fuel for the brain but if glucose is low it can
use ketone bodies to replace about 20% of its glucose requirement. Gluconeogenesis provides the
brain with a steady supply of glucose even during prolonged starvation. In healthy individuals,
adipose tissue, muscle and liver rapidly absorb glucose to ensure postprandial blood glucose levels.
While a surplus of caloric intake is not immediately risky, an increase in the anabolic processes

can lead to the development of obesity and diabetes.

1.2 Regulation of glucose metabolism

The two main regulators of glucose metabolism are insulin and glucagon, which are both
secreted by the islets of Langerhans in the pancreas. The metabolic effects are primarily exerted on
the liver, muscle, and adipose tissue. The liver is the main site for several of the metabolic processes,
such as gluconeogenesis or glycolysis. Skeletal muscle is capable of glucose uptake, where it can be
oxidized or stored as glycogen, and it is also the major site of amino acid uptake and protein synthesis.
Finally, adipose tissue is a major site for energy storage in the form of triglycerides, providing long

term storage for energy dense lipids.

The levels of these two hormones are regulated in a reciprocal manner, such that as the
plasma level of one increases, the other decreases. Insulin is the primary mediator of anabolism
such as glycogenesis, lipogenesis and protein synthesis. Intake and digestion of food increases the
secretion of insulin which then promotes the uptake and utilization of nutrients into muscles,

adipose tissue, and liver. Glucagon, on the other hand, is a catabolic hormone and increases during



starvation and acts in an opposite fashion to insulin by promoting glycogenolysis in the liver and
muscles, lipogenolysis in adipose tissue and proteolysis in muscle. Thus, insulin and glucagon
coordinate to keep the blood glucose levels in a normal range. The principal modulator of these
hormones is plasma glucose levels, although many other nutrients, as well as neuronal and
hormonal inputs can also regulate secretion of these hormones. The blood glucose concentration
is tightly regulated. According to ADA guideline (2014), blood glucose level under fasting
condition ranges from 5.6 to 6.9 mM (100—-125 mg/dL) and increases to 7.8-11 mM (140-199
mg/dL) postprandially (1). Maintenance of glucose levels in blood within these ranges is crucial
in ensuring its maximal uptake and utilization in the tissues. Any alternative of that may lead to
hypoglycemia and hyperglycemia with severe consequences for the body such as muscle
weakness, impaired cardiac function, cerebral energy failure leading to brain damage and diabetes
(2). Hypoglycemia is commonly caused by intensive therapy in type 1 and type 2 diabetes (3) and

prolonged starvation.

1.3 Diabetes Mellitus

Diabetes mellitus is considered as a group of metabolic diseases characterized by, and
diagnosed with, chronic hyperglycemia (WHO definition). The classical symptoms caused by
chronic hyperglycemia are polydipsia (increased thirst), polyuria (frequent urination), and
polyphagia (increased hunger).

1.3.1 Current world status of Diabetes

The International Diabetes Federation (IDF) reported that 382 million people worldwide

or 7.5% of the population is suffering from diabetes in 2013, which is nearly 15 times more than

reported in 1985 (IDF Diabetes Atlas, 6™ Edition, 2013). Alarmingly, 46% of this population



remains undiagnosed. The condition is affecting more people of working age than previously
predicted and no ethnic group has escaped from its increasing prevalence. The mortality rate has
significantly increased because of diabetes complications and the financial burden on the health
sector is rising exponentially. It is predicted that if the current rate of growth continues, the total
number of diabetic patients will exceed 592 million in 2035 (IDF Diabetes Atlas, 6" Edition,
2013).

Diabetes is associated with long-term damage due to the chronic hyperglycemia. This
causes many complications such as deregulation and failure of various organs including the eyes,
kidneys, blood vessels, heart and nerves (4). In both forms of diabetes, the ultimate result is B-cell
failure (4). Type 1 diabetes (T1D) results from a failure to produce insulin and requires life-long
injections of insulin (although recent islet transplant therapy has opened the possibility to finally
supersede this) (5,6). Type 2 diabetes (T2D) results from peripheral insulin resistance wherein
cells fail to sense and respond to insulin properly. At least initially, T2D can be controlled with
medications that improve insulin sensitivity before the need to administer insulin.

1.3.2 Type 1 Diabetes

T1D or insulin dependent diabetes is most often found among young adults or children,
and is characterized by high blood and urine glucose levels. T1D is caused by an autoimmune
reaction that reduces 80% reduction in B-cell mass in the islets of Langerhans of the pancreas and
resulting in permanent insulin loss (7).

The possible factors behind the cause of T1D might be associated with genetic
predisposition because of immunological origin (8). Also environmental factors such as stress (9-
12), viral mediators (13), bacterial infection (14), food constituents (15-18) may also trigger the

conditions required for disease onset. T1D is rapidly life threatening and there is a need for either



multiple daily insulin injections or continuous subcutaneous insulin infusion. Pancreatic or islet
transplants have been used to treat T1D clinically, though this approach is still at the experimental
trial stage and requires a lifetime of immunosuppression (5,6,19,20). A drive to create artificial
glucose responsive pancreatic islet tissues is currently at the forefront of T1D research (21).
1.3.3 Type 2 diabetes

T2D used to be called non-insulin dependent diabetes (NIDDM) or adult-onset diabetes,
and accounts for at least 90% of all cases of diabetes. T2D is characterized by peripheral insulin
resistance, increased hepatic glucose production and relative insulin deficiency (22, 23). The
diagnosis of T2D can occur at any age with any or all of these pathological alterations. Although
the etiology of T2D is far from clear, researchers found its close association with inheritable
genetic and environmental factors, such as stress (11), high fat diet (27) and a less active life style
(24). Recent genome wide association studies in the human population identified several candidate
genes of T2D, the majority of which are associated with B-cell function (25).
In T2D, there is a loss of up to 50% of the B-cell mass along with a 3 fold increased rate of apoptosis
of the B-cells (29, 30). B-cell mass is negatively affected by dyslipidemia and hyperglycemia,
which increase apoptosis (31, 32).
1.4 The Pancreas

The pancreas is a glandular organ in the digestive and endocrine system. It functions both
as an endocrine gland (producing insulin, glucagon, and somatostatin) as well as an exocrine gland
(secreting pancreatic juice containing digestive enzymes). These enzymes help in the further
breakdown of the carbohydrates, protein, and fat in the chyme.

1.4.1 The Anatomy and histology of the Pancreas



The pancreas has three main sections: 1) Head: area of pancreas to the right of the left
border of the superior mesenteric vein. 2) Body: The area of pancreas between the left border of
the superior mesenteric vein and the left border of the aorta. 3) Tail: The area of pancreas between
the left border of aorta and the hilum of the spleen. The pancreas is in direct contact with the gastro-
intestinal tract (stomach, duodenum, spleen, and major vessels of the abdomen).

1.4.2 Functions of Pancreas

The pancreas is a dual-function gland, having features of both endocrine and exocrine
glands.

Endocrine: The endocrine pancreas is made up of approximately a million cell clusters called
islets of Langerhans. There are four main cell types in the islets: a cells secrete glucagon, B cells
secrete insulin, o cells secrete somatostatin, and PP cells secrete pancreatic polypeptide. The islets
are a compact collection of endocrine cells arranged in clusters and cords and are interlinked by a
dense network of capillaries. Endocrine cells in direct contact with vessels line the capillaries of
islets, and most endocrine cells are in direct contact with blood vessels.

Exocrine: The exocrine pancreas produces digestive enzymes and an alkaline pancreatic juice,
and secretes them into the small intestine through the exocrine ducts in response to intestinal
hormones secretin and cholecystokinin. Digestive enzymes include trypsin, chymotrypsin,
pancreatic lipase, and pancreatic amylase, are produced and secreted by acinar cells of the exocrine
pancreas.

1.4.3 Anatomical and morphological origin of the pancreas and progenitor cell development

New insights from recent advancement studies in pancreas developmental biology with the
focus on B-cell ontogeny have expanded our knowledge on the cause and treatment of diabetes.

As the work involved in this thesis relates to the mouse, this section will highlight murine



pancreatic development. Both the pancreatic endocrine and exocrine cells derive from the
embryonic endoderm. Prior to outgrowth of the pancreatic buds, a ventral and dorsal prepancreatic
region is specified in the gut endoderm around e8.5. Pancreatic development starts from embryonic
day €8.5-9.0 with the formation of dorsal and ventral buds. The dorsal bud lies in close proximity
to the notochord and lateral to the dorsal aorta. The ventral bud comes from the hepatic
diverticulum and becomes the pancreatic head. In mice, at 9.5, the dorsal and ventral buds begin
a differential rotation. The duodenum rotates to the right along with the ventral bud. By €10.5, the
partially differentiated epithelium of the two buds undergoes branching morphogenesis into a
ductal tree that by e12.5 results in the formation of two primordial pancreas organs consisting
predominantly of an undifferentiated ductal epithelium. Between el3 to e14, the ventral bud fuses
with the much larger dorsal bud to form a single definitive pancreas (37). (Figure 1.2). Mouse
pancreatic endocrine progenitor cells are present from the very beginning of development (€9.5).
The pancreas development involves two major transitions: the first one between E9.5 and E12.5
related to organ determination resulting the conversion of pre-differentiated cells to a proto-
differentiated state, characterized by low levels of pancreas-specific proteins. During the
secondary transition from e12.5 until birth, the pancreatic epithelium continues to expand and
branch into a complex yet highly ordered tubular network. At el5.5, the luminal plexus
progressively remodels into a single-layered epithelium consisting of highly branched primitive
ducts (also known as progenitor cords) and newly differentiated acinar cells. Ngn3-expressing

endocrine precursors delaminate and migrate away from the progenitor cords to form endocrine
clusters. Blood vessels are intercalated between nascent branches of the pancreatic ductal tree. In
the mature pancreas, acinar cells cap the endings of small terminal ducts and form functional

exocrine secretory units. Endocrine cells are clustered in so-called islets of Langerhans, which are



penetrated by a dense network of blood vessels (Figure 1.2)
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Figure 1.2 Schematic representation of morphogenetic events and expression of
transcription factors during embryonic pancreas development. HIxb9 is expressed in the
dorsal endoderm before initiation of DP organogenesis; PDX-1 appears between e8.5 and e8.75 at
the foregut domain, VP begins to form; Nkx2-2 co-expresses with PDX-1 at e8.75, Nkx6-1
expresses at VP; by €9.0 some cells turn on Ngn3 expression and go through the endocrine
pathway, some cells expressing Ptfla and co-expressing PDX-1 enter the exocrine pathway; at
€9.5, VP starts to rotate to the right, several transcription factors co-express at DP and Pax4
appears. At this stage, glucagon and insulin can be detected (first transition); from e€10.5 to e12.5,
the uniform epithelial structure of the entire pancreatic epithelium becomes highly branched, and
by e12.5, the undifferentiated ductal epithelium forms. Nkx2-2, Nkx6-1, HIlxb9-positive cells
segregate to the central epithelium, whereas Ptfla-positive cells are specifically found in the
periphery and migrate to regulate acinar cell maturation; from e12.5 to e14, the VP fuses with DP
to form a single pancreas organ; the buds begin to differentiate into endocrine and exocrine cellular
lineages by el14 and proliferate and expand extensively, acinar cells complete maturation; from
el3.5 to e14.5 (second transition) the endocrine cells organize into isolated clusters that condense
into the islets of Langerhans by €18.5. Abbreviations: A, anterior; P, posterior; st, stomach; duo,
duodenum; DP, dorsal pancreas; VP, ventral pancreas. [Adapted with permission from (40)]



1.4.4 Pancreatic B-cell growth and regeneration
1.4.4.1 p-Cell expansion in normal growth

The regulation of B-cell mass is a dynamic process. Any kind of change (increase or
decrease) in terms of function and mass of the B-cell is associated with the maintenance of the
glycemic level within a very narrow physiological range (41). The mechanisms responsible for
changes at the level of replication and neogenesis in both normal and pathophysiological states
can lead to changes in individual cell volume, and changes in cell loss or death rates. In rodents,
cell replication is significantly higher during late gestation and the neonatal period than after
weaning and changes little beyond 3040 days of age except in response to physiological/
pathological changes (42-44). The frequency of apoptosis is low and unchanged before weaning
(45, 46). In the initial months of life, the B-cell mass increases with body weight through increases
in both cell number and size. Increase in this B-cell mass lasts throughout the life span but in the
later stage of life (15-20 months), the increment in mass in rodents is largely accounted for by
increased cell size (46).
1.4.4.2 Neogenesis of Pancreatic B-cell in vivo

Although replication is the major pathway of renewal of -cells (58) some of the new -
cells arise from a non- B-cell precursor or stem cell in adult rats (59). During the fetal stage,
differentiation is the major mechanism for forming new cells, but replication or self-duplication is
enhanced during the perinatal period. During the neonatal period, cell replication continues, and
significant neogenesis occurs under the normal physiological conditions. Exendin-4, an analog of
GLP-1, has been reported to enhance both proliferation and neogenesis of pancreatic B-cells in rats
with 90% pancreatectomy (60). Administration of exendin-4 caused a direct trophic effect on islet

neogenesis in insulin-resistant obese fa/fa Zucker rats that was independent of glycemia and body
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weight, and in addition improvement insulin sensitivity (61). GLP-1 or exendin-4 treatment
increased pancreatic insulin content and B-cell mass and decreased blood glucose in STZ-treated
neonatal rats in both short- and long-term (62).

1.4.4.3 In vitro expansion of B-cells:

In vitro expansion of pancreatic B-cells is an attractive strategy for B-cell transplantation.
In the presence of growth factors and hormones, human B-cells exhibit the capability to proliferate
in culture plates (68-70). But these expansions of B-cells have very limited capacity to show B-
cells phenotype in terms of insulin expression and secretion. Studies found that the phenotypic
changes of pancreatic B-cells in culture sometimes resemble epithelial-to mesenchymal transition
(EMT) in mouse and human pancreatic B-cells (71-73). According to these studies pancreatic 3-
cells of adult mice undergo dedifferentiation into mesenchyme- like fibroblastoid cells (i.e., EMT),
and that the process is associated with the progression of the cell cycle. The dedifferentiated cells
can redifferentiate into insulin-positive cells (74). However, some other studies (48—50) found that
most proliferative mesenchymal cells migrating out from pancreatic islets in vitro were not derived
from B-cells, and suggested that these cells do not represent a useful source for the generation of
physiologically competent B-cells for treatment of diabetes (75,76).

There are several hormones and growth factors which can regulate the pancreatic f-cell
mass. Regulators like growth hormone (GH), insulin, insulin-like growth factor-1 (IGF-I),
incretins, Glucagon-like peptide-1 (GLP-1) have been shown to promote islet cell function and/or
growth (78-79) in different animal models of diabetes. In phases of discussion (section 1.5, 1.6)

we will discuss about insulin and IGF-1.
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1.5 Insulin

B-cells store a large amount of insulin in mature granules and release a small proportion of
these granules immediately following glucose stimulation. To renew these stores, insulin
biosynthesis is immediately stimulated and occurs mainly at the translational level. Under
physiological conditions, the quantity of insulin released by B-cells is directly related to the
prevailing glucose concentration, which may depend on the nature, quantity and route of

administration or exposure to nutrients.

1.5.1 Insulin transcription, synthesis and release

Insulin is an important hormone in regulating metabolic homeostasis. Insulin is a peptide
of ~6000 daltons and composed of 2 chains (alpha 21 amino acids and beta 30 amino acids) linked
together by disulphide bonds A7-B7 and A20-B19. Most of the animals have one copy of the gene
except the rat and mouse, which carry two copies of each (341). In rats, both insulin gene I and II
are localized on the same chromosome 1 (80). In mice, the insulin gene | is located on chromosome
19 (64), and the insulin gene 11 is localized on chromosome 7 (65). Physiological insulin expression
is restricted to pancreatic B-cells, although the insulin gene I is moderately expressed in the rat
brain predominantly in the hippocampus (66). Insulin transcription is controlled by the insulin
promoter that is a highly conserved ~340 bp region located upstream from the transcription start
site (67). The insulin promoter binds B-cell specific as well as ubiquitous transcription factors (63,
67). The most critical transcription activation elements of the insulin promoters are the E, A and
C sites (63) as well as additional sequences that may have more subtle regulatory effects. The
insulin mRNA is translated as a single chain precursor (preproinsulin) and processed to proinsulin
through the removal of the “pre” portion by a signal peptidase. Newly synthesized proinsulin in

the RER is transferred to the CGN, through the Golgi apparatus, to the TGN, where immature 3
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granules form. The TGN is the sorting point of B-granule, lysosomal-, and constitutively secreted
proteins. There is a post-TGN editing mechanism (569, 570, 571) that is indicated as budding off
of the clathrin-coated region of an immature B-granule. Proinsulin is targeted to the p-granule
compartment, where it undergoes proteolytic conversion to insulin and C peptide. Granule
maturation can be divided into three steps: (i) acidification of the granule lumen, (ii) conversion
of proinsulin to insulin and C-peptide through proteolysis by endoproteases PC1/3 and PC2,
followed by trimming of the carboxyl termini carboxypeptidase E, and (iii) loss of the coat protein
clatherin (583, 595, 606). The granule luminal ATP-dependent proton pump serves to produce the
acidification of the granule milieu that facilitates the conversion of proinsulin to insulin since both
convert enzymes (endoproteases PC1/3 and PC2) display an acidic pH optimum (167). Mature -
granules are then held in an intracellular storage compartment in close association with Zinc and
Calcium, and finally stored as a hexamer which is inactive (344). Insulin is released by exocytosis
after glucose stimulation. The granules carrying insulin hexamers are released into the intercellular
space where they dissolve to expose insulin monomers which are the active form of insulin (344).
1.5.2 The role of glucose in insulin secretion

Glucose is the main physiologic regulator of insulin transcription, translation and secretion.
Basal insulin gene transcription occurs at low plasma glucose concentrations (< 5.6mM). The
transcription of insulin increases at higher glucose concentrations, and is sensed through increased
glucose metabolism by the high Km GLUT2 and GK activity within the B-cell (81). Glucose-
induced insulin transcription is modulated by many factors which influence insulin transcription
as mentioned above, and the insulin promoter boxes. B-cells release insulin in response to glucose
metabolism (82). After entering the P-cell through the GLUT2 transporter, glucose is

phosphorylated to G6P by glucokinase and metabolized via glycolysis to generate pyruvate which
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is then utilized by the mitochondria (81, 83, 84). In the glucose oxidation pathway, approximately
50% of pyruvate is metabolized by pyruvate dehydrogenase producing acetyl-CoA which enters
the tricarboxylic acid cycle (TCA) to generate ATP. This causes an increased intracellular
ATP/ADP ratio (81, 83, 85) which results in closure of the plasma membrane Karp-channels that
induces membrane depolarization, and triggers increased calcium concentrations in the cytoplasm
through opening of voltage-gated calcium channels (86). The increased intracellular calcium level
induces the insulin secretory granules to fuse with the membrane and releases insulin by exocytosis
(87). This pathway, often termed the Katp channel-dependent pathway is considered to be the
major triggering event for GSIS. Pyruvate can also be metabolized by pyruvate carboxylase to
oxaloacetate, which ensures the provision of a carbon skeleton to the TCA cycle in the

mitochondria, a process known as anaplerosis (85, 88, 89). (Figure 1.3)

1.5.3 Insulin signaling Network

Activation of specific insulin receptor (member of tyrosine kinase subfamily) is responsible
for normal insulin signaling (90). The insulin molecule binds to the a-subunit of the receptor,
releasing the inhibition of tyrosine auto-phosphorylation by the 8 subunit (91, 92). The receptor is
auto-phosphorylated at distinct tyrosine residues. In contrast to most tyrosine kinase receptors, the
activated insulin receptor directly phosphorylates IRS-1 to -4 on multiple tyrosine residues. There
are currently four members of the IRS family known to be involved in insulin signaling, with IRS-
1/2 being the most important for glucose transport (92, 93). The subcellular distribution of these
proteins between the cytoplasm and low-density membrane compartments of the cell has been
shown to play a vital role in transmitting the proper insulin response (93, 94). Tyrosine-

phosphorylated IRS proteins then act as a binding site for signaling molecules containing SH-2
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domains such as PI3K, GRB-2/mSOS, and SHP-2. These molecules bind the phosphorylated
tyrosine residues of IRS proteins, forming a signaling complex to mediate downstream signaling.
PI3K is the main signal mediator of the metabolic and mitogenic actions of insulin. It is composed
of a p85 regulatory subunit, which binds to IRS proteins, and a p110 catalytic subunit. After the
association of p85 with IRS-1/2, the p110 subunit has increased catalytic activity. This allows
phosphorylation of its substrate, PtdIns (4,5)P2, on the 3’ position of the inositol ring to generate
PtdIns(3,4,5)P3 (91). The second messenger, PtdIns (3,4,5)P3, recruits the serine kinases PDK-1,
PKB/Akt, and PKC to the plasma membrane via their PH domains. The activation of these kinases
results in several of insulin's responses, such as GLUT4 translocation to the membrane, glycogen
synthesis by phosphorylation of GSK-3, and lipogenesis by up-regulating synthesis of the fatty
acid synthase gene. In addition to insulin signaling via PI3K, insulin can activate the mitogen-
activated protein kinase (MAPK) ERK, which leads to the gene expression of various cellular
proliferation or differentiation components. After phosphorylation of IRS-1/2, the adaptor proteins
GRB-2 and SOS are recruited and work together with a stimulated tyrosine phosphatase, SHP-2,
to activate membrane-bound Ras. Activated Ras leads to a kinase cascade, allowing ERK to

translocate to the nucleus for gene expression (92).
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Figure 1.3 Glucose regulates insulin secretion. Glucose enters in the -cell through the GLUT2
transporter. Glucose is metabolized through glycolysis and the tricarboxylic acid cycle to generate
ATP, resulting in an increased intracellular ATP/ADP ratio, which causes closure of KATP-
channels. This depolarizes the plasma membrane and increases calcium concentrations in the
cytoplasm through voltage-gated calcium channels. The increased calcium causes insulin secretory
granules to be released by exocytosis. Fatty acids influence insulin release by both directly
activating GPR40 and through formation of malonyl-CoA to generate long chain acyl-CoAs (LC-

CoA) which stimulate insulin granule exocytosis, either directly or through PKC-dependent
mechanisms.
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1.6 Insulin-like Growth Factor-1 (IGF-I)

In recent years, new technologies have enabled many advances in the cascade of growth
hormone axis. GH secretion from the anterior pituitary, is regulated by GH releasing hormone
(GHRH) (96), somatostatin (GH secretion inhibiting hormone) and also by Ghrelin (97). They
appear to act synergistically with GHRH by inhibiting somatostatin (98). The interplay between
GHRH and somatostatin induces a pulsatile secretion of GH. GH induces the generation of insulin-
like growth factor 1 (IGF-I, also called somatomedin 1) in the liver and regulates in many other
tissues (99). In 1957 Salmon and Daughaday identified IGF-I and IGF-2 and designated
“sulphation factor” by their ability to stimulate **-sulphate incorporation into rat cartilage. In 1972,
this term was replaced by the term “somatomedin”, denoting a substance under control and
mediating the effects of GH (100). In 1976, Rinderknecht and Humbel isolated two active
substances from human serum with structural similarity to proinsulin and were renamed as
“insulin-like growth factor 1 and 2” (IGF- I and 2). IGF-I is the mediator of the anabolic and
mitogenic activity of GH (101).

1.6.1 Chemical Structure:

The 7649 Da IGF-I molecule is 70-amino acids in length and contains three intra-chain
disulfide bridges (102). Similar to insulin, IGF-I has an A (21 amino acids) and B chain (29 amino
acids) connected by disulphide bonds. The C peptide region had 12 amino acids. The insulin-like
proteins belong to a family of peptide hormones that include at least 9 different genes- two non-
allelic insulin genes in rodents, igf-I, igf-2; relaxin; and four insulin-like peptides, IGF-II to -6
(113). The human gene for IGF-I is 95kb and contains six exons on the long arm of chromosome
12 (12g23-23). The structural similarity to insulin explains the ability of IGF-I to bind to the insulin

receptor with lower affinity. Multiple forms of IGF-I mRNA have been detected because of
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alternative transcription initiation sites (103), alternative splicing (104) and alternative
polyadenylation (105). On the other hand, IGF-II gene is located on chromosome 11 (Human) with
9 exons and 35kb in length (106). IGF-II is composed of a single polypeptide chain of 67 amino
acids, with high degree of homology to IGF-I and proinsulin. IGF-II contains an N-terminal B
domain (28 amino acids), C domain (12 amino acids), A domain (21 amino acids), and a D domain
(6 amino acids) present at the carboxyl terminal. There are multiple variant IGF-II mRNAs present
which arise through alternative splicing and the protein products account for 25% of circulating
IGF-II levels; the significance of these variants is not clear (107) . IGF-II, similar to IGF-I, is
synthesized as a precursor, with an E domain jutting off from the C- terminal; however, the E
region is less conserved, and its function is unknown. Four promoters are located within the IGF-
IT gene in rodents (108). The presence of IGF-II differs between rodents and humans. In rodents,
IGF-II expression diminishes after the first two weeks of life but in humans IGF-II is present
throughout life at relatively high concentrations due to continuous activity of a specific promoter
within the liver (109, 110).

1.6.2 IGF-binding proteins (IGF-BPs)

In the plasma, 99% of IGFs will form a complex with a family of binding proteins, which
modulate the availability of free IGF-I to the tissues. There are six binding proteins (IGFBPs) in
humans (111). The IGFs are bound by these well-characterized proteins with high affinity
(Kd~10'%). However, upon proteolysis, the IGF binding is reduced with a concomitant increase in
insulin binding as the insulin binding sites become revealed. These circulating IGFBPs act as 1)
carrier proteins, 2) transport IGFs out of the circulation to target tissue, 3) prolong half-life of IGFs
by protecting them from proteolytic degradation, 4) control the interactions between IGFs and their

receptors and prevent hypoglycemia. The IGFBPs are cysteine-rich proteins (16-20 Cysteines).
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The primary structure of IGFBPs have three domains- N-terminal domain with 80-93 amino acids,
58% structural similarity, contains 10-12 cysteine residues, highly structured to form 5-6 disulfide
bonds and a local conserved motif GCCGCCxxC. The mid-region is 55-95 amino acids long, with
only 15% similarity, works as a hinge and undergoes post-translational modifications
(glycosylation and phosphorylation). The C-terminal is rather conserved with 34% similarity and
form intradomain disulphide bonds through cysteine (6) residues (112).

The genes encoding the six IGFBP share a similar structure consisting of four exons-except
IGFBP3 which possess an additional 3’ non-coding exon (113). Despite the general similarities
of their structures, the different IGF binding proteins have distinct properties that might provide
clues to their specificities. For example, IGFBP-1 and IGFBP-2 have Arg-Gly-Asp (RGD)
sequences near their carboxyl termini that allow them to bind to cellular receptors (integrins) and
extra-cellular matrix proteins (ECM). All the IGF binding proteins bind IGF-I and IGF-II with
similar affinity, except for IGFBP-6 which has a marked preferential affinity for IGF-II.
IGFBP-1(25 kDal) 1s predominantly expressed in the liver and amniotic fluid and binds to IGF-I
and IGF-II with equal affinity (114). Insulin is a positive regulator for IGF-I actions whereas
IGFBP-1 usually does the opposite. IGFBP-2 (32 kDal) is found in the postnatal stage at very high
levels but decreases significantly in adults (115). Usually IGFBP-2 inhibits IGF-II actions, in some
cells it may also stimulate IGF-I actions. IGFBP-3 (46-53kDa) is N-glycosylated and is the most
abundant binding protein in serum with commonly found in forming complexes. IGFBP-4
(26kDa) 1s produced by bone cells, and inhibits IGF-I actions whereas IGFBP-5 (29-31kDa) is
expressed in almost all peripheral tissues and is the major IGFBP found in bone; it binds to
fibroblast extracellular matrix (ECM) and increases DNA synthesis in presence of IGF-I. Recent

data shows that IGFBP-5 is also capable of forming a complex with IGF and ALS (Somatomedin
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Hypo 2001). IGFBP-6 (28-34kDa) is present in serum and CSF and may have an anti-
gonadotropic effect in the ovary (116).

In order to cross the circulation and reach its target tissues, IGFs will be dissociated from
these large complexes to form smaller, 50kDa complexes (20-25% of total IGFs) with other
IGFBPs (117). In addition to their major roles in the circulation, most target tissues also express
IGFBPs, where they further regulate the local action of IGFs (118).

The roles of the six IGFBPs in modulating various IGF actions, such as cell proliferation,
differentiation, survival, and migration, have been studied in a wide variety of cell types, including
fibroblasts, osteoblasts, myoblasts, smooth muscle cells, breast, and prostate cancer cells
(119,120). While IGFBP-4 and IGFBP-6 have been found to inhibit IGF actions, IGFBP-1, -2, -3,
and -5 can both inhibit and potentiate IGF actions, depending on cell type, method of
administration (adding exogenous protein, overexpression by transient or stable transfection, or
depleting the endogenous proteins) and experimental conditions (121). For example, IGFBP-3
inhibits glucose uptake in fat cells, inhibits fibroblast proliferation, works in nuclear localization
and binds to the RXRa receptor. IGFBP-3 is also found to significantly inhibit IGF-I-stimulated
DNA synthesis in human skin fibroblasts when added together with IGF-I, but potentiated IGF-I
actions when it was pre-incubated with those cells (122, 123). A recent study found increased
IGFBP-3 involvement in insulin resistance and type 2 diabetes. IGFBP-5 has also been
demonstrated to inhibit and/or potentiate IGF actions in cultured cells. In human fibroblast cells,
IGFBP-5 bound to ECM and potentiated IGF-I- induced cell proliferation (124). Similarly,
IGFBP-5 potentiated IGF-I-induced proliferation and migration in vascular smooth muscle cells
(125). In kidney mesangial cells, however, intact IGFBP-5 inhibited IGF-I-induced cell

chemotaxis, although an IGFBP-5 fragment had a stimulatory effect (126). Overexpression of
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IGFBP-5 inhibits the growth of human breast cancer cells and murine myoblast differentiation
(127). Recently, it was shown that the activities of IGFBP-5 can interact with a number of other
proteins and these protein—protein interactions may determine its action in defined tissues. For
instance, binding of IGFBP-5 with fibronectin abolishes the effect of IGFBP-5 in potentiating IGF-
I-induced cell migration (128).

1.6.3 The IGF-I receptor

The human IGF-I receptor (type 1 receptor) is the product of a single gene spanning over
100 kb of genomic DNA at the end of the long arm of chromosome 15q25-26 (129). The gene
contains 21 exons and its organization resembles that of the structurally related insulin receptor
(Figure 1.6) (130). The type-1 IGF receptor gene is expressed in almost all tissues and cell types
during embryogenesis (129). In the liver, the organ with the highest IGF-I ligand expression, IGF-
I receptor mRNA is almost undetectable, possibly because of the down-regulation of the receptor
by the local production of IGF-I.

The structure of the IGF-2 receptor is a type I transmembrane protein (domain with its C-
terminus on the cytoplasmic side oflipid membranes) with a large extracellular/lumenal
domain and a short cytoplasmic tail (129). IGF2 receptor functions to clear IGF2 from the cell
surface to attenuate signaling, and to transport lysosomal acid hydrolase precursors from the
Golgi apparatus to the lysosome. IGF2 receptors are accumulated in forming clathrin-

coated vesicles and internalized after binding IGF2 at the cell surface (129).

1.6.4 Comparison between IGF-I and Insulin

Similarities: IGF-I can mimic all the actions of insulin. The A and B domain of IGF-I has almost

45% homology with insulin A and B chains. The folding pattern in the IGF-I 3D structure is
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identical with that of proinsulin. There is also 50-60% overall structural homology between IGF-I
and insulin receptor.

Differences: IGF-I has one chain with C and D domains whereas insulin has 2 chains without C
and D domains. IGF-I is produced by the liver and many other tissues; in the case of insulin, it is
produced from pancreatic islet B-cells. The physiological stimulus for IGF-I is growth hormone
and the secretion pattern is constant and slow but glucose is the stimulus of insulin whereas the
insulin secretion pattern is emiocytosis and pulsatile. IGF-I has 6 binding proteins (IGFBP 1-6)
but insulin has none. Regarding the mode of action, IGF-I can be endo-, auto-, and paracrine
whereas insulin is only endocrine.

1.6.5 Comparison between IGF-IR and IR
Not only is there considerable structural similarity between the IGF ligands (IGF-I and

IGF-II) and insulin but there also is significant similarity between the IGF-1R and the IR, resulting
in cross-talk between the two systems (134). The IGF-1R and IR are transmembrane tyrosine
kinase receptors that are both synthesized as a precursor that is glycosylated on the extracellular
regions, dimerized and proteolytically processed to yield separate a and B chains (138). Two
extracellular a subunits (~135 kDa each) and two membrane spanning 3 subunits (95 kDa each)
form a B-a-o-f arrangement (32—34). The domain organization of the receptors is reviewed in (31,
35, 36) and is shown in (Figure 1.5). The major ligand binding determinants are located within the
a-subunits (139-41) and the intrinsic tyrosine kinase domain is located in the cytoplasmic portions
of the B subunits (39). Ligand binding to the extracellular region causes a conformational change
resulting in tyrosine phosphorylation of the intracellular § subunits, which then causes an increase
in the intrinsic kinase activity of the receptor (142).

IGF-I, IGF-II and insulin bind to the IGF-1R and activate its intrinsic tyrosine kinase activity with

different potencies. A variety of responses such as cell proliferation, differentiation, migration and
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protection from apoptosis can result from activation of the IGF-1R (132,133). The insulin receptor
exon 11+ (IR-B) isoform is the best known form for the classic metabolic responses induced upon
insulin binding and this isoform has low affinity for the IGFs. However, it has recently been shown
that IGF-II binds with high affinity to the insulin receptor exon 11-(IR-A) isoform of the IR. This
isoform arises from alternative splicing of exon 11 encoded by the IR gene (135, 136). Activation
of IR-A leads to mitogenic responses similar to those described for the IGF-1R. Up regulation of
IR-A and IGF-II expression in fetal and cancer tissues has led to the hypothesis that the IR-A
isoform plays a role in development and cancer (135-37). In addition, functional hybrid receptors
can form between the IGF-1R and either the IR-A or IR-B, but their roles in cellular responses
remain unclear and present a challenge to IGF/insulin researchers.

1.6.6 IGF on metabolic regulation:

IGF-I is structurally similar to insulin, and so it is not surprising that insulin and IGF-I have
similar effects in regards to metabolism. In general, IGF-I has insulin-like effects, such as
increasing glucose uptake and glycogen synthesis (144), and inhibiting hepatic glucose production
(145). Although IGF-I has approximately one-thirteenth the potency of insulin (146),
administering IGF-I to normal rats (147) or humans (148) resulted in increased peripheral glucose
uptake, increased glycolysis and glycogen synthesis, and caused a slight decrease on hepatic
glucose production; all these effects resulted in hypoglycaemia. The insulin receptor is expressed
in all the major tissues involved in carbohydrate metabolism, while the IGF-IR is only abundant
in skeletal muscle, with lowered expression in the other two tissues. It is therefore very likely that
the hypoglycaemic effects of IGF-I are mediated through activation of the insulin receptor. In fact,
in vitro studies on human and animal tissues have shown that direct action of IGF-I on the IGF-IR

stimulates glucose uptake in skeletal muscle via the PI-3K pathway (144). Nevertheless, neither a
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Figure 1.5 IGF-I, insulin and receptors (A) Sequence alignment highlighting domains and
helices (boxes). IGF-I residue which has >5-fold (bold and underlined) or >2 (bold) lower IGF-1R
binding affinity are shown. Insulin residues in the classic site 1 (underlined) or site 2 binding sites
(italics) are also indicated. (B) Ribbon structures of IGF-I and insulin showing the B domain
helix 1(blue), A domain helix 2 (pink) and A domain helix 3 (red). (C) Domains of the mature
IGF-1 protein; (D) Structure of the IGF-1 gene. Regions that code for the mature IGF-1 protein
are shown in red. Contributions of exons 3 and 4 to the mature peptide are indicated by lines
connecting the mature peptide shown again below the gene. Parts of exons 1 and 2, which are
present in the different signal peptides, are shown in dark red. Positions of the translation initiation
codons are indicated by arrows. Parts of exons 4, 5, and 6, which contribute to the distinct E-
peptides, are blue. (E) Domain structure of the IGF-1R and IR. The heterotetrameric IGF- 1R
and IR share the same domain structure. L1 and L2, large domains 1 and 2 (leucine-rich repeats);
CR, cys-rich domain; Fn0O, Fnl, Fn2, fibronectin type III domains; Ins, insert domain; Ex11,
residues encoded by exonll of the IR; TM, transmembrane; JM, juxtamembrane; TK, tyrosine
kinase and CT, C-terminal domains. Arrows indicate ligand binding regions. [Adopted with
permission from (616)]
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global deletion of the igf-/gene or a liver-specific igf-/gene deficiency in mice resulted in extreme
glucose intolerance, indicating that IGF-I is not necessary for normal glucose regulation. The
importance of IGF-I in energy homeostasis may be due to increase insulin sensitivity. For example,
the liver-specific IGF-I deficient mice were glucose tolerant and found to have normal blood
glucose levels during fasting, but became hyperinsulinemic and insulin-resistant (149, 150).
Administering IGF-I normalized insulin levels and restored a normal insulin response in these
mice, suggesting that IGF-I may be important for maintaining insulin sensitivity. However, a
general overexpression of IGF-I in mice led to no effect on insulin secretion or insulin sensitivity,
despite significant hypoglycaemia, hypoinsulinemia, and an improved glucose tolerance (505).
1.6.7 IGF-I and Pancreatic islets:

IGF-I and IGF-IR are expressed in all the major cell types (a-, -, and d) in islets of the
pancreas in local autocrine/paracrine mode of action (152). IGF-I induces DNA synthesis in a
glucose dependent manner in islet cells (153-156). Inactivation of the IGF-IR gene in islet B-cells
decreases GLUT-2 and glucokinase expression leading to decreased glucose stimulated insulin
secretion (162-163).

IGF-I also plays a direct role in increasing -cell mass (152). IRS-2 plays an important role
in the maintenance of a normal B-cell population (157), via activation of PI3K and AKT (158).
Increased IRS-2 in vitro promotes B-cell replication, neogenesis and survival and decreased IRS-
2 induces B-cell apoptosis (159). In vivo overexpression of IRS-2 promotes B-cell survival (160)
while IRS-2 knockout mice exhibit a decrease in B-cell mass. Islet-specific IGF-1 overexpression
promotes islet cell regeneration in diabetic mice (162). IGF-I also shows anti apoptotic activity.
Administration of IGF-I prevents Fas-mediated autoimmune B-cell destruction and delays the

onset of diabetes in non-obese diabetic (NOD) mice by minimizing the insulitis (154,155,164,
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165). The IGF-I-treated animals show a greater percentage of intact islets (49% vs. 2%), a decrease
of lymphocytic infiltrated islets and an increased f-cell mass. The anti-apoptotic effect involves
PI3K activation and phosphorylation of AKT (166). Overexpression of IGF-I specifically in
pancreatic -cells again led to animals with normal islets and -cell mass under normal conditions,
but displayed an increase in B-cell mass in response to streptozotocin treatment, as a result of
increased B-cell neogenesis and decreased B-cell apoptosis (168). These results indicate that IGF-
I may have a protective role in the B-cell, by activating neogenesis in response to B-cell damage
(502).

1.7 Transgenic mouse model for functional analysis of IGF-1

The classical method for generating transgenic mice is the pronuclear injection. The
transgene is injected into a fertilized mouse egg and integrated at random positions in the genome.
The success rate of the method improved significantly as different companies developed
innovative ES cell-based technology that significantly reduced the risks associated with the
development of transgenic mouse lines by DNA pronuclear random integration. This approach
allows the generation of a high number of founders with validated characteristics (no truncated
transgene and low, medium or high transgene copy number). In MT-IGF mice, IGF-I is
overexpressed under metallothionein promoter. For whole body IGF-I expression, a fusion gene
pMIG65 containing a mouse metallothionein-1 promoter, rat somatostatin sequence (to ensure
secretion), hIGF-I-A cDNA and the 3’ end of hGH ribonucleic acid (RNA) processing elements is
constructed. This construct is stably expressed in vitro baby in hamster kidney cells and verified
by 1) Northern blot to check transcription and correct RNA, 2) by Western blot to identify the
secreted human IGF-1 peptide with correct cleavage. Kpnl-EcoRI containing restriction fragment

was obtained from the vector and injected into the pronuclei of fertilized eggs and implanted into
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foster mothers and selection of the pups containing the foreign DNA is determined by Laser dot
hybridization (169).

MT-IGF mice were first constructed 2 decades ago with IGF-I level increased by 2-3 fold
at about 3 weeks after birth (505). More recent studies showed that IGF-I overexpressed mice
demonstrated a small but significant (~1.4-fold) increase in the body weight at 2 months of age
(505). Moreover, overexpressed IGF-I resulted in selective organomegaly in the spleen and
pancreas (2.0- and 1.8-fold weight increases, respectively). There were no apparent differences in
the weight of the major fat pads. Most of the organs of MT-IGF mice didn’t exhibit any gross
anatomical lesions except the kidneys with larger glomeruli with mild red cell hematopoiesis and
the skin with microscopic abnormalities such as a thickened adipose layer and disrupted collagen
bundles. The serum was analyzed and protein, albumin, and cholesterol were normal but
triglycerides were elevated and insulin is reduced (170). However, the resulting level of IGF-I
mRNA was 31-fold higher in the pancreas than in the liver; IGF-I content was increased 5,200-
fold in the pancreas, with the absolute content 344-fold higher than in the liver (34). IGF-I
overexpression resulted in significant hypoglycemia, hypoinsulinemia, and improved glucose
tolerance but normal insulin secretion and sensitivity, and IGF-I overexpression significantly
suppressed hepatic gluconeogenesis. Finally, MT-IGF mice were significantly resistant to
streptozotocin-induced diabetes, with diminished hyperglycemia and with the prevention of
weight loss and death- clearly showing an antidiabetic effect by improving islet cell survival (170).
When MT-IGF mice were crossed with GH-deficient mice, the offspring exhibited increased organ
and bone growth (171) as excess IGF-I fully compensated for the absence of GH at the level of the
target tissue.

Another approach is to use the conditional knockouts using the Cre-/loxp system to provide
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new insights into the function of circulating IGF-I. This approach is highly recommended for
studying growth and development specific gene of mouse. Furthermore, due to the compensatory
mechanism, up-regulation of any gene with similar function may obscure the loss of function of
the gene of interest. Thus, the conditional knockout at a target specific tissue provides tremendous

scope to overcome the problem.

1.8 Pancreatic f-cell, Apoptosis and Diabetes

Apoptosis (programmed cell death) is an evolutionarily conserved energy-dependent,
genetically regulated cell suicide process. Upon receiving an apoptotic signal, the cell uses its
machinery to undergo a highly orchestrated and characteristic process with the commitment to
die. In multicellular organisms, this process plays a critical role in all stages of life, from
development, where apoptosis is important for tissue sculpting and remodeling, to maintenance of
homeostasis during physiological turnover and the elimination of unwanted or harmful cells
throughout the life of the organism. Evidence from both human disease and mouse models has
shown that beta cell death in both typel diabetes and type 2 diabetes occurs by apoptosis. Beta cell
apoptosis is difficult to detect in vivo, due to the slow kinetics of the inflammatory process, rapid
turnover and clearance of apoptotic cell debris by host macrophages and neighboring cells.
Nevertheless, apoptotic beta cells have been detected in situ morphologically and by TUNEL and
Ki67 staining in several studies (172-176).

The pancreatic B-cell mass is dynamic and tightly balanced to meet the body's demand for
insulin (176). During the neonatal period, the B-cell population increases rapidly, and this burst in
expansion of B-cell mass is followed by a transient increase in B-cell death (177, 178). With
increasing age, the rates of B-cell apoptosis and proliferation and/or neogenesis equilibrate under
steady-state conditions (179). In diabetes, a combination of genetic and environmental influences

causes the balance to fail. Despite major advances in recent years, the nature of the gene—
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environment interactions that promote B-cell apoptosis in diabetes remain unclear, as do many
aspects of the apoptotic pathways involved. So far, researchers have found three pathways for islet
B-cell apoptosis: The extrinsic pathway, the intrinsic pathway, and the ER stress pathway.

Apoptosis in Type I Diabetes: Type 1 diabetes is a chronic autoimmune disease that affects 0.5%
of the population in the developed world and continues to increase in incidence (180). This disease
is hallmarked by immune-mediated destruction of the pancreatic f-cells. Type 1 diabetics have an
estimated 60—80% reduction in B-cell mass at diagnosis (181). The trigger for this destruction and
the exact mechanisms of B-cell death remain enigmatic. It has been suggested that a perinatal wave
of B-cell apoptosis may promote the presentation of B-cell auto-antigens and thus provoke an
autoimmune response against -cell. The current working model is that in genetically predisposed
individuals, T lymphocytes are aberrantly activated by the antigen-presenting cells (APCs) in the
pancreatic draining lymph nodes (Figure 1.6). The activated T lymphocytes then circulate, target,
and invade the islets. These activated T cells can then proceed to destroy the islets (180). Recent
genome-wide association studies have identified several single nucleotide polymorphisms that
contribute modest risk of type 1 diabetes. Most of these genes target immune cells and were
demonstrated to modulate pancreatic B-cell apoptosis. Thus, genes responsible for the type 1
diabetes may also affect B-cell death directly. The mechanisms by which B-cell are selectively
killed by the immune system involves multiple pathways such as activation of “death receptors”-
FAS and tumor necrosis factor receptor, perforin and granzyme B induced granule-mediated
cytotoxicity, CD8+ cytotoxic T cells activation, cytokine-induced cell death and oxidative stress.
Apoptosis in Type 2 Diabetes: Both functional defects and decreased B-cell mass contribute to -
cell failure in type 2 diabetes (T2D). Pancreas sections from human organ donors and autopsy

material have shown apoptosis, detected by TUNEL staining which is the sign of B-cell death in
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T2D (173). Apoptosis is evident in pancreata from both lean and obese T2D patients (173).
Although the primary cause of this apoptosis is not yet clear, islet amyloid polypeptide, glucose
and palmitate have been proposed to induce cellular stress through activation of endoplasmic
reticulum (ER) stress, oxidative stress or NLRP3 inflammasome activation and IL-1 production
(Fig 1.6). These stresses induce the intrinsic apoptosis pathway through activation of Bcl-2 family

molecules. IAPP has also been shown to directly activate the extrinsic apoptosis pathway.
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Figure 1.6 B-cell apoptosis in type 1 and type 2 diabetes. The different cellular and molecular
mediators of the beta cell apoptosis are shown for TIDM, T2DM. [Adapted from (615) with
permission]
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Recent studies have shown the evidence of a new protein family expression in early
pancreatic islet development, named as CCN2, a member of CCN (connective tissue growth
factor/cysteine-rich 61/nephroblastoma overexpressed) or WISP (Wntl inducible signaling
pathway) family proteins. In next section, we will briefly discuss about this protein family together
with the regulatory mechanism and potential function in pancreatic islet development,

proliferation and survival.

1.9 CCN

CCN is an acronym that is derived from Cyr61 (connective tissue growth factor in human),
CTGF (cysteine rich 61, in mouse), and Nov (nephroblastoma overexpressed, in chicken), the
names originally given to the first three proteins to be identified in what is now a six member
family. The later three proteins, ELM-1/WISP-1, rCop-1/WISP-2/CTGF-L/HICP and WISP-3
were reported to have shared structural identity with Cyr61, CTGF and Nov and therefore belong
to the CCN family of proteins (174-177). A consensus was reached to propose a unifying
nomenclature for the CCN family, numbering the proteins CCN1-CCNG6 (Table: 1) in the order in
which they were first described in the literature (178). These proteins comprise a fascinating and
important group of homologous proteins that have not received the attention that they deserve from
cell and molecular biologists.
1.9.1 Structural aspects of CCN proteins

A prototypical CCN protein contains an N-terminal secretory signal peptide and four
functional domains: (i) an insulin-like growth factor binding protein-like module (IGFBP); (ii) a
von Willebrand factor type C repeat module (VWC); (iii) a thrombospondin type-1 repeat module

(TSP-1); and (iv) a cysteine-knot-containing module (CT) (Figure 1.7).
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1.9.1.1 The Cysteine knot (CT):

C-terminal cysteine knot domain. It has a highly conserved pattern of cysteines consistent
with a six membered cysteine knot similar to several cytokines (e.g. nerve growth factor, TGF-fs,
PDGFs) and hormones (e.g. luteinizing hormone, chorionic gonadotropin, thyroid-stimulating
hormone, follicle stimulating hormone). In this unusual structural arrangement (Figure 1.7), two
disulfide bridges and their connecting backbone sections that are typically built out of two pairs of
antiparallel beta-strands form a loop through which a third disulfide bond passes (179). It occurs
in many peptides and proteins among divergent species and provides considerable structural
stability.
1.9.1.2 IGFBP domain:

The IGFBP domain of the CCN proteins typically contains 11 of the 12 conserved cysteine
residues that are also found in the amino-terminus of IGFBP-1 to -5 suggesting that this sequence
might account for an IGF binding activity (357). The characteristic conserved N-terminal cysteine
pattern of the IGFBPs (GC(G/S)CCXXCAXXXXXXC) is included in all human CCNs. In line
with this hypothesis, affinity-labeling and ligand-blotting studies demonstrated weak IGF-binding
affinity for at least two members of the CCN family, i.e. CCN2/CTGF (358) and CCN3/NOV
(359).
1.9.1.3 The thrombospondin type I homology domain (TSP):

The thrombospondin repeat domain is a ~55 residue consensus sequence that contains
repeats of three distinct domains within a primarily linear structure. The TSP-1 domain binds
extracellular targets and important signaling molecules including collagen V, fibronectin, TGF-3

and heparin.
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They act by bringing together cytokines, growth factors, matrix components, membrane
receptors, and extracellular proteases (360). Thrombospondin-1 is a trimeric 420-kDa protein,
composed of multiple domains including N- and C-terminal globular domains, a procollagen-like
domain, and three types of repeated sequence motifs (type 1, 2, and 3 repeats). Type 1 repeats have
a typical three dimensional fold (360) that is also found in many other proteins that mediate cell
attachment, glycosaminoglycan binding, are involved in activation of transforming growth factor-
beta (TGF-B) and inhibition of matrix metalloproteinases. Typically, proteins of this class are
secreted or are transmembrane proteins in which this motif is found in the extracellular portion.
1.9.1.4 Von Willebrand factor C repeat domains (VWFC):

also known to as Chordin-like cysteine-rich (CR) repeats found in >500 extracellular
matrix proteins. This repeat typically comprises ~70—-100 amino acids with ten conserved cysteine
residues and a pair of cysteine-containing motifs located in the sequence. The proteins that contain
such domains have the capacity to participate in numerous different biological processes (e.g. cell
adhesion, migration, homing, pattern formation, and signal transduction) that require modular
features allowing interaction with a large array of different ligands. In the VWF this domain is
thought to participate in oligomerization, but not necessarily to be involved in the initial
dimerization step (361). Interestingly, in several other proteins (e.g. noggin, follistatin, members
of the Dan protein family, chordin-like proteins), this domain is known to bind several bone
morphogenetic proteins (BMP) members (362).

Apart from CCNS, all other CCN proteins share a closely related primary structure of 38
cysteine residues in strictly conserved position. The 38 cysteine residues represent almost 10% of

the CCN molecule by mass. A short sequence, with varied composition and length among the
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CCN family members, is located directly after the VWC domain and acts as hinge between the
first and second half of the molecule (363, 364).

Based on the presence of four distinct structural modules covering nearly the whole
molecule and the location of exons and introns within the CCN genes, it was suggested that CCN
family members are genuine mosaic proteins. The existence of four potentially functional domains
in these proteins raised fundamental questions about their contribution to the various biological
properties of the CCN proteins (Table 2). It is now accepted that each of the four modules act both
independently and interdependently, and that the multi-modular structure of the CCN proteins
provide the basis for a wide range of interactions with different partners. Recent data have shown
that each of the linker regions that separate the four CCN modules is susceptible to proteolysis
(365). Cleavage at these sites might generate truncated molecules and individual modules (366)
with distinct biological properties. Moreover, these events might constitute an additional process

to regulate the biological activity of the CCN proteins (367, 368).
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Table 1. Nomenclature of the CCN family members

CCN nomenclature Current names
CCN1 CYRG61/CEF10/BIG-M1/IGFBPY9/IGFBP-rP4
CCN2 CTGEF/FISP12/Hcs24/

BIG-M2/HBGF-0.8/ecogenin/
IGFBP8/IGFBP-rP2

CCN3 NOV/IGFBPY9/IGFBP-rP3
CCN4 ELM-1/WISP-1

CCN5 rCOP-1/WISP-2/CTGF-L/HICP
CCN6 WISP-3

Abbreviations: Cyr61, cysteine rich 61; CTGF-2, connective tissue growth factor 2; IGFBP-
rP2, IGFBP-related protein 2; NOV, nephroblastoma overexpressed gene; HBGF-0.8,
heparin-binding growth factor 0.8; Wisp, Wnt-inducible secreted protein; Elm-1, expressed in
low metastatic cells; HICP, heparin-induced CCN-like protein; Cop-1 card-only protein 1.
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Table 2: Major biological functions of CCN proteins

Function Effects of CCN expression Related activities in Citation
alterations in vivo vitro
Aniogenesis, CCN1, CCN2, CCN3 stimulate blood | CCNs promote pro- 617-619,
cardiovascular | vessel growth in corneal implants, or | angiogenic activity in
development in ischemic hindlimb; CCNI1-null | microvascular endothelial 638-642
mice suffer embryonic lethality with | cells: support cell adhesion,
placental vascular deficiency, | stimulate cell migration,
Embryonic vessel hemorrhage and | enhance proliferation and
atrioventricular septal defects; | survival, induce endothelial
CCNI1+/— mice are viable but exhibit | tubule formation
ostium primum atrial septal defect
Skeletal CCN2-null mice are perinatal lethal, CCNI1 promotes 501,620,621,
Development showing severe chondrodisplasia, chondrogenesis in
deficient ECM production in micromass cultures; CCN2 622-624.
cartilage, impaired endochondrial promotes chondrocyte
ossification and reduced growth plate | proliferation and
angiogenesis; CCN3 mutant mice differentiation, synthesis of
show axial and appendicular skeletal collagen and aggrecan, and
defects and severe joint osteogenic differentiation;
malformation; CCN2 and CCN3 CCN2 binds BMP4 and
overexpression in osteoblasts leads to | inhibits its function; CCN3
osteopenia in mice binds BMP2 and inhibits
BMP2-induced osteogenic
differentiation
Cell Survival CCNI1-null mice show aberrant CCN proteins promote 612,613,615,
apoptosis in vascular cells of endothelial cell survival
largearteries and mesenchymal cells 618,619.
of the cardiac cushion tissue
Apoptosis CCNI1 knockin mice expressing an CCN can unmask the 625
apoptosis-defective allele in place of | cytotoxicity of TNFa by
wild type CCNI are resistant to inducing ROS accumulation
TNFa-induced apoptosis through 5-lipoxygenase and
the mitochondria
Cancer CCN1 overexpression in gastric | CCNs promote 616,626-
cancer cells, breast cancer cells and | angiogenesis, enhance
ovarian cancer cells enhances | cancer cell proliferation and | 635.

tumorigenicity in nude mice. Ectopic
or stromal expression of CCN2
promotes tumorigenicity of
esophageal squamous cellcarcinoma
or prostate cancer cells, respectively;
CCN2 antibody treatment suppresses
pancreatic tumor growth and breast
cancer osteolytic bone metastasis;
expression of CCNI1  inhibits
tumorigenicity of non-small cell lung
carcinoma cells in nude mice, and
CCN2 expression suppresses
metastasis of human lung
adenocarcinoma cells and colorectal
cancer cells; expression of CCN4 or
CCNS  inhibits tumorigenicity of
murine melanoma cells or transformed
fibroblasts, respectively

resistance to apoptosis

Adapted from (605) with permission
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Figure 1.7. (A) Arrangement of CCN domains. A diagram showing the signal peptide (SP),
insulin-like growth factor binding domain (IGFBP) in red, Von Willebrand factor C repeat (VWC)
in blue, thrombospondin type-1 repeat (TSP-1) in yellow and cysteine knot (CT) in green. The
protein is split into two halves separated by a variable ‘hinge’ region. Some of the known binding
partners of each module are also listed: insulin-like growth factors (IGFs); bone morphogenic
protein 4 (BMP4); transforming growth factor b (TGF-b); LDL receptor protein 1 (LRP-1); and
heparin sulphated proteoglycans (HSPGs). (B) Structure of human CCN proteins. In the
schematic representation indicated are the locations of individual domains. The identification of
individual domains was performed using the PROSITE software (release 20.66) at the ExPASy
Proteomics Server. [Adapted from (605) with permission]
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1.9.2 Functions of CCN family:

The expression of CCN proteins are tightly controlled both temporally and spatially in a
number of embryonic and adult tissues. Major sites of expression include the nervous system, the
musculoskeletal system and the blood vessels. The structural homology among the CCN family
suggested they might have similar or redundant functions. Some recent studies have suggested that
functional overlaps result from the presence of common structural motifs among various members.
Thus, the CCN proteins are now being defined as a novel family of growth and differentiation
regulators acting on a large variety of cell types. Despite their similar structural similarity, the
CCN proteins also show significant functional divergence. They exhibit many biological functions
that are highly dependent upon the type of cells and the cellular context. Some of the functions
depend upon multiple interactions with a variety of regulatory molecules. These proteins are
known to be involved in various biological processes such as normal growth and development,
wound healing, tissue regeneration and uterine function, fibrosis in various tissues/organs,
inflammation such as arthritis and tumor growth (Table 2) (352, 353, 354, 355, 374, 375, 376).
CCNI1 and 2 are involved in the cell cycle process by regulating the immediate early genes,
whereas CCN3-5 are putative growth arrest/suppression genes (Table 2). CCN proteins are also
involved in cell adhesion and migration, cell differentiation, production of ECM components and
their degrading enzymes (377), suggesting their involvement in tissue remodeling. Their abilities
to bind ECM components, various growth factors, and receptors in a way that can result in
modifying their actions (378, 379) suggest that the CCN proteins form multifunctional regulatory
complexes as matricellular proteins (matricellular proteins are dynamically expressed non-
structural proteins, present in ECM). The multiple biological functions of the CCN proteins are

exerted through various signaling pathways involving cell-surface receptors such as integrins (352,
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380), 240-kDa protein (353, 388), LRPs (380, 382, 386), Notch (387), as well as connexins and
calcium channels (383, 384, 385). The regulation of intracellular calcium concentration by CCN3
and CCN2 has established these proteins as genuine signaling factors. CCN proteins have been
proposed to coordinate signaling pathways governing intercellular and intracellular

communication needed for efficient control of cell growth, growth arrest and differentiation (375,

381).

1.9.3 History of CCNS:

The same gene has been discovered several times independently. In 1997, Delmolino and
Castellot first reported the discovery of CCNS5 gene that has features of a growth arrest gene (389)
which was first named &icp, and then re-named as rCop- 1. Through subtractive hybridization, they
compared vascular smooth muscle cells treated by heparin to chrondroitin sulfate treated VSMC,
which is similar to heparin, but lacks its antiproliferative activity. The screen showed 16 up- and
25 down-regulated genes. One of the up-regulated clones was homologous to members of the CCN
family. After the discovery of CCNS5 the same group investigated the antiproliferative properties
and found that knock down of CCNS5 decreased the antiproliferative effect caused by heparin,
indicating a role for CCNS5 in heparin signaling. Its human ortholog was identified later from the
wnt-1 transformed mouse mammary epithelial cell line, C57TMG, as encoding a Wnt-induced
secreted protein (Wisp-2) (390). The same orthologue was isolated again as a gene encoding a
CTGF-L from human osteoblasts (391). Heparin-induced CTGF-like protein isolated from
heparin-treated vascular smooth muscle cells is also identical to CCN5 (392).

Independently, another group identified a gene, rCOP-1, as being down-regulated

following transformation of rat embryo fibroblasts by inactivation of p53 and concomitant
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expression of a constitutively active H-ras (392). rCop-1 (CCNS5) was found to be located primarily
on the surface and within the cytoplasm of rat embryonic fibroblasts.

A fourth group analyzed a human osteoblast cDNA library and identified an EST with an IGF
binding domain and sequence homology to CTGF (CCN2), named the presumed gene product
CTGF-like protein or CTGF-L (391). CTGF-L (CCN5) mRNA was found in primary cultures of
human osteoblasts, fibroblasts, ovary, testes, and heart. Functional studies showed that the
endogenous CTGF-L protein can bind to IGF-1 and IGF-2 and recombinant CTGF-L protein has
the ability to promote the adhesion of osteoblasts, inhibit the binding of fibrinogen to purified
integrin receptors and inhibit the production of osteocalcin by rat osteoblast-like Ros 17/2.8 cells.
These results indicate that CTGF-L plays an important role in regulation of bone turnover (391).

1.9.4 CCNS5 Gene location, mRNA structure and Promoter:

The human CCNS5 gene is mapped to chromosome 20 at position 20q12-q13.1. The other
five known CCN genes are located on different chromosomes (chromosomes 1, 6, and 8). CCN5
has four exons of 96, 216, 254, and 842 bp separated by three introns. Several different CCN5
cDNA clones have been sequenced and taken together strongly suggest that the processed mRNA
sequence includes 1708 nucleotides, including a 261 nucleotide 5 UTR, the 750 nucleotide ORF
encoding the 250 amino acid residues, a 730 nucleotide 3' UTR beginning with a TAA stop codon
at nucleotide 1011, and an mRNA poly-A addition consensus site at nucleotide 1710 (392, 393).
The rat and human CCNS amino acid sequences share ~74% similarity whereas mouse and human
CCNS has 73% similarity (391). The CCNS5 polypeptide sequence includes the IGFBP, VWC, and
TSP1 modules that are homologous to the same modules in the 4-domain CCN family proteins.
Approximately 3kb of genomic sequence upstream from the CCNS5 translation start site has been
analyzed. This region includes three TATA box motifs, a CCAAT box, AP-1, AP-2, and AP-4

recognition sites; motifs for MyoD, motifs for heat shock factors, and stress response elements
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(recognized by p53). The presence of stress response elements supports the designation of CCNS5
as a growth arrest gene that is expressed as part of the rescue response of cells subjected to
potentially lethal environmental influences.

1.9.5 Analysis of CCNS Protein:

CCNS is a secreted protein with 251 amino acids and molecular weight of approximately
28kDa. The reported molecular weights vary from 28 kDa (in growth arrested VSMC conditioned
medium and cell lysates made from AdCCNS5-transfected VSMC; 394), 26 kDa (in conditioned
medium from osteoblasts; 391), 28 kDa (in estrogen treated MCF7 cell lysates, conditioned
medium, and ECM; 395), 31 kDa (in MCF7 cell lysates; 396), 28 kDa (HA-tagged CCN5 from
AdCCNS in myometrial uterine SMC using anti-HA; 397), 31 kDa (conditioned medium from
VSMC transfected with an expression vector encoded CCN5 with a myc tag; 393) and 31 kDa
(conditioned medium from Rat-1 embryonic fibroblast transfected with a CCN5 gene that had no
leader peptide and a His6 tag; 392). Recent Western blot analysis of CCN5 in different cells and
tissue lysates from both mouse and rat show additional bands of 47 and 45kDa are visible together
with a modest 28kDa band. These data suggest that CCN5 is modified in vivo by tissue-specific
post-translational modification(s) in many, if not all, organs and tissues.

The nucleotide and protein sequence of CCNS5 exhibits a 30-40% sequence homology with
other family members, largely CCN4 (WISP-1) and CCN6 (WISP-3). The modular architectures
of CCNS are identical with other family members except in their C-terminal Cysteine-knot (CT)
domain, which is absent in the CCN5 gene (390). This may render an important biological function
to CCNS5, as the CT domain is involved in binding matrix proteins, integrins and important
signaling molecules (398). Indeed, domain analysis has indicated that each domain may serve a
distinct function for the protein, and in certain cell types there are splice variants that create

proteins comprised of the individual CCN domains (399). In mouse VSMC, the VWF domain has
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been implicated in nuclear localization of CCNS5. Disruption of the nuclear localization signal in
the VWF domain using site directed mutagenesis abolishes nuclear localization of CCN5 (400).
Although other domains have not been investigated for CCNS5, other CCN family member proteins
have been shown to have domain specific functions. CCN2 has been shown to induce angiogenesis
during breast cancer. Removing the CT domain abrogates this activity, suggesting that CCN5 may
negatively regulate angiogenesis, since it is missing the CT domain (401). In the retinal
angiogenesis model in mice, the CT domain of CCN2 bound to various angiogenic factors, such
as VWF, PDGF and VEGF and promoted angiogenesis. Mutant CCN2 (with no CT domain) was
injected into the vitreal compartment and decreased angiogenesis (402). The inhibitory effect on
angiogenesis, due to CT loss, may implicate CCNS5 in negatively regulating angiogenesis. Thus,
antibodies against the CT domain could become a candidate for anti-angiogenic therapies. CCN2
CT domain also has been shown to bind fibronectin through o5p1 integrin and enhanced
chrondrocyte adhesion to the extracellular matrix (403). CCNS5 lacks the CT domain and may play
an opposite function in cell adhesion. In CCN2, the VWF and IGFBP domains also bound to the
extracellular matrix protein, aggrecan, and increased transcription of aggrecan mRNA (404).
Through this research, it is clear that the domain structure plays a role in downstream signaling
effects of CCN family members, particularly regarding the CT domain. CCN5 has many
physiologic functions, such as proliferation, migration and adhesion. Further domain analysis may
link functions to locations on the protein, which will aid in dissecting the CCNS5 signaling network.
1.9.6 CCNS regulation and signaling:

Following the identification, the early studies laid the foundation of nearly 150 publications
on CCNS5 and its role in cell signaling, migration, proliferation as well as in development and

human disease. Based on the recommendations of international CCN society, HICP, rCOP1,
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WISP-2 and CTGF-L are identical and called CCN5 (although some cancer literatures are still
using the term WISP-2). Potential research areas are expanding with the efforts to focus on well-
established signaling cascades and particularly on significant human disease states. More research
efforts have been focused on the role of CCNS5 in Wnt signaling involving estrogen, p53, mitogenic
growth factors, matrix molecules and environmental stimuli.
1.9.6.1 Wnt Signaling

In 1998, Pennica and his group showed that overexpression of Wnt-1 in the mouse
mammary epithelial cell line c57MG was responsible for CCNS5 up-regulation at both mRNA and
protein levels, highlighting the concept that CCNS5 is a Wnt regulated gene. Wnt proteins bind to
the cell surface receptor, termed frizzled, which initiate a signaling cascade that inhibits glycogen
synthase kinase (GSK-3B) and casein kinase 1 (CK1). Inhibition of these proteins stabilized the
pool of beta catenin in the cytosol and allowed them to translocate to the nucleus, where B-catenin
interacts with the transcription factor TCF/LEF and induces gene expression. Wnt signaling is
important in the development and cancer, and can be overexpressed to give cells oncogenic
properties. Adenovirus infected mouse pluripotent progenitor cells, C3H10T1/2, overexpressing
Wnt3A showed a 2.5 fold increase in CCNS5 expression (405). Similarly, synovial fibroblasts
which express constitutively downstream Wnt signaling molecule, B-catenin, an up-regulation of
CCN by 2.9-fold was observed whereas inactivated (AB-catenin-expressing) cells down-regulated
the expression. In addition, estrogen was able to enhance CCNS5 expression (by 35-fold)
synergistically with increased Wnt signaling (406).

Other physiological activators of the Wnt pathway also have been shown to induce CCN5
expression. Under mechanical strain and Wnt3A treatment, MC3T3-E1 osteoblasts cells showed

a 7-fold increase in CCNS transcription. Treatment of these cells with the GSK-3f inhibitor causes
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accumulation of B-catenin and activation of canonical Wnt signaling. A combination of both
inhibitor and mechanical loading showed a synergistic stimulation on CCN5 expression, (407).
Salivary gland development relies on the Wnt signaling pathway. Microarray analysis of gene
expression in SGT derived cell lines showed a 4-fold increase in CCN5 expression compared to
several other tumor types. However, CCNS5 expression was shown to be down regulated compared
to normal SG cells, suggesting that loss of CCNS5 expression may play a role in SGT progression
(408, 409, 410). The Hepatitis C viral (HCV) core protein is known to modulate the Wnt pathway
and increases transcriptional activity induced by Wnt3A, through enhancement of Tcf dependent
transcription and B-catenin stabilization (406). In the hepatocellular cancer cell-line Huh-7,
overexpression of HCV core protein upregulated the expression of Wnt-1 protein and CCN5
expression (407). Childhood adrenocorticoid tumors ACT also involve over activation of the Wnt
signaling pathway. ACT tissue samples showed increased CCNS5 gene expression compared to
control (408).

Small signaling molecules which modulate the Wnt pathway also can induce CCNS5
expression. PKA 1is an important regulatory protein in the Wnt pathway. PKA phosphorylates
GSK-3p at Sero, inactivating it, allows for stabilization of - catenin and causes activation of
downstream Wnt signaling pathway (409, 410). The effects of PKA signaling to induce CCN5
expression have also been shown in a non-canonical pathway. In PPNAD-derived cell lines, PKA
is over activated, resulting in decreased miR449 and increased expression of CCNS5. On the other
hand, by inhibiting the activity of PKA, levels of miR449 are increased, thereby decreasing CCN5
expression. Treatment of MCF-7 cells with a PKA activator increased CCN5 expression (412).

PKC is a negative regulator of B-catenin stability, blocking the Wnt signaling pathway (413). In
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MCEF-7 cells, PKC activator inhibited estrogen induced CCNS5 expression, and activators of PKC

, such as

Figure 1. 8. A schematic representation of the canonical Wnt signal transduction cascade.
Left, in the absence of Wnt ligand, a complex of Axin, APC, GSK3-f, CK1 and B-catenin is located
in the cytosol. B-catenin is dually phosphorylated by CK1 and GSK3-f and targeted degraded by
the proteosomal machinery mediated by B-TrCP. Right, with Wnt stimulation, signaling through
the Fz receptor and LRP5/6 co-receptor complex induces the dual phosphorylation of LRP6 by
CK1 and GSK3-p and this allows for the translocation of a protein complex containing Axin from
the cytosol to the plasma membrane. Dsh is also recruited to the membrane and binds to Fz and
Axin binds to phosphorylated LRP5/6. This complex formed at the membrane at Fz/LRP5/6
induces the stabilization of B-cat via either sequestration and/ or degradation of Axin. B-catenin
translocates into the nucleus where it complexes with Lef/Tcf family members to mediate
transcriptional induction of target genes [Adapted from (612) with permission]
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phorbol esters, increased CCNS5 expression, again implicating CCNS5 as a downstream target of
PKC/wnt signaling (412, 414).

In addition to PKA, large tumor suppressors (LAT1/2) can also modulate CCN5
expression. LAT1/2 are implicated in several types of cancer, including leukemia, lung, prostate
and breast cancers. LAT1/2 regulate key proteins in the Wnt pathway and have been shown to

down regulate CCN5 in HeLa cells using a whole genome microarray (415).

1.9.6.2 Estrogen Signaling and CCNS

Banerjee and his colleagues first discovered CCNS regulation through estrogen signaling
in breast cancer. They found that both CCN5 mRNA and protein was significantly up regulated in
estrogen receptor (ER) positive breast cancer cell lines following the estrogen treatment (416, 417).
They observed a strong correlation between CCNS5 protein expression and ER-a positivity in
human breast cancer samples (416). CCN5 induction by estrogen in breast cancer cells could be
mediated through non-genomic pathways by activation of mER-a-MAPK signaling or through a
genomic effect (direct transcriptional activation effect) via classical intracellular estrogen
receptors that interact (416) with a specific response element (ERE) on promoters or coregulators
of the general transcription machinery (419). Interestingly, the non-genomic pathway is also
involved in IGF and EGF-induced up regulation of CCN5/WISP-2 in ER positive breast cancers
(418, 420).

Extensive studies with the estrogen-positive MCF-7 cell line have been done to establish
CCNS as a target of estrogen signaling in breast cancer cells. The effect of estrogen on CCN5
primarily is attributed to ER-a signaling. ER negative breast cancer epithelium cells fail to respond

to estrogen stimulation. However, overexpression of ER-a into these cells restores the ability of
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estrogen to induce CCNS5 expression (416). Introducing 17B-estradiol to MCF-7 cell culture in a
dose-dependent manner increases expression of CCN5 mRNA and protein (416, 421). However,
MCF-7 tumor progression was significantly greater in the mice exposed to 17B-estradiol (17B-E2)
compared to unexposed mice. WISP-2/CCN5 mRNA expression was correspondingly increased
in 17B-E2 exposed MCF-7 tumors compared to unexposed xenografts. Moreover, estrogen
exposure followed by anti-estrogen tamoxifen treatment drastically inhibited the tumor growth and
WISP-2 expression in nude mice. Therefore, the study suggests that higher WISP-2/CCN5
expression by estrogen may be associated with the estrogen-induced growth of MCF-7 tumors in
vivo. During solid tumor formation, CCNS5 was increased in MCF7-cell derived tumors. Several
xenoestrogens have been reported to increase CCNS expression through the activation of the
signaling cascade (395). Moreover, the ability of estrogen to upregulate CCNS5 expression was
completely blocked by pure anti-estrogen, ICI 182,780 (416, 417). The partial ER-a antagonist,
tamoxifen, inhibited tumor growth and CCNS5 expression, implicating CCN5 in the mechanism of
tumor formation (422). However, tamoxifen has been shown to be a partial agonist/antagonist for
ER-a and a complete antagonist for ER-f.

Estrogen has been shown to regulate CCNS transcription in MCF-7 cells through an ERE
responsive element between -581 and -569 bp upstream of the estrogen inducible transcription start
site (423). Chromatin immunoprecipitation showed an estradiol dependent recruitment of ER-A
to the estrogen responsive element. CREBP was also found to translocate to the estrogen
responsive element in CCN5 (423). This data suggests ER-a and CREB dependent mechanism for
CCNS5 expression in MCF-7 cells. ER-o has been shown to interact with the transcription co-
factors CLIM and RLIM, which regulate the LIM-homeodomain transcription factors (424).

Silencing CLIM or RLIM with siRNA in MCF-7 cells decreased estrogen induced expression of
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CCNS. In addition, treatment with estrogen induced RLIM and CLIM recruitment to the CCN5
promoter, indicating a direct role for these transcription factors in CCN5 expression (424).

Cross talk between the estrogen and CCNS5 signal transduction pathways has been studied by
several investigators. Estrogen signaling can be modified by protein kinase A/C
activity. Treatment of MCF-7 cells with protein kinase A (PKA) activators induced CCN5
expression. CT/IBMX induced expression of the other estrogen-responsive gene, pS2, more
dramatically than maximum stimulation by 17beta-estradiol (E2). Treatment with PKC activator
completely prevented CCN5 mRNA induction by E2, whereas it increased pS2 mRNA expression
more dramatically than maximum stimulation by E2.

Epidermal growth factor interacts with the estrogen signaling pathway. Activation of
EGFR can lead to further activation of ER in a non-estrogen dependent mechanism (425). EGF
signaling leads to an increase in proliferation of MCF-7 breast cancer cells, but this can be
abrogated by silencing CCNS. In addition, EGF-induced CCNS5 expression in a dose- and time-
dependent manner and can act synergistically with the addition of estrogen, possibly through PI3K
and MAPK signaling pathways. Silencing or inhibiting EGFR, inhibiting PI3K with wortmannin
or inhibiting ERs with ICI-182-780 all inhibited EGF induced expression of CCN5 (420). The IGF
pathway also activates ER through phosphorylation in a non- estrogen-dependent manner. In the
meantime, estrogen signaling can also activate the IGF pathway, leading to bi-directional crosstalk
(427). In MCF-7 cells, IGF-I is a potent mitogen and treatment with IGF-I increased CCN5
expression. siRNA knockdown of CCNS5 abrogated the mitogen effect of IGF-1. This IGF-I
induced CCNS5 expression is also regulated by estrogen. The purified anti-estrogen, ICI-182,780
inhibited the IGF induced expression of CCNS5 as well as proliferation, implicating membrane ERs

as a participant in this signaling pathway (428). Tip30 is a putative tumor suppressor and
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transcription factor, which negatively regulates estrogen induced transcription of c-myc (429). Tip-
30 also negatively regulates IGF-I and CCNS5 expression, possibly through repression of ER-a
transcription. Tip30 knock out in mammary epithelial cells promotes proliferation and a 40-fold
increase in CCN5 mRNA level. Knock down of either CCNS5 or IGF-1 inhibited this effect (430).
This data suggests Tip30 may regulate breast cancer progression through estrogen signaling and
IGF-1 expression.

Progesterone is also involved in molecular cross-talk with estrogen to stimulate CCNS5
expression. In MCF-7 cells progesterone treatment caused a transient increase in CCN5 mRNA
which could be blocked by the progesterone antagonist RU38468. However, when treated with
progesterone and estrogen together, both induction of CCNS5 expression are blocked and CCN5
mRNA remains at basal levels (416).

Estrogen and progesterone are also important regulators of uterine smooth muscle but have
a different impact than MCF-7 cells. During the proestrous phase of the reproductive cycle,
estrogen levels are high and CCNS is expressed five-fold higher than in metestrous females with
the latter expressing low estrogen (431). Treatment with either estrogen or progesterone increased
CCNS expression in uterine smooth muscle from OVX rats. Interestingly, a combined treatment
increased CCNS5 regulation much greater than either treatment alone (431). CCNS signaling
appears to be highly dependent on the cell type and state of the tissue. For example, CCN5
expression in response to progesterone differs between uterine smooth muscle and the MCF-7
breast cancer line. Additionally, CCNS5 is anti-proliferative in uterine smooth muscle, but
mitogenic in breast cancer although in both lines CCNS5 is induced by estrogen. In cancer cells, it

is possible that signaling pathways including CCNS5 expression have been altered.

1.9.7 CCNS5 in human Diseases
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Since the discovery of CCNS5, investigators are focusing on its role in different human
diseases. Over last 16 years, many researchers have invested their efforts in studying the role of
CCNS in neoplasia, leiomyoma, hepatic carcinoma, breast cancer, skin carcinoma, pancreatic

carcinoma, hyperplasia, atherosclerosis and rheumatoid arthritis.

1.9.7.1 Angiogenesis and cardiovascular development: Angiogenesis is important in multiple
physiologic processes, such as vascular development, wound healing, and diabetic retinopathy.
On the other hand, angiogenesis and invasion are essential attributes of metastatic cancer cells.
Other CCN isoforms, especially CCN2 has been shown to play a key role in developmental and
pathologic angiogenesis. CCN2 has been reported to induce angiogenesis in ischemia induced
angiogenesis and during lung cancer. In breast carcinoma CCN2 induces angiogenesis, which can
be abolished by deleting its CT domain (401). This suggests that CCNS5, lacking the CT domain,
may play a role as negative regulator in angiogenesis. In human epidermal tissue, CCNS is
localized around blood vessels and is significantly down regulated during wound healing,
consistent to a potential negative role on angiogenesis. However, CCNS5 can also be implicated in
modification of extracellular matrix, invasion, and angiogenesis. In advanced CaP (prostate
carcinoma) cells it is highly expressed. Recently it has been reported that the pro-inflammatory
chemokine, IL-8 strongly modulates CCNS5 expression in CaP cells.

1.9.7.2 Cancer:

CCNS plays an important role in human breast carcinoma (416, 420, 449). It shows a
preventative role in the progression of human breast cancer. As discussed before, CCN5 expression
can be induced by various stimulants i.e., estrogen, progesterone and growth factors such as IGF-
I, EGF, PMA and serum in ER-positive, noninvasive breast tumor cells (395, 396, 414, 416, 416-

418, 420, 422, 423). Moreover, in ER-a positive MCF-7 cell line, CCN5 can be induced by 173-
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estradiol. This induction can reach to its peak by 24 hrs (416). In non-transformed human
mammary epithelial cells (HMEC), CCNS5 expression remains undetectable, but 17p-estradiol
treatment can up-regulate it in the hER-o (human estrogen receptor-o) positive stable cell line.
This provides further evidence that in HMEC active ER-a can up-regulate of CCN5. MDA-MB-
231 cell line overexpression of CCNS5 inhibits of cell proliferation and invasiveness (449, 450)
whereas knockdown directly increases the motility and invasiveness of MCF-7 cells. This CCN5
knockdown can downregulate epithelial cell markers while simultaneously upregulating the
mesenchymal markers (449, 450). Matrix metalloproteinases are highly expressed in the invasive
phenotype due to suppression of CCNS5 (449). Finally, CCNS5 expression was found to be inversely
correlated with the mutational activation of p53 in human breast carcinoma cells lines, and
expression of mutated p53 in MCF-7 cells inhibits expression of CCNS5 (451). CCNS is expressed
primarily in epithelial keratinocytes, and in the dermis, it is secreted by fibroblasts, blood cells,
hair follicles and sweat glands (452). 24hrs after the UV exposure, CCN5 level was down-
regulated in human skin and did not return to basal levels until 48hr post irradiation. A similar
scenario happened during wound healing in human forearm epidermal tissue leading to a hyper
proliferative effect (452, 453).

CCNS is important in development and is known to control differentiation in multiple cell
types. During hepatocellular carcinoma, CCNS5 had the opposite effect of increasing cell
proliferation through activation of the Wnt pathway in hepatocytes treated with Hepatitis C viral
core proteins. The Wnt pathway is also altered in colon carcinoma, but transcript levels were
decreased compared to healthy colon tissue (390). CCNS acts as a tumor suppressor and plays a
protective role in the progression of human pancreatic cancer. Overexpression of mutated p53

appeared to be associated with silencing CCN5 (428).
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The data to date suggest that CCNS5 is multifunctional, mediating many diverse biological
functions that vary according to cell type and tissue environment. So far, the data are limited to
the functions chosen for study by each investigating group. Most of the investigations began the
study of CCNS5 with a very specific potential clinical application in mind, or the hope for a simple
molecular solution for a long-standing and difficult clinical disease challenge, such as vascular
disease and cancer. Unfortunately, several other diseases like diabetes, obesity and pancreatic
cancer, the role of CCNS has not been studied yet. Therefore, it is now necessary to extend and
explore the research focus in these areas. Once these studies are completed, it will be much easier
to ascertain the role of CCNS in the pathogenesis and treatment of particular diseases, and to select
potential therapeutic modalities for CCNS.

Another factor that has significant impact in diabetic complication is glucocorticoid. We
will have a brief discussing on glucocorticoid and glucocorticoid-related enzymes in the final part

of our introduction (Section 1.9 & 1.10).
1.10 Glucocorticoids:

Glucocorticoids (GCs) are released from the adrenal gland. The physiological stimulus for
glucocorticoid release is corticotropin (adrenocorticotropic hormone) from the anterior pituitary.
The primary glucocorticoid in human and most of the mammals is cortisol, whereas in rodents and
other lower vertebrates it is corticosterone. The name glucocorticoid (glucose + cortex + steroid)
derives from its role in the regulation of the metabolism of glucose, its synthesis in the adrenal
cortex, and its steroidal structure.

GCs were first identified by Kendall and colleagues (101) as a potent anti-inflammatory
agent in 1949. GCs have pleiotropic effects on physiological functions in the body including those

involved in energy balance and metabolism, immune function, cardiovascular function, circadian
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rhythmicity, growth and development, cognitive processes and the modulation of various types of
behaviour.
1.10.1 Glucocorticoid synthesis, secretion and metabolism

GCs are produced mainly in the adrenal gland from the common precursor cholesterol
through a series of enzymatic reactions which are located in either the smooth endoplasmic
reticulum or mitochondria. The basic structure of cholesterol is maintained throughout the steroid
biosynthetic pathways which contain a cyclopentane ring and 3-cyclohexane rings. Specifically,
GCs are synthesized in the adrenal cortex and are secreted into the circulation (Figure 1.8). Cortisol
is released under the control of the HPA axis which is activated either by a circadian rhythm or
stress stimulus. Under non-stress conditions circulating levels of GCs are released both in an
ultradian and diurnal manner. The suprachiasmatic nucleus, which is considered as an endogenous
biological ‘clock’ sets the circadian rhythm by recurring daylight and darkness (102). In mammals,
the peak secretion of GCs happens just before the active period, whereas the nadir occurs during
the rest (quiescence/sleep) period. The parvocellular cells in hypothalamus rapidly release CRH
and AVP into the portal circulation to target the anterior pituitary. CRH and AVP then act
synergistically to stimulate the secretion of stored ACTH into the bloodstream (Figure 1.8).
Circulating ACTH binds to its receptor at the adrenal cortex to stimulate the synthesis and secretion
of GCs (103).

In response to stress, CRH is secreted from the hypothalamus and stimulates the release of
ACTH and cortisol from the anterior pituitary and adrenal cortex, respectively. Cortisol then
inhibits its own release through a classical feedback process involving the negative regulation of

CRH and ACTH secretion. Only 4% of the circulating cortisol is free and biologically active.
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Cortisone has a lower binding affinity for corticosteroid-binding globulin, and unbound

concentrations are similar to that of free cortisol (106, 107).
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Figure 1.9. Glucocorticoid (GC) secretion is regulated by a negative feed-back loop HPA axis
and GCs modulate the target cell gene expression. CRH/AVP is released in the hypothalamus
after stimulation, and subsequently stimulates ACTH release from the anterior pituitary which then
induces the GC synthesis in the adrenal cortex and release into the circulation. The increased GCs
execute feedback inhibition on the HPA axis at both pituitary and hypothalamus, suppressing the
synthesis of GC. GCs cross the cell membrane to exert their biological effects by binding to the
GR, which exists as a multiprotein complex bound with HSP in the cytoplasm. GC/GR translocates

into the nucleus binding to GRE to regulate target gene transcription.

Abbreviations: CRH/AVP, corticotropin-releasing hormone/arginine vasopressin; ACTH, adrenocorticotropin
hormone; GCs, glucocorticoids; GR, glucocorticoid receptor; HSP, heart shock protein; GRE, glucocorticoid
response element; Nu, nucleus; Pr, protein. [Adapted from (637) with permission|
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1.10.2 Glucocorticoid receptors (GR)

GCs are lipophilic they can easily cross cell membranes and bind to two structurally related
intracellular receptors to exert their effects. The glucocorticoid receptor (GR), which is the main
receptor in stress is present in almost all cell types, including pancreatic -cells (108, 109). In a
few cell types, such as epithelial cells of the kidney (110), colon (111), mainly those concerned
with fluid or electrolyte balance, GCs bind to the mineralocorticoid receptor (MR) (112). Both
receptors act as transcriptional factors that can activate and/or inhibit the transcription of both
overlapping and distinct target genes either after binding to DNA or through protein-protein
interactions (113). GR is the product of a single gene, NR3C1, located on chromosome 5q31-32
in humans that undergoes alternative processing to yield multiple, functionally distinct subtypes
of GR.

1.10.3 Structure of GR

The GR is a modular protein containing an N-terminal transactivation domain (NTD), a
central DNA-binding domain (DBD), a C-terminal ligand-binding domain (LBD), and flexible
‘hinge region’ separating the DBD and the LBD. The NTD has a strong transcriptional activation
function (AF1), which allows for the recruitment of co-regulators and transcription machinery.
Among the 48 members of the nuclear receptor superfamily, the DBD is the most conserved
region. The two zinc-finger motifs present in the DBD recognize and bind specific DNA sequences
on target genes (GREs). Upon ligand binding, the second activation function (AF2), located in the
LBD interacts with co-regulators. The DBD/hinge region and the LBD each contain a nuclear
localization signal that allows translocation to the nucleus via an importin-dependent mechanism

(114)
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1.10.4 Mechanism of GR action

The classical effects of glucocorticoid signaling are the genomic actions, which depend on
GR-mediated transcription and de novo protein synthesis. Ligand-bound GR homodimerizes in the
nucleus and exerts its transcriptional activation or repression by direct high-affinity binding to
GREs found in either the promoters or the intragenic regions of glucocorticoid target genes (Figure
1.9). The gene encoding GILZ (117), SGK1 (118), TTP (119), and MKP-1 (120) are examples of
genes up-regulated by activated GR. Examples of genes negatively regulated by GR are -arrestin
2 (121), osteocalcin (122), and the GR gene NR3Cl itself (123). DNA in the form of GREs
modulates GR function by allowing selective regulation of gene expression, whether for gene
activation or repression. Similarly, GREs can offer more than just a docking site for GRs in the
protein/DNA complex, because the DNA sequence in the GRE can serve as a ligand that can
allosterically modulate the structure and transcriptional activity of the GR (124).

Emerging evidence suggests that glucocorticoids can also exert their actions in a more rapid
(within minutes), non-genomic signaling mechanism that does not require nuclear GR-mediated
transcription or translation (usually takes a few hours). These actions are thought to be mediated
by the activation of signal transduction pathways such as the mitogen-activated protein kinase
(MAPK) pathway, by the membrane-bound GR or the cytoplasmic GR (125, 126). Additionally,
rapid effects, not specific to GRs, also occur as a result of physiochemical interactions of
glucocorticoids with the cell membrane (127). These rapid actions of the GR have been reported
in various systems, including the cardiovascular, immune and neuroendocrine systems (125, 128,

129).
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Figure 1.10. Glucocorticoid receptor (GR) signaling. On binding glucocorticoids, the
cytoplasmic GR undergoes a conformational change, becomes hyperphosphorylated (P),
dissociates from accessory proteins, and translocates into the nucleus, where it can exert its actions
through genomic mechanisms. Activated cytoplasmic GR is also known to exert its actions via
non-genomic mechanisms. In the nucleus, the GR enhances or represses transcription of target
genes by direct binding to ‘simple’ or negative glucocorticoid-response elements (GREs),
respectively, by tethering itself to other transcription factors, or in a composite manner by direct
binding to GREs and interacting with other transcription factors. One of the mechanisms by which
the GR suppresses inflammation is by inducing expression of tristetraproline (TTP), which in turn
binds the mRNA of proinflammatory genes and destabilizes them. The GR modulates gene
expression of arrestins 1 and 2 to alter G-protein-coupled receptor (GPCR) signaling. [Adapted
from (474) with permission]
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1.10.5 Glucocorticoids and Pancreas

It is known that elevated levels of glucose and fatty acids decrease B-cell survival by
inducing endoplasmic reticulum (ER) stress, by producing reactive oxidative species and reducing
insulin synthesis and impaired insulin signalling pathways (193). Indeed, GCs are regulators of
glucose and lipid metabolism (195); however, their influence on B-cell function has yet to be fully
clarified. It is well known that GCs induce insulin resistance in most tissues, including skeletal
muscle, adipose, liver and brain, through impairments in the translocation of the GLUT4 protein
(196,197) as well as up-regulating phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase (G6P), both in vitro and in vivo (198,199). However, more recently, studies have been
focusing on the role of GCs exert on pancreatic -cell function by inducing improper folding of
the insulin hormone and impaired GSIS (194).

Several studies involving rodent-derived islets have assessed the effects of GCs on insulin
secretion in vitro. GCs compounds have shown to decrease insulin release in response to both
acute (minutes) and more prolonged exposure (hours to days) (202, 203-208). Glucose uptake and
its oxidation in beta cells results in an increase in the ATP/ADP ratio, closure of Katp channels,
plasma membrane depolarization, increased cytoplasmic calcium concentrations, and finally
exocytosis of insulin granules. In addition, calcium fluxes activate a number of potentiating signal
pathways, including PKA and PKC through amplifying insulin secretion (209). GCs were shown
to impair B-cell glucose metabolism by reducing the expression levels of GLUT2 (203, 210) and
glucokinase (GK) (211), and to increase futile glucose cycling by enhancing G6Pase activity (211,
212). Through these mechanisms, GCs may reduce glucose uptake and thereby decrease ATP
synthesis and calcium influx. Furthermore, GCs has been found to be involved with the inhibition

of more downstream steps in the insulin pathway. In isolated rat islets, dexamethasone inhibits the
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activation of PKC through down-regulating the DAG-phospholipase C (PLC) pathway (208). At
the same time, GCs increases the expression of a2-adrenergic receptors (208), leading to reduced
PKA activity and decreased insulin release. Together with insulin secretion, GCs may also
decrease insulin biosynthesis by reducing the ATP/ADP ratio (205,214) and may reduce beta-cell
mass by inducing apoptosis (215). To summarize, GCs interfere with the insulin signaling

pathways, but the exact mechanism is yet to be fully understood.
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Figure 1.11. The effects of glucocorticoid (GC) treatment on insulin synthesis and secretion
in the pancreatic B-cells. GCs decrease glucose uptake into the B-cell as they lower glucose
transporter 2 (GLUT2) expressions and content. GCs also decrease glucokinase (GK) and G6Pase
(G6P) activity. As glucose uptake is low in the cell, ATP/ADP ratios do not change, thus allowing
K+ voltage-gated channels to remain open and permitting K+ to escape the cell. This decreases
cell depolarization resulting in hyperpolarization and indirectly limits Ca2+ entry into the cell.
GCs also directly impair Ca2+ influx, which creates membrane repolarization and Ca2+ instability,
thereby affecting the Ca2+-sensitive endoplasmic reticulum (ER). GCs inhibit protein kinase
A/protein kinase C (PKA/PKC) activity, which that would normally signal for insulin synthesis
through the ER. Moreover, GCs also induce an ‘unfolding’ protein response in the ER, which
increases ER stress and impairs ER homeostasis, thereby limiting insulin secretion.
Abbreviations: AC, adenyl cyclase; Ach, acetylcholine; ATP, adenosine triphosphate; cAMP,
cyclic adenosine monophosphate; DAG, diacylglycerol; G6P, glucose-6-phosphatase; Gi. G-
coupled inhibitory protein; GC, glucocorticoid; GK, glucokinase; GLUT2, glucose transporter 2;
HK, hexokinase; IP3, inositol triphosphate; Kvl-5, voltage-dependent K channel; PIP2,
phosphatidylinositol biphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC,
phospholipase C; SGK-1, serum- and glucocorticoid inducible kinase-1. [Image adapted from
(198) with permission]
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1.11 11B-hydroxysteroid dehydrogenases (113-HSDs)

The physiological GC action depends on several factors- GR receptor and intracellular
concentration of the ligand which is regulated by the activity of the HPA axis, by the level of the
corticosteroid binding globulin, and by the activity of the intracellular 11B-hydroxysteroid
dehydrogenase enzymes. 11B-HSD activity is found in a broad range of cells and tissues such as
human placenta, kidney (predominantly dehydrogenase activity) and liver (predominantly
reductase activity) (241). This is explained by the existence of two isozymes of 11p-
hydroxysteroid dehydrogenase (Figure 1.11), 113-HSD1 (NADPH dependent type-1 isozyme) that
catalyzes the interconversion of hormonally active GC (cortisol in humans and corticosterone in
rodents) and 11B8-HSD2 (a NAD dependent oxidative type 2) that catalyzes the conversion of
inactive GC (cortisone in humans and 11DHC in rodents) to regulate intracellular GCs levels
(242). 11B-HSDI acts as a bi-directional (the reductase usually being predominant) enzyme and it
is largely expressed in the tissue and organs associated with high GR expression, such as liver,
lung, adipose tissue, and brain (243-248). In contrast, 113-HSD2 functions solely as a
dehydrogenase and is expressed mainly in kidney and other mineralocorticoid target tissues where
it prevents inappropriate activation of GCs (249, 250). Notably, MR and GR have
indistinguishable affinities for active GCs and as such the 11B-HSD enzymes fulfill a critical pre-

receptor ligand access function in these tissues (241).
1.11.1 11B-hydroxysteroid dehydrogenases type 1 (113-HSD1)

11B-HSD1 is a member of the short chain dehydrogenase/ reductase superfamily with high
sequence homology between species, especially the cofactor binding region (GASKGIG) and the

catalytic site (YSASK). The 7/f-HSDI expression is postnatal with limited or no expression in
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fetal tissues of most mammals. In humans the expression reaches the maximum at adult level
with the highest in liver, adipose, gonad and brain. However, it is also expressed in bone, eye,
heart, immune system, Gastrointestinal tract, kidney, pancreas and skin.

The 71p-HSDI gene in rat liver contains 861 bp ORF encoding a protein of 288 amino
acids (15-17, 25). Analysis of the mouse cDNA of 14kb shows extensive conservation of
nucleotide (91%) and 292 amino acid (86%) sequences with rat 113-HSD1 (251). The human
HSD11B1 gene is over 30 kb in length and consists of 6 exons (182, 130, 111, 185, 143, and 617
bp, respectively) and 5 introns (776, 767, 120, 25 300, 1700 bp, respectively) (20).

Purified 11B-HSDI1 enzyme behaves principally as an NADPH dependent dehydrogenase,
oxidizing cortisol to cortisone (252). 11B-HSD1 is an NADP(H)-dependent enzyme which is a
major regulator of GC metabolism in mammals (252). Perhaps only in tissue homogenates and
some transfected cells (248, 254-256) 11B-HSD1 exerts a bi-directional function. However, in
intact cells and in vivo, 11B-HSD1 mainly acts as a reductase favoring the conversion of cortisone
to cortisol (246, 262, 263, 264). 11B-HSD1 is an integral membrane protein of the endoplasmic
reticulum (ER) with its N-terminus anchored in the ER membrane and the C-terminus inside the
ER lumen (248, 265, 266). 11B-HSDI activity highly depends on the ratio of NADPH/NADP+
within the ER lumen (248, 256-258). The ER membrane is relatively impermeable to pyridine
nucleotides- as a result, the NADPH/NADP-ratio within the ER is regulated by other enzymes,
key among which is hexose-6-phosphate dehydrogenase (H6PDH) that is untethered and resides
in the ER lumen (252) (Figure 1.12). The H6PDH is the microsomal counterpart of the cytosolic
glucose-6-phosphate dehydrogenase (G6PDH). NADP-and G6P are the two essential substrates
for HOPDH to generate NADPH by catalyzing the first two steps of the endo-luminal pentose-

phosphate pathway. Generation of NADPH thereby drives 113-HSD1 reductase activity (259).
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Unlike NADP:, G6P is transported into the ER lumen by the glucose-6-phosphate transporter
(G6PT) (260). One recent study showed that G6PT deficiency in liver results in a loss of 11p-

HSDI1 reductase activity (261).
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Figure 1.12 Reactions catalyzed by 11p-hydroxysteroid dehydrogenase (11p-HSD)
isozymes. A. Interconversion of cortisol and cortisone by 113-HSD1 and -2 in human (11-
dehydrocorticosterone and corticosterone in mouse). B. The regulators involving upregulation
(pink) and downregulation (blue) of 118-HSDI1 activity.
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Figure 1.13 A schematic of the interaction between 11B-HSD1 and its cofactor generating
enzyme H6PDH in the regulation of glucocorticoid metabolism. G6P from the cytosol is
transported into the ER lumen by the G6P transporter (G6PT), where HOPDH oxidizes it to 6PG
while reducing NADP" to NADPH. NADPH availability confers oxoreductase activity (cortisone

to cortisol) upon 11B-HSDI.

Abbreviations: ER, endoplasmic reticulum, HOPDH, hexose-6-phosphate dehydrogenase, NADP, Nicotinamide
adenine dinucleotide, NADPH, Nicotinamide adenine dinucleotide phosphate, G6P, glucose-6-phosphate;
G6PT, Glucose-6-phosphate transporter; 6PG, 6-phosphogluconolactonate (adapted from 242, 267).
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1.11.2 11B-HSD1 and Metabolism:

The regulation of 11B-HSDI transcription and activity is highly tissue-specific and
influenced potently by hormones GC, insulin as well as cytokines- IL-1 and TNF-a (242, 246).
Glucocorticoids play a role in the regulation of carbohydrate metabolism and the development of
diabetes (268). They stimulate gluconeogenesis, inhibit glucose utilization, and cause insulin
resistance (269, 270, 271). Physiologically, glucocorticoids stimulate of hepatic gluconeogenesis
and adipose tissue lipolysis causing increased blood glucose and fatty acid in the fasting state.
However, in the fed state they can work together with insulin to promote carbohydrate and lipid
storage. Patients with Cushing syndrome develop visceral obesity, hepatic steatosis, dyslipidemia,
atherosclerosis, hyperglycemia and insulin resistance, with resultant hyperinsulinemia. All these
factors contribute to impaired glucose tolerance or type 2 diabetes mellitus and increased
cardiovascular mortality (272).

1.11.3 11B-HSD1 in adipose tissue:

11B-HSD1, with high expression in human adipose tissue (273, 274), acts predominantly
as an oxoreductase and is induced by glucocorticoids and pro-inflammatory cytokines (275-277).
It is expressed at the same level in sc and visceral adipose tissue depots whereas HOPDH and GR
are expressed at higher levels in visceral tissue (278). 11B-HSD1 is involved in the process of
differentiation from pre-adipocytes to mature adipocytes in adipose tissue (Figure 1.13) (279).
11B-HSD1 expression and/or activity increased in adipose tissue of obese humans (280-287) and
rodents (288-290). The expression of 11B3-HSDI is higher in visceral compared to sc-adipose

stromal cells in humans and increases across differentiation (273).
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Different rodent obesity models have demonstrated B-HSD1 dysregulation in adipose
tissue. 11B-HSD1 overexpression, specifically in adipose tissue under the aP2 promoter (aP2-
HSD1), achieved 2-3 fold elevated adipose tissue corticosterone levels in transgenic mice
compared to lean mice. This was comparable to that found in obese humans. Crucially, as with
idiopathic human obesity, corticosterone levels in the blood were normal but corticosterone was
higher in adipose tissue and the portal circulation draining from the visceral fat (289). aP2-HSDI1
mice developed glucose intolerance, insulin resistance, elevated fatty acid and triglyceride levels,
leptin resistance, hyperphagia (289) as well as hypertension (291), making a causal link between
elevated adipose 11B-HSD1 and metabolic syndrome. These mice had decreased sensitivity to
insulin and increased glucocorticoid action with decreased expression of adiponectin (292). In
obese mice, increased activity of 11B-HSD1 was observed in visceral adipose tissue, compared to
lean Zucker and Wistar/obese (WNIN/ob) rats and diabetic (db/db) mice (288, 293, 294, 295).
Additionally, obese WNIN/ob and db/db mice showed higher 11B3-HSD1 activity in the sc depot
(294-295). A large number of studies in sc adipose tissue have shown that 11B-HSD1 expression
activity has a positive activity correlate with BMI and insulin resistance (280-282, 284-286, 296,

297).
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Figure 1.14 Effects of elevated 11p-HSD1 on adipocyte function in obesity. (1) Inactive
cortisone from the blood is converted to active cortisol by 11B-HSD1 within the cell. (2) This
promotes preadipocyte differentiation, which contributes to (central) obesity during caloric excess.
(3) As adipocytes become hypertrophic, 113-HSDI1 levels and intracellular cortisol levels rise
causing the following hypothetical effects within the adipocyte (clockwise from far left): increased
(+) LPL expression (Ipl) and lipid uptake; impaired (—) angiogenic vascularization responses from
surrounding blood vessels; suppression (—) of AMPKinase, with a consequent increase in (+)
lipogenesis and reduction (—) in fat oxidation; increased (+) ER stress; a variable effect on
adipokine secretion including increased (+) angiotensinogen (angtn), which leads to hypertension,
and suppression (—) of adiponectin, which exacerbates systemic insulin resistance; direct
impairment of the insulin signaling cascade (e.g. IRS 1 or 2) and insulin-responsive glucose uptake
(GIuT4); increased (+) lipolysis through HSL; spillover of locally produced cortisol which may
affect neighboring cells and contribute to insulin resistance in other organs (e.g. portal drainage to
the liver). (4) Competitive metabolism of cholesterol metabolites and glucocorticoids may lead to
accumulation of atherogenic oxysterols (7-kC = 7-ketocholesterol, 7-ohC = 7-hydroxycholesterol)

within the fat/systemically. Adapted from NM Morton, Molecular and cellular
Endocrinology 316 (2010) 154-164 (298)
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1.11.4 11p-HSD1 in liver:

11B-HSD1 is highly expressed in human and rodent liver, more than 10 fold compared to
the adipose tissue (299). In human liver, its expression level is highest around the central vein
(339), whereas in rat and human hepatocytes primary culture demonstrate exclusively
oxoreductase activity (300, 301). Recently a number of human studies showed the relationship of
11B-HSD1 expression and the metabolic syndrome. In obese patients, the expression of GR, 11f-
HSD1 and H6PDH in liver were higher with metabolic diseases (302). Although some studies
showed hepatic 113-HSD1 and H6PDH level unaltered with NAFLD (Non-alcoholic fatty liver
disease) patients (303, 304). In obese mice, NAFLD was associated with 11B3-HSDI1
overexpression in visceral adipose tissue with hepatic lipid accumulation due to increased
corticosterone delivery to the liver (304). In some obese rodent models (WNIN/ob (294) and obese
Zucker rats (107)) the hepatic 113-HSD1 expression decreased whereas in others such as diabetic
db/db mice hepatic 113-HSD1 and GR expression are increased (305). To explore the role of
hepatic 11B-HSD1 in global metabolic homeostasis, mouse models with liver-specific
overexpression and knockdown have been developed. The aP2-HSD1 transgenic mice display a
high level of corticosterone and FFAs in the hepatic portal vein (289), which suggests
overexpression of 11B-HSD1 in visceral adipose tissue could cause a detrimental delivery of
elevated GCs to liver, at least in mice. The liver-specific overexpression of 11B3-HSDI1 was
generated by utilizing the ApoE promoter (ApoE-HSD1) (306) to investigate the effects of excess
hepatic GCs on metabolic syndrome. ApoE-HSD1 mice exhibited modest insulin resistance,
increased liver fat content, and dyslipidaemia in the absence of glucose intolerance, are
hypertensive and develop hepatic steatosis due to increased triglyceride accumulation and

impaired lipid clearance, obesity or changes of adipose distribution (306). Liver-specific 1183-
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HSD1KO mice showed a mild metabolic phenotype, slightly improved glucose tolerance without
significant improvement in insulin sensitivity and no changes in hepatic lipid homeostasis, TG
accumulation, or serum lipids. Despite unchanged circulating corticosterone levels, these mice
showed increased adrenal size, suggesting increased HPA axis activation (307).

1.11.5 Therapeutic inhibition of 11p-HSD1:

The potential use of several 11B-HSD1 inhibitors has been demonstrated in different rodent
models for treatment of metabolic syndrome. Although very limited, some of the available clinical
data shows improve glucose levels, insulin sensitivity and lipid profiles after these inhibitors
treatment (170, 298, 315, 316). Carbenoxolone, a non-selective compound, was the first drug
demonstrated in human with improved whole body insulin sensitivity among healthy individuals.
Type 2 diabetes patients showed decreased glucose production rates through decreased
glycogenolysis with no apparent effect on gluconeogenesis (317-318). In addition, it decreases
total circulating cholesterol (318). But Carbenoxolone was able to inhibit local cortisol availability
in the sc depot and inhibit glucocorticoid-induced lipolysis (319). Due to its poor selectivity for
11B-HSD1, poor efficacy within adipose tissue highly potent selective 113-HSD1 inhibitors have
now been developed by several pharmaceutical companies. Arylsulfonamidothiazoles (BVT
116429 and BVT 2733: has >200-fold selectivity for 113-HSD1) were the first reported selective
11B-HSD1 inhibitors and they enhanced insulin action in liver, as well as lowering blood glucose
concentrations in diabetic and obese mice (320-322). Compound 531 (Abbott Laboratories, Abbott
Park, Illinois) improved insulin sensitivity and decreased hepatic glucose production in dogs
through decreased glycogenolysis without any impact on hepatic gluconeogenesis (323). The PF-
915275 (Pfizer), is selective for the primate and human 11B8-HSD1 and reduced fasting insulin

levels (324). The therapeutic benefits of 113-HSD1 inhibition in rodent models are consistent in
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most studies. To date, a number of other 11B3-HSD1 inhibitors are under development for potential
clinical purposes (311, 314, 322, 325). Recently, the first data using an 11B3-HSD1 inhibitor for the
clinical treatment of T2D has been reported (326).

Treatment with Incyte (INCB013739), a selective 113-HSDI inhibitor, among type 2
diabetes patients completely abolished all conversion of cortisone given orally to cortisol.
Metabolically, hepatic glucose production rates decreased without alteration in glucose disposal.
In addition, total and LDL cholesterol decreased, with no change in HDL-cholesterol or
triglyceride levels (327). Combination treatment with metformin had significantly reduced
hemoglobin A1C, fasting glucose, total cholesterol, LDL, cholesterol, and triglycerides, while the
basal cortisol level was unchanged. Pfizer has also developed compound PF- 915275, an effective
11B-HSD1 inhibitor which was well tolerated at its maximum oral dose with no effect on the HPA
axis (328). Very recently, Amgen developed AMG221 that has been shown to inhibit 113-HSDI1
activity in sc adipose tissue (329).

The prospects for therapeutic inhibition of 11B-HSDI are, therefore, good, although the
downstream effects of these inhibitors in tissues where elevated 113-HSD1 may play a beneficial
functional role (e.g. macrophage inflammation resolution) remains to be clarified.

1.11.6 11B-HSD1 effects in pancreas:

11B-HSD1 mRNA, protein and activity has been demonstrated in rodent (330-333) and
human pancreatic islets (330). However, there remains significant controversy on its subcellular
localization. Some studies have shown co-localization with glucagon in the periphery of murine
and human islets, but not with insulin or somatostatin, suggesting the expression of 113-HSD1 in
the a-cell, not B-cells (333). Others showed its co-localization with insulin, indicating B-cells

expression (336). Use of pharmacological inhibitors of 113-HSD1 can regulate insulin secretion
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both in vitro (333, 335) and in rodent models (330, 332). Expression is increased from islets from
obese ob/ob mice (332) and diabetic Zucker diabetic fatty fa/fa rats, where 11B3-HSDI activity
increased with increasing hyperglycemia (331). 113-HSD1 expression has been found to be higher
in pancreatic islets of obese/diabetic rodents and is more sensitive to 11-dehydrocorticosterone
(11DHC) mediated suppression of GSIS, an effect reversed by 11B-HSD1 inhibitors (330-333).
The high glucose and lipid levels typical of metabolic disease were assessed for their potential
regulatory effects on islet 113-HSDI1 in vitro, but no clear effect on 113-HSD1 mRNA levels on
isolated islets of prediabetic ZDF rats was found (331). Thus, the increased GC action mediated
by elevation of 11B-HSD1 expression may modulate the onset of diabetes by amplifying the
inhibitory effect of GCs in B cell. However, there are conflicting reports on the stimulatory or
inhibitory effects of glucocorticoids on glucose stimulated insulin secretion (GSIS) in vitro. This
also raised the possibility that altered B-cell 113-HSD1 could be secondary to the -cell failure, or
even a mechanism invoked to protect the B-cell from further damage.

In summary, 11B-HSD1 plays a negative role in pancreatic -cell function, although the
complete lack of 11B-HSD1 expression in B-cells has shown to be associated with mild B-cell
impairment (334). In addition, moderate B-cell specific over-expression of 11B3-HSDI can protect
against the diabetogenic effects of a high-fat diet. Increased number and function of small islets
can be a contributing factor for enhanced insulin secretion and B-cell differentiation and survival.

This suggests that GCs under certain conditions can promote B-cell function (335, 337).
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Figure 1.15 Direct GC effects on the insulin secretory process in B-cells. The known
components involved in the direct effects of GCs on the B-cell insulin secretory process are
highlighted with a positive signal (orange circle — indicates GCs stimulate that action) or negative
signal (red circle — indicates GCs inhibit that action). Most notably, GCs impair B-cell glucose
metabolism, favor repolarizing K+ currents, decrease PKA and PKC activation, induce ER
dyshomeostasis and increased FoxO1 protein content that altogether impair calcium handling and
inhibits insulin secretion. Abbreviations: AC, adenylyl cyclase; Ach, acetylcholine; ADP,
adenosine diphosphate; ATP, adenosine trisphosphate; cAMP, cyclic adenosine monophosphate;
Cx36, connexin 36; DAG, diacylglycerol; ER, endoplasmic reticulum; FFA, free fatty acids;
FoxO1, Forkhead box O; G6P, glucose-6-phosphatase; Gs, G-coupled stimulatory protein; GK,
glucokinase; GLUT2, glucose transporter 2; IP3, inositol trisphosphate; Kv1-5, voltage dependent
K+ channel; M3R, muscarinic receptor type 3; PDX-1, pancreatic duodenal homeobox; PIP2,
phosphatidylinositol bisphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC,
phospholipase C; SGK-1, serum- and glucocorticoid inducible kinase-1; VDCC, voltage-
dependent calcium channel, 11-BHSD-1, 11-f hydroxysteroid dehydrogenase type 1. Modified
from Nussey & Whitehead, 2001 (338) and from van Raalte et al., 2009 (198).
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1.12 Hypothesis and Specific aims

Although IGF-I is known to stimulate protein synthesis, cell survival and proliferation through
receptor-mediated activations of PI3K and MAPK, the specific targets within the pancreatic islets
have not been studied in a systemic manner. In order to explore novel and previously unknown
targets of IGF-I action, we performed a whole genome cDNA microarray analysis on isolated islets
from mice overexpressing IGF-I and found 82 genes specifically up- or down-regulated. Prominent
among those are intracellular substrates HSD11B1 encoding 11B-hydroxysteroid dehydrogenase
1 (11B-HSDI1) and cysteine-rich 61/connective tissue growth factor/nephroblastoma
overexpressed (CCN) or Wntl inducible signaling pathway (WISP) protein CCN5/WISP-2.

1. To investigate the IGF-I driven expression profiles of these genes at the mRNA, protein

and histological levels and assess their function within the islet cells.

2. To determine the role of CCNS5 in islet proliferation, regeneration and survival against cell

damage and damage and the development of diabetes mellitus, in concert to the actions of
IGF-IL.

3. To establish the mechanism of CCNS5 regulation and to study in vitro stimulation of CCN5

protein on the proliferation and survival of pancreatic islet cells.

4. To investigate 11pB-HSDI1-mediated regulation of islet cell survival and insulin secretion

by glucocorticoids.
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1.13 Connecting Text

In chapter 1, I made a general discussion about the pancreas development; factors that
regulated pancreas regeneration, neogenesis and survival. This chapter also highlighted IGF-I,
insulin together with their receptors, their roles and regulation in the different systems including
pancreas.

Then I discussed about the role of CCN family and CCNS5 in different systems and their regulation
in different tissues. At the same time, active glucocorticoid producing enzyme-113-HSD1 and its
function and regulation has been depicted. In our transgenic mice model where IGF-1 is
overexpressed, we observe an induction of CCN5 and down regulation of 113-HSD1. In next two
chapters, I have discussed about this IGF-I driven regulation of CCN5 and 11B-HSDI in details
and would try to convince that IGF-I plays important role in islet proliferation, survival as well as

GSIS insulin secretion by regulating these two novel targets in pancreas.
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I Chapter I1

IGF-I stimulates CCNS5/WISP2 gene
expression in pancreatic f3-cells
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2.1 Abstract

Insulin-like growth factor (IGF)-I is normally produced from hepatocytes and other sources,
stimulates protein synthesis, cell survival and proliferation through receptor-mediated activation
of PI3K and MAPK and targets specific molecules within the pancreatic islet cells. The current
study was designed to identify novel targets that may mediate its pro-islet actions. Whole-genome
cDNA microarray analysis in IGF-I overexpressing islets identified 82 genes specifically up- or
down-regulated. Prominent among them was CCN5/WISP2 whose expression was increased 3-
and 2-fold at the mRNA and protein levels. Dual-labeled immunofluorescence revealed that CCN5S
expression was low in the B-cells of wild-type islets but was significantly induced in response to
IGF-I overexpression. In vitro treatment of mouse islets with IGF-I increased both CCN5 mRNA
and protein levels significantly. To define the role of CCN5 in islet cell biology, we stably
overexpressed its cDNA in insulinoma MING6 cells and detected a 2-fold increase in the
proliferation of MIN6-CCNS compared to control cells that correlated with significant elevations
in the levels of cyclin D1 and the phosphorylation of Akt and Erk2. Moreover, MIN6-CCNS5 cells
were found to be resistant to streptozotocin-induced cell death. Using confocal microscopy and
subcellular fractionation overexpressed CCNS exhibited cytoplasmic accumulation upon
stimulation by high glucose. Our results indicate that CCN5, which is minimally expressed in islet
B-cells, is strongly and directly induced by IGF-I. CCNS5 overexpression stimulates the

proliferation of insulinoma cells, activates Akt kinase, and inhibits streptozotocin-induced
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apoptosis, suggesting that increased CCNS5 expression contributes to IGF-I-stimulated islet cell

growth and/or survival.
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2.2 Introduction

Insulin-like growth factor (IGF)-I is normally produced from hepatocytes and other sources
including the pancreas. Acting through its receptor, IGF-IR, IGF-I promotes embryonic
development, postnatal growth, and maturation of major organ systems (501). As a potent
mitogenic peptide, it is known to act in endocrine as well as auto- and paracrine manners. Within
the pancreatic islets, IGF-I stimulates cell proliferation in the presence of high glucose levels,
inhibits insulin secretion and prevents cell apoptosis (502). IGF-I administration in vivo prevents
Fas-mediated autoimmune B-cell destruction and delays the onset of diabetes in NOD mice (503).
IGF-I treated animals have significantly higher ratio of intact islets and an overall higher B-cell
mass relative to untreated mice. To test the effects of increased circulating IGF-I on islet cell
growth and glucose homeostasis, an IGF-I transgene was expressed under the metallothionein I
promoter (504). We demonstrated previously that the IGF-I overexpression, although widespread,
was highly concentrated to the -cells of the pancreas (505). The transgenic MT-IGF mice were
resistant to streptozotocin-induced diabetes, and displayed diminished hyperglycemia and
abolished weight loss and mortality. Although IGF-I is known to regulate protein synthesis, cell
survival and proliferation through receptor-mediated activation of PI3K and MAPK, the specific
targets within the islet cells have not been systematically screened. In order to explore novel targets
of IGF-I action, we performed a whole-genome cDNA microarray analysis in isolated islets of
MT-IGF vs. wild-type mice and found 82 genes specifically up- or down-regulated. Prominent

among them CCN5/WISP2 is a secreted protein that was previously shown to be induced by IGF-
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I in breast cancer cells, and either stimulates or inhibits cell proliferation in different systems (506-
508). CCN (connective tissue growth factor/cysteine-rich 61/nephroblastoma overexpressed) or
WISP (Wntl inducible signaling pathway) represents a family of six proteins which regulate cell
adhesion and extracellular matrix (ECM) remodelling, skeletal development and chondrogenesis,
angiogenesis and wound repair, proliferation and tumorigenesis (509-511). Although the role of
another isoform, CCN2/CTGF, in the early development of pancreatic islets has been well
established (512-515), CCN5 was not known either to be expressed in the islets or to regulate the
islet function. This study was designed to establish CCN5/WISP2 as a novel isoform normally
expressed in adult islets that is directly induced by IGF-I, and which plays important roles in

pancreatic islet proliferation and/or protection.

2.3 Methods and Materials

2.3.1 MT-IGF mice and pancreatic islet isolation: mice with germline integration of a human
IGF-1 cDNA driven by mouse metallothionein 1 promoter (MT-IGF) and wild-type littermates on
a mixed C57BL/6 background were maintained in 12:12-h dark-light cycles with free access to
food and water. As previously reported, zinc supplement in food was not required for the transgene
induction; instead of being expressed primarily in the liver and kidney, 31- and 344-fold higher
levels of IGF-I mRNA and peptide content were detected in the pancreas (mostly in islet B-cells)
vs. the liver (505). Thus MT-IGF mice are a model of islet-enriched overexpression of IGF-I, with

minor increases occurring in the liver and kidney. All animal handling procedures were approved
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by the Research Institute Animal Care Committee of McGill University Health Centre. Pancreatic
islets were isolated by collagenase digestion and allowed to recover for 3 h in DMEM medium
containing 11 mM glucose and 10% fetal bovine serum, 10 mM HEPES, 2 mM glutamine, and 1
mM sodium pyruvate as reported (516). They were hand-picked and pooled for RNA or protein
isolation.

2.3.2 ¢cDNA microarray and real-time PCR: male MT-IGF mice and wild-type littermates, 3-4
month old, were used to isolate pancreatic islets. Total RNA was prepared from pooled islets from
each mouse using Qiagen RNeasy Plus. The RNA quality/integrity was analyzed using Agilent
2100 Bioanalyzer and its concentration determined using NanoDrop 2000 spectrophotometer. The
gene expression profile was determined using Illumina Whole-Genome Expression BeadChips
(MouseRef-8 V2) by McGill University and Genome Quebec Innovation Centre. The lumi and EB
(Wright & Simon) algorithm was applied to the data using the software FlexArray version 1.4 to
identify genes that were significantly induced or repressed in transgenic islets. The list of
transcripts was uploaded to DAVID (http://david.abcc.nciferf.gov), and cell compartment
annotation and functional annotation chart were obtained and manually adjusted, including
marking the duplicates in Table 1. Real-time PCR was performed using QuantiFast SYBR Green
RT-PCR Kit (Qiagen) with LightCycler Systems (Roche Applied Science); primers were
purchased from Qiagen. The amount of target RNA was determined by comparing to -actin as an
internal control and expressed as Mean = S.E.

2.3.3 Western blot analysis: freshly isolated islets from 3-4 month old male mice were sonicated
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in 150-200 pl lysis buffer (containing 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS, 100 mM NaF, 10 mM sodium pyrophosphate, 10 mM sodium
orthovanadate, and 2 mM PMSF) supplemented with protease inhibitor tablet (Roche Diagnostics).
The cell extract was diluted by 1-1.5 volume Laemmli loading buffer (Bio-Rad) containing 5% B-
mercaptoethanol (Sigma-Aldrich) and boiled for 5 min before loading on to SDS-PAGE gels.
Western blotting was performed using rabbit polyclonal anti-CCNS5/WISP2 (ab38317, Abcam),
mouse monoclonal anti-HA (G036, ABM), rabbit polyclonal cyclin D1 (sc753, Santa Cruz),
phospho-Akt at Ser-473 and total Akt (4058, 9272), phospho- and total Erk1/2 (9101, 9102),
cleaved and total Caspase 3 antibodies (9661, 9662) from Cell Signaling, B-actin (MM-0164-P)
from Medimabs and USF-2 (sc-862, Santa Cruz) respectively.

2.3.4 In vitro direct stimulation of primary islets by IGF-I: freshly isolated pancreatic islets
pooled from 3 wild-type male mice were allowed to recover overnight in culture medium
containing 11 mM glucose and 10% fetal bovine serum (517). The islets were randomly distributed
in batches of 20 into 24-well plates with 3 replicates for each condition, cultured for 6 to 24 h in
the same medium but containing 1% serum with or without 10® M recombinant human IGF-I,
Long R3 (11271, Sigma-Aldrich). Total RNA was extracted for the measurement of CCN5 mRNA
using real-time PCR. To analyze changes in CCNS5 protein, 75 isolated islets in 12-well plates were
stimulated by IGF-I for 12 or 24 h. Total cell lysates were prepared for Western blots against
CCNS and B-actin.

2.3.5 Dual-labeled immunofluorescence: paraffin sections of the pancreas taken from 3-5 mo
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old, male MT-IGF and wild-type littermates were dewaxed, rehydrated, and blocked with 10%
donkey serum, followed by overnight incubation with rabbit polyclonal anti-CCNS5 at 4°C. After
washing with PBS, sections were stained with guinea pig polyclonal anti-insulin (ab7842, Abcam)
followed by Alexa Fluor® 594 conjugated donkey anti-rabbit IgG (H+L) and Alexa Fluor® 488
goat anti-guinea pig IgG (Life technologies) (518, 519). The images were captured and analyzed
using Axioshop 2 plus microscope (Carl Zeiss), Retiga 1300 digital camera, and Northern Eclipse
software version 8 (Empix Imaging).

2.3.6 Stable overexpression of CCN5 ¢cDNA in MING6 cells: mouse CCN5 cDNA with a 3’-
(HA)3 tag was subcloned into pcDNA3.1 vector between the CMV promoter and BGH poly A
sequence and used to transfect MING cells which were selected for resistance against G418 for 45
d (Fig 2A). Following Western blot confirmation, multiple CCN5-overexpressing (MIN6-CCNY)
and vector-transfected (MIN6-Vec) clones were subject to the MTT cell viability (Sigma-Aldrich)
and 5-bromo-2’-deoxyuridine (BrdU) incorporation assays. The cells were cultured in 1% serum
for 1-3 d before the MTT assay. For BrdU incorporation, in the final 18 h of incubation, 10 uM
BrdU was added; its incorporation was quantified using ELISA at 450 nm (EMD Millipore). The
change in cellular cyclin D1 level was determined in by Western blot. To study CCN5-stimulated
signaling mechanisms, we measured changes in the phosphorylation levels of Akt and Erk1/2
kinases in cells cultured for 24 h in either 10% serum or serum-free medium. MTT cell viability
assay was also performed in the presence or absence of Akt inhibitor MK-2206 (1 uM) for 24 or

48 h. Finally, to establish CCNS5’s actions as an extracellular regulator, parental MING6 cells were
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treated with recombinant human CCN5/WISP2 protein (Creative Biomart, Sherley, NY) and its
effects on cell proliferation were measured using MTT and Akt phosphorylation.

2.3.7 CCNS gene silencing using siRNA: the role of endogenous CCN5 on IGF-I-stimulated cell
proliferation was investigated by RNA interference mediated gene knockdown. Parental MING6
cells were transiently transfected with Silencer® Select CCNS5-specific (or scrambled control)
siRNAs (Ambion/Invitrogen) using Lipofectamine RNAIMAX (Invtrogen) and the decreased
level of CCN5 mRNA was confirmed using real-time PCR. CCN5-siRNA transfected cells were
allowed to grow in culture medium with or without 5 nM long R3 IGF-I for 3 d and cell viability
was assessed by MTT assay.

2.3.8 Streptozotocin-induced apoptosis in MING6 cells: MIN6-CCNS5 and -Vec cells were sub-
cultured at a density of 2 x10* cells/cm? and incubated with 5 mM streptozotocin for 24 h (520).
The presence of mono- and oligonucleosomes in apoptosis was measured by histone-associated
DNA fragments in the cytoplasm. The degree of cell apoptosis was determined by sandwich
enzyme immunoassay cell death detection ELISA plus kit (Roche Cat. No. 11774425001) (521).
Briefly, cells were collected by being centrifuged at 200 g for 10 min and lysed for 30 min with
the buffer provided. The cell lysate was again centrifuged at 200 g for 10 min. 20 pl aliquots of
the supernatant (representing the cytosolic fraction) were transferred to streptavidin-coated wells,
incubated with anti-histone-biotin and anti-DNA-peroxidase antibody for 2 h, followed by the
2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) substrate for 10 min, and then measured as

a ratio of absorbance at 405 and 490 nm using Perkin Elmer Enspire multiplate reader. The
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occurrence of apoptosis was correlated with the amount of streptozotocin-induced caspase 3
cleavage in MING6 cells which is quantified by Western blot.

2.3.9 Confocal microscopy of CCNS5-overexpressing cells: in order to monitor intracellular
CCNS expression and distribution in response to high glucose stimulation, MIN6-CCNS5 cells were
seeded into 8-well Lab-Teck chamber slides and cultured for 24 h. The cells were then cultured in
fresh media containing either 2.8 mM or 16.7 mM glucose for 60 min before being fixed with 3%
paraformaldehyde and permeablized with 0.1% Triton X-100. After blocking with 0.5% BSA,
cells were incubated with mouse monoclonal anti-HA and rabbit polyclonal anti-insulin antibodies
for 1 h. After washing with PBS the cells were incubated with Alexa Fluor® 594 donkey anti-
mouse (H+L) and Alexa Fluor® 488 donkey anti-rabbit IgGs (Life technologies). Nuclei were
stained with 4',6'-diamino-2-phenylindole (DAPI) at 1 pg/ml. Images were obtained using a 63x
(NA 1.40) oil Plan-Apochromat objective and detected with GaSaP detector using LSM780 laser
scanning confocal microscope (Carl Zeiss). DAPI was excited with 405 Diode, anti-insulin with
488 nm argon, and anti-HA with 561 nm DPASS lasers, respectively.

2.3.10 Subcellular fractionation: to confirm the confocal result, MIN6-CCNS5 cells in confluent
culture dishes were incubated for 60 min with 2.8 or 16.7 mM glucose, washed in ice-cold PBS,
scraped from the dishes and resuspended in lysis buffer containing 20 mM Tris-HCI, pH 8.0, 1%
Triton X-100, 150 mM NaCl and protease inhibitor cocktail. Cell lysates were centrifuged twice
at 2,600 x g for 7 min to pellet nuclear enriched fraction. The supernatant was cleared at 20,000 x

g to obtain the cytosolic faction. Protein concentration was determined using BCA assay.
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2.3.11 Statistical analysis: data were expressed as Mean + S.E. and plotted using Sigma Plot
version 11 (Systat Software), which was also used to perform ANOVA and pot-hoc Holm-Sidak
test. Unpaired Student’s t-test was performed using InStat software version 3 (GraphPad Software,

San Diego, CA). P values <0.05 were considered to be significant.

2.4 Results

2.4.1 Changes in gene expression profile induced by IGF-I overexpression in pancreatic islets
To explore novel targets that are involved in IGF-I regulated B-cell function, we performed a
whole-genome microarray analysis on total RNA prepared from freshly isolated islets, and found
82 genes either up- or down regulated significantly in MT-IGF vs. wild-type mice, with the
threshold of >1.5 or <0.7-fold and P<<0.01 (Table 2.1). Many of them, including ECM proteins
(fibulin-2, COL14A1), ion channels (KCNF1, CATSPER?2), intracellular substrates (113-HSD1,
PI3K-C2y), and CCN5/WISP2 are novel targets of IGF-I whose impact on -cell function has not
been previously known. Among them, expression of CCN5/WISP2, a gene not known to be
expressed in the islets, exhibited a 2.7-fold increase as a result of IGF-I overexpression.

To avoid false positives in the microarray result, changes in the expression of nine target genes
were independently confirmed using real-time PCR in fresh batches of isolated islets (Table 2.2).
Notably, the level of CCN5/WISP2 mRNA was significantly increased 3.3-fold in MT-IGF vs.
wild-type mice, consistent with the microarray result. CCN5/WISP2 is a secreted protein of 29

kDa and has been reported to either stimulate or inhibit cell proliferation in various systems (506-
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508, 522). Although its expression in pancreatic acinar and ductal cells has been reported (523),
its presence in the islet cells was not known.

2.4.2 Islet B-cell specific CCNS/WISP2 expression and its direct stimulation by IGF-I

To confirm CCNS5 gene expression at the protein level, we performed Western blot analysis on the
extract of freshly isolated islets. As shown in Figure 2.1A, CCN5 was found to be expressed at
low level in the islets of wild-type mice and at a 2-fold higher level in those of MT-IGF mice.
Using dual-labeled immunofluorescence, we further confirmed the presence of CCNS in wild-type
islets, and its induction in MT-IGF mice (Figure 2.1B). In sections co-stained for insulin (green,
top panels) and CCNS5 (red, middle panels), the colocalization of insulin and CCNS in islet B-cells
was evident from the merged images (bottom panels) and confirmed also the increase in p-cell-
specific expression in MT-IGF mice. In parallel experiments we found that CCN5 does not
colocalize with glucagon (data not shown). To further demonstrate an in vitro direct stimulation,
freshly isolated islets of C57BL/6 mice were cultured with 10 M IGF-I that elicited a significant
stimulation on CCN5 mRNA level after 12 and 24 h (Figure 2.1C). The stimulation at protein
level was more striking, exceeding 6.6-fold after 12 h treatment (Figure 2.1D). Thus, we
demonstrated increased CCNS5 protein in islet B-cells of MT-IGF mice using IHC and Western
blots and a direct stimulation of CCNS5 gene expression by IGF-I in primary islets.

2.4.3 Increased proliferation of insulinoma cells caused by CCNS5/WISP2 overexpression

To define the role of CCNS in islet function, we stably transfected its cDNA with a 3’-triple HA

tag into MING cells using the pcDNA3.1 vector (Figure 2.2A). Using Western blots, we confirmed
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significantly overexpressed CCNS5 protein in MIN6-CCNS5 cells. Consequently, the cell number
increase representing cell proliferation in three independent lines of MIN6-CCNS5 cells was
significantly higher than those of MIN6-Vec cells using MTT assay (Figure 2.2B). To directly
measure the change in DNA synthesis, we demonstrated ~1.7- and ~2.7-fold significantly
increased BrdU-incorporation in two lines of MIN6-CCNS5 compared to MIN6-Vec cells cultured
either for 48 or 72 h in 1% serum (Figure 2.2C). Replication of B-cell replication is known to be
associated with increased cyclin D1 and CDK4 levels (524, 525). In MIN6-CCNS5 cells, we
detected a 3-fold increase in the level of cyclin D1 (Figure 2.2D), further supporting a proliferative

effect of CCNS.
2.4.4 CCN5/WISP2 overexpression increased Akt and Erk2 phosphorylation

The proliferation of islet cells is known to be controlled by PI3K, Akt and Erk1/2 pathways and
stimulated by IGF-1. In order to determine if Akt and Erk1/2 are regulated by CCNS5, we assessed
and detected a 2.4-fold increase in Akt phosphorylation at Ser-473 in MIN6-CCNS compared to
MIN6-Vec cells incubated in serum-free medium (Figure 2.2E); even in cells stimulated with 10%
serum, CCNS5 overexpression caused a 2-fold increase in Akt phosphorylation. The effect on
Erk1/2 was moderate, i.e. under serum-free condition, CCN5 overexpression only caused a 1.6-
fold increase Erk2 phosphorylation (P<0.05, Figure 2.2F); under 10% serum, however, it had no
significant effect. As shown in these blots, the total levels of Akt, Erkl and Erk2 remained
unaltered (Figure 2.2E, 2.2F). We confirmed the role of Akt activation in CCN5-induced

proliferative signaling by comparing the relative number of MIN6-CCNS5 cells incubated in the
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presence or absence of Akt inhibitor MK-2206 and found that inhibition of Akt decreased cell
proliferation by 61% and 53% after 24 and 48 h incubation respectively (Figure 2G). At the same
time, Akt inhibition caused a 50% reduction in cyclin D1 level (Figure 2H). Our results indicate
that CCNS5 stimulates B-cell replication, at least in part by activating Akt kinase and cyclin D1.
2.4.5 CCNS overexpression in MIN6 cells confers resistance to streptozotocin-induced
apoptosis

Since IGF-I has a potent effect on B-cell survival against various types of damage, we anticipated
that CCN5 may also exert prosurvival effects. We tested the effect of CCNS5 overexpression on
streptozotocin-induced cell death in stably transfected MING lines. Streptozotocin treatment for 24
h caused significant cell loss showing condensation and debris in MIN6-Vec cells (Figure 2.3A
bottom-left vs. top-left panels) which was largely avoided in MIN6-CCNS cells (Figure 2.3A
bottom-right panel). This was confirmed by a 3.6-fold increase in cleaved caspase-3 in MIN6-Vec
cells after 12 h exposure to streptozotocin (Figure 2.3B). CCN5 overexpression significantly
diminished caspase-3 activation and blunted streptozotocin-induced cell apoptosis. Histone-
associated DNA fragmentation in the cytoplasm is the hallmark of cell apoptosis (521).
Streptozotocin treatment caused a significant 6.5-fold increase in the level of DNA fragmentation
in MIN6-Vec cells (Figure 2.3C, bar 2 vs. 1), compared to a mere 1.6-fold increase in MIN6-
CCNS cells (bar 4 vs. 3). The 4-fold reduction in DNA fragmentation (compare bars 2 and 4)
confirmed the ability of overexpressed CCNS5 to attenuate streptozotocin-induced apoptosis. As

streptozotocin-induced cellular toxicity is dependent on the normal expression of GLUT2, the
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possibility that CCNS5-induced decrease in GLUT2 expression may limit the uptake of
streptozotocin thereby indirectly diminishing its cytotoxicity was excluded as CCNS5
overexpression did not influence GLUT?2 level in MING6 cells (data not shown).

2.4.6 Glucose stimulation causes cytoplasmic accumulation of CCN5/WISP2

As a secreted protein, CCN5 is expected to be localized in cytoplasmic vesicles (526); as a
matricellular protein it might be associated with cell membrane and ECM; its presence in the
nucleus has also been described (527, 528). To help understand the secretion and subcellular
localization of CCN5 protein, we performed confocal microscopy on MING6 cells overexpressing
the protein under basal (low glucose) condition and after being stimulated by high glucose. As
shown in Figure 2.4A, under low glucose condition, HA-tagged CCNS protein was present at a
low level in the cytoplasm (Figure 2.4A, top panels). Upon high glucose treatment for 60 min,
significant cytoplasmic accumulation of CCN5-HA protein was found in close association with
the staining of insulin (Figure 2.4A, bottom panels), which is consistent with early observation of
perinuclear and vesicular distribution (529). In addition, the cellular content of both CCNS5 and
insulin was dramatically enhanced by high level glucose, compared to cells cultured under low
glucose. To further quantify the change, in a separate experiment we prepared nuclear and
cytosolic fractions from low and high glucose treated cells and determined the relative levels of
CCNS5-HA protein per B-actin or USF-2 respectively (Figure 2.4B, C). Compared to the cells
cultured in low glucose, we confirmed a 4.3-fold increase in cytosolic CCN5-HA protein upon

high glucose stimulation but no significant decrease in nuclear protein, consistent to our finding in
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confocal and the notion that CCNS5 is a glucose responsive secretory protein. However, we have

not been able to detect CCNS5 secretion using Western blot, unlike being reported (526).

2.477 Recombinant CCNS protein directly stimulated cell replication and Akt

phosphorylation

As we were studying the effect of CCNS5 overexpression, recombinant and highly purified human
protein became available and proved effective in inducing mesenchymal—epithelial transition
(MET) in pancreatic adenocarcinoma cells (523). In order to establish if it exerts an
endocrine/paracrine effect on insulin producing cells, we treated parental MIN6 cells with
recombinant CCNS protein for 3 d, together with IGF-I as positive control. In untreated cells, the
proliferation rate was low as measured using MTT assay (Figure 2.5A); treatment with low doses
of CCNS5 protein, 6.25 and 12.5 nM, significantly increased the proliferation activity upto 3 d; a
higher dose of 25 nM led to early stimulation but became somewhat toxic after 48 h, and the
stimulatory effect of exogenous CCNS5 protein was somewhat less than that of 10 nM IGF-I. This
result was further supported by the increased BrdU incorporation in cells stimulated for 3 d by
IGF-I (1.7-fold at 10 nM) or CCNS5 (1.4-fold at 12.5 nM; Figure 2.5B). Treatment of MING cells
by exogenous CCNS5 protein for 6 h led to a 1.8-fold increase in Akt phosphorylation at Ser-473
(Figure 2.5C). This effect seemed specific as Erk1/2 activity was not significantly affected (data
not shown), consistent with the moderate changes in Erk1/2 phosphorylation upon CCN5
overexpression (Figure 2.2F). Thus, exogenously recombinant protein was found to replicate two

key effects of CCNS5 overexpression in MING6 cells, i.e. proliferation and Akt phosphorylation.
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To further assess the role of endogenous CCNS5 expression on IGF-I-stimulated cell proliferation,
we studied the effect of its knockdown using RNA interference. Basal CCN5 expression in parental
MING6 cells was abolished by CCNS5-specific, but not a non-specific scrambled siRNA as
determined by qRT-PCR (Figure 2.5D, compare bars 1 and 2). Likewise, siRNA transfection
blunted CCNS5 induction by 5 nM IGF-I (Figure 2.5D, compare bars 3 and 4). CCN5 knockdown
did not affect the basal level of cell proliferation after 3-d culture, as determined by MTT assay
(Figure 2.5E); however, it clearly reduced IGF-I stimulated effect from 2.3- to 1.5-fold stimulation

(@P<0.05), supporting a role of endogenous CCN5 in IGF-I stimulated cell proliferation.

2.5 Discussion

In this study we identified CCNS5 as a novel target of IGF-I in islet -cells that is induced not only
by IGF-I overexpression, but also by direct stimulation with exogenously added peptide. We
demonstrated that IGF-I induces CCNS5 gene expression both at the mRNA and protein level. In
order to define its role in islet cell biology, we stably overexpressed CCN5 cDNA in MIN6
insulinoma cells and demonstrated that it induces phosphorylation of Akt and Erk2, cyclin D1
expression and cell proliferation measured by MTT and BrdU assays. IGF-I stimulated cell
proliferation is known to involve Akt and Erk1/2 signaling leading to cyclin D1 activation (524).
Our result also supports previous findings in neuroblastoma Neuro2a cells that CCNS5 induces Akt
and Erk2 phosphorylation (530). We then showed that treatment of MING6 cells using recombinant

CCNS protein promotes Akt phosphorylation and cell proliferation. Finally, MIN6-CCNS cells
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were found to be resistant to streptozotocin-induced caspase-3 activation and apoptosis. Together
the present findings demonstrate that IGF-I-induced CCNS in islet B-cells may contribute not only
to mitogenic signaling, but also promote cell survival by inhibiting apoptosis.

Among the IGF-I targets revealed in this study, 16 genes encode ECM-related proteins, including
fibulin-2, which belongs to a family of five that shares a distinctive C-terminal globular domain
and a tandem array of calcium-binding EGF-like modules (531). The expression of PI3K-C2y, a
new member of the PI3K family, was specifically decreased at the mRNA level in IGF-I
overexpressing islets (532, 533). It should be noted that not all those affected genes can be
considered direct targets of IGF-I action on the islets because our model of overexpression also
saw considerable levels of IGF-I expression in the liver and kidney, and 50% increase in serum
IGF-I concentration (505).

Most CCN/WISP proteins contain four functional domains, i.e. the IGF-BP domain with
sequence homology to IGF-BPs but confers less than 1% affinity to IGFs (534), the von Willebrand
factor C (VWC) repeat often seen in oligomerization of ECM proteins, the thrombospondin type I
repeat (TSP-1) interacting with integrins, and cysteine-rich carboxyl-terminal repeat (CT; which
1s missing from CCNY) associated with dimerization and receptor binding (509, 510, 535). Overall,
they share ~50% amino acid sequence, including 38 cysteines at homologous sites of the proteins
(535). As matricellular proteins, they contain binding sites for ECM and putative cell surface

receptors; most of their biologic activities are thought to be mediated by cell adhesion receptors,
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including integrins (e.g. a2B1, a5B1, etc.), and heparin sulfate proteoglycans (HSPGs).

Amongst the CCN5 family members, CCN2/CTGF has clearly been shown to regulate pancreatic
islet function (512- 515). CCN2 promotes the formation of new islets from pancreatic ducts, the
expansion of immature B-cells, and islet vascular development (512, 514). Islet morphogenesis
and function are exquisitely regulated by CCN2, which is both required and sufficient to induce
proliferation of immature B-cells. On the other hand, B-cells in more mature, postnatal animals do
not express CCN2 and appear refractory to its presence in other cells (512-515). The novel role of
CCNS5 in promoting B-cell proliferation in this study and the reported induction of CCN4/WISP1
expression during islet regeneration after 90% pancreatectomy (536) suggest that CCN2 is not the
only member of the family that regulates islet cell biology. Interestingly the expression of CCN2
and CCNS appear to be interdependent since knockdown of CCN5 gene expression in MCF-7 cells
resulted in 12-fold compensatory increase of CCN2 mRNA level (527). CCNS has a unique age-
dependent and tissue-specific expression pattern, its expression in -cells is selectively induced by
IGF-1, and it has a unique structure missing the CT domain. All these characteristics, together with
its regulation by glucocorticoids (537), estrogen and progesterone (538, 539), EGF (40), PMA and
phorbol esters (541), and IGF-I (506) in other type of cells, may contribute to its unique role in
islet function.

CCNS is expressed as early as the 4-cell stage and seems to be important for embryonic
development. In early-mid embryonic stages, E9-11, it is expressed in the cells of ectodermal,

mesodermal, and endodermal origins and is essential for development as CCN5 knockout caused
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early embryonic lethality (522). From early embryonic upto adult stage, CCNS5 is highly expressed
in the layers of endothelium and smooth muscle of blood vessels, as well as in the myocardium of
the heart, skeletal muscle, colon and ovary (522). As a direct target of Wnt signaling, CCNS5 is a
potential link between insulin and IGF-I in regulating the islet function. Overexpression of Wnt
protein increased CCN5 mRNA and protein levels (542). Interestingly, insulin and IGF-I also
stimulate cat/TCF-mediated gene transcription, independent of Wnt; stimulate PKB/Akt and the
phosphorylation of GSK-3f at Ser21/9; and stabilize B-catenin (543). While IGF-I, Wnt and TCF
are clearly involved in pancreatic islet function (544), the role of their common target protein
CCNS has never been studied. Supporting a role of CCNS5 in islet function and/or diabetes, both
CCNS5 mRNA level from micro dissected B-cells and blood CCN5 concentration were doubled in
T2D subjects according to data available on Gene Expression Omnibus (profile ID GDS3782 and
3963; http://www.ncbi.nlm.nih.gov/geo/).

Our islet-proliferative findings support previously reported ability of IGF-I to induce
CCNS expression which enhances the proliferation of breast cancer cells through PI3K/Akt
pathway (506), and its involvement in the proliferation of 3T3-L1 preadipocytes (526). In non-
islet cells, the proliferative role of CCNS5 has been studied in great length, e.g. knockdown of
CCNS expression inhibited the proliferation of MCF-7 cells induced by either serum, EGF or PMA
(538, 540, 541). Nevertheless, CCN5 has also been reported to inhibit proliferation of smooth
muscle, uterine myometrial, ER-negative breast cancer and MCF-7 cells (507, 508, 522, 545).

These seemingly conflicting reports warrant further studies to decipher the underlying mechanisms
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for those cell-specific effects and to establish its role in islet cell biology.

In summary, we have shown that CCN5/WISP2 is normally expressed in mouse islet B-cells and
that IGF-I directly stimulate its expression. CCN5 overexpression increases the proliferation of
insulinoma cells, activates Akt and Erk2 kinases, and inhibits streptozotocin-induced caspase-3
activation and apoptosis. Recombinant CCNS5 protein seems to reproduce the proliferative effect
and the stimulation on Akt phosphorylation. These findings suggest that CCNS5 is capable of
regulating islet cell proliferation and survival and that increased CCNS5 expression may contribute
to IGF-I-stimulated islet cell growth and/or survival.
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Table 2.1. The effects of IGF-I overexpression on pancreatic islet gene expression by cDNA
microarray. N=3. Listed were transcript ID (gene symbol), average fold change, P value based
on two-tailed t-tests, and common gene name, divided into functional clusters. Repeat: when the
same gene has been classified into more than one gene groups, the fold change and P value in the

table were not repeated.

Gene symbol Fold P Common name
change | value
Extracellular matrix
a disintegrin and metalloproteinase with

ADAMTS?2 2.23 0.007 | thrombospondin repeats; procollagen N-proteinase
BGN 1.96 0.003 | biglycan
COL14A1 2.14 0.000 | collagen, type xiv, alpha 1
COL16A1 2.29 0.006 | collagen, type XVI, alpha 1
COL20A1 2.21 0.001 | collagen, type xx, alpha 1
COL3A1 2.35 0.004 | collagen, type iii, alpha 1
COL8A1 1.91 0.009 | collagen, type viii, alpha 1
DCN 2.47 0.008 | decorin
ELN 1.98 0.002 | elastin
FBLN2 3.24 0.008 | fibulin 2
MMP2 3.24 0.009 | matrix metallopeptidase 2
OLFM4 1.59 0.004 | olfactomedin 4
SPARCLI1 1.62 0.004 | sparc-like 1 (mast9, hevin)
TGM?2 1.93 0.005 | transglutaminase 2, ¢ polypeptide
THSD4 1.53 0.007 | thrombospondin, type 1, domain containing 4
VWF 3.37 0.001 | von willebrand factor homolog

Cell morphogenesis
GALR2 0.60 0.009 | galanin receptor 2
GAS6 1.53 0.009 | growth arrest specific 6
HTRAI 1.73 0.007 | htra serine peptidase 1
IGFBP4 2.09 0.009 | insulin-like growth factor binding protein 4
IGFBP5 1.76 0.006 | insulin-like growth factor binding protein 5
NRN1 2.92 0.008 | neuritin 1
RDX 1.82 0.008 | radixin
WISP2/CCN
5 2.70 0.006 | wntl inducible signaling pathway protein 2

Endoplasmic reticulum
APHIA ‘ 0.69 0.008 | anterior pharynx defective 1a homolog (c. elegans)
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CYPIBI1 2.36 0.010 | cytochrome p450, family 1, subfamily b, polypeptide 1

HSD11B1 2.32 0.009 | 11B-hydroxysteroid dehydrogenase 1 (113-HSD1)

KDELR3 0.69 0.008 | kdel (lys-asp-glu-leu) ER protein retention receptor 3

SCD2 1.66 0.004 | stearoyl-coenzyme a desaturase 2

VWF (Repeat)

Cell signal, proliferation and transcription

2310047A01

RIK 1.70 0.001 | zinc finger, CCHC domain containing 24

AXL 1.54 0.008 | axl receptor tyrosine kinase

BATF 0.51 0.007 | basic leucine zipper transcription factor, atf-like
embryonal Fyn-associated substrate, Sin, SH3 adaptor

EFS 2.60 0.003 | protein

ERRFII 1.72 0.003 | ERBB receptor feedback inhibitor 1

GDF10 2.81 0.005 | growth differentiation factor 10

HAVCR2 1.70 0.001 | hepatitis a virus cellular receptor 2

HMGB1 1.52 0.004 | high-mobility group box 1

HOXAS 1.91 0.002 | homeo box a5

JDP2 1.64 0.007 | Jun dimerization protein 2

LGALSI12 0.67 0.002 | lectin, galactose binding, soluble 12

MDK 1.89 0.005 | midkine

NNMT 1.89 0.008 | nicotinamide N-methyltransferase

PAK6 0.61 0.001 | p21 (cdknla)-activated kinase 6

PEBP1 0.32 0.000 | phosphatidylethanolamine binding protein 1

PHLDB2 1.53 0.001 | pleckstrin homology-like domain, family B, member 2
PH domain and leucine rich repeat protein phosphatase-

PHLPPL 0.68 0.000 | like

PIK3C2G 0.65 0.005 | Class II PI3K, C2y subunit (PI3K-C2y)
pleckstrin homology domain containing, family k

PLEKHK1 1.51 0.008 | member 1
protein phosphatase 1, regulatory (inhibitor) subunit

PPP1R14A 1.63 0.004 | 14A

RMNDS5B 0.44 0.005 | required for meiotic nuclear division 5 homolog B

RTKN2 0.44 0.004 | rhotekin 2, PH Domain

TGFA 0.66 0.003 | transforming growth factor alpha

ZFP365 3.18 0.005 | zinc finger protein 365

Peptidase activity

ADAMTS2 (Repeat)

APHIA (Repeat)

DHH 1.79 0.004 | desert hedgehog

HTRAI (Repeat)

KLK12 0.70 0.000 | kallikrein 12

MMP2 (Repeat)

PAPPA 0.66 0.006 | pregnancy-associated plasma protein a
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TGM?2 (Repeat)
THSD4 (Repeat)

Ion transport
ATP2B3 0.65 0.006 | atpase, ca++ transporting, plasma membrane 3
CATSPER2 2.10 0.010 | cation channel, sperm associated 2
CP 1.76 0.005 | ceruloplasmin

potassium voltage-gated channel, subfamily f, member

KCNF1 2.25 0.001 |1

GPCR signaling pathway
CSPRS 0.59 0.000 | component of Sp100-rs
GALR2 (Repeat)
OLFR1123 1.64 0.001 | olfactory receptor 1123
OLFR584 1.50 0.000 | olfactory receptor 584
OLFR61 0.69 0.008 | olfactory receptor 61
OLFR691 1.88 0.008 | olfactory receptor 691
TGM?2 (Repeat)
UTS2R 1.91 0.008 | urotensin 2 receptor
VIRI1 1.57 0.008 | vomeronasal 1 receptor, il

Other unclassified
2010110121R
IK 1.68 0.008 | atlastin GTPase 2

ATP-binding cassette, sub-family A (ABC1), member

ABCASA 2.69 0.008 | 8a
ADFP 1.85 0.001 | adipose differentiation related protein
CI1QTNF5 1.54 0.008 | clq and tumor necrosis factor related protein 5
C730026E21
RIK 0.61 0.008 | methionine-tRNA synthetase 2 (mitochondrial) (Mars2),
CARI15 1.91 0.009 | carbonic anhydrase 15
CCL2 1.58 0.001 | chemokine (C-C motif) ligand 2
CDH6 0.69 0.009 | cadherin 6, type 2, K-cadherin (fetal kidney)
GAST 0.44 0.009 | Gastrin
GPT1 0.59 0.003 | glucose-6-phosphate transporter 1
LHFP 1.97 0.001 | lipoma HMGIC fusion partner
LRRC38 4.72 0.002 | leucine rich repeat containing 38
PLXDC2 1.51 0.009 | plexin domain containing 2
RNU65 1.60 0.004 | small nucleolar RNA, H/ACA box 65
TMEM?208 0.44 0.002 | transmembrane protein 208
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Table 2.2. The effects of IGF-I overexpression on pancreatic islet gene expression determined

by real-time PCR. Total RNA was prepared from isolated islets from 4-5 month old MT-IGF vs.

wild-type male mice. Real-time PCR was performed using QuantiFast SYBR Green RT-PCR Kit

(Qiagen) and Roche LightCycler System. The relative expression level in arbitrary unit (mean =+

S.E.) was based on an experiment of N=6.

Target gene Wild-type MT-IGF P value
KCNF1 (Kv5.1 potassium channel) 13.1+1.1 239+2.6 0.0064
HSDI11BI (11B-HSD1) 7.5+ 1.7 16.3£2.3 0.0072
FBLN2 (Fibulin-2) 99420 233 +4.1 0.0149
COL14A1 (Collagen 14A1) 8.6+1.3 127+£1.2 0.035
VWF1 (von willebrand factor homolog) 6.9+1.9 143+25 0.046
PIK3C2G (PI3K-C2y) 16.8 £1.7 11.3+1.1 0.006
CCNS/WISP2 (wntl inducible signaling
pathway protein) 25+2.7 84+13 0.008
MMP2 (Matrix metallopeptidase 2) 9.3+33 16.0+2.8 NS
Catsperm?2 (Cation channel, sperm associated 2) 8.0+£2.9 99+ 1.8 NS
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Figure Legends:
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Figure 2.1. Islet B-cell-specific expression of CCNS/WISP2 and its significant induction by
IGF-I. A. Representative Western blots using freshly isolated islets of 3-4-mo-old wild-type (WT)
or MT-IGF mice and specific antibodies against CCNS5 and B-actin. The result of densitometry
was shown below. N=3, P<0.01 using unpaired t-test; the experiment was repeated twice with at
least three independent data points each time. B. Immunofluorescence was performed using
paraffin sections of the pancreata and primary antibodies against insulin (green) and CCN5/WISP2
(red). Merged image showed co-localization of CCN5 and insulin in B-cells of the islets (orange).
The scale bar was 60 microns. Representative images taken from 3 mice in each genotype and >10
images. C. The effect of in vitro direct stimulation by IGF-I. Freshly isolated islets from 3-4 mo-
old male C57B/L6 mice were treated with 10 M recombinant human IGF-1, Long R3 or vehicle
for 6-24 h. Changes in the level of CCN5 mRNA in arbitrary unit were measured by qRT-PCR.
N=4, **P<0.01 vs. untreated islets using unpaired t-test. D. Changes in the level of CCN5 protein
determined by Western blot and quantified using densitometry. N=5, **P<0.01 vs. untreated using
unpaired t-test.
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Figure 2.2
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Figure 2.2
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Figure 2-2

F

MIN6-Vec MIN6-CCNS5S
Serum+ - + -
e —— i
- i o - pErk1
T —— ww— vy TOtal
T S —— sy ETKS
- 1.8 N 10% Serum
o 1 Serum Free
0 s
=
= T
w2
[
e I :
L 0.9
Q
=
— 0.6
1)
=
2
x 0.3
w
2 00 - ;
: Vec CCN5 Vec CCN5
Erk1 Erk2

Relative cell number

Cyclin D1 level (per p-actin)

05

0.4 1

0.3 1

0.2 1

0.1 1

0.0

HE Untreated
1 MK-2206
*k
*k
24 H 48 H
T
Untreated MK-2206

108



Figure 2.2 Increased cell proliferation and Akt phosphorylation in CCNS-overexpressing
MING cells. A. Stable overexpression of CCN5 cDNA with a 3’-HA tag in MIN6 cells using
pcDNA3.1 vector. The construct was illustrated and CCN5 overexpression was confirmed using
Western blot and HA antibody. B. Higher increase in the cell numbers measured by MTT assay.
CCNS-overexpressing cell lines cultured with 1% serum showed increased cell proliferation at 48-
72 h. N=5, *P<0.05, **P<0.01 vs. MIN6-Vec cells using one-way ANOVA. C. Increased cell
proliferation measured by the ratio of BrdU incorporation. CCN5-overexpressing vs. vector-
control cell lines (two each) cultured with 1% serum showed increased cell proliferation at 48 and
72 h. The relative ratio of BrdU incorporation was measured by ELISA. N=4, *P<0.05, **P<0.01
vs. either MIN6-Vec cells, using one-way ANOVA and post-hoc Holm-Sidak test. D. CCN5
overexpression caused increased cyclin D1 level. The cells were cultured in 5.5 mM glucose and
1% serum for 3 d. Western blots were performed in multiple lines of MIN6-CCNS5 vs. MIN6-Vec
cells. The result of densitometry was illustrated in bar graph. N=3; *P<0.05 vs. MIN6-Vec cells
using unpaired t-test. E. CCNS5 overexpression caused increased phosphorylation of Akt kinase.
MING6-Vec or —CCNS5 cells were cultured for 24 h under zero or 10% serum as indicated.
Representative Western blots for Akt and results of densitometry were illustrated. F.
Representative Western blots for Erk1/2 and results of densitometry. Mean + S.E. Representatives
of three experiments. For E and F, N=3. *P<0.05, ***P<0.001 vs. MIN6-Vec cells under the same
condition using unpaired t-test. G. Effect of Akt inhibitor MK-2206 (1 uM) on the viability of
MIN6-CCNS5 cells measured using MTT assay after 24 and 48 h incubation as in Fig 2B. N=3,
*#P<0.01 vs. untreated cells using unpaired t-test. H. Effect of Akt inhibitor MK-2206 on cyclin
D1 level in MIN6-CCNS cells after 24 h incubation. Western blots and the result of densitometry
were illustrated. N=2.
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Figure 2.3
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Figure 2.3 CCNS overexpression enabled MING6 cells resistant to streptozotocin-induced
apoptosis. A. Cell morphology after 24 h treatment with or without streptozotocin in MIN6-CCN5
vs. MIN6-Vec cells in 100X magnification, showing condensation, cell loss and debris (bottom
left, streptozotocin on vector-transfected cells) vs. high density, normally stretched cells in other
three panels. B. Changes in the level of caspase 3 cleavage induced by streptozotocin. N=3,
*#P<0.01 vs. MIN6-Vec cells using one way ANOVA. The experiment was repeated once. C.
Changes in cytoplasmic level of histone-associated DNA fragments, quantified using ELISA.
Absorbance reading at 490 nm was subtracted from that of 405 nm, following the manufacturer’s
instruction. N=5, *P<0.05, **P<0.01 vs. untreated cells; “P < 0.05 vs. streptozotocin-treated
MIN6-Vec cells using one-way ANOVA.
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Figure 2.4
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Figure 2.4 High glucose-induced subcellular distribution of CCN5-HA protein in MING6-
CCNS cells. A. Cells were cultured in chamber slides and at low (2.8 mM) or high (16.7 mM)
glucose for 60 min. Confocal microscopy images were developed against insulin (green), HA-tag
(for CCNS5, red), DAPI (nucleus, blue) and merged. Representative images from triplicated
chambers and >10 sets of images were illustrated. The scale bar was 20 micron. B. Changes in
subcellular distribution of CCNS5 confirmed by Western blots. From a separate experiment cultured
by low and high glucose, cytosolic and nuclear fractions were blotted using antibodies against
CCNS5-HA, B-actin, and USF-2. Negative signals of USF-2 in cytosolic and -actin in nuclear
fractions were confirmed to exclude cross contamination, but not shown. Representatives of N=4.
C. Quantification of result by densitometry. The level of cytosolic protein was corrected by [3-
actin, and nuclear protein by USF-2. N=4, **P<0.01 vs. low glucose using unpaired t-test.
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Figure 2.5 A
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Figure 2.5 Direct effect of recombinant CCNS protein on islet cell proliferation and Akt
phosphorylation. A. Parental MING6 cells (20,000 per well) were cultured for 1-3 d with IGF-I or
increasing doses of CCN5 in DMEM containing 1% serum and 11.1 mM glucose, cell numbers
were measured using MTT assay. N=6, *P<0.05, **P<0.01 vs. untreated using one-way ANOVA.
B. Changes in the rate of cell proliferation measured by BrdU incorporation. Parental MING cells
were cultured with or without 10 nM IGF-I, or 6.25 and 12.5 nM CCNS5 for 3 d in 1% serum. N=3-
4, *P<0.05, **P<0.01 vs. untreated cells using unpaired t-test. C. CCN5 stimulated Akt
phosphorylation. Under similar conditions as in Fig SA, MING6 cells were cultured for 2-6 h with
or without 12.5 nM CCNS5. Cell lysate was probed for pAkt at Ser-473 or total Akt using Western
blots. A representative blot was illustrated on top panel from three experiments. Result of
densitometry was depicted at lower panel. N=3, **P<0.01 vs. untreated cells using one-way
ANOVA. D. siRNA-mediated transient knockdown of basal and IGF-I-stimulated (5 nM, 48 h)
CCNS gene expression in parental MIN6 cells measured by qRT-PCR. E. The effect of CCN5
gene knockdown on basal and IGF-I stimulated (5 nM, 72 h) change in cell viability measured by
MTT assay. For D and E, N=4, **P<(0.01 vs. scrambled vector-transfected untreated cells (1
columns; Ctrl), ®P<0.01 vs. scrambled vector-transfected cells treated with or without IGF-1 using
unpaired t-test.
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Chapter I11

IGF-I inhibits 11-HSD1 level and
activity in pancreatic p-cells
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3.1 Abstract

We have previously reported high expression of IGF-I in pancreatic islet B-cells of
transgenic mice expressing IGF-I under the metallothionein I promoter. cDNA microarray analysis
of the islets isolated from the transgenic mice revealed 82 genes whose expression was
significantly altered in comparison to that of wild-type littermates. Of these, 11B-hydroxysteroid
dehydrogenase 1 (11B8-HSD1), which is responsible for the conversion of hormonally inactive
cortisone (11-dehydrocorticosterone, DHC in rodents) to active cortisol (corticosterone) in the
liver and adipose tissues, has not previously been identified as a molecular target of IGF-I in
pancreatic islets. Here we characterized the changes in 113-HSD1 protein level, enzyme activity
and glucose-stimulated insulin secretion (GSIS). In freshly isolated islets, the level of 113-HSD1
protein was significantly lower in MT-IGF mice; using dual-labeled immunofluorescence, 113-
HSD1 was observed exclusively in islet a-cells at a diminished level in transgenic vs. wild-type
animals. Decreased expression of 11B-HSDI1 in MT-IGF mice correlated with decreased
enzymatic activities as measured by the interconversion of 11-dehydrocorticosterone (DHC) and
corticosterone. Dexamethasone (DEX) and DHC inhibited GSIS from freshly isolated islets of
wild-type mice; in the islets of MT-IGF mice, 48-h pre incubation of DEX caused a significant
decrease in GSIS; the effect of DHC was largely blunted, however, indicating the result of
diminished 11B-HSDI activity. In order to establish the function of intracrine glucocorticoids, we
overexpressed 113-HSD1 c¢cDNA in insulinoma MING6 cells, which together with DHC caused
apoptosis and a significant decrease in proliferation, both of which can be abolished by the
treatment of 113-HSD1 inhibitor. Our results demonstrated an inhibitory effect of IGF-I on 11§-
HSDI1 expression and activity within the pancreatic islets, which may mediate at least part of the

IGF-I effects on cell proliferation, survival and insulin secretion.
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3.2 Introduction

Insulin-like growth factor I (IGF-I) stimulates proliferation of pancreatic islet cells in a
glucose-dependent manner, protects the B-cells against diabetes, and exerts insulin-like effects
(502, 581). It activates IGF-I receptor through tyrosine phosphorylation and recruits intracellular
substrates such as insulin receptor substrates (IRS) 1-4 and Shc, which trigger activations of
PI3K/Akt, Ras/MAPK (Erk) and c-Jun N-terminal kinase (JNK) pathways (584), as well as
enabling stimulation on protein synthesis, cell survival and proliferation. We have previously
reported MT-IGF mice exhibit both highly concentrated IGF-I overexpression in the -cells of the
pancreas and significant resistant to streptozotocin-induced diabetes (505). In order to seek novel
molecular targets that mediate IGF-I action, we recently performed a whole-genome cDNA
microarray analysis on total RNA prepared from isolated islets of MT-IGF mice and found 82
genes specifically up- or down-regulated (604). HSD11B1, encoding 11B-hydroxysteroid
dehydrogenase 1 (11B-HSDI1), was one of the prominent targets previously not shown to be
normally expressed in the pancreatic islets nor regulated by IGF-I.

It has been known that glucocorticoids at pharmacological concentrations directly affect -
cell integrity and function (330, 502, 598). Either decreased or increased insulin secretion has been
reported in response to both acute (in minutes) and prolonged (hours to days) exposure. However,
the role of intracrine production of active glucocorticoids within the islets is poorly understood.
As a reductase, 11B-HSD1 catalyzes the conversion of hormonally inactive cortisone (11-
dehydrocorticosterone, DHC in rodents) to active cortisol (corticosterone) in the liver and adipose
tissues, while the isozyme 11B-HSD2 (and 11B-HSD1 in vitro) catalyzes the reversed process of
dehydrogenation (inactivating human cortisol into cortisone) (591). The level of 11-HSD1 was

found to be increased in the islets of diabetic rodents (330, 331) which is a suspected cause of -
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cell failure (330). In order to establish 11B-HSD1 as a novel target of IGF-I action and its
physiological function, we first confirmed the localization of 113-HSD1 in pancreatic islets at the
protein level, characterized the changes in 113-HSD1 level and activity regulated by IGF-I, and
assessed its functional relevance to glucose-stimulated insulin secretion (GSIS). Our results seem
to support an IGF-I-induced inhibition of this intracrine production of glucocorticoids, the latter
of which serves as a molecular target in anti-obesity and anti-diabetic interventions, many of which

are currently in advanced stages of drug development (562, 588).

3.3 Methods and Materials
3.3.1 Transgenic mice, pancreatic islet isolation and insulin secretion

Previously we reported MT-IGF mice (505, 604); the Research Institute Animal Care
Committee of McGill University Health Centre approved all animal handling procedures.
Pancreatic islets were isolated from MT-IGF and wild-type mice by collagenase digestion and
allowed to recover for 3 h in DMEM medium containing 11 mM glucose and 10% fetal bovine
serum, 10 mM HEPES, 2 mM glutamine, and 1 mM sodium pyruvate as reported (516). They were
hand-picked either for pooled RNA and protein isolations, or to test for acute insulin secretion.
Otherwise, they were divided into a 12-well plate (20 islets/ea) and cultured overnight at 37°C in
a humidified atmosphere containing 5% CO»,. Where indicated, the islets were pre-treated with or
without 100 nM dexamethasone (DEX) and DHC for 48 h. For GSIS, the islets were pre-incubated
with low glucose (3.3 mM) in Krebs-Ringer bicarbonate buffer for 1 h, and switched to those
containing 16.7 mM glucose for another hour. The supernatant and disrupted islets in lysis buffer
(70% Ethanol, 0.18 N HCl) were stored at -80°C until measurement of insulin using ELISA

(Alpco).
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3.3.2 Western blot analysis

Freshly isolated islets from 3-4 month old male mice were sonicated in 150-200 (1 lysis
buffer supplemented with protease inhibitor tablet (Roche Diagnostics). The cell extract was
diluted by 1-1.5 volume Laemmli loading buffer containing 5% p-mercaptoethanol (Sigma-
Aldrich) and boiled for 5 min before loading onto SDS-PAGE gels. Together with liver and
visceral fat extracts, Western blotting was performed to quantify protein levels of 113-HSD1
(1:250, H-10 sc-20175, Santa Cruz) and B-actin (Santa Cruz or Medimabs). MING cells were used
to probe for total and cleaved caspase-3 (1:1000, Cell Signaling).
3.3.3 In vitro direct stimulation by IGF-I

Similar to our previous report (604), freshly isolated pancreatic islets pooled from 3 wild-
type mice were allowed to recover overnight in culture medium containing 11 mM glucose and
10% fetal bovine serum (517). Distributed in triplicates of 50 into 24-well plates for each
condition, the islets were cultured for 0 to 72 h in the same medium but containing 1% fetal bovine
serum with or without 10® M of recombinant human IGF-I, Long R3 (11271, Sigma-Aldrich).
Total protein lysate was used for Western blots against 1 13-HSD1 and B-actin.
3.3.4 Dual-labeled immunofluorescence

Paraffin sections of the pancreas taken from 3-5 month old, male MT-IGF and wild-type
littermates were dewaxed, rehydrated, and blocked with 10% donkey serum, followed by overnight
incubation with rabbit anti-11B3-HSDI1 antibodies (1:100; H-10 sc-20175, Santa Cruz and
ab83522, Abcam) at 4°C. After washing with PBS, sections were independently stained with anti-
glucagon (C-18 sc-7779, Santa Cruz) and guinea pig polyclonal anti-insulin (ab7842, Abcam)
followed by Alexa Fluor® 594 conjugated donkey anti-rabbit IgG (H+L) and Alexa Fluor® 488

goat anti-guinea pig IgG (Life technologies) (518, 519). The images were analyzed using Axioshop
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2 plus microscope (Carl Zeiss), Retiga 1300 digital camera, and Northern Eclipse software (Empix
Imaging).
3.3.5 Liver microsomal preparation

Microsomes were prepared from livers of male C57BL/6 mice, homogenized in 0.5 ml/mg
tissue TED buffer (10 mM Tricine, 1.5 mM EDTA, and 1 mM dithiothreitol, pH 7.4) using a glass
homogenizer and a loose-fitting Teflon piston with intermittent cooling. The homogenate was first
cleared by being microcentrifuged at 13,000 g for 30 min at 4°C, the supernatant was further
centrifuged at 105,000 g for 60 min at 4°C. The pellet was washed in TED buffer, centrifuged
again at 105,000 g for 30 min at 4°C, and resuspended in TED buffer (331). The protein
concentration was determined by the Bradford method using Bio-Rad protein assay.
3.3.6 In vitro dehydrogenase and reductase assays of 11p-HSD1 activity

11B-HSD1 is a bidirectional enzyme with both reductase and dehydrogenase activities

(572). To measure dehydrogenase activity, the conversion of corticosterone to DHC was measured
by incubating 150 freshly isolated islets from each mouse for 24 h with 1.5 nM [1,2,6,7-°H]-
corticosterone (Perkin-Elmer). The steroids were extracted from the medium with ethyl acetate by
vigorously vortexing and being centrifuged at 2,000 g for 10 min at 4°C. The upper phase extract
was evaporated under nitrogen. The steroids were then dissolved in 450 pl methanol, spotted on a
thin layer chromatography (TLC) plate with unlabeled DHC and corticosterone as reference
markers, and resolved with chloroform-methanol (95:5 v/v). Liver microsomes were also used as
a positive control in comparison to the changes in pancreatic islets. TLC plates were first dried and
placed in an enclosure containing iodine resublimed crystals (Fisher). Yellow-brownish spots
appearing in regions containing DHC and corticosterone were scraped off, eluted with ethyl

acetate, dried under nitrogen and mixed with LSC-cocktail (ScientiSafe Gel, Fisher). The
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fractional conversion of corticosterone to DHC was calculated by analyzing LSC-cocktail mixture
in liquid scintillation analyzer Ti-Carb 2801 TR (Perkin Elmer). The dehydrogenase activity was
expressed as percentage radioactivity of the fractions (587).

Alternatively, the established in vivo role of 11B-HSD1 is reductase-directed conversion of
DHC into corticosterone in rodents, the activity of which was measured by the conversion of
human cortisone to cortisol from freshly isolated islets and liver microsome. Batches of 300 islets
from each mouse were incubated with 500 nM cortisone (Sigma-Aldrich) for 3 h. The steroids
were extracted from the medium and the cortisol concentration was measured using ELISA (Enzo
Life Science) as reported (585).
3.3.7 Stable overexpression of 11-HSD1 cDNA and proliferation assay in MING6 cells

To test the function of 11B-HSD1 in vitro, mouse cDNA with a 3'-(HA); tag was sub-
cloned into pcDNA3.1 vector (Invitrogen) between the cytomegalovirus promoter and bovine
growth hormone polyadenylation sequence and used to transfect murine insulinoma MING6 cells,
which were selected using G418 (Wisent) for 60 d as reported (604). After Western blot
confirmation (using Anti-HA Tag Antibody, Cat# G036 Abm), 11B-HSDI-overexpressing
(MIN6-HSD1) and vector transfected (MIN6-Vec) clones were subject to 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT) cell viability (Sigma-Aldrich) and 5-bromo-2'-deoxyuridine
(BrdU) incorporation assays. The cells were cultured in 10% serum for 1 to 3 d in the presence or
absence of 11B-HSD1 inhibitor 10j (Cat# 385581, Calbiochem) before the assays were performed.
For BrdU incorporation, in the final 18 h of incubation, 10 uM BrdU was added; its incorporation
was quantified using ELISA at 450 nm (EMD Millipore).
3.3.8 Dehydrocorticosterone (DHC)-induced apoptosis in MIN6-HSD1 cells

MIN6-HSDI1 cells were sub-cultured at a density of 2 x10* cells/cm? and incubated with
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or without 100 nM DHC and 1 uM of 11B-HSD1 inhibitor for 72 h. DEX (100 nM) was used as a
positive control to cause apoptosis. The occurrence of apoptosis was represented by the amount of
DHC/DEX-induced caspase-3 cleavage which is quantified by Western blot using cleaved
caspase-3 antibody (9661, Cell Signaling). In separate experiments, the change of cleaved caspase-
3 level was also determined using immunofluorescence staining in MIN6-HSD1 cells treated with
DHC alone, DHC and 11B-HSD1 inhibitor, and vehicle. 4% Paraformaldehyde fixed cells were
permeabilized with 0.1% Triton X-100 in TBS for 10 min, probed with DAPI (blue) and cleaved
caspase-3 antibody followed by Alexa 488 conjugated goat anti-rabbit IgG secondary antibody
(green). Images were taken on an Axioskop 2 Plus microscope (Carl Zeiss) at 200X magnification.

The presence of mono- and oligonucleosomes in apoptosis were measured by histone-
associated DNA fragments in the cytoplasm, using sandwich enzyme immunoassay cell death
detection ELISA plus kit (Roche, Cat#11774425001) (600). Both MIN6-HSD1 and MIN6-Vec
cells, after being treated for 72 h with or without DHC and 11B-HSD1 inhibitor, were collected by
being centrifuged at 200 g for 10 min and lysed for 30 min with the buffer provided. The cell lysate
was cleared by being centrifuged again at 200 g for 10 min. Aliquots of the supernatant (20 pl,
representing the cytosolic fraction) were transferred to streptavidin-coated wells and incubated
with anti-histone-biotin and anti-DNA-peroxidase antibodies for 2 h, followed by the 2,2'-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) substrate for 10 min, and measured as a ratio of
absorbance at 405 and 490 nm using Perkin Elmer Enspire multiplate reader.
3.3.9 Statistical analysis

Data were expressed as Mean = S.E. and plotted using Sigma Plot version 11 (Systat
Software), which was also used to perform ANOVA and pot-hoc Holm-Sidak test. Unpaired

Student’s t-test was performed using GraphPad InStat version 3. P values <0.05 were considered
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to be significant.

3.4 Results
3.4.1 Decreased 11B-HSD1 protein level in the islets of IGF-I overexpressing mice

In a recent report, we performed whole-genome microarray analysis on freshly isolated
pancreatic islets of MT-IGF and wild-type mice in order to identify novel targets of IGF-I action.
Amongst those was CCN5/WISP2 which was functionally evaluated and reported by us (604). In
this study, we report the elucidation of 113-HSDI1, another IGF-I regulated target which catalyzes
the intracellular conversion and activation of glucocorticoids as previously reported in the liver,
skeletal muscles and adipose tissues but not in pancreatic islets.

In order to establish functional relevance of the microarray screening, we compared the
levels of 11B-HSD1 protein in freshly isolated islets from wild-type and MT-IGF mice. Although
the microarray screening showed a significant increase in 113-HSD1 mRNA level (604), we
observed a 35% decrease in the protein level in the islets of MT-IGF vs. wild-type littermates (Fig
3.1A and 3.1B). The finding of 11B-HSD1 regulation by IGF-I in the islets is novel, although the
inhibitory effects have been established in the liver and adipose tissues (275, 591); the latter was
clearly confirmed in Fig 3.1A and 3.1B. In order to determine if these findings arise from direct
or indirect effects of IGF-I, we treated freshly isolated wild-type islets directly with 10 nM IGF-I
for 1-3 d, which revealed a late-onset inhibition on 113-HSDI1 protein level (Fig 3.1C). At 48 and

72 h, the protein level was significantly decreased to 55% and 30% of untreated islets.

3.4.2 Islet a-cell specific 11p-HSD1 expression and its reduction by IGF-I overexpression

To determine the localization of 113-HSD1 in specific cell types within the islets, we

123



performed dual-labeled immunofluorescence in reference to both glucagon-producing a-cells (Fig
3.2A) and insulin-labeled B-cells (Fig 3.2B). In wild-type islets, 113—HSD1 was only detected in
islet a-cells and in most a-cells as reported (587). In contrast to two other reports of B-cell
expression (384, 585), we didn’t detect significant 113—HSD1 expression in the B-cells; in the
islets of MT-IGF mice, there was no change in the a-cell localization but a clear reduction in the
protein level per cell, and some islet a-cells become devoid of 113-HSDI (yellow arrow). As a
positive control for antibody specificity, we confirmed extensive cytosolic staining of 113-HSDI1
in hepatocytes (data not shown). Highly consistent results were obtained using two specific

antibodies against 113-HSD1 from Abcam and Santa Cruz.

3.4.3 Decreased 113-HSD1 reductase and dehydrogenase activities in the islets of MT-IGF
mice

Following the demonstrations in vivo using immunohistochemistry, Western blotting on
isolated islets, and in vitro IGF-I treatment, we sought to further validate the decreased 11B-HSDI1
enzymatic activity. The notion this enzyme was not present in the islet B-cells but mainly expressed
by the a-cells also requires further experiments to confirm its functional relevance. While normally
11B-HSD1 is an NADPH-dependent reductase, it can also act as an NAD-dependent
dehydrogenase in vitro, thus catalyzing the interchangeable conversion of DHC and corticosterone
in rodents. We first isolated fresh islets from MT-IGF and wild-type mice and performed an in
vitro dehydrogenase assay on the conversion of [1,2,6,7-°H]-corticosterone to DHC. The
separation of different molecular forms was achieved by thin layer chromatography (TLC) and the
radioactivity measured by liquid scintillation. On the TLC plates, in addition to the radioactive

substrate and conversion product, we detected a third nonspecific intermediate which had very
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little radioactivity and no significant variation among MT-IGF and wild-type mice, in both the
liver and pancreatic islet samples (Fig 3.3A). We observed a significant 44% decrease in the rate
of corticosterone dehydrogenation in the islets of MT-IGF vs. wild-type littermates (Fig 3.3B, first
two bars). This reduction was consistent with the decrease of 113-HSD1 protein level (Fig 3.1)
and immunohistochemistry (Fig 3.2A and 3.2B). We further confirmed a 45% decrease in 11p-
HSD1 activity in liver microsomes of MT-IGF vs. wild-type mice (Fig 3.3C, first two bars) (575).

Alternatively, the established in vivo role of 113-HSDI in rodents is reductase-directed
conversion of DHC into corticosterone, the activity of which was measured by the production of
(human) cortisol from cortisone in isolated islets of wild-type and MT-IGF mice (Fig 3.3D, first
two bars). In the islets of MT-IGF mice it demonstrated a more significant 64% reduction; together
with the 44% decrease in dehydrogenase activity (Fig 3.3B), they support a net reduction in 11-
HSDI protein level. The decrease in liver 113-HSD1 reductase activity was also confirmed (Fig

3.3D, right panels).

3.4.4 Differential effects of DEX and DHC on glucose-stimulated insulin secretion

Although excess glucocorticoids inhibit insulin secretion and cause f3-cell death (582), the
role of locally generated glucocorticoids within the islets by the action of 113-HSD1 has not been
established. We speculate that significantly decreased 113-HSD1 level in the pancreatic islets and
the resulting decrease in intracrine glucocorticoid concentration constitute part of the activity. In
order to examine the effect on GSIS, we pre-incubated the islets for 48 h with 100 nM DEX or
DHC, the latter requiring 11p-HSD1-mediated intracrine activation. As shown in Fig 3.4A, our
islets exhibited a robust response in insulin release upon high glucose stimulation; MT-IGF islets

seemed to have an elevated basal release (4" vs 1% bars), both DEX and DHC caused significant
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25-39% decreases in GSIS from wild-type islets (compare bars 8 and 9 vs. 7). In MT-IGF islets,
DEX had an even stronger inhibition on GSIS (50% inhibition of 11% vs. 10" bar); however, the
inhibition by DHC was significantly weakened (only 26% inhibition of 12 vs. 10" bar). We
suggest the latter effect was related to the diminished 113-HSD1 level and intra-islet conversion
of glucocorticoids. The relative fold changes were illustrated in Fig 3.4B, which showed a
significant decrease from 11.8 fold in wild-type islets to 4.5 fold in MT-IGF islets due to elevated
basal insulin release (Fig 3.4A, bars 1 and 4). Although DEX still inhibited GSIS (from 4.5 to 2.3
fold), the effect of DHC was largely blunted (from 4.5 to 3.6 fold; Fig 3.4B, bars 5 and 6 vs. 4),
which seems to suggest that IGF-I overexpression cause diminished 11B-HSDI1 level, decrease the
activation of DHC in the islet cells, and partially rescue the inhibition of GSIS by intracrine

glucocortiocids.

3.4.5 Decreased proliferation of insulinoma cells caused by 11B-HSD1 overexpression

To further define the effect of increased 11B-HSD1 in islet function, we transfected its
cDNA into MING6 cells using the pcDNA3.1 vector and generated three independent stable cell
lines and confirmed significant overexpression of 113-HSD1 protein in MIN6-HSD1 cells through
Western blot. Immediately we noticed that MIN6-HSD1 cells were somehow unhealthy and grew
slower which prompted us to assess cell viability using MTT. As shown in Fig 3.5A, MIN6-Vec
cells with only low and endogenous 11B-HSD1 expression grew normally from 0 to 3 d, and
relative cell numbers increased 11-fold (purple color line). The addition of DHC (100 nM, orange
line) did not cause much change, consistent to that they only have low level endogenous 11f-
HSDI1. Consequently, 11B3-HSD1 inhibitor (1 uM, light and dark green lines) had no effect on cells

with/out DHC. However, MIN6-HSD1 cells grew much slower, reached only 7-fold increase in 3
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d [vs. MIN6-Vec cells; ANOVA P<0.01] (Fig 3.5B, purple line). The addition of DHC further
delayed cell number acceleration to only 2-fold (orange line); which was completely rescued by
11B-HSD1 inhibitor (dark green line back to 7-fold). Thus, simple overexpression of 113-HSDI
in MING6 cells (DHC is available in culture medium) either caused cell death or slowed
proliferation, while increased DHC further deteriorated the situation; 113-HSD1 inhibitor was
sufficient to rescue the effect of added DHC but not enough to rescue the negative effect caused
by 11B-HSD1 overexpression alone.

To confirm decreased proliferation caused by 11B-HSD1 overexpression and/or added
substrate DHC, we assessed BrdU incorporation. As shown in Fig 3.5C, there was a 4.8-fold
increase in BrdU incorporation in MIN6-Vec cells after 3 d culture (purple line). Addition of DHC
and/or 11B-HSD1 inhibitor had no effect, supporting again that endogenous 11p3-HSDI level was
low. In Fig 3.5D, overexpression of 113-HSD1 itself had no effect on the proliferation of MIN6-
HSDI cells (purple line, same 4.8-fold). Addition of extra DHC decreased BrdU incorporation
from 4.8 to 3-fold (orange line; ANOVA P<0.01 between two curves), an effect mostly rescued
by the further addition of 11B3-HSDI1 inhibitor (dark green line); however the inhibitor itself had
no effect (light green line). Clearly in the presence of added DHC, 11B8-HSD1 overexpression
inhibited cell proliferation but it cannot explain the entire decrease revealed using MTT assay (Fig
3.5A, B), which called for a study on 11B-HSD1 and intracrine glucocorticoids mediated cell

death.

3.4.6 11B-HSD1 overexpression conferred DHC-induced apoptosis in insulinoma cells
Glucocorticoids are known to induce cell apoptosis by directly regulating typical apoptotic

or survival genes, or by inducing cellular distress that triggers the apoptotic cascade (585). We
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investigated the effect of 11B-HSD1 overexpression and DHC incubation on cell death in stably
transfected MING lines, first measured by histone associated DNA fragmentation in the cytoplasm
(604). As shown in Figure 3.6A, first four bars, DEX treatment (4 vs. 15! untreated) in MIN6-Vec
cells caused more than a 5.1-fold increase in the amount of DNA fragmentation; under the same
condition, DHC (2™ vs. 1%%) was without effect, because MING cells have very little endogenous
11B-HSD1 (data not shown) to convert and activate DHC. In MIN6-HSD1 cells, both DHC and
DEX caused 3.4- and 4.4-fold increases in DNA fragmentation respectively (6™ and 8" vs. 5%
bars); addition of the 11B-HSD1 inhibitor largely abolished the effect of DHC (7% vs. 6 bars),
supporting the notion that 11B3-HSD1 mediated DHC activation causes apoptotic cell death.
Caspase-3 activation and cleavage is another independent indicator of cell apoptosis. In
Fig 3.6B and 3.6C and MIN6-HSDI1 cells, we demonstrated a 2.2-fold increase in caspase-3
cleavage after 72 h treatment with DHC, compared to 3-fold increase with DEX (Fig 3.6C, 2" and
4™ vs. 15 bars). The effect of DHC was again abolished by the incubation with 11B-HSD1 inhibitor
(3™ vs. 2" bars), closely confirming our finding using DNA fragmentation in Fig 3.6A. In Fig
3.6C, using immunofluorescence, we further confirmed significantly increased caspase-3 cleavage
in MIN6-HSD1 cells after being treated with DHC (middle panels, green spots highlighted by
yellow arrows) which was largely abolished by the treatment with 11B3-HSDI1 inhibitor (bottom
panels). Our results in Fig 3.5 and 3.6 support the notion that intracrine activation of DHC by the
action of 11B-HSDI not only inhibits cell proliferation, but perhaps more significantly causes

apoptotic cell death.

3.5 Discussion

Following our recent report and from the same screening system (604), this study
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characterized yet another target of IGF-I action in pancreatic islets. We demonstrate that 11f-
HSD1 is normally expressed in pancreatic islets, more specifically in the [I-cells; IGF-I
overexpression decreased the protein level and enzymatic activity; and direct treatment of IGF-I
in isolated islets caused a late onset reduction of the protein level. The decrease in the islets of
MT-IGF mice has functional consequences, as it was associated with a blunted response to the
substrate of the enzyme (DHC) which normally inhibits insulin secretion in wild types islets. To
directly assess the function of this enzyme, in stably transfected insulinoma MING6 cells, 113-HSD1
overexpression decreased cell proliferation and caused cell apoptosis in the presence of DHC.
Thus, the activity of 113-HSD1 seems to affect B-cell survival, proliferation and insulin secretion.
Together with established roles played in liver and adipose tissues, 113-HSDI1 expression in
pancreatic islets constitutes a putative, novel target of diabetic intervention.

It is well established that excess glucocorticoids lead to obesity, insulin resistance and
even T2D because glucocorticoids increase hepatic gluconeogenesis, promote central obesity with
peripheral lipolysis, and cause B-cell apoptosis (330, 582). In the islet B-cells, glucocorticoids
decreased Glut2 level, calcium influx and cellular cAMP generation by increasing a2-adrenergic
receptor, all contributing to a general inhibition of insulin secretion 202, 205, 213). However, not
all those effects are mediated by the classic endocrine mechanism. The last decade has seen an
exponential increase in the research on 11B-HSDI1, principally because of its role in human obesity
and insulin resistance. This enzyme boosts glucocorticoid concentration in key tissues and has now
been recognized as an important pre-receptor regulator. Targeted inhibition of 113-HSD1 has the
advantage of reducing the level of cortisol (corticosterone in rodents) in local tissues without
causing a generalized glucocorticoid deficiency (591). Indeed, several 113-HSD1 inhibitors are in

advanced stage of development as candidate drugs against various metabolic syndromes (562).
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In rodents, the active hormone corticosterone is predominantly bound to corticosteroid
binding globulin, which is highly abundant and limits the hormonal effects (264). In contrast, the
substrate DHC is freely available in circulation and in excess, which is readily activated in local
tissues by the action of 113-HSDI1. Gene targeting experiments have clearly demonstrated that
intracellular generation of corticosterone in the liver and adipose tissues from inert DHC
constitutes a major component of glucocorticoid activities. 11p-HSD1 knockout caused a
deficiency in DHC reductase, hyperandrogenism, precocious puberty and obesity in mice (264,
591). These animals exhibited significant hypoglycemia upon starvation and after diet-induced
obesity, supporting a physiological role of 113-HSDI in maintaining normal glucose production
and/or inhibiting insulin secretion (264). Our finding of islet-specific 113-HSD1 expression is
consistent to the overall model of intracrine secretion and that the expression and activity of 113-
HSD1 were both increased in diabetic islets (331). It has been reported that DEX, DHC and
corticosterone all inhibit insulin and glucagon secretion; the effect of DHC on insulin secretion
can be abolished by 11B-HSD1 inhibitors (330, 580,587). In obese diabetic KK Ay mice, isosteviol,
a diterpene molecule, improved insulin sensitivity by decreasing the expression of 113-HSD1 in
the pancreatic islets (577).

Early 11B-HSD1 was detected in the pancreatic islets of humans and ob/ob mice using RT-
PCR (330, 580); in the pancreas as a double band of 25 and 34-kDa by Western blotting, with an
extensive acinar cell staining by immunohistochemistry (247); and it was expressed specifically
in the a- and PP-cells (587). Consequently, our observation of islet a-cell expression was based on
the use of two specific antibodies from Abcam (ab83522) and Santa Cruz. However, a recent report
indicated its expression in Auman and rat f-cells based on immunohistochemistry; although we

can only detect a faint, non-specific staining in some mouse islets using the same antibody (Abcam

130



ab39364; data not shown) (568, 585). Another report using a polyclonal sheep antibody provided
by Dr. Scott Webster (University of Edinburgh) also indicated 11p-HSD1 staining throughout the
islets (151, 334), both of which have been criticized by us and need to be reconciled with other
findings and using independent techniques such as in sifu hybridization.

In MT-IGF mice, ectopically overexpressed IGF-I could influence neighboring a-cells and
the expression of 11B-HSD1 through intra-islet paracrine or increased endocrine action (505). We
propose that corticosterone produced in the a-cells by the action of 113-HSD1 could either inhibit
insulin release directly, in a paracrine fashion, or indirectly by inhibiting the secretion of glucagon
(587), which stimulates insulin release. This would be consistent with 113-HSD1-/- mice showing
increased insulin but decreased glucose levels (264), and with the emerging importance of
glucagon and a-cells in the etiology of diabetes mellitus (593). Unexpectedly, a moderate, 3-cell-
specific overexpression of 11B-HSD1 was reported to boost islet compensation against high-fat
diet through islet neogenesis and diminished inflammation (334). We have reservations to
accepting the “U-shaped” dose response because it directly challenged the diabetogenic role of
glucocorticoids, and there was insufficient evidence to establish B-cell failure (151). Although a
58% fat diet was implemented for 12 weeks, wild-type mice did not gain any weight, there was no
elevation in fasting blood glucose and insulin levels (Table 1 of the report) and no significant
decrease in GSIS (Figure 3.2C, first two columns) (334). Islet compensation cannot be
substantiated if the high-fat diet did not cause B-cell failure, unlike the data we have published
(518).

It has been known that IGF-I inhibits 113-HSD1 expression and its activity in adipocytes,
stromal cells and hepatocytes (275, 575, 594). Conversely, glucocorticoids attenuate IGF-I action

(558). However, in IGF-I knockout mice, the levels of 113-HSD1 mRNA, protein and enzymatic
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activity were significantly decreased in the liver, suggesting rather a stimulatory role for IGF-I
(561). Through a whole genome screening, we first discovered a significant increase in 113-HSD1
mRNA in the islets of MT-IGF mice (604), consequently decreased 11B-HSD1 protein level and
enzyme activity in vivo in this study. The latter was further supported when primary islets were
treated directly with IGF-1. The differential changes in mRNA and protein/activity levels may not
be unreasonable as it has been found in yeast that for genes with equal mRNA levels, protein levels
varied by more than 20-fold; for proteins with equal abundance, mRNA levels could vary by as
much as 30-fold (556). A recently report investigated the discrepancy highlighting the facts that
protein abundance seems to be predominantly regulated at the ribosome and the importance of
translational control (601).

Glucocorticoids counteract IGF-I actions on islet B-cells in Akt phosphorylation, nuclear
exclusion of FoxO1 and PDX1 activation and resulted in cell death and diminished proliferation
(596). Assuming IGF-I decreases 11B3-HSD1 level and its activity on the a-cells, the result would
explain why MT-IGF islets have elevated basal insulin secretion in vitro (Figure 3.4) and how islet
B-cells might be protected from streptozotocin-induced apoptosis as we have reported (505).
Regardless of the exact mechanism, our observation is interesting because IGF-I was not known
to regulate its level or activity in the pancreatic islets; and various 113-HSD1 inhibitors decrease
hepatic glucose production and fat mass, and are potential drugs against insulin resistance, obesity
and T2D.

To further verify its functional relevance in islet B-cells, we evaluated possible changes in
GSIS and the role of IGF-I and 11B8-HSD1. As it has been well known, DEX inhibits GSIS from
isolated islets of wild-type mice; a similar effect was seen using DHC (Figure 3.4). In isolated

islets of MT-IGF mice, DEX caused a significant reduction in glucose-stimulated insulin release;
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the same dose of DHC was not as effective, however, indicating the consequence of diminished
11B-HSD1 activity. There have been two earlier reports that insulin secretion was suppressed by
11B-HSD1-mediated intracrine production of corticosterone (580, 581). Incubation of the B-cells
with DHC led to a dose-dependent inhibition of insulin release, which was reversed by 113-HSD1
inhibitor carbenoxolone (330). The ability of DHC to reduce both the early and late phases of GSIS
relies on 11B-HSDI1 activity and the glucocorticoid receptor. Either elevated circulating level or
increased intra-islet level of 113-HSDI1 or both, may increase the level of glucocorticoids and lead
to inhibition of GSIS (580). As 11B-HSD1 activity regulates insulin secretion and IGF-I decreases
11B-HSD1 level/activity, we believe IGF-I regulates insulin secretion at least in part by inhibiting
11B-HSD1. The situation in vivo however is more complex in that decreased blood glucose level
in MT-IGF mice, caused by increased serum IGF-I level, resulted in a 50% diminished insulin
level (505). This systemic inhibition on insulin release seems to dominate a local suppression on
glucocorticoid conversion within the islets by IGF-I overexpression.

To directly define the role of 113-HSD1 on pancreatic islets, we stably overexpressed its
cDNA in MING6 cells and observed a decreased cell proliferation in the presence of substrate DHC,
as measured by MTT assay and BrdU incorporation. The effect seemed to involve an inhibition of
AKT phosphorylation (data not shown). In the meantime, the overexpression of 113-HSDI in the
presence of DHC also triggered apoptosis of MING6 cells as measured by caspase 3 activation and
DNA fragmentation. The effects 11p-HSD1 overexpression on both cell proliferation and
apoptosis were reversed by specific inhibitor of this enzyme.

In summary, our results support islet [J-cell-specific expression of 11B3-HSDI, and
demonstrated an inhibitory effect of IGF-I on its expression and activity within the pancreatic

islets, which may explain at least in part the decreased insulin secretion and/or previously reported
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islet protective effects of overexpressed IGF-I. Increased expression of 113-HSD1 in mouse
insulinoma cells render DHC-induced apoptosis and inhibition on proliferation. An inhibitory
effect of IGF-I in MT-IGF mice on 11B-HSDI1 expression and activity exerted a positive impact

on pancreatic islet through islet preservation.
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Figures with legends
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Figure 3.1 Decreased 116-HSD1 protein level by IGF-I overexpression in vivo and a direct
treatment with IGF-I. A. IGF-I overexpression decreased the levels of 118-HSDI in pancreatic
islets, liver and visceral fat, shown in Western blots. Wild-type and MT-IGF littermates, 3-4
months old, were sacrificed to isolate pancreatic islets; liver and visceral fat; cell lysates were
loaded on blots which were probed against 11B3-HSD1 and B-actin. B. The result of Western blot
densitometry. Mean + SE, N=6, **P<0.01 vs. wild-type islets. C. Decreased 11p3-HSD1 protein
level caused by direct IGF-I treatment in freshly isolated islets from wild-type mice. Long R3 IGF-
I, Sigma-Aldrich, 10 nM or vehicle was added; the islets cells were harvested after 1, 2, or 3 d.
The result of Western blotting was corrected with that of B-actin. N=4, **P<0.05 vs. untreated.
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Figure 3.2 Pancreatic islet a-cell-specific expression of 11p-HSD1 and its inhibition by IGF-
I overexpression. A. Paraffin sections of the pancreas taken from 3-month-old wild-type (WT) or
MT-IGF mice were stained for glucagon using DY488- (upper panels) and 11B-HSD1 using
rhodamine-conjugated secondary antibodies (middle panels). Consequently, the images were
merged into the bottom panels using Northern Eclipse software. 11B-HSDI staining was
distributed in the cytosol of most a-cells (average 68%) but not in other endocrine or acinar cells
in wild-type mice (left panels); diminished staining per cell, some totally devoid of 113-HSDI
(yellow arrow), was revealed in MT-IGF mice (right panels, only 21% of a-cells were positive for
11B-HSD1). Representative islets of ten from each genotype were illustrated. The scale bar was
60 microns.

B. The same sections were stained for insulin using DY488-(upper panels) and11B-HSDI using
rhodamine-conjugated secondary antibodies (middle panels). The scale bar was 50 microns.
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Figure 3.3 Decreased 11B-HSD1 activity in the liver and pancreatic islets of MT-IGF mice.
A. Conversion of [1,2,6,7->H] corticosterone to DHC (bands 2 to 1) illustrated by an image of TLC
plate showing the position of various molecular forms. 113-HSD1 activity in homogenized liver
microsome was determined using [°H] corticosterone as substrate at a final concentration of 12
uM and 5 mM of NADP™ as cofactor. In lane A and F, only standard corticosterone and DHC were
loaded respectively. In lanes B to E, liver microsomes were loaded. The positions of four products
or substrates were marked as 1 to 4. B. Changes in DHC conversion rate in pancreatic islets.
Radioactivity corresponding to [1,2,6,7-°’H] DHC was expressed as percentage of the total
radioactivity pooled from all four bands illustrated in Fig 3A. Also illustrated were the
radioactivities of the non-specific band (3. NS) and those remained at the loading spots (4. Origin).
C. Changes in DHC conversion rate in the liver. Mean + SE. N=3. **P<(.01 vs. wild-type islets
or liver. A representative assay was illustrated from three experiments. D. Decreased conversion
of human cortisone to cortisol in the islets and liver of MT-IGF mice. Freshly isolated islets and
liver microsomes from wild-type and MT-IGF mice were incubated with 500 nM cortisone for 3
h. Steroids were extracted and the concentration of newly converted cortisol was measured using
immunoassay EIA. N=3; **P<0.01.
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Figure 3.4 Effects of dexamethasone (DEX) and 11-dehydrocorticosterone (DHC)
preincubations on glucose-stimulated insulin secretion. Freshly isolated islets from wild-type
mice were pre-incubated in regular medium with 100 nM DEX or DHC for 48 h, first kept at 3.3
mM glucose for 60 min before being stimulated with 16.7 mM glucose for another 60 min. Insulin
concentrations in the incubation buffer were measured using ELISA and expressed as % insulin
content directly (A) or as fold stimulation vs. untreated (low glucose) islets (B). The experiment
was repeated three times; a representative assay was illustrated. Mean + S.E. N=3. Results of 1-
way ANOVA: (A) among the other 6 columns of 3.3 mM glucose, P<0.01; among the first 6
columns of 16.7 mM glucose, P<0.001. (B) Among the first 6 columns P<0.001. *P<0.05,
*#P<0.01 vs. untreated wild-type islets; #P<0.01 vs. untreated MT-IGF islets; @P<0.05 vs. DEX-
treated MT-1GF islets.
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Figure 3.5 Decreased cell proliferation in MIN6 cells overexpressing 11p-HSD1 in the
presence of DHC. In A and B, MIN6-Vec and MIN6-HSDI1 cells were cultured for 3 d with/out
DHC (100 nM) and 11B-HSDI1 inhibitor (1 [IM). Relative cell numbers were determined using
MTT assay. N=10, **P<0.01 in untreated MIN6-HSD1 vs. MIN6-Vec cells using one-way
ANOVA. @P<0.01 in DHC-treated vs. untreated MIN6-HSD1 cells using one-way ANOVA. In
C and D, cells were cultured for 3 d with/out DHC and 11B-HSDI inhibitor. Relative rate of cell
proliferation was determined using BrdU incorporation into newly synthesized DNA. N=10,
*#P<0.01 in DHC-treated vs. untreated MIN6-HSD1 cells using one-way ANOVA.

144



Histone-associated DNA fragmentation
(OD 405/490 nm)

1.2

1.0

E Untreated
[ DHC

EE DHC+Inhibitor
s DEX

0.75

Caspase 3 cleavage (per total protein)
°
&

0.00 -

0.60 -

0.45 -

0.30 -

MING6-Vec

uT

DHC

*%

DHC +

*%

MIN6-HSD1

DEX

Inhibitor

*%

Bl Untreated
W DHC

0 Inhibitor
@ DHC+Inhibitor

Cleaved
Caspase 3

Total
Caspase 3

145



Clvd
Caspase 3 uT

DHC

DHC+
Inhibitor

Figure 3.6. 11B-HSD1 dependent, DHC-induced apoptosis in MING6 cells. A. MIN6-Vec and
MIN6-HSDI cells were cultured for 3 d with/out the presence of DHC (100 nM) and 113-HSD1
inhibitor (I uM). The relative rate of cell apoptosis was measured by cytoplasmic histone-
associated DNA fragmentation using ELISA. N=5, **P<(.01 vs. untreated MING6 cells; @P<0.05
vs. DHC-treated MIN6-HSDI cells. B and C. In a separate experiment but under the same
condition as in A, caspase 3 cleavage in MIN6-HSD1 cells alone was quantified using Western
blots and densitometry. N=5, *P<0.05, **P<0.01 vs. untreated cells. D. In another experiment
under the same condition as in A to C, MIN6-HSD1 cells were cultured in chamber slides, treated
and representative fluorescence images of cleaved caspase 3 were illustrated. Arrows indicate
active caspase 3 cleavage which was diminished by 11B-HSDI inhibitor. Representative fields
were illustrated from N=5.
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I Chapter IV

GENERAL DISCUSSION



4.1 General Discussion

IGF-I is an important mitogenic hormone that not only regulates development and
maturation of major organ systems but also plays a role in the maintenance and function of several
organs including the pancreas. Its effects on pancreatic islets include stimulation of cell
proliferation in a glucose dependent manner, and contributing to delaying the on-set of diabetes.
IGF-I-stimulated islet cell growth is signaled by IRS-2-mediated phosphorylation of PI3K,
Grb2/mSOS, Erk1/2 and p70 S6K (163, 502, 518). It promotes B-cell survival by inhibiting cell
apoptosis through PI3K-mediated phosphorylation of PKB, GSK 38, BAD and p70 S6K (154). It
inhibits insulin secretion by activating phosphodiesterase 3B and PKB (597). This lab generated a
transgenic mouse model that overexpresses IGF-I under metallothionine I promoter. These mice
were found to express IGF-I highly in B-cells. IGF-I overexpression led to a significant
hypoglycemia in fasted animals, hypoinsulinemia and improved glucose tolerance. Furthermore,
due to a partial prevention of B-cell death and the insulin-like effects, MT-IGF mice were
significantly resistant to streptozotocin-induced diabetes (151). Although the signal transduction
pathway of IGF-I has been studied for past 20-25 years, we have limited knowledge about the
targets of IGF-I inside pancreatic islets. In order to study the islet specific novel molecular
mediators of IGF-1 action in a systematic manner, we performed a whole-genome DNA
microarray analysis on isolated islets and found 82 genes specifically up- or down-regulated in
MT-IGF vs. wild-type mice. Many of them including extracellular matrix proteins (FBLN2
encoding fibulin-2, COL14A1), ion channels (KCNF1, CATSPER?2) and intracellular substrates
[HSD11B1 encoding 11 p-hydroxysteroid dehydrogenase 1 (11B-HSDI1), PI3K-C2y,

CCNS5/WISP2] have never been known to be regulated by IGF-I nor involved in  -cell function.
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In this thesis, I presented studies elucidating the roles of two of these genes- 113-HSDI and
CCNS/WISP2 in B-cell proliferation, islet cell survival and insulin secretion.

In Chapter II, T illustrated localization and the expression pattern of CCN5/WISP2 in
pancreatic islets, followed by its role in islet cell proliferation and regeneration. CCN5/WISP2
expression in MT-IGF mice was increased 3- and 2-fold at the mRNA and protein levels
respectively in the pancreatic islets. I demonstrated the localization of CCN5 in MT-IGF
pancreatic B-cells with significantly higher expression level. Both the over-expressed CCNS cell-
line and recombinant CCN5 showed positive impact on -cell proliferation. The B-cell expression
provides additional importance of the gene in many ways- it would be interesting to see whether
CCNS can help the islet proliferate faster or even survive for longer time in the presence of
inflammation and stress. As IGF-I is known to exert mitogenic effects, it would be relevant to see
whether 1) its effects are mediated in party by CCN5/WISP2 or 2) IGF-I and CCN5/WISP2 exert
synergistic/additive effects on cell growth, proliferation and survival. In my data, when CCN5 was
knocked down IGF-I still showed positive effect but its effect was markedly decreased. This may
mean that they might have a synergistic effect or at least CCN5-mediate part of the IGF-I effects
in the cell proliferation. The other important factor is the effect of CCNS5 in GSIS or basal insulin
secretion. Although IGF-I is known to inhibit insulin secretion, we demonstrated higher basal
insulin in IGF-I expressing transgenic mice model. I believe that CCN5 has an important role in
insulin secretion. Even when I did the GSIS from islets of MT-IGF-I or CCN5-over expressing
MING, I observed higher insulin secretion in both cases. This may suggest that CCN5 can play a
pivotal role in pancreatic islets that promotes increased insulin secretion as well as B-cell

proliferation and survival.
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In Chapter III, I presented studies on 11B-HSDI, an enzyme, responsible for
converting hormonally inactive glucocorticoid cortisone (11-dehydrocorticosterone, DHC in
rodents) to active cortisol (corticosterone; as reductase). Active glucocorticoids, in excess, lead to
insulin resistance and Type 2 diabetes. In freshly isolated islets, the level of 113-HSD1 protein
was significantly lower in MT-IGF mice. 113-HSD1 was observed exclusively in islet a-cells at a
diminished level in MT-IGF mice vs. wild-type animals using dual-labeled immunofluorescence
independently with both glucagon and insulin. This pattern of 11B-HSDI1 localization,
demonstrating its presence in a- but not B-cells, is at odds with its previously reported expression
in B-cells. Regardless, in order to define the role of 11B-HSD1 on pancreatic -cells, I generated
11B-HSD1 overexpressing MING6 cells (MIN6-HSD1) and observed a decreased cell-proliferation
in presence of substrate DHC through possible inhibition of AKT phosphorylation. Min6-HSD1
cells in presence of DHC also undergo apoptosis measured by change of caspase 3 level in both
western blot and immunohistochemistry and apoptotic ELISA. 113-HSD1 specific inhibitor can
significantly delay this apoptosis together with improvement in cell-proliferation. Finally, Min6-
HSD1 cells showed decreased glucose stimulated insulin secretion. 113-HSD1 in islet a-cells may
cause a direct paracrine inhibition in insulin secretion.

It will be essential to confirm the relative abundance of 113-HSD1 in a- and B-cells of the
pancreas, and to delineate whether it exerts its direct and/or indirect effects to regulate B-cell
survival and function. This aspect is beyond the scope of the present thesis.

4.2 Summary

My studies described in this thesis demonstrate clearly the roles of two IGF-I regulated

genes, CCN5/WISP2 and 11B-HSD1, in the control of islet B-cell survival, proliferation and insulin

secretion. Further, I showed that CCNS5 promotes islet cell proliferation and regeneration, provides
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protection against cell damage leading to diabetes mellitus. Secondly, I demonstrated that 11-
HSDI renders the opposite effect on islet cell proliferation and survival. Increased 11B3-HSD1 can
cause more production of active cortisol which leads to cell apoptosis. Although one recent paper
mentioned (334) complete lack of 11B-HSDI can lead to mild B-cell impairment and moderate
overexpression on -cell can provide protection against high fat diet induced type 2 diabetes. The
general notion is that 11B3-HSDI plays a negative role in B-cell function. MT-IGF mice showed
increased levels of CCNS but decreased 113-HSD1 compared to wild type mice. Both of these can
contribute to islet- more specifically B-cell- proliferation and survival.

The preliminary data indicated an increased trend of insulin secretion in CCN5-MING6 cell-
line which might be correlated with the survival effect and increased proliferation rate of B-cell.
Moreover, decreased level of 113-HSD1 activity in presence of 113-HSDI inhibitor in Min6-
HSDI1 cell-line impacts on increased basal insulin level and GSIS. This observation is further
supported by the notion that MT-IGF mice have higher basal insulin secretion, resulting from less
availability of active glucocorticoid. Increased MT-IGF mice are also known to show protection
against STZ-induced diabetes. Overexpression of 113-HSD1 in MING6 cells also showed increased
apoptosis which contributes to the relevance of global IGF-I induced islet proliferation and
survival.

The results describing the roles of CCN5/WISP2 and 11B-HSDI1 in mediating some of the
effects of IGF-I opens up an opportunity to expand our understanding of new mechanisms of [3-
cell protection. Studies on the regulations of islet cell growth and/or B-cell secretion of insulin are
ultimately crucial for us to combat type 1 diabetes by rescuing the B-cell mass and type 2 diabetes

by preserving B-cell function. To this goal, the study of IGF-I targets envisaged in this thesis is
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one of relevance, and hopefully leads to development of novel strategies aimed at improved islet

B-cell survival and function.
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Figure 4.1 Proposed interaction of CCNS and IGF-I signaling mechanism. (1) CCN5 as an
extracellular ligand interacts with integrins and LRP5/6 which are known to interact with IGF-
IR/IRS-1 and Wnt signaling; or with other cell membrane receptors. (2) It may activate
PIBK/Akt/mTOR to stimulate gene expression, protein synthesis, proliferation, survival and
differentiation. (3) It may also activate Ras/MEKs/Erks pathway to achieve similar functions. (4)
Now, CCNS5 expression is stimulated by IGF-I; CCNS may mediate at least part of IGF-I effects.
The IGF-I signaling pathway is reviewed by (584, 609). (5) Sustained ERK activation leads to
apoptosis (611), by promoting either intrinsic or extrinsic apoptotic pathways, induction of
mitochondrial cytochrome C release or caspase-8 activation. (6) Akt/PKB Ser/Thr kinase plays

a central role in increasing cyclin D1 level through two major mechanisms. (i) GSK-33-mediated,
e.g. GSK-3B Ser/Thr kinase causes cyclin D1 phosphorylation and its degradation(607); Akt-
mediated phosphorylation of GSK-3f3 inhibits its catalytic activity, resulting in the stabilization of
cyclin D1(608). (ii)) mTORC1-mediated, the phosphorylation and inactivation of TSC2 by Akt
leads to activation of mTOR, which forms part of the mMTORC1 complex and directly activates
4E-BP and ribosomal S6 kinases (S6K)(609). The latter phosphorylates GSK-3 3 and inhibits its
activity, again contributing to the stabilization of cyclin D1 (610).
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4.3 Future Perspectives

Our study on 11B-HSDI also raised several controversy that should be addreseds in the
future. We need to reconcile the differences between mRNA and protein levels. There are
increased evidences of this type of discrepancy. Possible decrease in post-translational efficiency
of 11B-HSD1 may also be a contributing factor to differential changes in mRNA. In addition, genes
with stable mRNAs but unstable proteins can be regulated quickly at the translational level (607).
Since IGF-I inhibited 11B-HSDI expression or its activity in most other cell/tissues, I believe the
effect on islet cells is still an inhibition, which might cause delayed and compensatory increase in
118-HSD1 gene expression and partially explain the discrepancy of our preliminary findings. The
other debate is on the localization of 113-HSD1 expression on pancreatic islet. My finding (a-cell
specific expression) is consistent with several groups but differs from two other (B-cell specific)
recent papers. To address the issue, we can perform independent experiments such as in situ
hybridization to check mRNA expression, localization and convincing IHC/dual labelled IF with
different antibodies.

To further characterize its pro-islet and anti-diabetic properties, by using recombinant
protein and gain-of-function overexpression, future prospective will be to 1) further establish
the mechanism of regulation on endogenous CCNS5 gene expression; 2) establish the potential link
between CCNS5 and Wnt signaling pathway; 3) study in vitro stimulation of CCNS5 protein on the
proliferation and survival of the pancreatic islet cells; 3) test the effect of in vivo administration of
CCNS on the rate of pancreatic regeneration after partial pancreatectomy; and 4) characterize in
vivo protection of CCNS5 against streptozotocin-induced B-cell damage and type 1 diabetes.

Also, we can investigate the roles some other potential IGF-I targets from the micro array

data (later verified through qRT-PCR) such as extracellular matrix proteins (FBLN2 encoding
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fibulin-2, COL14A1), ion channels (KCNF1, CATSPER?2) and intracellular substrates PI3K-C2y,

which is a new member of PI3K family.
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IGF-1 Stimulates CCN5/WISP2 Gene Expression in
Pancreatic p-Cells, Which Promotes Cell Proliferation
and Survival Against Streptozotocin

Subrata Chowdhury, Xiao Wang, Coimbatore B. Srikant, Qing Li, Min Fu,
Ying Jia Gong, Guang Ning, and Jun-Li Liu

Fraser Laboratories for Diabetes Research (S.C., C.B.S., Q.L., Y.J.G., J.-L.L.), Department of Medicine
(M.F.), McGill University Health Centre, Montreal, Quebec, Canada H3A 1A1; Shanghai Institute of
Endocrine and Metabolic Diseases (X.W., G.N.) and Shanghai Clinical Center for Endocrine and
Metabolic Diseases, Rui Jin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai
200025, China; and Montreal Diabetes Research Centre (J.-L.L.), Montreal, Quebec, Canada H1W 4A4

IGF-1 is normally produced from hepatocytes and other sources, stimulates protein synthesis, cell
survival, and proliferation through receptor-mediated activation of phosphatidylinositol 3-kinase
and MAPK, and targets specific molecules within the pancreatic islet cells. The current study was
designed to identify novel targets that may mediate its pro-islet actions. Whole-genome cDNA
microarray analysis in IGF-I-overexpressing islets identified 82 genes specifically up- or down-
regulated. Prominent among them was CCN5/WISP2 whose expression was increased 3- and 2-fold
atthe mRNA and protein levels. Dual-labeled immunofluorescence revealed that CCN5 expression
was low in the B-cells of wild-type islets but was significantly induced in response to IGF-I over-
expression. In vitro treatment of mouse islets with IGF-1 increased both CCN5 mRNA and protein
levelssignificantly. To define the role of CCN5 inislet cell biology, we stably overexpressed its cDNA
in insulinoma MING6 cells and detected a 2-fold increase in the proliferation of MIN6-CCN5 com-
pared with that in control cells, which correlated with significant elevations in the levels of cyclin
D1andthe phosphorylation of Aktand Erk2. Moreover, MIN6-CCN5 cells were found to be resistant
to streptozotocin-induced cell death. Using confocal microscopy and subcellular fractionation, we
found that overexpressed CCN5 exhibited cytoplasmic accumulation upon stimulation by high
glucose. Our results indicate that CCN5, which is minimally expressed in islet B-cells, is strongly and
directly induced by IGF-l. CCN5 overexpression stimulates the proliferation of insulinoma cells,
activates Akt kinase, and inhibits streptozotocin-induced apoptosis, suggesting that increased
CCN5 expression contributes to IGF-I-stimulated islet cell growth and/or survival. (Endocrinology
155: 1629-1642, 2014)

GF-Tis normally produced from hepatocytes and other
Isources including the pancreas. Acting through its re-
ceptor, IGF-IR, IGF-1 promotes embryonic development,
postnatal growth, and maturation of major organ systems
(1). As a potent mitogenic peptide, it is known to act in
endocrine as well as autocrine and paracrine manners.
Within the pancreatic islets, IGF-I stimulates cell prolif-
eration in the presence of high glucose levels, inhibits in-
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sulin secretion, and prevents cell apoptosis (2). IGF-I ad-
ministration in vivo prevents Fas-mediated autoimmune
B-cell destruction and delays the onset of diabetes in NOD
mice (3). IGF-I-treated animals have a significantly higher
ratio of intact islets and an overall higher B-cell mass rel-
ative to those of untreated mice. To test the effects of
increased circulating IGF-I on islet cell growth and glucose
homeostasis, an IGF-I transgene was expressed under the

Endocrinology, May 2014, 155(5):1629-1642

Abbreviations: BrdU, 5-bromo-2’-deoxyuridine; CCN, connective tissue growth/cysteine-
rich 61/nephroblastoma overexpressed; DAPI, 4’,6'-diamino-2-phenylindole; ECM, extra-
cellular matrix; EGF, epidermal growth factor; GLUT2, glucose transporter 2; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; rh, recombinant human; RNAi, RNA
interference; PI3K, phosphatidylinositol 3-kinase; siRNA, small interfering RNA; USF-2,
upstream stimulatory factor 2; WISP, Wnt1 inducible signaling pathway.
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metallothionein I promoter (4). We demonstrated previ-
ously that the IGF-T overexpression, although widespread,
was highly concentrated in the B-cells of the pancreas (5).
The transgenic MT-IGF mice were resistant to streptozo-
tocin-induced diabetes and displayed diminished hyper-
glycemia and abolished weight loss and mortality. Al-
though IGF-I is known to regulate protein synthesis, cell
survival, and proliferation through receptor-mediated ac-
tivation of phosphatidylinositol 3-kinase (PI3K) and
MAPK, the specific targets within the islet cells have not
been systematically screened. To explore the novel targets
of IGF-I action, we performed a whole-genome cDNA
microarray analysis in isolated islets of MT-IGF vs wild-
type mice and found 82 genes specifically up- or down-
regulated. Prominent among them, connective tissue
growth/cysteine-rich 61/nephroblastoma overexpressed
(CCN) 5/Wnt1 inducible signaling pathway (WISP)2 is a
secreted protein that was previously shown to be induced
by IGF-I in breast cancer cells and either stimulates or
inhibits cell proliferation in different systems (6 —8). CCN
(connective tissue growth factor/cysteine-rich 61/nephro-
blastoma overexpressed) or WISP (Wnt1 inducible signal-
ing pathway) represents a family of 6 proteins that regulate
cell adhesion and extracellular matrix (ECM) remodeling,
skeletal development and chondrogenesis, angiogenesis
and wound repair, proliferation, and tumorigenesis (9-
11). Although the role of another isoform, CCN2/CTGF,
in the early development of pancreatic islets has been well
established (12-15), CCNS5 was not known either to be
expressed in the islets or to regulate the islet function. This
study was designed to establish CCN5/WISP2 as a novel
isoform normally expressed in adult islets that is directly
induced by IGF-I and that plays important roles in pan-
creatic islet proliferation and/or protection.

Materials and Methods

MT-IGF mice and pancreatic islet isolation

Mice with germline integration of a human IGF-I cDNA
driven by mouse metallothionein 1 promoter (MT-IGF) and
wild-type littermates on a mixed C57BL/6 background were
maintained in 12:12-hour dark-light cycles with free access to
food and water. As reported previously, a zinc supplement in
food was not required for the transgene induction; instead of
being expressed primarily in the liver and kidney, 31- and 344-
fold higher levels of IGF-I mRNA and peptide content were de-
tected in the pancreas (mostly in islet B-cells) vs the liver (5).
Thus, MT-IGF mice are a model of islet-enriched overexpression
of IGF-I, with minor increases occurring in the liver and kidney.
All animal handling procedures were approved by the Research
Institute Animal Care Committee of McGill University Health
Centre. Pancreatic islets were isolated by collagenase digestion
and allowed to recover for 3 hours in DMEM containing 11 mM
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glucose and 10% fetal bovine serum, 10 mM HEPES, 2 mM
glutamine, and 1 mM sodium pyruvate as reported previously
(16). They were hand-picked and pooled for RNA or protein
isolation.

c¢DNA microarray and real-time PCR

Male MT-IGF mice and wild-type littermates, 3 to 4 months
old, were used to isolate pancreatic islets. Total RNA was pre-
pared from pooled islets from each mouse using QIAGEN
RNeasy Plus. The RNA quality and integrity were analyzed using
an Agilent 2100 Bioanalyzer, and its concentration was deter-
mined using a NanoDrop 2000 spectrophotometer. The gene
expression profile was determined using Illumina Whole-Ge-
nome Expression BeadChips (MouseRef-8 V2) by McGill Uni-
versity and the Genome Quebec Innovation Centre. The lumi
and EB (Wright and Simon) algorithm was applied to the data
using FlexArray version 1.4 software to identify genes that were
significantly induced or repressed in transgenic islets. The list of
transcripts was uploaded to DAVID (http://david.abcc.ncifcrf.
gov), and cell compartment annotation and functional annota-
tion chart were obtained and manually adjusted, including mark-
ing the duplicates in Table 1. Real-time PCR was performed
using a QuantiFast SYBR Green RT-PCR Kit (QIAGEN) with
LightCycler systems (Roche Applied Science); primers were pur-
chased from QIAGEN. The amount of target RNA was deter-
mined by a comparison to B-actin as an internal control, and
results are expressed as means = SE.

Western blot analysis

Freshly isolated islets from 3- to 4-month-old male mice were
sonicated in 150 to 200 uL of lysis buffer (containing 150 mM
NaCl, 10 mM Tris [pH 7.4], 1 mM EDTA, 1% Triton X-100,
0.1% SDS, 100 mM NaF, 10 mM sodium pyrophosphate, 10
mM sodium orthovanadate, and 2 mM phenylmethylsulfonyl-
fluoride) supplemented with a protease inhibitor tablet (Roche
Diagnostics). The cell extract was diluted by 1 to 1.5 volumes of
Laemmli loading buffer (Bio-Rad Laboratories) containing 5%
B-mercaptoethanol (Sigma-Aldrich) and boiled for 5 minutes
before loading onto SDS-PAGE gels. Western blotting was per-
formed using rabbit polyclonal anti-CCNS/WISP2 (ab38317;
Abcam), mouse monoclonal anti-hemagglutinin (HA) (G036;
ABM), rabbit polyclonal cyclin D1 (sc753; Santa Cruz Biotech-
nology), phospho-Akt at Ser-473 and total Akt (4058 and 9272;
Cell Signaling Technology), phospho-Erk1/2 and total Erk1/2
(9101 and 9102; Cell Signaling Technology), and cleaved and
total caspase 3 antibodies (9661and 9662; Cell Signaling Tech-
nology), B-actin (MM-0164-P; Medimabs), and upstream stim-
ulatory factor 2 (USF-2) (sc-862; Santa Cruz Biotechnology).

In vitro direct stimulation of primary islets by IGF-I

Freshly isolated pancreatic islets pooled from 3 wild-type
male mice were allowed to recover overnight in culture medium
containing 11 mM glucose and 10% fetal bovine serum (17). The
islets were randomly distributed in batches of 20 into 24-well
plates with 3 replicates for each condition, cultured for 6 to 24
hours in the same medium but containing 1% serum with or
without 10~® M recombinant human (rh) IGF-I (LONG R3,
11271; Sigma-Aldrich). Total RNA was extracted for the mea-
surement of CCN5 mRNA using real-time PCR. To analyze
changesin CCNS protein, 75 isolated islets in 12-well plates were
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Table 1. Effects of IGF-I Overexpression on Pancreatic Islet Gene Expression by cDNA Microarray

Fold
Gene Symbol Change P Value Common Name
Extracellular matrix
ADAMTS2 2.23 .007 A disintegrin and metalloproteinase with thrombospondin repeats;
procollagen N-proteinase
BGN 1.96 .003 Biglycan
COLT4A1 2.14 .000 Collagen, type XIV, a 1
COL16A1 2.29 .006 Collagen, type XVI, a 1
COL20A1 2.21 .001 Collagen, type XX, a 1
COL3A1 2.35 .004 Collagen, type lll, a 1
COL8A1 1.91 .009 Collagen, type VIII, « 1
DCN 2.47 .008 Decorin
ELN 1.98 .002 Elastin
FBLNZ2 3.24 .008 Fibulin 2
MMP2 3.24 .009 Matrix metallopeptidase 2
OLFM4 1.59 .004 Olfactomedin 4
SPARCL1 1.62 .004 SPARC-like1 (mast9, hevin)
TGM2 1.93 .005 Transglutaminase 2, C polypeptide
THSD4 1.53 .007 Thrombospondin, type I, domain containing 4
VWF 3.37 .001 von Willebrand factor homolog
Cell morphogenesis
GALR2 0.60 .009 Galanin receptor 2
GAS6 1.53 .009 Growth arrest specific 6
HTRAT 1.73 .007 HTRA serine peptidase 1
IGFBP4 2.09 .009 Insulin-like growth factor binding protein 4
IGFBP5 1.76 .006 Insulin-like growth factor binding protein 5
NRNT 2.92 .008 Neuritin 1
RDX 1.82 .008 Radixin
WISP2/CCN5 2.70 .006 WNT1 inducible signaling pathway protein 2
Endoplasmic reticulum
APH1A 0.69 .008 Anterior pharynx defective 1a homolog (Caenorhabditis elegans)
CYP1B1 2.36 .010 Cytochrome P450, family 1, subfamily B, polypeptide 1
HSD11B1 2.32 .009 11B-Hydroxysteroid dehydrogenase1 (113-HSD1)
KDELR3 0.69 .008 KDEL (Lys-Asp-Glu-Leu) ER protein retention receptor 3
SCh2 1.66 .004 Stearoyl-coenzyme A desaturase 2
VWF (Repeat)?
Cell signal, proliferation, and transcription
2310047A01RIK 1.70 .001 Zinc finger, CCHC domain containing 24
AXL 1.54 .008 AXL receptor tyrosine kinase
BATF 0.51 .007 Basic leucine zipper transcription factor, ATF-like
EFS 2.60 .003 Embryonal Fyn-associated substrate, Sin, SH3 adaptor protein
ERRFI1 1.72 .003 ERBB receptor feedback inhibitor 1
GDF10 2.81 .005 Growth differentiation factor 10
HAVCR2 1.70 .001 Hepatitis A virus cellular receptor 2
HMGB1 1.52 .004 High-mobility group box 1
HOXAS5 1.91 .002 Homeo box A5
JDP2 1.64 .007 Jun dimerization protein 2
LGALS12 0.67 .002 Lectin, galactose binding, soluble 12
MDK 1.89 .005 Midkine
NNMT 1.89 .008 Nicotinamide N-methyltransferase
PAK6 0.61 .001 p21 (Cdkn1a)-activated kinase 6
PEBP1 0.32 .000 Phosphatidylethanolamine binding protein 1
PHLDB2 1.53 .001 Pleckstrin homology-like domain, family B, member 2
PHLPPL 0.68 .000 PH domain and leucine rich repeat protein phosphatase-like
PIK3C2G 0.65 .005 Class Il PI3K, C2vy subunit (PI3K-C2)
PLEKHK1 1.51 .008 Pleckstrin homology domain containing, family k member 1
PPPIR14A 1.63 .004 Protein phosphatase 1, regulatory (inhibitor) subunit 14A
RMND5B 0.44 .005 Required for meiotic nuclear division 5 homolog B
RTKNZ2 0.44 .004 Rhotekin 2, PH domain
TGFA 0.66 .003 Transforming growth factor a
ZFP365 3.18 .005 Zinc finger protein 365

(Continued)
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Table 1. Continued

Fold
Gene Symbol Change P Value Common Name
Peptidase activity
ADAMTS2 (Repeat)
APHTA (Repeat)
DHH 1.79 .004 Desert hedgehog
HTRAT (Repeat)
KLK12 0.70 .000 Kallikrein 12
MMP2 (Repeat)
PAPPA 0.66 .006 Pregnancy-associated plasma protein A
TGM?2 (Repeat)
THSD4 (Repeat)
lon transport
ATP2B3 0.65 .006 ATPase, Ca®™ transporting, plasma membrane 3
CATSPER2 2.10 .010 Cation channel, sperm associated 2
cP 1.76 .005 Ceruloplasmin
KCNF1 2.25 .001 Potassium voltage-gated channel, subfamily F, member 1
G protein—coupled receptor signaling pathway
CSPRS 0.59 .000 Component of Sp100-rs
GALR2 (Repeat)
OLFR1123 1.64 .001 Olfactory receptor 1123
OLFR584 1.50 .000 Olfactory receptor 584
OLFR61 0.69 .008 Olfactory receptor 61
OLFR691 1.88 .008 Olfactory receptor 691
TGM2 (Repeat)
UTS2R 1.91 .008 Urotensin 2 receptor
V1RIT 1.57 .008 Vomeronasal 1 receptor, |1
Other unclassified
2010110121RIK 1.68 .008 Atlastin GTPase 2
ABCASA 2.69 .008 ATP-binding cassette, subfamilyA (ABC1), member 8a
ADFP 1.85 .001 Adipose differentiation related protein
C1QTNF5 1.54 .008 C1qg and tumor necrosis factor related protein 5
C730026E21RIK 0.61 .008 Methionine-tRNA synthetase 2 (mitochondrial) (Mars2)
CAR15 1.91 .009 Carbonic anhydrase 15
ccL2 1.58 .001 Chemokine (C-C motif) ligand 2
CDH6 0.69 .009 Cadherin 6, type 2, K-cadherin (fetal kidney)
GAST 0.44 .009 Gastrin
GPT1 0.59 .003 Glucose-6-phosphate transporter 1
LHFP 1.97 .001 Lipoma HMGIC fusion partner
LRRC38 4.72 .002 Leucine rich repeat containing 38
PLXDC2 1.51 .009 Plexin domain containing 2
RNUE5 1.60 .004 Small nucleolar RNA, H/ACA box 65
TMEMZ208 0.44 .002 Transmembrane protein 208

n = 3. Listed are transcript identification (gene symbol), average fold change, P value based on two-tailed t tests, and common gene name,

divided into functional clusters.

2 (Repeat): when the same gene was classified into more than 1 gene group, the fold change and P value were not repeated in the table.

stimulated by IGF-I for 12 or 24 hours. Total cell lysates were
prepared for Western blots against CCNS and B-actin.

Dual-labeled immunofluorescence

Paraffin sections of the pancreas taken from 3- to 5-month
old, male MT-IGF and wild-type littermates were dewaxed,
rehydrated, and blocked with 10% donkey serum, followed
by overnight incubation with rabbit polyclonal anti-CCNS5 at
4°C. After washing with PBS, sections were stained with
guinea pig polyclonal anti-insulin (ab7842; Abcam) followed
by Alexa Fluor 594 conjugated donkey anti-rabbit IgG (H+L)
and Alexa Fluor 488 goat anti-guinea pig IgG (Life Technol-
ogies) (18, 19). The images were captured and analyzed using
an Axioskop 2 Plus microscope (Carl Zeiss), Retiga 1300 dig-

ital camera, and Northern Eclipse version 8 software (EMPIX
Imaging).

Stable overexpression of CCN5 cDNA in MING cells
Mouse CCNS cDNA with a 3'-(HA); tag was subcloned into
a pcDNA3.1 vector between the cytomegalovirus promoter and
bovine growth hormone polyadenylation sequence and used to
transfect MING cells, which were selected for resistance against
G418 for 45 days (Figure 2A). After Western blot confirmation,
multiple CCNS-overexpressing (MIN6-CCNS5) and vector-
transfected (MIN6-Vec) clones were subject to the 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) cell viability
(Sigma-Aldrich) and 5-bromo-2’-deoxyuridine (BrdU) incorpo-
ration assays. The cells were cultured in 1% serum for 1 to 3 days
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before the MTT assay. For BrdU incorporation, in the final 18
hours of incubation, 10 uM BrdU was added; its incorporation
was quantified using an ELISA at 450 nm (EMD Millipore). The
change in the cellular cyclin D1 level was determined by Western
blotting. To study CCNS-stimulated signaling mechanisms, we
measured changes in the phosphorylation levels of Akt and
Erk1/2 kinases in cells cultured for 24 hours in either 10% serum
or serum-free medium. An MTT cell viability assay was also
performed in the presence or absence of the Akt inhibitor MK-
2206 (1 uM) for 24 or 48 hours. Finally, to establish the actions
of CCNS5 as an extracellular regulator, parental MING cells were
treated with rh CCNS5/WISP2 protein (Creative Biomart), and its
effects on cell proliferation were measured using an MTT assay
and Akt phosphorylation.

CCN5 gene silencing using small interfering RNA
(siRNA)

The role of endogenous CCNS on IGF-I-stimulated cell pro-
liferation was investigated by RNA interference (RNAi)-medi-
ated gene knockdown. Parental MING6 cells were transiently
transfected with Silencer Select CCNS5-specific (or scrambled
control) siRNAs (Ambion/Invitrogen) using Lipofectamine
RNAIMAX (Invitrogen), and the decreased level of CCNS
mRNA was confirmed using real-time PCR. CCNS5-siRNA
transfected cells were allowed to grow in culture medium with or
without 5 nM LONG R3 IGF-I for 3 days, and cell viability was
assessed by an MTT assay.

Streptozotocin-induced apoptosis in MING6 cells

MIN6-CCNS and MIN6-Vec cells were subcultured at a den-
sity of 2 X 10* cells/cm® and incubated with $ mM streptozotocin
for 24 hours (20). The presence of mononucleosomes and oli-
gonucleosomes in apoptosis was measured by histone-associated
DNA fragments in the cytoplasm. The degree of cell apoptosis
was determined by a sandwich enzyme immunoassay cell death
detection ELISA Plus kit (11774425001; Roche Applied Science)
(21). In brief, cells were collected by being centrifuged at 200 X
g for 10 minutes and lysed for 30 minutes with the buffer pro-
vided. The cell lysate was again centrifuged at 200 X g for 10
minutes. Then 20-uL aliquots of the supernatant (representing
the cytosolic fraction) were transferred to streptavidin-coated
wells, incubated with anti-histone-biotin and anti-DNA-perox-
idase antibody for 2 hours, followed by the 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) substrate for 10 minutes,
and then measured as a ratio of absorbance at 405 and 490 nm
using a PerkinElmer EnSpire multiplate reader. The occurrence
of apoptosis was correlated with the amount of streptozotocin-
induced caspase 3 cleavage in MING cells, which was quantified
by Western blots.

Confocal microscopy of CCN5-overexpressing cells
To monitor intracellular CCNS expression and distribution
in response to high glucose stimulation, MIN6-CCNS cells were
seeded into 8-well Lab-Tek chamber slides and cultured for 24
hours. The cells were then cultured in fresh medium containing
either 2.8 or 16.7 mM glucose for 60 minutes before being fixed
with 3% paraformaldehyde and permeabilized with 0.1% Tri-
ton X-100. After blocking with 0.5% BSA, cells were incubated
with mouse monoclonal anti-HA and rabbit polyclonal anti-
insulin antibodies for 1 hour. After washing with PBS, the cells
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were incubated with Alexa Fluor 594 donkey anti-mouse IgG
(H+L) and Alexa Fluor 488 donkey anti-rabbit IgG (Life Tech-
nologies). Nuclei were stained with 4',6’-diamino-2-phenylin-
dole (DAPI) at 1 pg/mL. Images were obtained using a 63X
(numerical aperture 1.40) oil Plan-Apochromat objective and
detected with a GaSaP detector using an LSM780 laser scanning
confocal microscope (Carl Zeiss). DAPI was excited with a
405-nm diode laser, anti-insulin with a 488-nm argon laser, and
anti-HA with a 561-nm DPASS laser.

Subcellular fractionation

To confirm the confocal result, MIN6-CCNS cells in conflu-
ent culture dishes were incubated for 60 minutes with 2.8 or 16.7
mM glucose, washed in ice-cold PBS, scraped from the dishes,
and resuspended in lysis buffer containing 20 mM Tris-HCI (pH
8.0), 1% Triton X-100, 150 mM NacCl, and protease inhibitor
cocktail. Cell lysates were centrifuged twice at 2600 X g for 7
minutes to pellet the nuclear enriched fraction. The supernatant
was cleared at 20 000 X g to obtain the cytosolic faction. The
protein concentration was determined using a BCA assay.

Statistical analysis

Data are expressed as means * SE and plotted using Sigma
Plotversion 11 (Systat Software), which was also used to perform
an ANOVA and post hoc Holm-Sidak test. An unpaired Student
t test was performed using InStat version 3 software (GraphPad
Software). Values of P < .05 were considered to be significant.

Results

Changes in gene expression profile induced by
IGF-l1 overexpression in pancreatic islets

To explore novel targets that are involved in IGF-I-
regulated B-cell function, we performed a whole-genome
microarray analysis on total RNA prepared from freshly
isolated islets and found 82 genes either up- or down-
regulated significantly in MT-IGF vs wild-type mice, with
the threshold of >1.5- or <0.7-fold and P = .01 (Table 1).
Many of them, including ECM proteins (fibulin-2 and
COL14A1), ion channels (KCNF1 and CATSPER2), in-
tracellular substrates (118-HSD1 and PI3K-C2y), and
CCNS/WISP2 are novel targets of IGF-I whose impact on
B-cell function had not been previously known. Among
them, expression of CCNS5/WISP2, a gene not known to be
expressed in the islets, exhibited a 2.7-fold increase as a
result of IGF-I overexpression.

To avoid false-positive results in the microarray result,
changes in the expression of nine target genes were inde-
pendently confirmed using real-time PCR in fresh batches
of isolated islets (Table 2). Notably, the level of CCN5/
WISP2 mRNA was significantly increased 3.3-fold in MT-
IGF vs that in wild-type mice, consistent with the microar-
ray result. CCNS5/WISP2 is a secreted protein of 29 kDa
and has been reported to either stimulate or inhibit cell
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Table 2. Effects of IGF-I Overexpression on Pancreatic Islet Gene Expression Determined by Real-Time PCR

Relative Expression Level,
Arbitrary Units®

Target Gene Wild-Type MT-IGF P Value
KCNFT (Kv5.1 potassium channel) 13.1 1.1 239+ 26 .0064
HSD11B1 (11B8-HSD1) 75+ 1.7 16.3 £ 2.3 .0072
FBLNZ (fibulin-2) 99=*20 233 £ 4.1 .0149
COL14AT (collagen 14A1) 86+ 1.3 127 £1.2 .035
VWEF1 (von Willebrand factor homolog) 69*+19 143 *25 .046
PIK3C2G (PI3K-C27) 16.8 £ 1.7 11311 .006
CCN5/WISP2 (WNT1 inducible signaling pathway protein) 25*27 84+13 .008
MMP2 (matrix metallopeptidase 2) 93=*33 16.0 £ 2.8 NS
Catsperm?2 (cation channel, sperm associated 2) 80=x29 99=+18 NS

Abbreviation: NS, not significant. Total RNA was prepared from isolated islets from 4- to 5-month-old MT-IGF vs wild-type male mice. Real-time
PCR was performed using a QuantiFast SYBR Green RT-PCR Kit (QIAGEN) and Roche LightCycler system.

@ Data are means * SE, based on experiments of n = 6.

proliferation in various systems (6—8, 22). Although its
expression in pancreatic acinar and ductal cells has been
reported (23), its presence in the islet cells was not known.

Islet B-cell-specific CCN5/WISP2 expression and its
direct stimulation by IGF-I

To confirm CCNS gene expression at the protein level,
we performed Western blot analysis on the extract of
freshly isolated islets. As shown in Figure 1A, CCNS was
found to be expressed at low level in the islets of wild-type
mice and at a 2-fold higher level in those of MT-IGF mice.
Using dual-labeled immunofluorescence, we further con-
firmed the presence of CCNJ in wild-type islets, and its
induction in MT-IGF mice (Figure 1B). In sections
costained for insulin (green, top panels) and CCNS (red,
middle panels), the colocalization of insulin and CCNS in
islet B-cells was evident from the merged images (bottom
panels) and confirmed also the increase in B-cell-specific
expression in MT-IGF mice. In parallel experiments, we
found that CCNS does not colocalize with glucagon (data
notshown). To further demonstrate an in vitro direct stim-
ulation, freshly isolated islets of C57BL/6 mice were cul-
tured with 10~® M IGF-I that elicited significant stimula-
tion of the CCNS5 mRNA level after 12 and 24 hours
(Figure 1C). The stimulation at the protein level was more
striking, exceeding 6.6-fold after 12 hours of treatment
(Figure 1D). Thus, we demonstrated increased CCNS5 pro-
tein in islet B-cells of MT-IGF mice using immunohisto-
chemistry and Western blots and direct stimulation of
CCNS5 gene expression by IGF-T in primary islets.

Increased proliferation of insulinoma cells caused
by CCN5/WISP2 overexpression

To define the role of CCNS in islet function, we sta-
bly transfected its cDNA with a 3'-(HA); tag into MIN6
cells using the pcDNA3.1 vector (Figure 2A). Using West-

ern blots, we confirmed significantly overexpressed
CCNS protein in MIN6-CCN3 cells. Consequently, the
cell number increase representing cell proliferation in 3
independent lines of MIN6-CCNS cells was significantly
higher than those of MIN6-Vec cells using an MTT assay
(Figure 2B). To directly measure the change in DNA syn-
thesis, we demonstrated ~1.7-and ~2.7-fold significantly
increased BrdU incorporation in 2 lines of MIN6-CCN$
cells compared with thatin MIN6-Vec cells cultured either
for 48 or 72 hours in 1% serum (Figure 2C). B-Cell rep-
lication is known to be associated with increased cyclin D1
and CDK4 levels (24, 25). In MIN6-CCNS cells, we de-
tected a 3-fold increase in the level of cyclin D1 (Figure
2D), further supporting a proliferative effect of CCNS.

CCN5/WISP2 overexpression increased Akt and
Erk2 phosphorylation

The proliferation of islet cells is known to be controlled
by PI3K, Akt, and Erk1/2 pathways and stimulated by
IGF-1. To determine whether Akt and Erk1/2 are regulated
by CCNS, we assessed and detected a 2.4-fold increase in
Akt phosphorylation at Ser-473 in MIN6-CCNS5 com-
pared with that in MIN6-Vec cells incubated in serum-free
medium (Figure 2E); even in cells stimulated with 10%
serum, CCNS overexpression caused a 2-fold increase in
Akt phosphorylation. The effect on Erk1/2 was moderate;
ie, under serum-free condition, CCNS5 overexpression
caused only a 1.6-fold increase Erk2 phosphorylation (P <
.05) (Figure 2F), but under 10% serum it had no signifi-
cant effect. As shown in these blots, the total levels of Akt,
Erk1,and Erk2 remained unaltered (Figure 2, Eand F). We
confirmed the role of Akt activation in CCNS5-induced
proliferative signaling by comparing the relative number
of MIN6-CCNS cells incubated in the presence or absence
of Akt inhibitor MK-2206 and found that inhibition of
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Figure 1. Islet B-cell-specific expression of CCN5/WISP2 and its significant induction by IGF-I. A, Representative Western blots using freshly
isolated islets of 3- to 4-month-old wild-type (WT) or MT-IGF mice and specific antibodies against CCN5 and B-actin. The result of densitometry
analysis is shown below. n = 3. **, P < .01 using an unpaired t test. The experiment was repeated twice with at least 3 independent data points
each time. B, Immunofluorescence was determined using paraffin sections of the pancreata and primary antibodies against insulin (green) and
CCN5/WISP2 (red). The merged image shows colocalization of CCN5 and insulin in B-cells of the islets (orange). The scale bar corresponds to 60
wm. Representative images were taken from 3 mice in each genotype and >10 images. C, Effect of in vitro direct stimulation by IGF-I. Freshly
isolated islets from 3- to 4-month-old male C57B/L6 mice were treated with 10~8 M rh IGF-I, LONG R3, or vehicle for 6 to 24 hours. Changes in
the level of CCN5 mRNA in arbitrary units were measured by quantitative RT-PCR. n = 4. ** P < .01 vs untreated islets using an unpaired t test.
D, Changes in the level of CCN5 protein determined by Western blots and quantified using densitometry. n = 5. **, P < .01 vs untreated using

unpaired t test.

Akt decreased cell proliferation by 61% and 53 % after 24
and 48 hours of incubation, respectively (Figure 2G). At
the same time, Akt inhibition caused a 50% reduction in
the cyclin D1 level (Figure 2H). Our results indicate that
CCNS stimulates B-cell replication, at least in part by ac-
tivating Akt kinase and cyclin D1.

CCNS5 overexpression in MING cells confers
resistance to streptozotocin-induced apoptosis
Because IGF-I has a potent effect on B-cell survival
against various types of damage, we anticipated that
CCNS may also exert prosurvival effects. We tested the
effect of CCNS overexpression on streptozotocin-induced
cell death in stably transfected MING lines. Streptozotocin
treatment for 24 hours caused significant cell loss, show-

ing condensation and debris in MIN6-Vec cells (Figure
3A, bottom left vs top left panels), which was largely
avoided in MIN6-CCNS3 cells (Figure 3A, bottom right
panel). This was confirmed by a 3.6-fold increase in
cleaved caspase-3 in MIN6-Vec cells after 12 hours of
exposure to streptozotocin (Figure 3B). CCNS overex-
pression significantly diminished caspase-3 activation and
blunted streptozotocin-induced cell apoptosis. Histone-
associated DNA fragmentation in the cytoplasm is the
hallmark of cell apoptosis (21). Streptozotocin treatment
caused a significant 6.5-fold increase in the level of DNA
fragmentation in MIN6-Vec cells (Figure 3C, bar 2 vs 1),
compared with a mere 1.6-fold increase in MIN6-CCNS5
cells (Figure 3C, bar 4 vs 3). The 4-fold reduction in DNA
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Figure 2. Increased cell proliferation and Akt phosphorylation in CCN5-overexpressing MING cells. A, Stable overexpression of CCN5 cDNA with a
3'-(HA); tag in MING6 cells using a pcDNA3.1 vector. The construct is illustrated, and CCN5 overexpression was confirmed using Western blotting
and HA antibody. B, Higher increases in the cell numbers measured by an MTT assay. CCN5-overexpressing cell lines cultured with 1% serum
showed increased cell proliferation at 48 to 72 hours. n = 5. *, P < .05; **, P < .01 vs MIN6-Vec cells using a one-way ANOVA. C, Increased cell
proliferation measured by the ratio of BrdU incorporation. CCN5-overexpressing vs vector control cell lines (2 each) cultured with 1% serum
showed increased cell proliferation at 48 and 72 hours. The relative ratio of BrdU incorporation was measured by an ELISA. n = 4. *, P < .05;

**, P < .01 vs MIN6-Vec cells, using a one-way ANOVA and post hoc Holm-Sidak test. D, CCN5 overexpression caused an increased cyclin D1 (Cyc
D1) level. The cells were cultured in 5.5 mM glucose and 1% serum for 3 days. Western blots were obtained for multiple lines of MIN6-CCN5 vs
MIN6-Vec cells. The result of densitometry analysis is illustrated in the bar graph. n = 3. *, P < .05 vs MIN6-Vec cells using an unpaired t test. E,
CCNS5 overexpression caused increased phosphorylation of Akt kinase. MIN6-Vec or MIN6-CCN5 cells were cultured for 24 hours under 0% or
10% serum as indicated. Representative Western blots for Akt and results of densitometry are illustrated. F, Representative Western blots for Erk1/
2 and results of densitometry. Data are means = SE representative of 3 experiments. For Eand F, n = 3. *, P < .05;

**% P <001 vs MIN6-Vec cells under the same condition using an unpaired t test. G, Effect of the Akt inhibitor MK-2206 (1 uM) on the viability
of MIN6-CCNS5 cells measured using an MTT assay after 24 and 48 hours of incubation as in Figure 2B. n = 3. **, P < .01 vs untreated cells using
an unpaired t test. H, Effect of the Akt inhibitor MK-2206 on the cyclin D1 level in MIN6-CCNS5 cells after 24 hours of incubation. Western blots
and the result of densitometry analysis are illustrated. n = 2.

fragmentation (compare bars 2 and 4) confirmed the abil- ~ CCNS3-induced decrease in GLUT2 expression may limit
ity of overexpressed CCNS to attenuate streptozotocin-  the uptake of streptozotocin thereby indirectly diminish-
induced apoptosis. Because streptozotocin-induced cellu-  ing its cytotoxicity was excluded because CCNS overex-
lar toxicity is dependent on the normal expression of  pression did not influence the GLUT2 level in MING6 cells
glucose transporter 2 (GLUT?2), the possibility that the (data not shown).
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streptozotocin on vector-transfected cells) vs high-density, normally stretched cells in the other 3 panels. B, Changes in the level of caspase 3
cleavage induced by streptozotocin. n = 3, **, P < .01 vs MIN6-Vec cells using a one-way ANOVA. The experiment was repeated once. C,
Changes in cytoplasmic levels of histone-associated DNA fragments, quantified using an ELISA. The absorbance reading at 490 nm was subtracted
from that at 405 nm, following the manufacturer’s instruction. n = 5. *, P < .05; **, P < .01 vs untreated cells; #, P < .05 vs streptozotocin-

treated MIN6-Vec cells using a one-way ANOVA.

Glucose stimulation causes cytoplasmic
accumulation of CCN5/WISP2

As a secreted protein, CCNS is expected to be localized
in cytoplasmic vesicles (26); as a matricellular protein, it
might be associated with cell membrane and ECM; and its
presence in the nucleus has also been described (27, 28).
To help understand the secretion and subcellular localiza-
tion of CCNS protein, we performed confocal microscopy
on MING cells overexpressing the protein under the basal
(low-glucose) condition and after being stimulated by high
glucose. As shown in Figure 4A, under a low-glucose con-
dition, HA-tagged CCNS5 protein was present at a low
level in the cytoplasm (Figure 4A, top panels). Upon high-
glucose treatment for 60 minutes, significant cytoplasmic
accumulation of CCNS5-HA protein was found in close
association with the staining of insulin (Figure 4A, bottom
panels), which is consistent with the early observation of
perinuclear and vesicular distribution (29). In addition,
the cellular contents of both CCNS and insulin were dra-
matically enhanced by the high level of glucose, compared
with cells cultured under low glucose. To further quantify
the change, in a separate experiment we prepared nuclear

and cytosolic fractions from low- and high-glucose-
treated cells and determined the relative levels of CCNS-HA
protein compared with those for B-actin or USF-2, respec-
tively (Figure 4, B and C). Compared with the cells cul-
tured in low glucose, we confirmed a 4.3-fold increase in
cytosolic CCNS-HA protein upon high-glucose stimula-
tion but no significant decrease in nuclear protein, con-
sistent to our finding in confocal and the notion that
CCNS is a glucose-responsive secretory protein. How-
ever, we have not been able to detect CCNS secretion using
Western blotting, unlike previous report (26).

Recombinant CCN5 protein directly stimulated cell
replication and Akt phosphorylation

As we were studying the effect of CCNS overexpres-
sion, recombinant and highly purified human protein be-
came available and proved effective in inducing mesen-
chymal-epithelial transition in pancreatic
adenocarcinoma cells (23). To establish whether it exerts
an endocrine/paracrine effect on insulin-producing cells,
we treated parental MING cells with recombinant CCN35
protein for 3 days, together with IGF-I as a positive con-
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Figure 4. High-glucose-induced subcellular distribution of CCN5-HA protein in MIN6-CCNS5 cells. A, Cells were cultured in chamber slides and at
low (2.8 mM) or high (16.7 mM) glucose for 60 minutes. Confocal microscopy images were developed against insulin (green), the HA tag (for
CCNS5, red), DAPI (nucleus, blue), and merged. Representative images from triplicate chambers and >10 sets of images are illustrated. The scale
bar corresponds to 20 wm. B, Changes in the subcellular distribution of CCN5 confirmed by Western blots. From a separate experiment cultured
with low and high glucose, cytosolic and nuclear fractions were blotted using antibodies against CCN5-HA, B-actin, and USF-2. Negative signals of
USF-2 in cytosolic fractions and of B-actin in nuclear fractions were confirmed to exclude cross-contamination (not shown). n = 4. C,
Quantification of results by densitometry. The level of cytosolic protein was corrected by B-actin and that nuclear protein by USF-2. n = 4;

** P < .01 vs low glucose using an unpaired t test.

trol. In untreated cells, the proliferation rate was low as
measured using an MTT assay (Figure 5A). Treatment
with low doses of CCNS protein (6.25 and 12.5 nM) sig-
nificantly increased the proliferation activity up to 3 days;
a higher dose of 25 nM led to early stimulation but became
somewhat toxic after 48 hours, and the stimulatory effect
of exogenous CCNS protein was somewhat less than that
of 10 nM IGF-I. This result was further supported by the
increased BrdU incorporation in cells stimulated for 3 days
by IGF-I (1.7-fold at 10 nM) or CCNS5 (1.4-fold at 12.5
nM) (Figure 5B). Treatment of MING6 cells with exogenous
CCNS protein for 6 hours led to a 1.8-fold increase in Akt
phosphorylation at Ser-473 (Figure 5C). This effect
seemed specific because Erk1/2 activity was not signifi-
cantly affected (data not shown), consistent with the mod-
erate changes in Erk1/2 phosphorylation upon CCNS5
overexpression (Figure 2F). Thus, exogenously recombi-
nant protein was found to replicate 2 key effects of CCN5
overexpression in MING6 cells, ie, proliferation and Akt
phosphorylation.

To further assess the role of endogenous CCNS5 expres-
sion on IGF-I-stimulated cell proliferation, we studied the
effect of its knockdown using RNAi. Basal CCNS5 expres-
sion in parental MING6 cells was abolished by CCNS5-spe-
cific but not a nonspecific scrambled siRNA as determined
by quantitative RT-PCR (Figure 5D, compare bars 1 and
2). Likewise, siRNA transfection blunted CCNS induc-
tion by 5§ nM IGF-I (Figure 5D, compare bars 3 and 4).
CCNS knockdown did not affect the basal level of cell
proliferation after 3 days of culture, as determined by an
MTT assay (Figure SE); however, it clearly reduced the
IGF-I-stimulated effect from 2.3- to 1.5-fold stimulation
(®, P < .05), supporting a role for endogenous CCNS in
IGF-I-stimulated cell proliferation.

Discussion

In this study, we identified CCNS as a novel target of IGF-I
in islet B-cells that is induced not only by IGF-I overex-
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Figure 5. Direct effect of recombinant CCN5 protein on islet cell proliferation and Akt phosphorylatlon. A, Parental MING cells (20 000/well) were
cultured for 1 to 3 days with IGF-I or increasing doses of CCN5 in DMEM containing 1% serum and 11.1 mM glucose. Cell numbers were measured
using an MTT assay. n = 6. *, P < .05; **, P < .01 vs untreated using a one-way ANOVA. B, Changes in the rate of cell proliferation measured by BrdU
incorporation. Parental MIN6 cells were cultured with or without 10 nM IGF-I or 6.25 and 12.5 nM CCNS5 for 3 days in 1% serum.n = 3to 4. *, P < .05;
**, P < .01 vs untreated cells using an unpaired t test. C, CCN5 stimulated Akt phosphorylation. Under similar conditions as in Figure 5A, MING cells
were cultured for 2 to 6 hours with or without 12.5 nM CCN5. The cell lysate was probed for pAkt at Ser-473 or total Akt using Western blots. A
representative blot from 3 experiments is illustrated in the top panel. The result of densitometry analysis is depicted in the lower panel. n = 3. **, P < .01
vs untreated cells using one-way ANOVA. D, siRNA-mediated transient knockdown of basal and IGF-I-stimulated (5 nM, 48 hours) CCN5 gene expression
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in cell viability measured by an MTT assay. For D and E, n = 4. **, P < .01 vs scrambled vector-transfected untreated cells (first columns; Ctrl), @, P < .01
vs scrambled vector-transfected cells treated with or without IGF-I using an unpaired ¢ test.

pression but also by direct stimulation with exogenously  levels. To define its role in islet cell biology, we stably
added peptide. We demonstrated that IGF-I induces overexpressed CCNS5 ¢DNA in MING6 insulinoma cells
CCNS gene expression both at the mRNA and protein  and demonstrated that it induces phosphorylation of Akt
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and Erk2, cyclin D1 expression, and cell proliferation as
measured by MTT and BrdU assays. IGF-I-stimulated cell
proliferation is known to involve Akt and Erk1/2 signal-
ing, leading to cyclin D1 activation (24). Our result also
supports previous findings in neuroblastoma Neuro2a
cells that CCNS induces Akt and Erk2 phosphorylation
(30). We then showed that treatment of MING cells using
recombinant CCNS protein promotes Akt phosphoryla-
tion and cell proliferation. Finally, MIN6-CCNS cells
were found to be resistant to streptozotocin-induced
caspase-3 activation and apoptosis. Taken together, the
present findings demonstrate that IGF-I-induced CCN$
in islet B-cells may not only contribute to mitogenic sig-
naling but also promote cell survival by inhibiting
apoptosis.

Among the IGF-Itargets revealed in this study, 16 genes
encode ECM-related proteins, including fibulin-2, which
belongs to a family of 5 that shares a distinctive C-terminal
globular domain and a tandem array of calcium-binding
epidermal growth factor (EGF)-like modules (31). The
expression of PI3K-C2y, a new member of the PI3K fam-
ily, was specifically decreased at the mRNA level in IGF-
I-overexpressing islets (32, 33). It should be noted that
notall of the affected genes can be considered direct targets
of IGF-I action on the islets because our model of over-
expression also exhibited considerable levels of IGF-I ex-
pression in the liver and kidney and a 50% increase in the
serum IGF-I concentration (5).

Most CCN/WISP proteins contain 4 functional do-
mains, ie, the IGF binding protein domain with sequence
homology to IGF binding proteins but confers less than
1% affinity to IGFs (34), the von Willebrand factor C
repeat often seen in oligomerization of ECM proteins, the
thrombospondin type I repeat interacting with integrins,
and the cysteine-rich carboxyl-terminal repeat (which is
missing from CCNS35) associated with dimerization and
receptor binding (9, 10, 35). Overall, they share an ~50%
amino acid sequence, including 38 cysteines at homolo-
gous sites of the proteins (35). As matricellular proteins,
they contain binding sites for ECM and putative cell sur-
face receptors; most of their biological activities are
thought to be mediated by cell adhesion receptors, includ-
ing integrins (eg, a2 31, a5B1,and others) and heparin sul-
fate proteoglycans.

Among the CCNS5 family members, CCN2/CTGF has
clearly been shown to regulate pancreatic islet function
(12-15). CCN2 promotes the formation of new islets from
pancreatic ducts, the expansion of immature B-cells, and
islet vascular development (12, 14). Islet morphogenesis
and function are exquisitely regulated by CCN2, which is
both required and sufficient to induce proliferation of im-
mature 3-cells. On the other hand, B-cells in more mature,
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postnatal animals do not express CCN2 and appear re-
fractory to its presence in other cells (12-15). The novel
role of CCNS5 in promoting B-cell proliferation in this
study and the reported induction of CCN4/WISP1 expres-
sion during islet regeneration after 90% pancreatectomy
(36) suggest that CCN2 is not the only member of the
family that regulates islet cell biology. Interestingly, the
expressions of CCN2 and CCNS appear to be interdepen-
dent because knockdown of CCNS5 gene expression in
MCEF-7 cells resulted in a 12-fold compensatory increase
in the CCN2 mRNA level (27). CCNS has a unique age-
dependent and tissue-specific expression pattern, its ex-
pression in B-cellsis selectively induced by IGF-I, and it has
a unique structure, which is missing the carboxyl-terminal
domain. All of these characteristics, together with its reg-
ulation by glucocorticoids (37), estrogen and progester-
one (38, 39), EGF (40), phorbol 12-myristate 13-acetate
and phorbol esters (41), and IGF-I (6) in other types of
cells, may contribute to its unique role in islet function.
CCNS isexpressed as early as the 4-cell stage and seems
to be important for embryonic development. In early to
mid embryonic stages (embryonic days 9 to 11), it is ex-
pressed in the cells of ectodermal, mesodermal, and endo-
dermal origins and is essential for development because
CCNS knockout caused early embryonic lethality (22).
From the early embryonic up to the adult stage, CCNS is
highly expressed in the layers of endothelium and smooth
muscle of blood vessels, as well as in the myocardium of
the heart, skeletal muscle, colon, and ovary (22). As a
direct target of Wnt signaling, CCNS is a potential link
between insulin and IGF-I in regulating the islet function.
Overexpression of Wnt protein increased CCN5 mRNA
and protein levels (42). Interestingly, insulin and IGF-I
also stimulate cat/T-cell factor-mediated gene tran-
scription, independent of Wnt; stimulate protein kinase
B/Akt and the phosphorylation of glycogen synthase
kinase 3B at Ser-21/9; and stabilize B-catenin (43).
Whereas IGF-I, Wnt, and T-cell factor are clearly in-
volved in pancreatic islet function (44), the role of their
common target protein CCNS$ has never been studied.
Supporting a role of CCNS in islet function and/or di-
abetes, both the CCN5 mRNA levels from microdis-
sected B-cells and the blood CCNS5 concentration were
doubled in subjects with type 2 diabetes according to
data available on Gene Expression Omnibus (profiles
GDS3782 and GDS3963; http://www.ncbi.nlm.nih.gov/geo/).
Our islet proliferative findings support the previously
reported ability of IGF-I to induce CCNS5 expression,
which enhances the proliferation of breast cancer cells
through the PI3K/Akt pathway (6) and its involvement in
the proliferation of 3T3-L1 preadipocytes (26). In nonislet
cells, the proliferative role of CCNS5 has been studied in
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great length; eg, knockdown of CCNS5 expression inhib-
ited the proliferation of MCF-7 cells induced by either
serum, EGF, or phorbol 12-myristate 13-acetate (38, 40,
41). Nevertheless, CCNS has also been reported to inhibit
proliferation of smooth muscle, uterine myometrial, es-
trogen receptor—negative breast cancer, and MCF-7 cells
(7,8,22,45). These seemingly conflicting reports warrant
further studies to decipher the underlying mechanisms for
those cell-specific effects and to establish its role in islet cell
biology.

In summary, we have shown that CCNS5/WISP2 is nor-
mally expressed in mouse islet B-cells and that IGF-I di-
rectly stimulates its expression. CCNS5 overexpression in-
creases the proliferation of insulinoma cells, activates Akt
and Erk2 kinases, and inhibits streptozotocin-induced
caspase-3 activation and apoptosis. Recombinant CCN5
protein seems to reproduce the proliferative effect and the
stimulation on Akt phosphorylation. These findings sug-
gest that CCNS is capable of regulating islet cell prolifer-
ation and survival and that increased CCNS expression
may contribute to IGF-I-stimulated islet cell growth
and/or survival.
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ONLINE LETTERS TO THE EDITOR

Comment on: Turban et al. Optimal Elevation of 3-Cell
11-Hydroxysteroid Dehydrogenase Type 1 Is

a Compensatory Mechanism That Prevents High-Fat
Diet-Induced 3-Cell Failure. Diabetes 2012;61:642—652

Jun-Li Liu, Coimbatore B. Srikant, and Subrata Chowdhury

urban et al. (1) recently reported a surprise

finding that moderately elevated 11B-hydroxy-

steroid dehydrogenase type 1 (113-HSD1) ex-

pression in the pancreatic B-cells promoted a
compensation against high-fat (HF) diet-induced B-cell
failure because glucocorticoids are well established to im-
pair insulin secretion and cause B-cell death and insulin
resistance in key insulin targets. Rather than accepting
the U-shaped dose response, nongenomic (glucocorticoid
receptor-independent) mechanism, or even mineralocorti-
coid receptor-mediated effect, a simpler approach is to
question the model. While we have no reason to doubt the
data integrity, the evidence used to establish HF diet—
induced B-cell failure was far from convincing. Although
an established procedure of using a 58% fat diet to feed
mice for 12 weeks was used, wild-type mice did not be-
come obese by gaining any weight, there was no elevation
in fasting blood glucose and serum insulin levels (Table
1), and no significant decrease in glucose-stimulated in-
sulin secretion caused by HF diet and measured by area
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under the curve (Fig. 2C, first two columns in ref. 1),
leading one to question the authors’ statement that “HF-
fed KsJ mice ... showed markedly attenuated GSIS [glucose-
stimulated insulin secretion] indicative of B-cell failure
and ... (Fig. 2B and C)” (1). The HF feeding experiment
has clearly failed to cause obesity and insulin resistance
versus our previously published findings (2); there was no
obvious sign of B-cell failure. How could one compensate
a nonfailure?
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SINIASE

Is 11p-HSD1 expressed in islet p-cells
and regulated by corticotropin-
releasing hormone?

We read with interest the PNAS article by Schmid et al. entitled
“Modulation of pancreatic islets-stress axis by hypothalamic
releasing hormones and 11p-hydroxysteroid dehydrogenase”
(11p-HSD) (1). Although we welcome most of the findings and
interpretation, several points raised our concern.

i) After analyzing the enlarged digital versions of Fig. 54 and B,
we do not agree with the authors’ conclusion that INS-1 cells
had positive expression of 118-HSD1 mRNA and protein;
there was hardly any detectable protein/mRNA band in
the Western blot and RT-PCR gel image. More troubling
evidence was from Fig. 64 vs. Fig. 6B showing an approxi-
mately 27-fold higher level of 11p-HSD2 vs. -HSD1, adding
to our doubt whether 11p-HSD1 was expressed in these cells.
We therefore disagree with the following italicized phrases in
their Results (1): “RT-PCR analysis revealed mRNA expres-
sion of 11p-HSD-1 and 11p-HSD-2 in rat INS-1 cells, primary
rat islets and primary human islets [Fig. 54]. Western blot
analysis documented the protein expression of 11p-HSD-1 (35
kDa) in INS-1 cells, rat islets, and human islets [Fig. 5B].”

ii) The left panels in Fig. 5 C and D seemed to indicate 11p-
HSD1 staining in most islet cells or at least many $-cells, and
in cell nuclei, if one compares them with the cytosolic staining
of insulin on the right panels. They contradict current consen-
sus that 11B-HSD1 is expressed by o- and PP- rather than
B-cells of the pancreas and mostly in microsome (cytosol),
which should not have been ignored by the authors (2). In
fact, we have observed similar nonspecific staining, as exten-
sive as that of insulin, when using presumably the same anti-
11p-HSD1 antibody marketed by Abcam (cat. no. ab39364).
By contrast, the anti-11p-HSD1 antibody procured from
Santa Cruz Biotechnology (cat. no. sz20175) provided more
specific, a-cell-specific signal in our study.* Therefore, we
believe that the authors’ statement (1) that, “In addition, the
11p-HSD-1 protein was detected by immunohistochemical
staining in human pancreatic islets [Fig. 5C], rat pancreatic
islets [Fig. 5D], and INS-1 cells [Fig. 5E]” is misleading
and inaccurate.

E1390 | PNAS | December 20,2011 | vol. 108 | no. 51

iii) To measure 11p-HSD enzyme activity, enzyme immunoassay
was used, as in the supplemental data. We believe the current
standard is to use radiolabeled substrates ([*H]dehydro-
corticosterone) and separate it from the conversion product
(corticosterone) using TLC followed by scintillation counting
of radioactivity on the corresponding bands (2, 3). We thus
doubt the specificity and sensitivity of the assay result in Fig.
6C. For instance, concerning the assay sensitivity, the result
difference was 240 vs. 300 pg/mL, whereas the detec-
tion limit is at 57 pg/mL (cat. no. ADI-900-071; Enzo Life Sci-
ences) (1). If so, especially if INS-1 cells hardly express 113-
HSD1, the result contained in Fig. 6C may not, in our opinion,
be accurate.

Thus, we have reservations on the interpretation of Figs. 5 and
6 and the findings concerning 11p-HSD1. Specifically, we dis-
agree with the authors’ conclusion that 11p-HSD1 was expressed
in normal f-cells and INS-1 cells based on Fig. 5 (1). If 11p-
HSD1 was not supposed to be expressed in INS-1 cells, especially
if a nonconventional enzyme assay has been used, the result of
Fig. 6C showing corticotropin-releasing hormone-induced in-
hibition also becomes questionable.
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