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ABSTRACT

Discoidin domain receptors (DDRs) are receptor tyrosine kinases, of which there are
two members, DDR1 and DDR2, which are activated by collagen and are involved in
cellular proliferation. Therefore, given their role in extracellular matrix interactions and
proliferation, both of which affect adipogenesis, we hypothesized that the DDRs influence
preadipocyte biology, adipogenesis and adipocyte biology. DDRI protein expression was
decreased in 3 T3-L1 adipocytes v ersus p readipocytes, w hereas, DDR1 mRNA e xpression
was decreased at day 4 of 3T3-L1 adipogenesis compared to day 0. DDR2 mRNA
expression was reduced at day 2 compared to day 0 of adipogenesis. DDR2-overexpressing
preadipocytes display reduced subconfluent 3T3-L1 proliferation and reduced mitotic clonal
expansion. DDR2-overexpressing adipocytes were larger and had a greater triacylglycerol
mass compared to empty-vector control adipocytes. DDR2-overexpressing adipocytes
exhibited a decrease in insulin-stimulated phophorylation of IRS-1 and an increase in Akt
and ERK1/2 phosphorylation. Overexpression of DDR2 in preadipocytes also led to
decreased phophorylation of IRS-1 upon stimulation with insulin, without an effect on Akt
and ERK1/2 phosphorylation. These results suggest that DDR2 is pertinent to 3T3-L1

adipogenesis.
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INTRODUCTION

Obesity and Overweight

Obesity and overweight are conditions of excess adipose tissue that have reached
pandemic proportions worldwide. Obesity and overweight are typically assessed by using
the body mass index (BMI), which is defined as the weight in kilograms divided by the
square of the height in meters. According to guidelines set by the World Health
Organization, adults with a BMI of 18.5-24.9 kg/m® are classified as normal weight,
overweight with a BMI of 25.0-29.9 kg/m* and obese with a BMI>30 kg/m® (Katzmarzyk,
2002). The BMI distribution is shifting upwards in many countries. In the United States,
more than half of all adults are considered overweight or obese (Must et al., 1999). In the
last two decades, a large increase in the prevalence of overweight Canadians has been
observed. The overall national prevalence rate of obesity in adults more than doubled: 5.6%
and 14.8% for the years 1985 and 1998 respectively (Katzmarzyk, 2002). The prevalence
rates of obesity and overweight for Canadians aged 18 years and older in 2003 were 15 %
and 33 % respectively (Belanger-Ducharme and Tremblay, 2005). An estimate that included
direct and indirect costs attributed to obesity showed that the total impact of obesity on the
Canadian economy was $4.3 billion in 2001 (Katzmarzyk and Janssen, 2004). This study
also showed that the total economic cost of obesity represented 2.2 % of the total health care
costs in Canada. Obesity is so prevalent throughout the world that it is beginning to replace
undernutrition and infectious diseases as the most significant contributor to ill health
(Kopelman, 2000). Excess weight is associated with the development of type 2 diabetes,
cardiovascular disease, hypertension, stroke, dyslipidemia, osteoarthritis, and some cancers

(Must et al., 1999). Current approaches to the treatment and prevention of obesity are not



very e ffective (Haslam and James, 2 005). T horough understanding o f the molecular and
cellular events that control adipose tissue growth will help in developing better strategies to

combat the current global epidemic.

Adipose Tissue

1. Function of adipose tissue in health

In addition to being a mechanical and thermal insulator, adipose tissue is the largest
energy store of the human body (Drevon, 2005). Adipose tissue is distributed throughout the
body and it can markedly change its mass in response to energy imbalances. The cellular
components of adipose tissue are adipocytes and preadipocytes at various stages of
development (Hauner, 2004). Fibroblasts, macrophages, nerve fibers, endothelial cells,
vascular smooth muscle cells and blood cells are also present in adipose tissue (Gimeno and
Klaman, 2005). Adipocytes, however, are the cells that represent the majority of the adipose
tissue population, constituting roughly two thirds of all cells present (Hauner, 2004). They
allow excess energy to be stored as triacylglycerol (TG) during caloric abundance and permit
the liberation of this energy during periods of caloric restriction (Lafontan, 2005). Lipolysis
of TG stores in periods of caloric restriction releases fatty acids into the circulation where
they reach skeletal muscle and the liver and provide energy via oxidation (Lafontan, 2005).
This process occurs under tight hormonal control. Insulin, which promotes TG synthesis,
and glucagon, which promotes lipolysis are two of a number of different hormones and
growth factors that control this process (Cornelius et al., 1994). However, energy storage is
not the sole function of the adipocyte. Currently, adipose tissue is also considered an
endocrine organ that produces and secretes numerous proteins, termed adipokines, with

broad biological activity. The physiology of adipose tissue is altered in the obese state.



2. Altered function of adipose tissue in obesity

Obesity is a risk factor for the development of insulin resistance and it is now recognized
that derangement of adipose tissue function in obesity contributes to this process. Insulin
resistance is defined as the inability of insulin to act efficiently on its target tissues including
muscle, liver and adipose tissue. Adipose tissue of obese individuals who develop insulin
resistance displays a different adipokine profile than adipose tissue from healthy people and
is less able to trap fatty acids (Heilbronn et al., 2004). The increase in adipose tissue that
exists in obesity is accompanied by a change in the secretion of various adipokines, some of
which have profound effects on metabolism (Sharma and Chetty, 2005). Some examples of
these compounds include leptin, adiponectin, tumour necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6). Leptin is secreted by adipocytes in proportion to adipose tissue mass,
and in addition to its function in the control of appetite, is also known to increase insulin
sensitivity (Considine et al., 1996; Pittas et al., 2004). Obese individuals have leptin levels
that correlate with their percentage of body fat and display severe leptin resistance (Gimeno
and Klaman, 2005). Adiponectin is another adipokine that has been shown to have insulin
sensitizing effects in the body (Yamauchi et al., 2003). Circulating levels of adiponectin are
inversely proportional to the amount of adipose tissue present in the body; therefore, levels
of this adipokine are decreased in obesity. TNF-a is a proinflammatory cytokine that may
act in an autocrine or paracrine fashion to impair insulin action in the adipocyte and whose
production is increased in adipose tissue of obese individuals (Kern et al., 1995). Another
cytokine, IL-6, is produced by adipocytes and is associated with the development of insulin
resistance (Pittas et al., 2004). Its circulating levels are increased in obesity (Vozarova et al.,

2001). These adipokines affect insulin sensitivity through complex mechanisms that have



only been partially elucidated. Adipose tissue of obese individuals is known to upregulate
the secretion of adipokines, like TNF-o and IL-6, that are known to be inflammatory
markers. Thus, obesity is now recognized as a state of low-grade systemic inflammation
(Gimeno and Klaman, 2005). Additionally, obesity has recently been shown to be
associated with macrophage infiltration of adipose tissue (Curat et al., 2004). These studies
have shown that the number of macrophages present in adipose tissue is directly correlated
with adipocyte size and adipose tissue mass.

A decrease 1n insulin s ensitivity precedes the d evelopment o f t ype 2 diabetes and the
majority of people with type 2 diabetes are overweight or obese (Bays et al., 2004). In
addition, obese individuals have large insulin-resistant adipocytes whose capacity to store
triglycerides is compromised. Insulin action in the adipocyte promotes lipogenesis and
suppresses lipolysis (Bays et al., 2004). It has been shown that insulin-mediated suppression
of lipolysis is defective in obese, insulin-resistant individuals (Faraj et al., 2004). In
addition, these individuals display insufficient lipogenesis. Together, this leads to decreased
storage capacity for fatty acids in adipose tissue and a subsequent increased plasma free fatty
acid concentration. Inappropriate deposition of these fatty acids in nonadipose tissues, such
as the muscle and liver, decreases the insulin sensitivity of those tissues (McGarry, 2002)
(Bays et al., 2004), whereas build-up in the pancreas may reduce insulin secretion (Boden
and Shulman, 2002). Therefore, adipose tissue of obese, insulin resistant individuals

displays disordered fatty acid and adipokine secretion and inadequate energy storage.

3. Expansion of adipose tissue
Adipose tissue formation begins before birth with the determination of pluripotent

mesenchymal stem cells to the adipocyte lineage (Pittenger et al., 1999). A series of poorly



understood molecular events then leads to the formation of preadipocytes from these
mesenchymal stem cells (MacDougald and Mandrup, 2002). Although preadipocytes appear
during embryogenesis, major expansion of adipose tissue is delayed until after birth when an
energy reserve becomes necessary (Cornelius et al., 1994). Shortly after birth, adipose tissue
expansion occurs primarily through an increase in adipocyte number, also known as
adipocyte hyperplasia (Harp, 2004). New adipocytes are formed through the differentiation
of preadipocytes to adipocytes, a process termed adipogenesis. Expansion of adipose tissue
occurs throughout life whenever energy consumption exceeds the energy demand of the
body (Hirsch et al., 1989). Adipose tissue can then expand through adipocyte hyperplasia
due to adipogenesis and through an increase in adipocyte size, also known as adipocyte
hypertrophy. Changes in adipocyte number are generally considered to occur through
changes in adipogenesis, but the proliferation of preadipocytes also has an effect on
adipocyte cell number (Hausman et al., 2001). Adipocyte hypertrophy occurs when mature
adipocytes accommodate excess energy through increased TG storage (Harp, 2004). In
summary, adipose tissue expands through a coordinated response due to enlargement of
existing adipocytes and due to the proliferation and subsequent adipogenesis of
preadipocytes (Cinti, 2005; Hirsch et al., 1989). Interestingly, adipogenesis occurs in
clusters in vivo and in vitro, suggesting that mature adipocytes release factors that trigger
adipogenesis in surrounding cells (Rosen and Spiegelman, 2000). Although much work
using cell culture models of adipogenesis has allowed for the elucidation of in vitro inducers
of adipogenesis, the in vivo triggers have not yet been entirely elucidated (Hausman et al.,

2001).



If adipogenesis is impaired, for reasons that have not yet been discovered, or if
preadipocytes are few due to decreased preadipocyte proliferation, then adipose tissue will
expand primarily due to enlargement of existing adipocytes (Heilbronn et al., 2004).
Enlarged adipocytes have been shown to correlate strongly with whole body insulin
resistance (Ravussin and Smith, 2002). For example, Weyer ef al. (2002) demonstrated that
subcutaneous abdominal adipocyte size is inversely proportional to insulin sensitivity. Large
adipocytes can lead to metabolic disturbances. This is thought to occur because enlarged
adipocytes have an unfavourable adipokine profile compared to small adipocytes and are
also unable to efficiently store fat, both of which lead to insulin resistance (Ravussin and
Smith, 2002). Therefore, it has been proposed that with the positive energy balance that
occurs in obesity, insufficient adipogenesis increases the proportion of hypertrophied

adipocytes and the risk of insulin resistance (Danforth, 2000).

Adipogenesis

1. Overview of adipogenesis

Adipogenesis is the process whereby flat, fibroblast-like preadipocytes differentiate into
spherical, lipid-filled adipocytes. = Before adipogenesis can occur, the committed
preadipocyte must withdraw from the cell cycle (Gregoire et al., 1998). In the presence of
appropriate adipogenic signals, such as insulin and insulin-like growth factor (IGF)-1,
preadipocytes begin the process of differentiation and progressively acquire the adipocyte
phenotype. The quiescent preadipocytes first re-enter the cell cycle and undergo several
rounds of mitosis before exiting the cell cycle once more. Numerous adipocyte genes are
then activated at the transcriptional level and expression of adipocyte-specific genes is

accompanied by dramatic physiological and morphological changes (MacDougald and Lane,



1995). This process is characterized by the presence of early, intermediate and late markers
of differentiation and by triacylglycerol accumulation (Gregoire et al., 1998). An extensive
study of the cellular and molecular events that take place during adipogenesis has been made

possible through the use of various cell culture models.

2. 3T3-L1 in vitro model of adipogenesis

Cell culture models of adipogenesis, including primary culture of preadipocytes and
immortalized preadipocyte cell lines, have been developed.  Primary culture of
preadipocytes occurs following the isolation of preadipocytes from adipose tissue; however,
this is time-intensive and genetic manipulation of these cells is difficult (Sorisky et al.,
2002). Therefore, immortalized preadipocyte cell lines are widely used. Of the preadipocyte
cell lines, the 3T3-F442A and 3T3-L1 cell lines are the ones most frequently used (Gregoire
et al.,, 1998). Green and Meuth clonally isolated the 3T3-L1 cell line from disaggregated
mouse embryos from which cells were selected for their ability to accumulate lipid droplets
(Green and Meuth, 1974). Much investigation has been done into the events that take place
during 3T3-L1 adipogenesis, some of which are displayed in Figure 1.

The prerequisite for 3T3-L1 differentiation to occur is growth arrest and this is achieved
by cell-cell contact. Once preadipocytes reach confluence, differentiation is induced with
the addition of the synthetic glucocorticoid agonist, dexamethasone, supraphysiological
concentrations of insulin, the cAMP phosphodiesterase inhibitor, methylisobutylxanthine
(MIX) and fetal bovine serum (FBS) (Comelius et al., 1994). This collection of hormones
and growth factors induce the expression of various transcription factors.  Addition of
adipogenic inducers also causes the preadipocytes to undergo one round or fnore of cellular

division known as mitotic clonal expansion (MCE) (MacDougald and Mandrup, 2002).



Figure 1: Events of 3T3-L1 adipogenesis

Temporal stages of 3T3-L1 adipogenesis including subconfluent proliferation, confluence,
mitotic clonal expansion / growth arrest and terminal differentiation are shown along with
temporal changes in gene expression. The major changes in the expression of the
transcription factors, including C/EBP3, C/EBPS, SREBP1, PPARYy, C/EBPa. and SREBP1,
expression of pref-1 and Wnt and the expression of adipocyte-specific genes are presented
chronologically. Also presented as schematic illustrations are the morphological changes that
occur with 3T3-L1 adipogenesis. Modified from Cowherd et al. (1999) and Rangwala et al.
(2000).
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MCE has been shown to be required for 3T3-L1 adipogenesis (Tang et al., 2003). The
genetic events that occur during adipogenesis are often portrayed as a cascade of
transcription factor activation. These transcription factors belong to three families and
include CCAAT / enhancer-binding protein (C/EBP) a, B, and 3, peroxisome proliferator-
activated receptor (PPAR) y and sterol regulatory element binding protein 1 (SREBP1). The
first transcription factors to be induced after exposure of confluent preadipocytes to the
adipogenic cocktail are CEBPP and CEBPO and their expression is transient (Gregoire,
2001). CEBPp and CEBP/ are involved in activating the master adipogenic factors, CEBPa
and PPARY, and the expression of these transcription factors coincides with the end of the
MCE phase (Rosen and Spiegelman, 2000). A final stage of growth arrest follows clonal
expansion and the adipocyte phenotype begins to develop. C/EBPa and PPARy maintain
each other’s expression, and along with SREBP1, transactivate adipocyte-specific genes.
Certain signaling molecules, such as pref-1 and Wnt, are inhibitors of adipogenesis, and their
expression must be reduced if adipogenesis is to occur (Ross et al., 2000).

A study that used microarray technology showed that the progressive acquisition of the
adipocyte phenotype is associated with a change in the expression of over 2000 genes, some
of which are uncharacterized (Guo and Liao, 2000). The earliest change of adipogenesis is a
dramatic change in cell shape as the preadipocyte loses its fibroblastic shape and adopts a
more spherical one. This is accompanied by a decrease in the cytoskeletal proteins, actin
and tubulin, and a change in the composition of the extracellular matrix (ECM) (Gregoire et
al., 1998). There is also a progressive accumulation of TG droplets in the cell cytoplasm at
this time. Therefore, during the middle and late stages of adipogenesis, there is an increase

in the activity of enzymes and other proteins involved in TG synthesis and metabolism, such



as fatty acid synthase and fatty acid b inding p rotein ( aP2) ( Gregoire, 2001). T he insulin
receptor gradually increases in number, as do glucose transporters, such as glucose
transporter 4 (GLUT4), thus increasing the insulin sensitivity of the cell. Adipogenesis also
involves a change in the production of various adipokines. For example, the expression of
adiponectin increases with 3T3-L1 differentiation. Eight days after the induction of
differentiation, 3T3-L1 cells are terminally differentiated and have acquired the
characteristics of adipocytes in vivo.

A great deal of evidence shows that the 3T3-L1 cell model is a good model of in vivo
adipogenesis. Firstly, when 3T3-L1 preadipocytes are induced to differentiate, they acquire
the morphological characteristics of in vivo adipocytes. An early examination using electron
microscopy revealed that mature 3T3-L1 adipocytes possess all of the ultrastructural features
of adipocytes obtained from animal tissue (Novikoff et al., 1980). Secondly, the process of
3T3-L1 adipogenesis involves the progressive acquisition of the biochemical and functional
characteristics of adipocytes found in adipose tissue. These characteristics include
expression of lipogenic enzymes, lipid accumulation, expression of enzymes necessary for
lipolysis of accumulated TG stores, uptake of fatty acids, production of many adipokines and
an established sensitivity to all of the hormones that impact on adipocytes (Rosen, 2002).
Finally, transplantation studies provide some of the most convincing evidence that 3T3-L1
adipogenesis is a good representation of the process in vivo. Subcutaneous injection of 3T3-
F442A preadipocytes into nude mice leads to the development of mature fat pads (Green and
Kehinde, 1979). More recently it was demonstrated through labeling with beta-galactosidase
that it is the 3T3-F442A preadipocytes that are implanted into nude mice, rather than

endogenous preadipose cells that give rise to the mature fat pads in vivo (Mandrup et al.,
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1997).  Unlike 3T3-F442A preadipocytes, 3T3-L1 preadipocytes do not undergo
adipogenesis when injected into nude mice (Mandrup et al., 1997). Ross and associates
demonstrated that the inability of 3T3-L1 preadipocytes to differentiate in vivo is due to
endogenous Wnt signaling that inhibits adipogenesis (Ross et al., 2000). Consequently,
implantation of 3T3-L1 preadipocytes differentiated in vitro does lead to the development of
fat pads in vivo. It was shown that subcutaneous implantation of 3T3-L1 adipocytes that had
been differentiated for 35 days on 3-D scaffolds into nude mice resulted in the formation of
vascularized fat pads in vivo (Fischbach et al., 2004). These experiments show that the 3T3-

L1 cell line is a reliable model for studying the conversion of preadipocytes into adipocytes.

3. Insulin signaling in preadipocytes and adipocytes

Insulin plays a major role in the metabolic function of adipose tissue and also controls its
development. It should be noted that the insulin-mediated cellular responses in
preadipocytes are very different from those observed in adipocytes. In vitro insulin
signaling in preadipocytes promotes adipogenesis; whereas, insulin signaling in adipocytes
both in vivo and in vitro promotes lipogenesis, glucose transport and iﬁhibits lipolysis. It has
not yet been established whether insulin stimulation is required for in vivo adipogenesis.
Insulin exerts its effects in preadipocytes and adipocytes through various intracellular
signaling cascades (Figure 2). Binding of insulin to its receptor causes tyrosine
phosphorylation o f the r eceptor and d ownstream s ubstrates and this signals to a series of
phosphorylation and dephosphorylation events of tyrosine and serine / threonine kinases
(Bjornholm and Zierath, 2005).

Insulin signal transduction begins when insulin binds to the insulin receptor. The insulin

receptor belongs to a subfamily of receptor tyrosine kinases that also includes insulin-like
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Figure 2: Insulin signal transduction in preadipocytes and adipocytes

Insulin signaling begins when insulin binds to the insulin receptor. This induces
autophosphorylation of the receptor and the phosphorylated receptor can then bind to IRS-
1/2. Phosphorylated IRS-1/2 binds PI3K, which activates PI3K to convert PI(4,5)P2 into
PI(3,4,5)P3 at the plasma membrane. PI(3,4,5)P3 recruits Akt to the plasma membrane
where it is phosphorylated by PDK1/2. Activated Akt dissociates from the plasma
membrane, phosphorylates many downstream targets in order to affect a wide range of
cellular process. Signaling downstream of Akt has different effects in adipocytes and
preadipocytes. In addition, binding of IRS-1/2 to Grb-2 recruits SOS to the plasma
membrane where it activates Ras. Activated Ras stimulates the step-wise activation of Raf,
MEK1/2 and ERK1/2. Activation of ERK1/2 has different cellular consequences in

adipocytes and preadipocytes.
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growth factor (IGF)-I receptor (Saltiel and Kahn, 2001). These receptors are
heterotetrameric membrane proteins that consist of two o-subunits and two PB-subunits.
Insulin binds to the extracellular o-subunit of the insulin receptor and induces a
conformational change that brings the o-subunits together and this causes rapid
autophosphorylation of the B-subunits of the receptor (Bjornholm and Zierath, 2005). Once
activated, the receptor binds and phosphorylates several proximal substrates, including
members of the insulin-receptor-substrate (IRS) family (Bryant et al., 2002). IRS-1 and
IRS-2 are the two most ubiquitously expressed members of the IRS family of proteins (Miki
et al., 2001). IRS-1 is widely expressed in insulin-sensitive tissues, including adipose tissue,
and is known to be involved in the metabolic actions of insulin in adipocytes, as well as in
skeletal muscle (Bjornholm and Zierath, 2005). IRS-2 is involved in the metabolic actions
of insulin in the liver (Yamauchi et al.,, 1996). In preadipocytes, IRS-1 and IRS-2 are
expressed and are involved in insulin-mediated differentiation; however, IRS-1 was shown
to be much more important in preadipocyte differentiation in vitro (Miki et al., 2001). This
study also showed that mice lacking both IRS-1 and IRS-2 had a severe reduction in adipose
tissue, suggesting that the essential role of IRS-1 and IRS-2 in adipogenesis in vitro can be
extended to the in vivo process as well.

Phosphorylated IRS-1/2 binds Src homology 2 (SH2) domain-containing proteins such
as phosphoinositide 3-kinase (PI3K) and Grb-2 (Withers and White, 2000). Binding of IRS-
1/2 to the lipid kinase PI3K results in activation of PI3K and the subsequent conversion of
phosphoinositide-4,5-bisphosphate (PI(4,5)P2) into phosphoinositide-3,4,5-trisphosphate
(P1(3,4,5)P3) at the plasma membrane (Schinner et al., 2005). PI(3,4,5)P3 is then able to

bind to Akt, also known as protein kinase B (PKB), and thus recruits it to the plasma
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membrane.  This recruitment facilitates the phosphorylation of Akt on specific
serine/threonine residues by upstream Akt kinases. Akt is phosphorylated by 3-
phosphoinositide-dependent protein kinase 1 (PDK1) at Thr 308 and by PDK2 at Ser 473
(Zdychova and Komers, 2005). Activation of Akt causes it to dissociate from the plasma
membrane. Akt is then able to phosphorylate its downstream targets in various subcellular
localizations, in order to affect a wide range of cellular processes (Zdychova and Komers,
2005). In mature adipocytes, insulin signaling via Akt regulates lipogenesis, glucose uptake,
lipolysis and fatty acid uptake (Lafontan, 2005) (Zdychova and Komers, 2005). Insulin is a
known inducer of preadipocyte differentiation in preadipocyte cell culture. Signaling
downstream of Akt activation leads to the upregulation of various adipogenic transcription
factors and adipogenesis results. The expression of constitutively activated forms of Akt is
sufficient to induce 3T3-L1 preadipocyte differentiation (Magun et al., 1996) (Kohn et al,,
1996). More recently, mice deficient in the most ubiquitously expressed Akt isoforms, Aktl
and Akt2, were reported to have a deficit in adipogenesis (Peng et al., 2003). This same
report showed that Aktl and Akt2 are required for the induced expression of PPAR v, a
transcription factor considered to be the master regulator of adipogenesis. Therefore, it is
evident that signaling downstream of Akt is required for adipocyte differentiation.

Activated IRS-1 also binds the SH2 domain-containing protein, Grb-2. Grb-2 links IRS-
1 to the extracellular signal-regulated kinase (ERK) 1 and 2 signaling pathway. ERK1 and
ERK2 constitute one of three groups of mitogen activated protein kinases (MAPKs). The
MAPKSs are serine/threonine kinases regulated by phosphorylation cascades (Bost et al.,
2005). IRS-1 binding to Grb-2 recruits the Son-of-sevenless (SOS) exchange protein to the

plasma membrane where it is able to activate Ras (Saltiel and Kahn, 2001). Once Ras is
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activated, it acts as a molecular switch that stimulates the step-wise activation of Raf,
MEK1/2 and finally ERK1 and ERK2 (Bost et al., 2005). T he activated ERKs can then
translocate into the nucleus where they activate various transcription factors and thus initiate
transcription programs that lead to cellular proliferation or differentiation (Saltiel and Kahn,
2001).

The role of ERK signaling pathway in the metabolic effects of insulin stimulation in
adipocytes has been investigated. It was shown by two groups that inhibition of the ERK
signaling pathway using the MEK inhibitor PD98059 does not affect Glut4 translocation
(Kayali et al., 2000) (Fujishiro et al., 2001). However, Stahl and associates recently showed
that insulin-induced increases in fatty acid uptake in adipocytes were partially blocked by
pretreatment with PD98059 (Stahl et al., 2002). Therefore, in adipocytes, ERK signaling is
implicated in insulin-mediated fatty acid uptake but is not implicated in insulin stimulated
glucose uptake.

In adipogenesis, the ERK pathway has multiple and conflicting effects. An early study
done by Sale and associates used an antisense strategy against ERK1 and ERK2 and showed
that ERK1 and ERK2 are necessary for 3T3-L1 adipogenesis (Sale et al., 1995). These
results were then contradicted by the finding that ERKs phosphorylate and deactivate PPAR-
v, which inhibits adipogenesis (Hu et al., 1996) (Camp and Tafuri, 1997). It is now believed
that ERK signaling has a dual role in adipogenesis; its effects depend on when it is activated
during adipogenesis (Bost et al., 2005). ERK signaling is necessary during the MCE phase
of adipogenesis. This was demonstrated by Tang and colleagues who showed that the potent
MEK inhibitor U0126, when administered during MCE, blocks adipogenesis (Tang et al.,

2003). Many other studies also showed that ERK signaling is necessary for adipogenesis
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and for the expression of adipogenic transcription factors (Aubert et al., 1999) (Prusty et al.,
2002). Therefore, it appears that ERK activation through insulin stimulation is needed during
the initial proliferative step of differentiation; whereas, ERK signaling is down regulated
during the later stages of adipogenesis (Bost et al., 2005). This is in agreement with the fact
that PPARy expression is not detected during MCE and increases progressively during the
middle and later stages of differentiation, when ERK activity is returned to a low level (Bost
et al, 2005). Thus, in preadipocytes insulin-mediated activation of ERK Ileads to
proliferation and subsequent differentiation, whereas, in later stages of adipogenesis, ERK
signaling needs to be down-regulated in order for adipogenesis to occur. Interestingly,
whereas, ERK2 knockout mice died in utero (Saba-El-Leil et al., 2003), those with a
knockout in ERK1 were viable but had decreased adiposity and fewer adipocytes than wild
type mice (Bost et al., 2005). A dditionally, p readipocytes isolated from ERK1 k nockout
mice exhibited impaired adipogenesis (Bost et al., 2005). This suggests that the two ERK

isoforms may have different functions in adipogenesis.

4. Changes in the ECM during adipogenesis

The ECM consists o fa complex network o f p olysaccharides and proteins secreted by
cells. The ECM functions to organize cells into more complex units such as tissues and to
provide texture, strength and integrity to these tissues (Vu, 2001). Interestingly, the diversity
of a tissue depends not only on the type of cells present but also on the composition of the
ECM (Vu, 2001). It is now apparent that the ECM can influence cellular physiology and
development. The interaction of a cell and its ECM regulates many processes such as
growth, survival, motility, change in cell shape and differentiation (Werb, 1997). The

process of adipogenesis involves a dramatic change in cell shape as the preadipocyte loses
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its fibroblastic shape and adopts a more spherical one. Accompanying this is a change in the
composition of the ECM. Many of the studies examining the change in the composition of
the ECM during 3T3-L1 adipogenesis were performed very early on in the characterization
of this cell type and the exact molecular mechanisms by which the ECM affects this process
remain to be elucidated (Gregoire et al., 1998).

During adipogenesis, ECM remodeling defines the onset of differentiation and is
characterized by the conversion from the fibronectin-rich stromal matrix of the preadipocyte
to the basement membrane of the adipocyte (Lilla et al., 2002). Upon 3T3-L1 preadipocyte
differentiation, collagen types I and III and fibronectin are down-regulated, whereas collagen
type IV, laminin and entactin are up-regulated (Weiner et al., 1989) (Aratani and Kitagawa,
1988) (Bortell et al., 1994). The relative concentrations of type I and III collagen mRNAs
decline by 80-90 % upon differentiation of 3T3-L1 preadipocytes; whereas, the transcription
of collagen IV mRNA is increased 2.6 fold upon differentiation (Weiner et al., 1989).
Therefore, it appears that a switch in collagen secretion may be a key element in adipocyte
differentiation. Remodeling of the ECM is a critical event in the process of 3T3-L1
adipogenesis as evidenced by the fact that alterations of the ECM strongly inhibit
differentiation. For example, growth of preadipocytes on a fibronectin matrix inhibits
differentiation (Selvarajan et al., 2001). Treatment of preadipocytes with transforming
growth factor-B, which induces fibronectin as well as collagen type I production, also
inhibits adipogenesis (Bortell et al., 1994).

Proteinases have been implicated in the reorganization of the ECM that occurs during
adipogenesis. The matrix metalloproteinases (MMPs) constitute a large, multigene family

that process or degrade pericellular substrates and thus are able to regulate many biological
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processes, one of which is adipogenesis (Sternlicht and Werb, 2001). Recently, it was
demonstrated that MMP-2 and MMP-9 are required for the early steps of 3T3-LlI
differentiation into adipocytes ( Bouloumie et al., 2001). S erine proteases have also been
implicated in the process of adipogenesis. Plasmin is a serine protease that directly cleaves
various ECM molecules, one of which is fibronectin. Plasminogen is activated to plasmin
by various other serine proteases, including plasma kallikrein (Lilla et al., 2002). A plasma
kallikrein-dependent plasminogen cascade of serine proteases is required for the
differentiation of 3T3-L1 cells because it degrades the fibronectin-rich stromal ECM of
preadipocytes (Selvarajan et al., 2001).

Remodeling of the ECM has also been shown to be necessary in vivo. Selvarajan and
colleagues found that the plasminogen system is necessary for degradation of fibronectin in
the ECM during the process of adipogenesis that occurs in mammary gland involution
(Selvarajan et al., 2001). A recent study examining gene expression in human preadipocytes
and adipocytes using microarray technology implicated MMPs the human in vivo process of
adipogenesis (Urs et al., 2004). They found that in addition to fibronectin and type III
collagen, human preadipocytes overexpress MMP2 and MMP9 when compared to
adipocytes. This same report identified secreted protein acidic and rich in cysteine (SPARC)
/ osteonectin / BM-40 as another gene upregulated in preadipocytes. SPARC is a protein
that associates with the ECM but does not contribute significantly to its structural integrity
(Bradshaw et al., 2003). A report by Bradshaw and colleagues showed that the absence of
SPARC in mice resulted in increased adipose tissue mass (Bradshaw et al., 2003). It is
evident that the ECM affects adipocytes and adipogenesis in vitro and in vivo, however, the

exact molecular mechanisms involved in this process still need to be elucidated.
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As mentioned earlier, a switch in collagen type secretion is a key element in the process
of in vitro 3T3-L1 adipogenesis. Integrins are receptors known to bind extracellular
collagen, and the expression of collagen binding integrins has been shown to be down-
regulated with 3T3-L1 adipogenesis (Rodriguez Fernandez and Ben-Ze'ev, 1989). Integrins
are a large family of heterodimeric transmembrane glycoproteins composed of a and
subunits that link cells to the ECM (Franco et al., 2002). Integrins are receptors for various
ECM proteins, such as fibronectin, laminin, tenascin, thrombospondin and collagens (Heino,
2000). The integrins that are receptors for collagen are structurally distinct when compared
to integrins that bind other ECM proteins (Heino, 2000). They have an inserted domain as
part of their o subunit that is responsible for collagen recognition. To date, four collagen
binding integrins have been described, alpl1, a2p1, al0p1 and al1B1 (Heino, 2000). The
alBl and 021 integrins are the ones that are most commonly expressed (Franco et al.,
2002). The binding of an integrin to its ECM ligand activates intracellular signaling
pathways by recruiting cytoplasmic tyrosine kinases and adapter proteins to focal adhesion
sites at the cell membrane (Swartz et al., 2001). Signaling via integrin a1B1 has been shown
to be necessary to induce cell proliferation and reduce collagen synthesis; whereas, 02p1
integrin increases matrix remodeling by regulating type 1 collagen and collagenase gene
expression (Heino, 2000). Until recently, integrins were thought to be the only cell surface
receptors for collagens in the ECM. However, it is now known that discoidin domain

receptors (DDRs), DDR1 and DDR2 also bind, and are activated by, extracellular collagen.

Discoidin Domain Receptors

1. Features of DDRs
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DDR1 and DDR2 are members of the DDR subfamily of receptor tyrosine kinases
(RTKs). RTKs allow for cells to communicate with their extracellular environment by
transducing signals from the outside to the inside of a cell. In general, RTKs are activated
by soluble proteins that are present in the blood or other body fluids (Leitinger, 2003).
DDR1 and DDR2 are unusual in that they are activated by triple-helical collagen. The two
closely related tyrosine kinases that contain discoidin domains, DDR1 and DDR2, were
originally cloned by several different groups and were given several names. DDR1 was
previously termed DDR, MCK-10, EDDR1, NEP, Cak, trkE, Ptk-3, NTRK4 and RTK6
(Cutuli et al., 1993) (Johnson et al., 1993) (Zerlin et al., 1993) (Laval et al., 1994) (Perez et
al., 1994) (Sanchez et al., 1994) (Alves et al., 1995) (Shelling et al., 1995) (Shelling et al.,
1995). DDR2 was previously known as Tyro 10, TKT and CCK-2 (Lai and Lemke, 1994)
(Lai and Lemke, 1994) (Alves et al., 1995~). In 1997, two groups (Shrivastava et al., 1997)
(Vogel et al., 1997) reported that a variety of different collagen types serve as ligands for the
previously recognized orphan receptors. Since then, these two receptors have been known
exclusively as DDR1 and DDR2.

DDRs are characterized by a region in their extracellular domain that is homologous to
discoidin-1, a lectin that mediates intercellular adhesion in the slime mold Dictyostelium
discoideum (Franco et al., 2002). Lectins are proteins that bind tightly to c arbohydrates.
Both DDR1 and DDR2 have an approximately 160-amino-acid-long N-terminal d iscoidin
homology domain followed by a single transmembrane region, an extended proline-rich
juxtamembrane region and a C-terminal catalytic tyrosine kinase domain (Vogel, 1999).
Discoidin domains are found in approximately 20 other proteins that are located at the cell

surface or are secreted (Franco et al., 2002). DDR1 and DDR2 are encoded by distinct
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genes; however, DDR1 appears in several variants produced by alternate splicing. Five
DDR1 isoforms (a, b, ¢, d and €) have been reported (Matsuyama et al., 2003a). DDR1a and
DDRI1b differ in that DDRIb has an additional 37 amino acid insertion in the
juxtamembrane region of the receptor. DDRIc has a 6 amino acid insertion in its kinase
domain, as well as the same 37 amino acid insertion as DDR1b in the juxtamembrane region
(Alves et al., 2001). The recently identified DDR1d and DDR1e do not have a kinase
domain and are thus kinase-dead (Alves et al., 2001). It should be noted that many studies
of DDR1 do not differentiate between the various isoforms. Also, later studies seem to have
focused more on the DDR1a and DDR1b isoforms. At present, only one form of DDR2 has

been reported.

2. Expression of DDRs

DDR1 and DDR2 are broadly expressed in human and mouse tissues, as shown through
early studies that utilized Northern blot analysis and in situ hybridization. DDR1 is widely
expressed during development and in adult tissues such as kidney, lung, stomach,
gallbladder, small intestine, colon, brain, breast, pancreas, thyroid, cornea, skin and in tissue-
infiltrating macrophages (Barker et al., 1995) (Franco et al., 2002) (Yoshimura et al., 2005).
DDRI1 expression was also detected in breast adipose tissue (Barker et al., 1995). However,
Barker and associates evaluated adipose tissue that had developed due to manipulation of
breast tissue and therefore, might not reflect the expression of DDR1 in all adipose tissue
depots (Barker et él., 1995). Therefore, studies that examine the expression of both DDRs in
different depots of adipose tissue need to be undertaken.

The expression of DDRI1 is also increased in human tumors such as primary breast

cancer, ovarian, esophageal, lung and in pediatric brain cancer (Vogel, 1999). It should be
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noted that early expression studies did not differentiate between the different DDR1
isoforms. Thus, not much is known about the expression of the DDR1 isoforms. It should
be noted that DDR1d and DDR1le were shown to exist in human colon cancer lines;
however, their expression has not been examined in normal tissues (Alves et al., 2001).

Little investigation has been done into the expression of DDR2 but its expression has
been demonstrated in the heart, skeletal muscle, lung, brain, kidney, synovial tissue and
connective tissue (Alves et al., 1995) (Vogel, 1999) (Wang et al., 2002). In addition, DDR2
is expressed in ovarian and lung tumors (Alves et al., 1995). A recent study that examined
differences in gene expression in the proliferative human endometrium found that DDR2 is

expressed eight times more in stromal compared to epithelial areas (Yanaihara et al., 2005).

From the information available thus far, it appears that DDR1 and DDR2 are expressed
in a variety of different cancerous and non-cancerous tissues and are mutually expressed in
some tissues such as lung, brain and kidney. It is evident that both receptors are widely

expressed physiologically.

3. Ligand specificity and signaling of DDRs

DDRI1 and DDR2 are receptors for native, triple-helical collagen and to this date, there
appear to be no other ligands for these receptors. To date, 27 genetically different collagen
types have been identified (Eyre, 2004) (Kim et al., 2005). Collagen types I, II, III and V
form fibers and are thus termed fibrillar collagens; whereas, collagen type IV is the collagen
type that allows for the formation of network-like structures and is the main component of
the basement membrane that surrounds various tissues and organs, including adipose tissue.

Interestingly, DDR1 and DDR2 differ in their ligand specificities and are activated by
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distinct collagen types. Whereas, both DDR1 and DDR?2 are activated by fibrillar collagens
(types I-III and type V), only DDR1 can be activated by basement membrane constituting,
type I'V collagen (Vogel et al., 1997) (Shrivastava et al., 1997). DDR?2 is activated most
strongly with type I and type III collagen; whereas, DDRI1 is activated evenly by collagen
types I-V. Another intriguing feature of DDRs is that once they are activated, it takes an
unusually long time for autophosphorylation to occur. Whereas autophosphorylation with
most RTKs takes seconds or minutes to occur after ligand stimulation, it takes approximately
90 minutes for maximal DDR autophosphorylation to occur and it is sustained for up to 18
hours following activation with soluble collagen (Shrivastava et al., 1997) (Vogel et al.,
1997). Interestingly, it was observed that DDR1 was activated much sooner with collagen I
stimulation in cancer cell line cells that were in suspension versus those that were attached to
a cell culture plate, indicating that cell adhesion has an effect on DDR1 activation (L'Hote et
al., 2002).

Signaling in RTKSs begins with the binding of a ligand to the extracellular domain of the
receptor, which induces receptor dimerization, and subsequent transphosphorylation of
cytoplasmic kinase domains. Evidence that shows that DDR activation occurs in a way that
is different from that of the classical model of RTK activation. A detailed study of the
binding and activation of the DDRs revealed that the DDR-collagen interaction requires the
receptors to be dimerized (Leitinger, 2003). This suggests that DDR dimerization precedes
and is necessary for collagen binding to occur. This study also found that the discoidin
domain of DDR2, but not DDRI, 1is sufficient for collagen-induced receptor
autophosphorylation. DDRI1 activation requires both the discoidin domain and the

extracellular region that follows it. This result is in agreement with data by Curat and
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associates who demonstrated that the extracellular discoidin domain of DDRI1 is necessary
and sufficient for collagen binding, whereas the entire extracellular domain is essential for
transmembrane signaling (Curat et al., 2001).

The intracellular signaling events that take place after DDR1 activation have not yet been
completely elucidated. Some of the intracellular signaling events that occur following DDR
activation are represented in Figure 3. DDRIla and DDR1b differ in that DDR1b has an
additional 37 amino acid insertion in the juxtamembrane region of the receptor, and this
leads to the association of different signaling molecules with the two DDR1 isoforms. The
extra insert in the DDR1b isoform contains the LXNPXY motif, which upon DDR1b
activation becomes phosphorylated and associates with the Shc adaptor protein (Vogel et al.,
1997). In a more recent analysis of the intracellular signaling pathways downstream of
DDRI1, activation of DDR1b in THP-1 cells in response to collagen lead to the association of
the receptor with Shec and phosphorylation of p38 MAPK (Matsuyama et al., 2003b). It was
later d emonstrated b y the same group that p38 M APK activation was d ependent on T NF
receptor-associated factor 6 (TRAF6) and TGF-B-activated protein kinase 1 (TABI),
indicating that the TRAF/TAB/p38MAPK is involved in DDR1b signaling (Matsuyama et
al., 2003a). A very recent study implicated p38 MAPK and NF-kB in DDR1b signaling in
human macrophages (Matsuyama et al., 2004).

Whereas signaling molecules downstream of DDR1b have been identified, less is known
about the signaling molecules downstream of DDR1a and DDR2. Some of the tyrosines that
are conserved in both DDR1 and DDR2 display the consensus sequence for the SH2

domains of Nck, GAP and the p85 subunit of PI3-kinase (Vogel, 1999). Consequently,
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Figure 3: Structural features and signaling of DDRs

DDRs are composed of an N-terminal discoidin domain, followed by a single transmembrane
region, an extended juxtamembrane region and a C-terminal catalytic tyrosine kinase domain.
Please note that only one DDR is shown for simplicity; however, dimerization of the DDRs is
necessary for downstream signaling to occur. Both DDR1 and DDR2 are activated by
collagen found in the ECM. Following activation, DDR1b has been shown to associate with
Shc and this leads to the phosphorylation of p38 MAPK. The activation of p38 MAPK is
dependent on TRAF6 and TABI1. Activation of DDR1a/b leads to activation of ERK1/2,
through the step-wise acitivation of Ras, Raf and MEK1/2. Phosphorylated PI3K also binds
DDR1a/b. DDR2 signaling is propagated through interaction with both the Src non-receptor
tyrosine kinase and the adaptor molecule Shc. Dotted arrows indicate that other signaling
molecules may be involved in leading to the recruitment/activation of the indicated signaling
molecule.
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L’Hote and colleages did find that upon type I collagen stimulation of DDRI, the p85a
subunit of PI3K binds DDR1, most likely through its SH2 domain to the YELM motif
pfesent in the carboxy-terminal tail of DDR1 (L'Hote et al., 2002). This study did not show
any activation of ERK1/2 following DDR1 activation with type I collagen. Another study
demonstrated that stimulation of DDR1-transfected 293T cells with type IV collagen led to
the activation of DDR1 and subsequent phosphorylation of ERK1/2 in a Ras-dependent
manner (Ongusaha et al., 2003). This same study demonstrated that overexpression of
DDRI1 in various cell types, in the presence of collagen IV, led to high levels of exogenous
DDR1 expression and tyrosine phosphorylation along with increased levels of
phosphorylated Akt. A more recent study also showed that tyrosine phosphorylated PI3K
binds activated DDR1 and this binding is inhibited by pertussis toxin (Dejmek et al., 2003).
L’Hote and associates (2001) also found that treatment of a cancer cell line with the
phosphatase inhibitor pervanadate resulted in strong DDR1 phosphorylation even in the
absence of exogenous collagen, suggesting that a phosphatase may act to limit DDR1
phosphorylation.

The Wnt signaling pathway has also been implicated in DDR1 signaling. Jonsson and
Anderson showed that Wnt-5a is a cofactor necessary for collagen-induced activation of
DDRI1 receptors in mammary epithelial cells (Jonsson and Andersson, 2001). More
recently, this same group showed that a Gy,-protein signaling pathway mediates the effect of
Wnt-5a expression and thus enables collagen-induced activation of DDR1 of mammary
tumor cells (Dejmek et al., 2003).

Only one study has examined the intracellular signaling pathways mediating DDR2

signaling. In this study it was seen that DDR2 signaling is propagated through interaction
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with both the Src non-receptor tyrosine kinase and the adaptor molecule Shc (Ikeda et al.,
2002). Furthermore, these signals were shown to mediate the transactivation of the MMP-2
promoter. Microarray technology was used in one study in order to investigate the target
genes downstream of DDRs (Faraci et al., 2003). It was observed that a common event
downstream of DDR1 and DDR?2 signaling in human and mouse cells is the up-regulation of

P-selectin glycoprotein ligand and the repression of agrin, syndecan and o3 integrin.

4. Function of DDRs

There has been much investigation into the function of DDRs. Evidence from in vitro
studies and from the generation of DDR1 and DDR2-null mice, as discussed further below,
suggests that the receptors are implicated in the regulation of cell proliferation, adhesion,
migration, differentiation and survival. In addition, DDR1/2 signaling has been implicated
in the expression and activity of MMPs, indicating that these receptors are implicated in
ECM remodeling. The fact that DDRs serve as receptors for collagen suggests that these
receptors monitor the composition of the ECM and regulate the synthesis of enzymes that
degrade it. The observation that the activation of DDRs after collagen stimulation is very
slow provides more evidence for the idea that DDRs monitor the relationship of cells to the
ECM rather than mediating an acute signaling response (Vogel et al., 1997).

DDRI1-null mice were viable but smaller in size than control littermates (Vogel, 2001).
The authors could not provide an explanation as to why the DDR1-null mice had a reduced
size, because DDR1 did not have an influence on bone formation or mineralization and
chondrocyte proliferation or apoptosis. Female DDR1-null mice also displayed severe
reproductive defects. The majority of them were unable to bear offspring due to a lack of

proper b lastocyst i mplantation into the uterine w all and w hen i mplantation d id o ccur, the
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mutant females were unable to lactate. Upon histological examination, this defect in
lactation was attributed to the hyperproliferation and abnormal branching of mammary
ducts. A more recent study examined the kidney phenotype of DDR-1 knockout mice
(Gross et al.,, 2004). Gross and colleagues found that mice lacking DDR1 develop
proteinuria due to an altered glomerular basement membrane. This suggests that the
interaction between type IV collagen and DDR1 plays an important role in maintaining the
structural integrity of the glomerular basement membrane.

DDR2-null mice exhibited dwarfism and shortening of long bones (Labrador et al.,
2001). This phenotype was caused by reduced chondrocyte proliferation. In a skin wound
healing model, epidermal fibroblasts and keratinocytes of DDR2-deficient mice had a
reduced proliferative response. Lastly, when in vitro studies were performed, it was seen
that fibroblasts derived from DDR2 -/- mutants proliferate more slowly than wild-type
fibroblasts. Taken together, the results from the DDR1-null and DDR2-null mouse
experiments suggest that both receptors modulate cell proliferation. None of the studies
mentioned above reported seeing any gross differences in adipose tissue o f the DDR-null
mice; however, careful examination of adipose tissue in these mice was not performed.

After the creation of DDR-null animals, many of the in vitro studies that followed used
cells derived from these mutant animals. For example, smooth muscle cells (SMCs) isolated
from the aortas of DDR1-null mice exhibit decreased attachment to collagen, reduced
proliferation on collagen, reduced migration towards collagen and reduced expression of
MMP-2 and MMP-9 (Hou et al., 2001). Another study done by this group using SMCs
taken from the aortas of DDR1-null mice corroborated the above findings and further

showed that transfection of DDR1b rescues the deficits in attachment but not migration (Hou
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et al., 2002). An examination of mesangial cells derived from the kidneys of DDR1-null
mice found that these cells exhibit reduced adhesion and increased proliferation (Curat and
Vogel, 2002). When skin fibroblasts were taken from DDR2-null mice, it was observed that
they proliferate more slowly and have a markedly impaired migration capacity (Olaso et al.,
2002). Concomitantly, the cells display diminished MMP-2 transcription and a diminished
MMP-2 activity; however, these defects were ameliorated with the retroviral infection of
DDR2.

The ECM function of DDRI1 in leukocytes, including neutrophils, monocytes, and
lymphocytes has been extensively studied in vitro. Overexpression of DDR1a, but not
DDR1b, in human leukocytes promotes their migration through three-dimensional collagen
lattices; however, overexpression of both isoforms increased their adherence to collagen-
coated plates (Kamohara et al., 2001). A dramatic morphologic difference was seen between
cells expressing the two DDR1 isoforms in this study. Whereas, DDR1a-overexpressing
cells extended long pseudopods after being plated on collagen-coated plates, DDR1b-
overexpressing and control cells did not. The results of two subsequent studies revealed that
the DDRI1b-collagen interaction facilitates the differentiation of monocytes into
macrophages and also aids in the maturation of dendritic cells (Matsuyama et al., 2003b)
(Matsuyama et al., 2003a). Recently, activation of DDR1b was also shown to upregulate
chemokine production in human macrophages (Matsuyama et al., 2004). Based on the
findings mentioned above, it appears that the DDR1-collagen interaction facilitates the
adhesion, migration, differentiation/maturation and cytokine/chemokine production of

leukocytes (Yoshimura et al., 2005).
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The matrix-related function of both DDR1 and DDR2 has been studied in other cell
types as well. Using a dominant negative (DN) form of DDRI1, it was found that DDR1-
collagen signaling is necessary for granule neuron axon formation (Bhatt et al., 2000). A
very recent study done by Wang and colleagues examined the function of DDR1 in Madine-
Darby canine kidney (MDCK) cells by overexpressing DDR1a, DDR1b and DN DDRI1 in
MDCK cells grown on collagen gels (Wang et al., 2005). They found that cells
overexpressing DDR1a and DDR1b, grow more slowly, have a reduced migration capacity
and develop shorter tubules and fewer branches in collagen gel. The overexpression of DN
DDRI1 enhances cell death on collagen gel, suggesting that DDR1 is involved in cell
survival. Mohan and associates found that collagen-stimulated mitosis of corneal fibroblasts
in culture is mediated by DDR1 and DDR2, implicating both receptors in proliferation of yet
another cell type (Mohan and Wilson, 2001). Furthermore, the overexpression of DDR2 in
hepatic stellate cells results in enhanced proliferation and invasion through Matrigel and
these activities are attributed to increased expression of MMP-2 in the overexpressors (Olaso
et al., 2002).

The expression of DDRs in various types of tumors was investigated early in the
characterization of this receptor subtype and suggests that the DDRs play a role in tumor
progression. For example, a recent study found that DDRI1 is overexpressed in epithelial
ovarian cancer and can thus be used as a biomarker for this type of cancer (Heinzelmann-
Schwarz et al., 2004). Many recent studies have investigated the role of DDRs in other
disease processes, especially in those where an aberrant ECM or aberrant ECM signaling is
known to exist. F erri and colleagues showed that DDRs play a role in the regulation of

collagen turnover mediated by SMCs in the obstructive diseases of the lung and blood
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vessels, lymphangioleimyomatosis and atherosclerosis (Ferri et al., 2004). The role of
DDR?2 in arthritis has also been investigated. Wang and colleagues demonstrated that
increased signaling through DDR2 is responsible for the increase in MMP-1 production
normally observed in the synovial fibroblasts of people suffering from rheumatoid arthritis

(Wang et al., 2002).
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OBJECTIVES

Adipogenesis involves considerable remodeling of the ECM. Specifically, a switch
in collagen type composition of the ECM may be necessary for 3T3-L1 adipogenesis to
occur. Additionally, MCE is an early and required step of adipogenesis. The DDRs are
involved in cell-ECM interaction and preferentially bind and are activated by different
collagen types. As well, DDR1 and DDR2 are involved in cellular proliferation. Therefore,
given their role in ECM interactions and in proliferation, both of which affect adipogenesis,
we were interested in elucidating the role of DDR1 and DDR2 in 3T3-L1 preadipocytes, in
adipogenesis and in adipocytes. We hypothesized that DDR1 and DDR2 influence

preadipocyte biology, adipogenesis and adipocyte biology.

Objective #1: To evaluate the endogenous expression of DDR1 and DDR2 during the
process of adipogenesis.
DDRI1 expression will be analyzed during 3T3-L1 adipogenesis at the protein level. The

mRNA expression of DDR1 and DDR2 will be analyzed during 3T3-L1 adipogenesis.

Objective #2: To generate preadipocytes overexpressing DDR1a, DDR1b and DDR2.

Retroviral infection will be used to generate 3T3-L1 preadipocytes overexpressing DDR1a,
DDRI1b or DDR2. Overexpression will be verified at the mRNA level for DDR1a-, DDR1b-
and DDR2-expressing preadipocytes. Overexpression will be verified at the protein level for
DDR1la- and DDRI1b-overexpressing preadipocytes. The functionality of DDR1la and
DDRI1b with respect to their ability to be activated upon collagen stimulation will also be

examined.
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Objective #3: To investigate the effect of DDR1a, DDR1b and DDR2 sustained
overexpression on subconfluent preadipocyte proliferation, the MCE phase of
adipogenesis, and the adipocyte phenotype.

Because DDR1 and DDR2 have been shown to be involved in cellular proliferation, we will
evaluate w hether o verexpression o f DDR1a, DDR1b and DDR2 would have an effect on
subconfluent 3T3-L1 preadipocyte proliferation. The proliferation rate of DDR-
overexpressing preadipocytes will be evaluated using cell enumeration and *H-thymidine
incorporation.  Using cell enumeration, we will also evaluate the effect of DDR-
overexpression on the M CE phase of adipogenesis. Finally, the morphology of DDR1a-,
DDRI1b- and DDR2-overexpressing adipocytes will be assessed visually using phase-
contrast microscopy and the size of adipocytes will be quantified using image processing and

analysis software.

Objective #4: To discern the effect that DDR2 overexpression has on insulin signaling
in preadipocytes and adipocytes.

The effect that DDR2 overexpression has on insulin signaling in 3T3-L1 preadipocytes and
adipocytes will be evaluated by examining the phosphorylation of key molecules involved in

the insulin signaling cascade: IRS-1, Akt and ERK1/2.
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MATERIALS AND METHODS

Cell culture

Murine 3T3-L1 preadipocytes were obtained from American Type Culture Collection
(ATCC), maintained at a low passage and grown in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen), supplemented with 10 % calf serum (CS; Invitrogen), 100 U/mL
penicillin (Invitrogen) and 0.1 mg/mL streptomycin (Invitrogen). Culture medium was
changed every 2-3 days. When necessary, preadipocytes were briefly exposed to trypsin-
EDTA (Invitrogen) for subpassaging. Cells were kept in a humidified incubator at 37°C and

at an atmosphere of 10 % CO,.

Differentiation of 3T3-L1 preadipocytes into adipocytes

In order to induce differentiation, 2-day post-confluent 3T3-L1 preadipocytes were
placed in DMEM supplemented with 10 % CS or FBS (Invitrogen) and antibiotics at the
concentrations mentioned above, for 8 days. Thereafter, the medium was replaced every 2
days. For the first 4 days of differentiation, 1 uM insulin (Roche) was also added to the
medium and for the first 2 days, the medium contained 0.5 mM MIX (Sigma) and 0.25 pM
dexamethasone (Steraloids). Differentiation was assessed morphologically with the light
microscope. Control preadipocytes were maintained in DMEM supplemented with 10 % CS

and antibiotics for 8 days and medium was replaced every 2 days.

Retroviral infection

1. Generation, transformation and isolation of plasmids
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Full-length cDNAs encoding DDR1a, DDR1b or DDR2 were contained separately in
pcDNA3 plasmids. DDR1a-pcDNA3, DDR1b-pcDNA3 and DDR2-pcDNA3 plasmids were
kindly provided by M.D. Layne (Harvard University, Boston, MA). These cDNAs were
excised from pcDNA3 by EcoR1 restriction endonuclease digestion, isolated by agarose gel
electrophoresis and p urified using the QiaEx II gel extraction kit (Qiagen). T he purified
cDNAs were ligated into pLXSN that had been cut with EcoR1 and treated with shrimp
intestinal phosphatase (Invitrogen) according to manufacturer’s instructions in order to de-
phosphorylate 5'-phosphate DNA ends to prevent self-religation. Ligations were performed
using T4 DNA Ligase (Invitrogen) according to manufacturer’s instructions. DH5a
competent E. coli cells (Stratagene) were transformed with pLXSN, pLXSN-DDRIa,
pLXSN-DDR1b or pLXSN-DDR2 in order to obtain suitable quantities of plasmid DNA
required for future transfections. E. coli cells were transformed by the heat-shock method.
Briefly, 0.5 ug of plasmid DNA was added to 50 pL of competent cells and the mixture was
incubated on ice for 60 minutes. Samples were heat-shocked at 42°C for 1 minute and
immediately cooled on ice for 2 minutes. Warm Luria broth (LB) was added, and samples
were placed in a shaking incubator at 37°C for 1 hour. 100 pL of each sample was plated
onto 100 mm LB agar plates that contained 100 pg/mL ampicillin and plates were incubated
at 37°C overnight.

Colonies were isolated and used to inoculate 5 mL of LB that contained 100 pg/mL
ampicillin and bacteria were grown while shaking at 37°C overnight. The next day, glycerol
stocks were made by adding 700 pL of the cell suspension to 300 pL of glycerol and were
stored at —80 °C for future use. Plasmid DNA in the remaining cell suspension was isolated

using Qiagen mini-prep kit (Qiagen) according to manufacturer’s instructions. The plasmids

35



that had been purified were cut with appropriate restriction endonucleases and digests were
electrophoresed on an agarose gel in order to verify that pLXSN, pLXSN-DDR1a, pLXSN-
DDR1b and pLXSN-DDR2 were isolated. Once colonies that had yielded positive results
for the DDR cDNA-containing plasmids were validated, the glycerol stocks mentioned
above were used to inoculate a starter culture. 3 mL of LB containing 100 pg/mL ampicillin
were inoculated with a colony stored as a glycerol stock and the E. coli cells were grown for
4-8 hours, shaking at 37°C. 500 pL of the starter culture was then used to inoculate 500 mL
of LB that contained 100 pg/mL ampicillin and this was grown while shaking overnight at
37°C. The next day, absorbance of the culture at 600 nm was measured and cultures with
values less than 1.3 were kept for isolation via maxi-prep. Plasmid DNA was then isolated
from each culture using a Qiagen maxi-prep kit (Qiagen) according to manufacturer’s
instructions. The concentration and purity of plasmid DNA was measured
spectrophometically (Pharmacia Biotech Ultraspec 3000) using the ratio of absorbancy
readings at 260 and 280 nm. A ratio of 1.8-2.0 indicated that the sample contained DNA of
a sufficient purity.  Again, appropriate restriction digests were performed and
electrophoresed to assess plasmid size and to verify that the required plasmids had been

isolated.

2. Transient transfection of Pheonix-Eco packaging cells

The 293T/17-derived Pheonix-Eco packaging cells were obtained from ATCC and
were grown in DMEM supplemented with 10 % FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. When the cells were approximately 80 % confluent, they were transiently
transfected with pLXSN, pLXSN-DDR1a, pLXSN-DDRI1b and pLXSN-DDR2 by the

calcium phosphate method. 48 hours after transfection, viral supernatants were collected,
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filtered, mixed with 4 pg/mL polybrene and applied to exponentially growing 3T3-L1
preadipocytes for 24 hours. Stable selected clones were made by splitting the cells into an
appropriate number of plates, changing the media to DMEM supplemented with 10 % CS,
100 U/mL penicillin and 0.1 mg/mL streptomycin for 24 hours. T he preadipocytes were
selected in DMEM supplemented with 10 % CS, 100 U/mL penicillin, 0.1 mg/mL
streptomycin and 400 pg/mL G418 (Rose Scientific). = When the cells reached 80 %
confluence, they were detached with trypsin/EDTA and frozen in DMEM supplemented
with 50 % CS, 17 % dimethyl sulfoxide (Sigma), 100 U/mL penicillin and 100 mg/mL
streptomycin at —80°C and then transferred to liquid nitrogen. When required, frozen
preadipocytes were thawed and plated on a 100 mm dish and grown in DMEM
supplemented with 10 % CS, 100 U/mL penicillin and 0.1 mg/mL streptomycin. Two days
post-thawing, cells were changed to G418 selection media. G418-resistant 3T3-L1
preadipocytes were assessed for DDR1a and DDRI1b protein expression and DDRIa,
DDR1b and DDR2 mRNA expression. It was expected that preadipocytes overexpressing-
DDRI1a and -DDR1b would express a transcript of approximately 6 kb in size. This is
because endogenous DDR1 mRNA is approximately 3.7 kb and the transcript that was
overexpressed contains coding sequences such as a viral promoter and packaging signal
needed to generate viral particles. The DDR2-overexpressing preadipocytes were also

expected to overexpress a transcript of approximately 6 kb.

Collagen stimulation of 3T3-L1 preadipocytes
For stimulation with collagen, 3T3-L1 preadipocytes stably overexpressing DDR1a,
DDRI1b or DDR2, as well as empty-vector control preadipocytes that had been infected by

viral particles with no insert (pLXSN), were grown to confluence. One day post-confluence,
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preadipocytes were placed in DMEM supplemented with 0.5 % CS, 100 U/mL penicillin and
0.1 mg/mL streptomycin o vernight for 16-20 hours. T he next day, cells w ere stimulated
with 100 pg/mL type I collagen solubilized in 0.01 M acetic acid (Sigma) or with vehicle
(0.01 M acetic acid) both in DMEM supplemented with 0.5 % CS, 100 U/mL penicillin and
0.1 mg/mL streptomycin for 2 hours.  Preadipocytes were then processed for

immunoprecipitation analysis as described below.

Insulin and PDGF stimulation of 3T3-L1 preadipocytes and adipocytes

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as
empty-vector control preadipocytes were stimulated with insulin or with platelet-derived
growth factor (PDGF). 3T3-L1 differentiated adipocytes stably overexpressing DDRIa,
DDR1b or DDR2, as well as empty-vector control preadipocytes were also stimulated with
insulin. One day post-confluence, preadipocytes were placed overnight for 16-20 hours in
DMEM supplemented with 0.5 % CS, 100 U/mL penicillin and 0.1 mg/mL streptomycin.
On day 7 of the differentiation protocol, adipocytes were placed overnight for 16-20 hours in
DMEM supplemented with 0.5 % CS, 100 U/mL penicillin and 0.1 mg/mL streptomycin.
Preadipocytes and adipocytes were then washed once with Krebs-Ringer-Hepes (KRH)
buffer (Gagnon et al., 1999) and then placed in KRH buffer at 37°C for 15 minutes. Cells
were stimulated with 100 nM insulin or 0.2 % bovine serum albumin (BSA) in KRH buffer
(vehicle) at 37°C for 5 minutes. When indicated, preadipocytes were additionally stimulated
with 10 ng/mL PDGF-BB (Calbiochem) at 37°C for 5 minutes. Cells were lysed in Laemmli
buffer (Laemmli, 1970) that contained 50 mM sodium fluoride (NaF), 5 mM EGTA, 5 mM

sodium pyrophosphate (NaPPi), ImM sodium orthovanadate and B-mercaptoethanol.
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Lysates were passed through a 26-gauge syringe and boiled for 5 minutes and analyzed by

immunoblotting.

Immunoprecipitation analysis

Cells were washed twice in phosphate-buffered saline (PBS) at a pH of 7.4, and then
lysed in immunoprecipitation (IP) lysis buffer that consisted of PBS at pH 7.4, 1 % Nonindet
P-40, 50 mM NaF, 5 mM NaPPi, 0.1 mg/mL phenylmethylsulfonylfluoride, 10 pg/mL
aprotinin, 10 pg/mL leupeptin, 1mM B-glycerophosphate, 200 uM sodium orthovanadate
and 4 pg/mL benzamidine. Following a 5 minute incubation with IP lysis buffer, cells were
scraped and lysates were centrifuged at 16,000 g at 4°C to remove insoluble materials. The
resulting supernatants were pre-cleared with protein A-sepharose for 1 hour at 4°C. Equal
amounts of pre-cleared lysates (ranging from 400-1000 pg of protein) were then
immunoprecipitated overnight at 4°C with 2 uLL of DDR1 antibody (SantaCruz) pre-absorbed
to protein A-sepharose (Sigma). Immunoprecipitated proteins were washed 5 times with IP
lysis buffer, resuspended in Laemmli buffer that contained ImM sodium orthovanadate,
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 7.5 % acrylamide) and

analyzed via immunoblot as described below.

Immunoblot analysis

Following acute stimulation with insulin, cells were lysed in Laemmli buffer that
contained 1mM sodium orthovanadate, SmM EGTA at pH 8.0, 50 mM sodium fluoride and
5 mM sodium pyrophosphate. The protein concentrations of cell lysates were determined
using the modified Lowry reaction (Bio-Rad Laboratories), using BSA as a standard. Equal

amounts of cellular proteins (25-100 ug) were resolved by SDS-PAGE (7.5 % acrylamide),
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transferred to a Trans-blot nitrocellulose membrane (Bio-Rad Laboratories) at 70 V for 90
minutes and placed in 5 % skim milk in PBS/0.1 % Tween-20 for 1 hour at room
temperature in order to block non-specific binding sites. The membrane was incubated
overnight at 4°C with primary antibody diluted in 5 % skim milk in PBS. The primary
antibodies used were: DDRI1 (Santa Cruz) at 1:2000, phosphotyrosine (PY100; New
England Biolabs) at 1:2000, phosphotyrosine (PY20; BD Biosciences) at 1:2000, IRS-1
(Upstate Cell Signaling Solutions) at 1:1000, phospho-Akt Ser473 (pAkt; Cell Signaling
Technology) at 1:1000, Akt (Santa Cruz) at 1:9000, phospho-ERK1/ERK?2 (pERK1/ERK2;
Thr202/Tyr204; Cell Signaling Technology) at 1:1000, ERK1/ERK2 (Upstate Cell Signaling
Solutions) at 1 pg/ml and PDGFR-B (Santa Cruz) at 1 pg/mL. Following incubation with
primary antibody, the membrane was washed once for 15 minutes and 3 times for 5 minutes
in PBS/0.1 % Tween-20 to remove unbound primary antibody. The membrane was then
incubated with the appropriate horseradish peroxidase-conjugated secondary antibody for 1
hour at room temperature. The membrane was washed once for 15 minutes and 3 times for 5
minutes in PBS/0.1 % Tween-20 to remove unbound secondary antibody, after which a
chemiluminescent substrate (Amersham Biosciences) was applied to the membrane for 5
minutes. Immunoreactivity was detected following exposure to Bioflex scientific imaging
film (Clonex). The relative intensity of the immunoreactive bands was assessed using
Molecular Analyst imaging software (version 1.4; Bio-Rad, Mississauga, ON) and expressed

as integrated optical density (IOD) units.

Northern blot analysis

1. Isolation of RNA
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At designated time points during the differentiation protocol, total RNA from
cultured cells was isolated by acid guanidinium thiocyanate-phenol-chloroform extraction
(Chomczynski and Sacchi, 1987). Firstly, cells were rinsed twice in PBS and then placed in
600 pL GTC solution consisting of 4 M guanidine thiocyanate, 25 mM sodium citrate, at pH
7.0, 0.05 % sarcosyl and 0.1 M B-mercaptoethanol on ice for 5 minutes. Cells were scraped
and lysates were placed in microfuge tubes that were snap frozen in liquid nitrogen and
subsequently stored at -80°C. Cell lysates were thawed on ice and sheared first through a 23
gauge needle 5 times and next through a 26 gauge needle 5 times, on ice. Sequentially, 60
uL of 2M sodium acetate, at pH 4, 600 pL. water-saturated phenol and 120 pL of chloroform
were added to each sample and samples were mixed thoroughly after each addition. The
mixture sat on ice for 10 minutes after which it was spun at 9,000 g for 30 minutes at 4°C in
order to separate the lower organic phase that contained DNA, the interphase that contained
proteins and the upper aqueous phase that contained RNA. After centrifugation, the upper
aqueous phase was carefully removed, transferred to a new microfuge tube and mixed with
an approximately equal volume of isopropanol. RNA was precipitated overnight at —20°C
and the next day was centrifuged for 30 minutes at 4°C at 16,000 g. The supernatant was
discarded and the resulting pellet was resuspended in 100 QL GTC solution and thoroughly
mixed with 300 pL anhydrous ethanol and RNA was precipitated overnight at —20°C. The
next day, the mixture was centrifuged at 16,000 g for 30 minutes at 4°C. The supernatant
was discarded and the resulting pellet was air-dried for approximately 5 minutes after which
it was dissolved in 50 pL of diethyl pyrocarbonate (DEPC) treated water. The sample was
then treated with DNAse 1 (Ambion) according to manufacturer’s instructions in order to

remove any residual DNA. The RNA in the samples was quantitated using the Pharmacia
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Biotech Ultraspec 3000 spectrophotometer and samples with an A260/A280 ratio of 1.5 —

1.8 were analyzed further.

2. Electrophoresis of RNA and transfer onto membrane support

Equal amounts of purified RNA samples (5-10 pg) were electrophoresed initially at
90 V for 10 minutes and then at 55 V for approximately 90 minutes on a 1% agarose gel
containing 3 % formaldehyde and 1x MOPS. The RNA samples had previously been mixed
with DEPC water, 8 % formaldehyde, 1x MOPS, 60 % deionized formamide and 60 ng/mL
ethidium bromide and denatured by heating to 55°C for 15 minutes. To verify equal loading,
the RNA on the gel was visualized by ethidium bromide staining of 28S and 18S rRNAs.
The RNA was transferred onto a Hybond-N nylon membrane (Amersham Biosciences)
overnight by capillary blotting, in 3M sodium chloride and 0.3 M trisodium citrate, pH 7.
The membrane was then washed in 6x SSC and baked for 2 hours at 80°C. Adequate
transfer was verified visually by lack of ethidium bromide staining of 28S and 18S rRNAs

on the gel.

3. Probe labeling and hybridization onto membrane

The approximate 1000 bp cDNA fragments for DDR1, DDR2, aP2 and 36B4 were
isolated by restriction endonuclease digestion and agarose gel electrophoresis of full size
cDNAs contained in pcDNA3 plasmids. DDR1a-pcDNA3 and DDR1b-pcDNA3 were cut
with Bgl IT and DDR2-pcDNA3 was cut with BamHI. aP2-pcDNA3 and 36B4-pcDNA3
plasmids were generously provided by H. Green (Harvard University, Boston, MA) and
B.M. Spiegelman (Harvard University, Boston, MA), respectively. After purification of

fragments from the agarose gel using the QiaEx II gel extraction kit (Qiagen), according to
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manufacturer’s instructions, 50 ng of the ¢cDNA fragment was labeled with [a->°P]dCTP
(3000 Ci/mmol) by the random priming method using Ready-To-Go DNA Labeled Beads
(Amersham).

To block non-specific binding of the cDNA probe, the membrane was pre-hybridized
in 5x SSC, pH 7.0, 1 mg/mL boiled salmon sperm DNA, 5x Denhardt’s solution and 0.5 %
SDS at 60°C for 4 hours. The *2P-labeled probe was added to the pre-hybridization solution
and was hybridized to the membrane at 60°C overnight. The next day, the membrane was
washed numerous times at progressively decreasing stringencies of 2x SSC /0.1%SDS, 1x
SSC /0.1%SDS and 0.1x SSC /0.1%SDS, after which it was exposed to Kodak BioMax MS

scientific imaging film.

Assessment of subeonfluent preadipocyte proliferation

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as
empty-vector control preadipocytes, were plated in duplicate at a density of 2.5 x 10°
cells/cm® and cell enumeration was performed at days 1-3 after seeding. Cells were
trypsinized in trypsin-EDTA, placed in DMEM supplemented with 20 % FBS, 100 U/mL
penicillin and 0.1 mg/mL streptomycin, and enumerated in duplicate with a Neubauer
hemacytometer.  Alternatively, 3T3-L1 preadipocytes stably overexpressing DDRla,
DDR1b or DDR2, as well as empty-vector control preadipocytes, were plated in triplicate or
quadruplicate at a density of 2.5 x 10’ cells/em® and *H-thymidine incorporation was
measured three days after seeding. Preadipocytes were placed in DMEM supplemented with
10 % CS, 100 U/mL penicillin, 0.1 mg/mL streptomycin and 1.0 pCi/mL 3H-thymidine at
37°C for one hour. Medium was aspirated and cells were washed twice with PBS and lysed

with 0.5 % SDS. Lysates were transferred to microfuge tubes after scraping, 500 ul. of 10 %
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trichloroacetic acid (TCA) was added and 400 pL was aliquoted and placed onto GF/C
filters. After the filters had air-dried, they were washed separately 3 x for 5 minutes in 5 %
TCA and then in 70 % ethanol for 5 minutes. After the filters had air-dried, they were
placed in scintillation vials that contained 5 mL of Biodegradable Counting Scintillant

(Amersham) and radioactivity was quantified with a Beckman L36500 scintillation counter.

Assessment of MCE

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as
empty-vector control preadipocytes were grown to confluence and differentiated, as
described above. At days 1-5 and at day 8 of the differentiation protocol, cells were
trypsinized in trypsin-EDTA, placed in DMEM supplemented with 20 % FBS, 100 U/mL
penicillin and 0.1 mg/mL streptomycin and enumerated in duplicate with a Neubauer

hemacytometer.

Assessment of adipocyte cell size

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as
empty-vector control preadipocytes, were induced to differentiate as described above. At
day 8 of the differentiation protocol, adipocytes were photographed with a Nikon Coolpix
995 digital camera mounted on a Nikon Eclipse TS-100 microscope. For quantification of
cell surface area of photographed cells, the Image] public domain Java image processing and
analysis program was used. The cell surface area of 35-60 cells in an equal area of the

photograph for each cell type was analyzed and a mean cell surface area calculated.

Determination of TG mass
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3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as
empty-vector control preadipocytes were induced to differentiate as described above. At day
8 of the differentiation protocol, adipocytes were washed twice with PBS. TG was extracted
with isopropanol/heptane (2:3). The extract was dried in a Savant SpeedVac Plus SC110A.
The TG pellet was resuspended in 300 pL isopropanol. TG was saponified with
saponification reagent, mixed thoroughly and incubated for 10 minutes. Next, 300 uL of 3
mM sodium metaperiodate and 300 puL of 1:250 acetyl acetone were added, mixed
thoroughly and incubated at 65°C for 15 minutes. Samples were cooled for 15 minutes and
the colour product was quantified spectrophotometrically at 410 nm using the Pharmacia
Biotech Ultraspec 3000. Triolein was used to obtain a standard curve and total TG was
calculated. Cellular protein was assayed using a modified Lowry method (Bio-Rad
Laboratories), using BSA as a standard. Total TG amounts (ug) per well were divided by

total protein (mg) amounts per well, in order to obtain a final value of TG/protein.

Statistical analysis

To assess differences between two means, Student’s t test (two-tailed) was used with
p values <0.05 considered significant. To determine differences between multiple means,
ANOVA (GraphPad Instat, version 3.05) was used followed by Tukey’s test with p values

<0.05 considered significant.
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RESULTS

Endogenous expression of DDR1 and DDR?2 during adipogenesis

The expression of the DDRs during the 8-day process of 3T3-L1 preadipocyte
differentiation was analyzed. Firstly, the protein expression of DDR1 was analyzed in
preadipocytes and in adipocytes. 3T3-L1 preadipocytes were grown to confluence and were
either differentiated or kept in control medium for 8 days, as described in ‘Methods’.
Assessed visually using phase-contrast microscopy, approximately 95 % differentiation was
observed. Atday 8, preadipocytes and adipocytes w ere 1 ysed and e qual amounts o f cell
proteins were immunoprecipitated and then analyzed using immunoblot. DDR1 expression
was markedly reduced in adipocytes versus preadipocytes (Figure 4A). DDRI protein was
decreased by 85 % (mean; n=3; p<0.05) in adipocytes versus preadipocytes (Figure 4B).

In order to gain further insight into the mechanisms underlying the decrease in DDR1
protein expression, the mRNA expression of DDR1 during 3T3-L1 adipogenesis was
investigated. Northern blot analysis was performed on RNA isolated from cells at day 0, day
4 and day 8 of the differentiation protocol. DDR1 mRNA was decreased at day 4 of
preadipocyte differentiation (Figure SA). Figure SA demonstrates that loading of RNA was
equal for all lanes, as assessed by 36B4 levels. As well, differentiation was demonstrated by
increased mRNA expression of aP2 at day 4 and day 8 of the differentiation protocol. There
was a 39 % decrease (mean; n=3; p<0.05) in DDR1 mRNA at day 4 of differentiation
compared to day O (Figure 5B). DDR1 mRNA levels increased again at day 8, but they
remained lower than day O levels; however, they w ere not significantly lower than day 0
levels (Figure SA,B). Therefore, a decrease in both the protein and mRNA expression of

DDR1 was observed with adipogenesis. However, DDRI1 protein expression was decreased
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Figure 4: DDRI1 protein expression in 3T3-L1 adipocytes versus
preadipocytes.

3T3-L1 preadipocytes were grown to confluence and induced to differentiate. At day 8, those
cells that had been induced to differentiate, as well as control preadipocytes that had been left
in culture for 8 days, were lysed. Equal amounts of cell protein (400-1000ug of protein) was
then immunoprecipitated with anti-DDR1 antibody. Immunoprecipitated proteins were
separated by SDS-PAGE, followed by immunoblot analysis with anti-DDR1 antibody. A. The
immunoblot shown is from a single representative experiment B. Densitometry results are
expressed as integrated optical density units (IOD) of DDR1 protein and are the mean + SEM
of three independent experiments. Student’s t test, *p<0.05
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Figure 5: DDR1 mRNA expression during 3T3-L1 adipogenesis.

A. 3T3-L1 cells were grown to confluence and induced to differentiate. At days 0, 4 and 8
of the differentiation protocol, total RNA from cultured cells was isolated and subjected to
Northern blot analysis (10 pg/lane). The blots were hybridized with 32P-labeled DDR1, aP2
and 36B4 cDNA probes. The 36B4 probe was used as a loading control, whereas the aP2
probe was used as a marker of differentiation. The Northern blot shown is from a single
representative experiment. B. Densitometry results are expressed as integrated optical
density units (IOD) of DDR1 mRNA and are the mean + SEM of three independent
experiments. ANOVA followed by Tukey’s test, *p<0.05 compared to day O of
differentiation.
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significantly in day 8 adipocytes versus preadipocytes. DDR1 mRNA expression was
decreased significantly at day 4 compared to day 0 of adipogenesis.

Lastly, the mRNA expression of DDR2 during 3T3-L1 adipogenesis was analyzed.
An analysis of DDR2 protein expression was precluded due to a lack of functioning DDR2
antibody. RNA was isolated from cells at day 0, day 2, day 4 and day 8 of preadipocyte
differentiation and Northern blot analysis was performed. Figure 6A reveals that DDR2
mRNA was reduced at day 2 of adipogenesis. DDR2 mRNA levels then rose again on day 4
and at day 8 had reached levels initially observed at day 0. Robust expression of aP2 at day
4 and day 8 of the differentiation protocol confirmed that differentiation was achieved.
DDR2 mRNA was reduced by 66 % (mean; n=3; p<0.05) at day 2 compared to day 0 of

adipogenesis (Figure 6B).

Generation of DDR1a-, DDR1b- or DDR2-overexpressing preadipocytes

The expression of DDR1 and DDR2 decreased with 3T3-L1 adipogenesis.
Therefore, we generated DDR1- or DDR2-overexpressing preadipocytes in order to examine
the effects of sustained overexpression on the process of adipogenesis. 3T3-L1
preadipocytes stably o verexpressing DDR1a, DDR1b or DDR2 were created by retroviral
infection as discussed in ‘Methods’. It was decided that overexpression of the a and b
isoforms of DDR1 would be examined because these are the isoforms that are most widely
expressed. Preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty
vector control cells (pLXSN), were grown to confluence. Northern blot analysis was then
performed on RNA isolated from preadipocytes that were two days post-confluent. Figure
7A reveals that successful overexpression of DDRla and DDRI1b was achieved.

Preadipocytes overexpressing the DDR1a or DDR1b constructs displayed robust expression
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Figure 6: DDR2 mRNA expression during 3T3-L1 adipogenesis.

A. 3T3-L1 preadipocytes were grown to confluence and induced to differentiate. At days 0,
2, 4 and 8 of the differentiation protocol, total RNA from cultured cells was isolated and
subjected to Northern blot analysis (10 pg/lane). The blots were hybridized with 3?P-labeled
DDR2, aP2 and 36B4 cDNA probes. The 36B4 probe was used as a loading control, whereas
the aP2 probe was used as a marker of differentiation. The Northern blot shown is from a
single representative experiment. B. Densitometry results are expressed as relative units of
DDR2 mRNA / 36B4 mRNA and are the mean + SEM of three independent experiments.
ANOVA followed by Tukey’s test, *p<0.05 compared to day 0 of differentiation.
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Figure 7: Examination of stable DDR overexpression at the mRNA level in
DDR1a-, DDR1b- or DDR2-overexpressing 3T3-L1 preadipocytes.

3T3-L1 preadipocytes stably expressing DDR1a, DDR1b or DDR2, as well as empty-vector
control preadipocytes (pLXSN) were grown to confluence. Two days post-confluence, total
RNA from cultured cells was isolated and subjected to Northern blot analysis (10 pg/lane).
Preadipocytes expressing DDR2 and empty vector control preadipocytes were analyzed in
duplicate. The blots were hybridized with *’P-labeled DDR1 (A), DDR2 (B) and 36B4
cDNA probes. The 36B4 probe was used as a loading control.
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of transcripts of 6 kb in size. Figure 7B reveals that DDR2-overexpressing preadipocytes
also expressed a transcript of 6 kb in size. The expression of these transcripts was not
observed in empty-vector control preadipocytes. Also seen in cells overexpressing DDR1a,
DDR1b or DDR2, as well as in empty-vector control cells, was the expression of
endogenous DDR1a, DDR1b or DDR2 mRNA that ran at the 3.7 kb, 3.7 kb and 9.4 kb level,
respectively.

We next examined whether the DDR1a and DDR1b receptors that we overexpressed
in 3T3-L1 preadipocytes were functional with respect to stimulation by collagen. To this
end, two days post-confluence, preadipocytes overexpressing DDR1a, DDR1b or empty-
vector controls were stimulated with 100 pg/mL soluble type I collagen or vehicle for 2
hours.

DDRI1 protein overexpression in preadipocytes overexpressing DDR1a or DDR1b
was ascertained from the immunoblot presented in Figure 8. The DDRla- and DDR1b-
overexpressing preadipocytes express approximately 15 fold more DDR1 protein than
empty-vector control cells. This is consistent with the mRNA data seen in Figure 7.
Analysis of DDR2 activation upon collagen stimulation in preadipocytes expressing DDR2
was precluded due to a lack of functioning DDR2 antibody.

Immunoblot analysis revealed that DDR1 in preadipocytes overexpressing DDR1a or
DDR1b was weakly tyrosine phosphorylated even in the absence of collagen stimulation
(Figure 8). With collagen stimulation, there was an increase in the tyrosine phosphorylation
of DDR1 compared to levels observed in vehicle-stimulated preadipocytes. This indicates
that preadipocytes overexpressing DDR1a or DDR1b possess functional receptor constructs.

No tyrosine phosphorylation of DDR1 was observed in the collagen-stimulated or in the
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Figure 8: Assessment of DDRI1 tyrosine phosphorylation upon collagen
stimulation in DDR1a- or DDR1b-overexpressing preadipocytes

3T3-L1 preadipocytes stably overexpressing DDR1a or DDR1b, as well as empty-vector
control preadipocytes (pLXSN) were grown to confluence. Two days post-confluence,
preadipocytes were stimulated with 100 pg/mL soluble type I collagen or vehicle for 2 hours.
Equal amounts of cell proteins were then immunoprecipitated with anti-DDR1 antibody.
Immunoprecipitated proteins were then separated by SDS-PAGE, followed by immunoblot
analysis with PY20 antibody and anti-DDR1 antibody. Two independent experiments were
performed.
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vehicle-stimulated e mpty-vector control preadipocytes. T hisis likely due to the fact that
endogenous DDRI1 is expressed at a very reduced level in empty-vector control

preadipocytes compared to that in preadipocytes overexpressing DDR1a or DDRI1b.

Effect of DDR1a, DDR1b or DDR?2 overexpression on preadipocyte proliferation

DDRs have been implicated in the proliferation of various cell types. Therefore, the
" subconfluent proliferation of 3T3-L1 preadipocytes overexpressing DDR1a, DDR1b or
DDR2 was examined. Preadipocytes were seeded at a density of 2.5 x 10° cells/cm® and cell
enumeration was performed on days 1-3 after seeding. The subconfluent proliferation rate of
DDR2-overexpressing preadipocytes was reduced compared to empty-vector controls
(Figure 9). The cell number of DDR2-overexpressing preadipocytes was decreased by 52 %
(mean; n=3; p<0.05) at day 3 when compared to empty-vector control cells. DDRI1a- and
DDR1b-overexpressing preadipocytes also had growth curves that tended to be lower than
that of empty-vector control cells, although these results were not significant.

In order to confirm that the decreased proliferation rate of DDR2-overexpressing
preadipocytes was due to a direct effect on DNA synthesis, the *H-thymidine incorporation
of these cells was measured. 3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b
or DDR2, as well as empty-vector control cells, were seeded at a density of 2.5 x 10°
cells/cm’ and *H-thymidine was measured three days after seeding. DDR2-overexpressing
preadipocytes had a lower H-thymidine incorporation compared to empty-vector controls
(Figure 10). The *H-thymidine incorporation of DDR2-overexpressing preadipocytes three
days a fter p lating was 2 8 % lower (mean; n=3; p<0.05) when c ompared t o e mpty-vector
control cells. D DR1a- and D DR1b-overexpressing p readipocytes b oth had slightly lower

H-thymidine incorporation than empty-vector controls but these results were not
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Figure 9: Effect of DDR1a, DDR1b or DDR2 overexpression on
subconfluent preadipocyte proliferation as assessed by cell enumeration

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-
vector control preadipocytes (pLXSN) were plated at a density of 2.5 x 10° cells/cm?. Cell
enumeration was performed on days 1-3 after seeding. Results are the mean + SEM of three
independent experiments, each done in duplicate. ANOVA followed by Tukey’s test,
*p<0.05 compared to pLXSN three days after seeding.
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Figure 10: Effect of DDR1a, DDR1b or DDR2 overexpression on
subconfluent preadipocyte proliferation as assessed by SH-thymidine
incorporation

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-
vector control preadipocytes (pLXSN) were plated at a density of 2.5 x 10° cells/cm?. 3H-
thymidine was then measured three days after seeding. Results are the mean + SEM of three
independent experiments, each done in duplicate. ANOVA followed by Tukey’s test,
*p<0.05 compared to pLXSN.
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statistically significant. Therefore, the results from the *H-thymidine experiments were
consistent with the cell enumeration data and suggest that DDR2 overexpression decreases

3T3-L1 subconfluent preadipocyté proliferation.

Effect of DDR1a, DDR1b or DDR?2 overexpression on adipogenic MCE

Because the expression of DDR1 and DDR2 was decreased during the early phase of
adipogenesis and because the preconfluent proliferation rate of DDR2-overexpressors was
reduced, we examined the MCE phase of the DDR-overexpressing preadipocytes. 3T3-L1
preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-vector
controls, were grown to confluence and differentiated. Cell enumeration was performed
daily from day O through day 5 and on day 8 of adipogenesis. The rate of MCE of DDR2-
overexpressing preadipocytes was lower compared to empty-vector controls (Figure 11).
Specifically, cell numbers for DDR2-overexpressing preadipocytes were 18 %, 21 % and 24
% lower (mean; n=3; p<0.05) 3, 4 and 5 days after the induction of differentiation,
respectively, when compared to empty-vector control cells. DDRla- and DDRI1b-
overexpressing preadipocytes had a similar rate of MCE as empty-vector control cells.

These results indicate that DDR2 overexpression reduces 3T3-L1 MCE.

Effect of DDR1a, DDR1b or DDR?2 overexpression on adipocyte morphology

Since the adipogenic MCE phase was reduced when DDR2 was overexpressed in
preadipocytes, we investigated whether there was an effect on mature adipocyte
morphology. 3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as
well as empty-vector controls, were differentiated. Assessed visually, day 8 DDR2- and

DDR1b-overexpressing adipocytes were larger in size than empty-vector controls
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Figure 11: Effect of DDR1a, DDR1b or DDR2 overexpression on MCE

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-
vector controls preadipocytes (pLXSN), were induced to differentiate. Cell enumeration was
performed daily from day O through day 5 and on day 8 after the induction of differentiation.
Results are the mean + SEM of three independent experiments, each done in duplicate.
ANOVA followed by Tukey’s test, *p<0.05 compared to pLXSN at days 3, 4 or 5 of
differentiation.
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(Figure12). DDRI1a-overexpressing adipocytes, on the other hand, were similar in size to
empty-vector control cells.

The changes that were observed visually by phase-cohtrast microscopy were then
quantified using software that assesses surface area of photographed cells. The Imagel
image analysis program was used in order to assess cell surface area of the photographed
cells. The DDR2-overexpressing and DDR1b-overexpressing adipocytes were significantly
larger than empty-vector control cells (Figure 13). Specifically, the DDR2-overexpressing
adipocytes had a 55 % larger cell surface area and the DDR1b-overexpressing adipocytes
had a 34 % larger (mean; n=3; p<0.05) cell surface area compared to empty-vector controls.
The cell surface area of DDR1a-overexpressing adipocytes was similar to that of empty-
vector controls. Therefore, overexpression of either DDR2 or DDRI1b led to a larger
adipocyte. Thus, despite a reduction in the MCE phase of adipogenesis, adipocytes
overexpressing DDR2 were larger than empty-vector control adipocytes.

Because overexpression of DDR2 or DDRI1b increased adipocyte size, we
examinined whether this was accompanied by an increase in TG mass. 3T3-L1
preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-vector
control preadipocytes, were differentiated. Eight days after the induction of differentiation,
TG mass and cellular protein were measured (Figure 14). DDR2-overexpressing adipocytes
had 35 % greater (mean; n=3; p<0.05) TG mass compared to empty-vector control
adipocytes. DDR1a- and DDRI1b-overexpressing adipocytes had slightly more TG than
empty-vector controls but these differences were not statistically significant. Therefore,

DDR2-overexpressing adipocytes contain more TG, consistent with their larger cell size.
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Figure 12: Cell size of DDR1a-, DDR1b- or DDR2-overexpressing
adipocytes

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-
vector control preadipocytes (pLXSN), were differentiated. Eight days after the induction of
differentiation, adipocytes were photographed with a Nikon Coolpix 995 digital camera
mounted on a Nikon Eclipse TS-100 microscope at 400x magnification.






Figure 13: Cell surface area quantification of adipocytes overexpressing
DDR1a, DDR1b or DDR2.

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b or DDR2, as well as empty-
vector control preadipocytes (pLXSN), were differentiated. Imagel] software was used in
order to measure the cell surface area of the photographed cells. Results are the mean £+ SEM
of three independent experiments. ANOVA followed by Tukey’s test, *p<0.05 compared to
pLXSN.
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Figure 14: TG mass of adipocytes overexpressing DDR1a, DDR1b or
DDR2.

3T3-L1 preadipocytes stably overexpressing DDR1a, DDR1b and DDR2, as well as empty-
vector control preadipocytes, were differentiated. Eight days after the induction of
differentiation, TG mass and cellular protein were measured. Results are the mean + SEM of
three independent experiments. ANOVA followed by Tukey’s test, *p<0.05 compared to
differentiated pLXSN.
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Insulin signaling in DDR2-overexpressing adipocytes and preadipocytes

Sensitivity to insulin is an important aspect of the mature adipocyte, and adipocyte
hypertrophy is known to decrease insulin sensitivity. DDR2-overexpressing adipocytes
appear to be hypertrophied and have more TG than empty-vector controls. Therefore, we
stimulated DDR2-overexpressing adipocytes with insulin and examined whether insulin
signal transduction was altered. 3T3-L1 preadipocytes overexpressing DDR2 and empty-
vector control preadipocytes, were differentiated. Fight days after the induction of
differentiation, adipocytes overexpressing DDR2, as well as empty-vector control
adipocytes, were stimulated with 100 nM insulin or vehicle for 5 minutes.

Treatment with insulin strongly increased the tyrosine phosphorylation of IRS-1,
which ran at the 170 kDa level, in empty-vector control adipocytes adipocytes (Figure 15A).
There was less phosphorylation of IRS-1 in insulin-stimulated DDR2-overexpressing
adipocytes compared to that observed for empty-vector control adipocytes. IRS-1 protein
levels were similarin all lanes. T here was a 34 % d ecrease (mean; n=3; p<0.05) in the
tyrosine phosphorylation of IRS-1 in DDR2-overexpressing adipocytes stimulated with
insulin when compared to that observed for empty-vector control adipocytes (Figure 15B).

Despite this, DDR2-overexpressing adipocytes exhibited greater insulin-stimulated
phosphorylation of Akt at serine 473 compared to empty-vector control adipocytes (Figure
15A). Akt protein levels were similar in all lanes. Specifically, Akt phosphorylation at
serine 473 was increased by 122 % (mean; n=3; p<0.05) in DDR2 overexpressing adipocytes
when compared to that observed for empty-vector control adipocytes, in response to insulin
(Figure 15B). The phosphorylation of ERK1/2 was also increased in insulin-stimulated

DDR2 overexpressing adipocytes compared to empty-vector control adipocytes. Protein
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Figure 15: Insulin signaling in DDR2-overexpressing adipocytes

3T3-L1 preadipocytes stably overexpressing DDR2, as well as empty-vector controls, were
differentiated. Eight days after the induction of differentiation, adipocytes were stimulated
with 100 nM insulin or vehicle (0.2 % BSA/KRH) for 5 minutes after which the cells were
lysed. A. Equal amounts of cell proteins were then separated by SDS-PAGE, followed by
immunoblot analysis with anti-phosphotyrosine antibody (PY100), anti-IRS-1 antibody, anti-
phosho-Akt (Ser 473) antibody, anti-Akt antibody, anti-phospho-Erk1/Erk2 antibody (Thr
202/Tyr 204) and anti-Erk1/Erk2 antibody. A single representative blot of three experiments
(PY100, IRS-1, P-Akt, Akt, ERK1/2) or two experiments (P-ERK1/2) is shown. B.
Densitometry was performed on IRS-1, Akt and ERK1/2 phosphorylation of insulin-
stimulated cells. Densitometric data are expressed as integrated optical density units (IOD).
Results shown are the mean + SEM of three independent experiments, *p<0.0S5, for IRS-
phosphorylation and Akt phosphorylation (Student’s t test) and the mean + range for two
independent experiments for ERK1/2 phosphorylation.
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Figure 15 (Continued)
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levels of Erk1/2 were similar in all lanes. Specifically, ERK1/2 phosphorylation at threonine
202 and tyrosine 204, increased in insulin-stimulated DDR2-overexpressing adipocytes by
100 % (mean; n=2) compared to empty-vector control adipocytes. Therefore, despite a
decrease in insulin-stimulated phosphorylation of IRS-1, DDR2-overexpressing adipocytes
exhibited an increase in Akt and ERK1/2 phosphorylation with insulin stimulation.

We next investigated whether the altered signaling response of DDR2-
overexpreésing adipocytes was due solely to adipocyte hypertrophy or whether it was due to
DDR2 overexpression itself. Therefore, we next examined the signaling response to insulin
in preadipocytes overexpressing DDR2. Two days post-confluence, preadipocytes were
stimulated with 100 nM insulin or vehicle for 5 minutes.

Treatment with insulin strongly increased the tyrosine phosphorylation of IRS-1 in
empty-vector control preadipocytes (Figure 16A). Howéver, insulin-stimulated IRS-1
phosphorylation was reduced in DDR2-overexpressing preadipocytes compared to that
observed for empty-vector control preadipocytes. There was a 68 % decrease (mean; n=3;
p<0.05) in the tyrosine phosphorylation of IRS-1 in DDR2-overexpressing preadipocytes
when compared to that observed for empty-vector control preadipocytes, in response to
insulin (Figure 16B).

Despite this, there was no significant decrease in phosphorylation of Akt at serine
473 in DDR2-overexpressing preadipocytes after stimulation with insulin (Figure 16A,B).
Insulin-stimulated phosphorylation of ERK1/2 was also the same for DDR2-overexpressing
preadipocytes and e mpty-vector controls (Figure 16A,B). Protein levels of ERK1/2 were
similar in all lanes (Figure 16A). Therefore, as was observed in adipocytes, overexpression

of DDR?2 in preadipocytes also led to decreased phosphorylation of IRS-1 upon stimulation
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Figure 16 : Insulin signaling in DDR2-overexpressing preadipocytes

3T3-L1 preadipocytes stably overexpressing DDR2, as well as empty-vector controls, were
grown to confluence. Two days post-confluence, preadipocytes were stimulated with PDGF,
100 nM insulin or vehicle (0.2 % BSA/KRH) for 5 minutes after which the cells were lysed.
A. Equal amounts of cell lysates were separated by SDS-PAGE, followed by immunoblot
analysis with anti-phosphotyrosine antibody (PY100), anti-IRS-1 antibody, anti-PDGFR
antibody, anti-phosho-Akt (Ser 473), anti-Akt antibody, anti-phospho-ERK1/2 antibody and
anti-ERK1/2 antibody. A single representative blot of three independent experiments is
shown. B. Densitometry was performed on IRS-1, Akt and ERK1/2 phosphorylation, as well
as IRS-1 expression of insulin-stimulated cells, and phosphorylation of PDGFR, as well as
PDGFR expression of PDGF-stimulated cells. Densitometric data are expressed as integrated
optical density units (IOD). Results shown are the mean = SEM of three independent
experiments. Student’s t test, *p<0.05
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Figure 16 (Continued)
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with insulin compared to the response observed in empty-vector control preadipocytes.
Despite this, there were no significant decreases in phosphorylation of the downstream
signaling molecules, Akt and ERK1/2.

To determine if overexpression of DDR2 had an impact on other tyrosine kinase
receptors in the preadipocyte, we examined platelet-derived growth factor receptor
(PDGFR). 3T3-L1 preadipocytes were grown to confluence and stimulated with 10 ng/mL
PDGF or vehicle for 5 minutes, as described above for insulin. Regardless of treatment,
DDR2-overexpressing preadipocytes expressed less PDGFR than empty-vector control
preadipocytes. Therefore, this was taken into account when the phosphorylation of PDGFR
was analyzed upon PDGF stimulation, in DDR2 overexpressing preadipocytes compared to
empty-vector controls. PDGFR, which ran at the 180 kDa level, was phosphorylated upon
stimulation with PDGF in both DDR2-overexpressing preadipocytes and empty-vector
control preadipocytes (Figure 16A). When PDGFR phosphorylation was normalized to
PDGF expression, no difference in PDGFR phosphorylation was observed between DDR2-
overexpressing preadipocytes and empty-vector controls (Figure 16B). Overall, although
PDGFR expression is altered by DDR2-overexpression, PDGF-stimulated tyrosine

phosphorylation of PDGFR appears to be intact.
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DISCUSSION

As a first step to evaluate whether DDRs are pertinent to adipogenesis, we examined
their expression during this process. During adipogenesis, a decrease in both the protein and
mRNA expression of DDR1 was observed. However, a discordance between DDRI1 protein
and mRNA data exists. Whereas DDR1 protein expression was decreased in day 8
adipocytes versus preadipocytes, DDR1 mRNA was reduced at day 4 of adipogenesis.

There are several possibilities that may account for this discordance. Firstly, DDRI1
protein in day 8 adipocytes was compared to day 8 preadipocytes, whereas DDR1 mRNA
levels were compared to day O preadipocytes. It is possible that DDR1 protein expression
increases with increased culture of preadipocytes. Therefore, day 8 preadipocytes may
express more DDR1 than day O preadipocytes. Thus, preadipocytes left in culture for
differing amounts of time may differ in their protein and mRNA expression. An analysis of
the protein and mRNA expression of DDRs in preadipocytes and in differentiating
adipocytes, every two days, would determine if this is true. Secondly, a slight, although not
significant decrease was still observed in DDR1 mRNA levels in adipocytes compared to
day 8 preadipocytes. Therefore, additional experiments might provide enough statistical
power to demonstrate that DDR1 mRNA is consistently reduced in adipocytes compared to
preadipocytes. Thirdly, it is recognized that mRNA expression does not always parallel
protein e xpression. T herefore, it is p ossible that adipogenesis has a greater e ffect on the
expression of DDR1 protein versus DDR1 mRNA.

DDR2 mRNA levels were reduced only during the early phase of 3T3-L1
preadipocyte differentiation. The early phase of 3T3-L1 adipogenesis is characterized by a

change in the composition of the ECM. This allows the preadipocytes to adopt a more
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spherical shape and accumulate triglycerides as they differentiate. Upon preadipocyte
differentiation, collagen types I and III, fibronectin, and Bl-integrins are down-regulated,
whereas collagen type IV, laminin and entactin are up-regulated (Gregoire et al., 1998).
Another ECM c omponent, aortic ¢ arboxypeptidase-like protein (ACLP), is also decreased
during 3T3-L1 preadipocyte differentiation (Gagnon et al., 2002). ACLP is found in
collagen-rich tissues, including subcutaneous adipose tissue (Ith et al., 2005). ACLP
contains a discoidin domain, a signal peptide and is secreted to possibly associate with the
ECM (Layne et al., 1998). Gagnon and associates (2002) showed that ACLP protein and
mRNA were severely down-regulated at day 2 of adipogenesis and increased during the later
stages of adipogenesis. This is similar to the expression pattern observed for DDR1 and
DDR2. Therefore, ACLP and the DDRs are both discoidin domain-containing proteins that
interact with the ECM and are decreased in 3T3-L1 adipogenesis. Thus, DDRs have a
pattern of expression that is similar to many proteins that are part of the ECM such as
collagen type I/III and fibronectin, and to ones that interact with the ECM, such as B1-
integrins and ACLP.

Both DDR1 and DDR2 have been implicated in the proliferation of various cell
types. Therefore, we were interested in examining whether the DDRs are involved in the
proliferation of 3T3-L1 preadipocytes. The subconfluent proliferation rate of DDR2-
overexpressing preadipocytes was reduced compared to empty-vector controls, as assessed
by cell enumeration and *H-thymidine incorporation. These results suggest that a decrease
in DDR2 expression may be necessary for optimal cell division. In the future, a comparison
between DDR2 expression in proliferating subconfluent 3T3-L1 preadipocytes versus

growth-arrested confluent preadipocytes could be made. This would determine whether
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subconfluent preadipocytes that are rapidly proliferating express lower levels of DDR2.
Changes in cell number and *H-thymidine incorporation can also occur as a result of
increased apoptosis. However, DDR2-overexpressing preadipocytes did not display
increased apoptosis, as determined by Hoechst staining (data not shown). T herefore, the
decrease in the number of DDR2-overexpressing preadipocytes was not due to an increase in
programmed cell death.

DDR2 has been shown to necessary for in vivo proliferation. DDR2-null mice
exhibit dwarfism and shortening of long bones and this phenotype is caused by reduced
chondrocyte proliferation (Labrador et al., 2001). In this same study, DDR2 was also shown
to be required in the proliferative response during skin wound healing. Numerous in vitro
studies have also shown that DDR2 regulates cellular proliferation. Fibroblasts derived from
DDR2-null mice display reduced proliferation (Labrador et al., 2001) (Olaso et al., 2002).
Furthermore, overexpression of DDR2 leads to enhanced proliferation in hepatic stellate
cells (Olaso et al., 2002). Taken together, the results of these studies suggest that DDR2 is
necessary for proliferation in many different cell types. However, our data show that
overexpression of DDR2 in 3T3-L1 preadipocytes leads to decreased proliferation and
suggests that DDR2 is a negative regulator of proliferation in this cell type. This suggests
that the function of DDR2 on cellular proliferation may depend on cell type.

In a similar fashion, DDRI1 also has a varied effect on proliferation, which depends
on the cell type tested. For example, Vogel and associates (2001) found that the defect in
lactation seen in DDR1-null mice was partially attributed to hyperproliferation of mammary
epithelium. Similarly, mesangial cells derived from the kidney of DDR1-null mice showed

increased proliferation. However, SMCs isolated from the aorta of DDRI1-null mice
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exhibited reduced proliferation when plated on type I collagen (Hou et al., 2001) (Hou et al.,
2002). Overexpression of DDR1 in MDCD cells grown in collagen gel reduced the
proliferation c apacity o f the cells (Wang et al., 2005). T his is similar to the decrease in
proliferation that we observed in DDR2-overexpressing 3T3-L1 preadipocytes. The results
of these studies show that DDR1 has both positive and negative effects on cell growth.
DDRI1, like DDR2, appears to function differently in regulating proliferation in various cell
types.

Factors that inhibit or promote preadipocyte proliferation are essential to the study of
adipose tissue function since the number of new adipocytes formed depends on the number
of preadipocytes able to be recruited (Harmon and Harp, 2001). A reduction in the
proliferation of preadipocytes decreases the preadipocyte pool from which adipocytes are
generated and could constrain adipogenesis. This would favour the predominance of insulin-
resistant hypertrophied adipocytes within adipose tissue, which can lead to whole-body
insulin resistance (Danforth, 2000). Therefore, any factor that inhibits preadipocyte
proliferation may ultimately decrease the number of adipocytes to be generated, and lead to
pathological consequences. A thorough examination of factors that affect preadipocyte
proliferation in vitro will aid in the elucidation of factors that affect the in vivo process.

Several growth factors have been shown to stimulate 3T3-L1 preadipocyte
proliferation. These include PDGF-BB, fibroblast growth factor, epidermal growth factor,
insulin and IGF-1 (Schmidt et al., 1990). Among them, PDGF-BB is the most potent
stimulator of 3T3-L1 preadipocyte proliferation. Interestingly, it was observed that DDR2-
overexpressing preadipocytes express less PDGFR. Therefore, it is possible that one way

that DDR2 overexpression might affect subconfluent preadipocyte proliferation is by its
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reduced expression of the growth factor receptor, PDGFR. However, from the results of our
experiments, we cannot give any explanation as to why the PDGFR is reduced in DDR2-
overexpressing preadipocytes.

Other factors, such as catecholamines, also regulate preadipocyte proliferation. For
example, norepinephrine w as s hown to inhibit rat preadipocyte p roliferation (Jones et al.,
1992). Recently, studies have examined the effects of other factors on 3T3-L1 preadipocyte
proliferation. Overexpression of adiponectin in preadipocytes promoted subconfluent cell
proliferation, as well as adipogenesis (Fu et al., 2005). Conversely, interleukin-4 was shown
to inhibit PDGF-BB-induced preconfluent preadipocyte proliferation (Hua et al., 2004). The
green tea catechin, epigallocathechin gallate, had an ERK- and Cdk2-dependent anti-
mitogenic effect on preadipocyte proliferation (Hung et al., 2005). Finally, Harmon and
Harp demonstrated that the flavanoids, genistein and naringenin inhibited proliferation of
preconfluent 3T3-L1 preadipocytes in a time- and dose-dependent manner (Harmon and
Harp, 2001). However, genistein, but not naringenin, inhibited MCE and markers of
adipogenesis, such as TG accumulation and PPAR-y expression. This last study suggests
that a factor that inhibits the mitoses involved in subconfluent preadipocyte proliferation
does not always inhibit the cell divisions that constitute MCE.

The differentiation-associated decrease in DDR2 mRNA levels coincides temporally
to the MCE phase of 3T3-L1 adipogenesis and this suggests that a decrease in DDR2
expression may be necessary for MCE. Our overexpression data supports this idea. DDR2-
overexpressing 3T3-L1 preadipocytes have a reduced MCE phase, in addition to having

reduced subconfluent proliferation. The reduction in the rate of MCE may have occurred
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because the usual decrease in DDR2 was prevented in the preadipocytes that were
overexpressing DDR2.

After the addition of differentiation-inducing agents to growth-arrested 3T3-L1
preadipocytes, preadipocytes that had previously been arrested at the G1-phase of the cell
cycle re-enter the cell cycle and undergo one or two rounds of mitosis termed MCE (Camp
et al., 2002). The MCE phase of adipogenesis occurs through days 0-4 of the differentiation
of 3T3-L1 preadipocytes: before the expression of genes that give rise to the adipocyte
phenotype (Tang et al., 2003). The progression from the Gl-phase to the S-phase is
characterized by the activation of cyclin-dependent kinase 2 (Cdk2) by cyclins A and E
(Reichert and Eick, 1999). Retinoblastoma protein (Rb) is a substrate of Cdk2 and becomes
phosphorylated once Cdk2 is activated (Cole et al., 2004). Phosphorylation of Rb causes it
to release C/EBP, which is then able to bind to DNA (Cole et al., 2004). It is believed that
MCE is necessary to unwind DNA, thus allowing transcription factors access to regulatory
response elements present in genes involved in acquisition of the mature adipocyte
phenotype (Ntambi and Kim, 2000). After the cells complete MCE, they enter a unique state
of growth arrest, Gp that is permissive for subsequent differentiation (Otto and Lane, 2005).
This final stage of growth arrest is characterized by the induction of several genes including
the growth arrest and DNA damage-inducible gene 45 and cyclin-dependent inhibitors (p21
and p27) (Reichert and Eick, 1999).

Cdks are key regulators of the cell cycle in vertebrate cells. Cdk2 in particular,
appears to also be one of the main controllers of the MCE phase of adipogenesis in 3T3-L1
preadipocytes. Therefore, because DDR2-overexpressing preadipocytes have a reduced

subconfluent proliferation rate and undergo a reduced MCE phase of adipogenesis, it is
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possible that overexpression of DDR2 may somehow affect Cdk2 activation. As a first step
to elucidating this, future studies of DDR2-overexpressing preadipocytes could examine
whether these cells have a reduced activity of any of Cdk2. Using a Cdk2 activity assay,
Hung and associates showed that the anti-mitogenic effect of EGCG on subconfluent 3T3-
L1 preadipocyte proliferation is dependent on the Cdk2 pathway and requires inactivation of
the Cdk2 protein (Hung et al., 2005). DDR2-overexpression might act in a similar way to
EGCG in ;nediating its antimitogenic effect on the subconfluent proliferation and MCE of
3T3-L1 preadipocytes.

There has been much evidence to demonstrate that MCE is a prerequisite for the
terminal differentiation of 3T3-L1 preadipocyte undergoing adipogenesis. Numerous studies
have shown that inhibition of MCE prevents adipogenesis. For example, MCE and
adipogenesis are both blocked by the various DNA synthesis inhibitors, including
aphidicolin (Schmidt et al.,, 1990) and the antiproliferative reagent rapamycin (Yeh et al,,
1995). More recently, as mentioned above, genistein was seen to inhibit both MCE and
adipogenesis (Harmon and Harp, 2001). Zhang and associates showed that disruption o f
signaling from C/EBPJ prevents MCE and subsequent adipogenesis (Zhang et al., 2004).
Qui and colleagues showed that treatment of 3T3-L1 preadipocytes with PD98059, a MEK
inhibitor, prevented both DNA replication and MCE without affecting differentiation (Qiu et
al., 2001). However, this finding was refuted by Tang and associates (2003). They found
that PD98059 delays, but does not block, MCE, expression of cell cycle and adipocyte
markers, or cytoplasmic TG accumulation. Instead they showed that blocking MCE with the
more potent and specific MEK inhibitor, U0126, prevented the expression of cell cycle

markers, adipocyte gene markers and the accumulation of cytoplasmic TG. Therefore,
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evidence in the literature to date clearly states that MCE is required for 3T3-L1
adipogenesis.

Surprisingly, overexpression of DDR2 in preadipocytes led to a reduced MCE phase
but did not inhibit 3T3-L1 adipogenesis. Instead, adipocytes overexpressing DDR2 have an
increased cell size, as well an increased TG mass. Therefore, at first glance, our findings
would appear to be in disagreement with previous findings that demonstrate that blockage of
MCE prevents adipogenesis. However, we did not completely block the increase in cell
number that normally occurs in MCE. Therefore, the reduction in MCE that we observed in
DDR2-overexpressing preadipocytes might not have been large enough to induce
antiadipogenic effects seen with complete blockage of MCE.

Tang and associates (2003) showed that high doses of the MEK inhibitor, PD98059,
used to treat preadipocytes undergoing differentiation, partially reduces and delays
differentiation. Also, they showed that the extent to which MCE is reduced by PD98059
corresponds closely to the reduction observed in the expression of adipocyte markers and
accumulation of TG. However, the reduction in MCE we observed was not accompanied by
the expected inhibition of adipogenesis. Instead, the DDR2-overexpressing adipocytes had
an increased TG content, although adipogenic markers were not measured. It is possible that
preadipocytes overexpressing DDR2 receive alternate adipogenic signals through this
receptor that compensate for the reduction in MCE that normally inhibits/reduces
adipogenesis.

Recently, Park and associates overexpressed glucose-6-phosphate dehydrogenase
(G6PD), an enzyme necessary for the production of cellular NADPH that is required for the

biosynthesis of FAs and cholesterol, in 3T3-L1 adipocytes (Park et al., 2005). This
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overexpression was associated with increased accumulation of cellular TG and larger
droplets of TG in the adipocyte. This is similar to what we observed when DDR2 was
overexpressed in adipocytes. Presumably, G6PD-overexpressing adipocytes also had a
larger size, in addition to increased TG stores; however, Park et al. (2005) did not measure
adipocyte cell size directly. Park and associates (2005) were able to demonstrate that the
increase in cytoplasmic TG was associated with an increase in the expression of most
adipocyte and lipogenic marker genes. Therefore, they were able to show that the
overexpression of GO6PD in preadipocytes undergoing differentiation to adipocytes
stimulates adipogenesis as well as lipogenesis.

It is not clear whether the increased size and increased TG content of DDR2-
overexpressing adipocytes was caused by increased adipogenesis or due to an increase in
lipogenesis. Because lipogenesis is tightly linked to adipogenesis, it is often difficult to
distinguish the two processes. However, measurement of adipogenic and lipogenic markers
would have allowed us to see if the increase in size of DDR2-overexpressing adipocytes was
due to increased adipogenesis, lipogenesis, or both. This is something that can be examined
in the future in order to elucidate the molecular mechanisms by which DDR2-overexpression
leads to an increased adipocyte size with increased TG. In addition, increased TG content
could be due to an increase in lipid synthesis, an increase in lipid influx, a decrease in
lipolysis or an increase in lipid efflux (Wang et al., 2004).

Many factors have been shown to modulate adipocyte cell size. For example, mice
with a knock-out in diacylglycerol transferase, an enzyme that catalyzes the final step in
mammalian TG synthesis, are resistant to diet-induced obesity and have smaller adipocytes

that wild-type control mice both on chow and high-fat diets (Chen et al., 2002). On the other
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hand, mice with a fat-specific insulin receptor knockout exhibit a polarization of white
adipose tissue into two populations of cells, one small and one large, accompanied by
changes in insulin-stimulated glucose uptake, triglyceride synthesis, and lypolysis (Bluher et
al., 2004). A subsequent investigation using a proteomics approach by Bluher et al. (2004)
identified multiple differentially expressed proteins that are involved in the regulation of
adipocyte differentiation, TG storage and adipocyte metabolism in the small versus large
adipocytes.

Several recent reports have examined the role of other factors in modulating
adipocyte cell size. One recent report overexpressed growth differentiation factor 3 (GDF-
3), which is structurally a bone morphogenetic protein subfamily member of the
transforming growth factor-f superfamily, in mice by adenovirus-mediated gene transfer
(Wang et al,, 2004). The exact function of GDF-3 in unknown, however, mice
overexpressing GDF-3 display a profound weight gain when fed a high fat diet and have
highly hypertrophic adipocytes. Takahashi and colleagues showed that o verexpression of
mesoderm-specific transcript (Mest), the function of which is not entirely clear, in mice
markedly enlarged their adipocytes (Takahashi et al., 2005). However, the authors were
unable to detect a change in adipocyte size when Mest was overexpressed in 3T3-L1
adipocytes. To the best of our knowledge, our study is the first to report a change in size of
3T3-L1 adipocytes.

Lipid storage within the adipocyte in vivo varies considerably in response to
dysequilibria in energy balance. This is particularly obvious in the obese state where a long-
term positive energy balance produces massive fat cell hypertrophy. It has been suggested

that failure of preadipocyte differentiation may lead to expansion of adipose tissue primarily
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due to enlargement of existing adipocytes (Danforth, 2000). However, the exact
mechanisms by which adipocytes become hypertrophied have not yet been elucidated.
Therefore, an examination of factors that lead to enlargement of adipocytes is necessary
because adipocyte size correlates to adipocyte insulin resistance and whole body insulin
resistance (Ravussin and Smith, 2002). In fact, subcutaneous abdominal adipocyte size, but
not obesity itself, was seen to predict type 2 diabetes (Weyer et al., 2000). Yang and
colleagues also demonstrated that non-diabetic insulin-resistant first-degree relatives of type
2 diabetic patients have adipose cells that are significantly enlarged (Yang et al., 2004). The
metabolic disturbances caused by large adipocytes are believed to be the result of a
disordered adipokine profile and an inability of hypertrophied adipocytes to efficiently store
fat, both of which lead to insulin resistance. Enlarged adipocytes are themselves resistant to
insulin.

Park and colleagues (2005) showed that their 3T3-L1 adipocytes overexpressing
G6PD expressed more TNF-a and resistin, less adiponectin and increased the release of free
fatty acids, all of which are key players in the development of insulin resistance. Therefore,
they examined whether G6PD overexpression affects insulin signaling in the adipocyte.
Overexpression of G6PD inhibited insulin signaling in these adipocytes, as assessed by
phosphorylation of key insulin signaling molecules, such as IRS-1 and Akt. We also
stimulated our enlarged DDR2-overexpressing adipocytes with insulin and examined
whether insulin signal transduction was altered. Similarly to the results obtained by Park et
al. (2005), IRS-1 was phosphorylated to a lesser degree in insulin-stimulated DDR2-
overexpressing adipocytes. However, contrary to the results of Park et al. (2005), our

signaling studies on DDR2-overexpressing adipocytes in response to insulin revealed a
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complex effect. Whereas insulin-stimulated IRS-1 tyrosine phosphorylation was inhibited,
the DDR2-overexpressing adipocytes exhibited greater phosphorylation of Akt and ERK1/2.
Akt and ERK1/2 are downstream of IRS-1 in the insulin-signaling pathway. Therefore, it
would be expected that decreased phosphorylation of IRS-1 would lead to decreased
phosphorylation of Akt and ERK1/2; however, this was not the case. One possible
explanation for why D DR2-overexpression does not lead to decreased phosphorylation of
Akt and ERK1/2 is because overexpression somehow leads to decreased activity or
expression of the serine/threonine phosphatase, protein phosphatase 2A (PP2A), a
phosphatase that regulates both Akt and ERK1/2.

PP2A is one of the major serine/threonine phosphatases in the cell and is
constitutively expressed (Lechward et al., 2001). The PP2A core structure consists of a
catalytic subunit (PP2A.) and a regulatory A subunit (Van Hoof and Goris, 2004). The core
dimer can recruit a third regulatory B subunit, of which three major classes have been
described. Each of the subunits of PP2A exists in at least two isoforms leading to a
multitude o f p ossible c ombinations o f holoenzymes, w hich p artially e xplains t he multiple
and diverse functions of PP2A (Janssens et al., 2005). Regulation is accomplished mainly
by the A and B regulatory subunits, which determine the substrate specificity, cellular
localization and catalytic activity of the PP2A holoenzymes (Janssens and Goris, 2001).
Furthermore, the catalytic subunit can be affected by post-translational modification, such as
phosphorylation and methylation, which are also though to be important regulatory
mechanisms. This regulation can be achieved with the association of PP2A subunits with a
number of different cellular and viral proteins (Janssens et al., 2005). PP2A has been

implicated in the regulation of many processes including regulation of different signal
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transduction pathways, cell cycle progression, DNA replication, gene transcription and
protein translation (Janssens et al., 2005).

PP2A has been shown to be a negative regulator of insulin-signaling pathways.
PP2A is known to be involved in the downregulation of the ERK pathway by
dephosphorylating and inactivating MEK1 and ERK1/2 (Lechward et al., 2001). In
adipocytes, PP2A has been shown to directly dephosphorylate ERK1/2 (Milward et al.,
1999) (Ugi et al., 2002). PP2A is also involved in the regulation of the metabolic action of
insulin. Ugi and associates recently showed that PP2A directly dephosphorylates and
inactivates Akt, leading attenuated glucose transport in 3T3-L1 adipocytes (Ugi et al., 2004).
In this study, PP2A was not involved in regulating the activation of PI3K. PP2A was shown
to directly modulate Akt by decreasing its phosphorylation, which in turn, decreased glucose
transport. It appears that PP2A is a physiologically relevant Akt and ERK1/2 phosphatase
and it is possible that overexpression of DDR2 in 3T3-L1 adipocytes inhibits PP2A. This
would eliminate the negative regulatory effect that PP2A normally has on the
phosphorylation of Akt and ERK1/2. Consequently, the phosphorylation of Akt and
ERK1/2 would be increased with insulin stimulation, which is what was observed in DDR2-
overexpressing 3T3-L1 adipocytes. Therefore, in the future, it would be useful to determine
whether DDR2-overexpression in 3T3-L1 adipocytes decreases PP2A activity.

PP2A activity could be assessed using a PP2A activity assay, as performed
previously by Ugi et al. (2004). Simian virus 40 small t antigen and okadaic acid, have both
been shown to inhibit PP2A (Ugi et al., 2004). Simian virus 40 small t antigen associates
with and inhibits the core dimer of PP2A and inhibits the association of PP2A with its

cellular substrates, and b ecause of this, has been shown to enhance glucose transport and
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GLUT4 translocation (Mateer et al., 1998) (Ugi et al., 2004). Okadaic acid also activates
glucose transport and GLUT4 translocation by inhibiting PP2A by binding to its catalytic
subunit and enhancing its tyrosine phosphorylation, which in turn, inactivates the enzyme
(Janssens and Goris, 2001; Standaert et al, 1999). DDR2-overexpressing 3T3-L1
adipocytes may lead to the negative regulation of PP2A and thus, might act in a similar
manner to simian virus 40 small t antigen and okadaic acid and decrease PP2A activity.

In the future, it will be essential to examine how the altered insulin signaling
response that we observed in DDR2-overexpressing adipocytes relates to the functional
aspect of the adipocyte. Insulin signaling in 3T3-L1 adipocytes promotes lipogenesis,
glucose transport and inhibits lipolysis. Future measurement of glucose uptake, as assessed
by 2-deoxyglucose uptake, would be necessary to see whether increased insulin-induced
phosphorylation of Akt in DDR2-overexpressing adipocytes leads to increased glucose
transport. Rates of lipogenesis and lipolysis of DDR2-overexpressing adipocytes should
also be measured in response to insulin.

In order to determine whether the altered insulin-stimulated signaling response of
DDR2-overexpressing adipocytes could be due to DDR2 overexpression itself, we examined
the insulin-stimulated signaling response of 3T3-L1 preadipocytes. IRS-1 was
phosphorylated to a lesser degree in insulin-stimulated DDR2-overexpressing preadipocytes.
This is similar to what we had observed in DDR2-overexpressing adipocytes. This suggests
that the observed decrease in insulin-stimulated IRS-1 phosphorylation in DDR2-
overexpressing adipocytes was not due solely to the enlargement of DDR2-overexpressing
adipocytes. Instead, decreased phosphorylation of IRS-1 might be directly due to

overexpression of DDR2 in adipocytes and preadipocytes.
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Decreased activation of PP2A, in DDR2-overexpressing preadipocytes and
adipocytes, might explain the reduction observed in the tyrosine phosphorylation of IRS-1
upon stimulation with insulin. In addition to acting as a negative regulator of the
phosphorylation of Akt and ERK1/2, PP2A is also involved in regulating the serine
phosphorylation of IRS-1. While the tyrosine phosphorylation of IRS-1 is required for
insulin-stimulated responses, the serine phosphorylation of IRS-1 has a dual role, either to
enhance or terminate the insulin-induced effects (Gual et al., 2005). Additionally, while the
role of IRS-1 tyrosine phosphorylation has been largely elucid‘ated, the role of
serine/threonine phosphorylation is not fully understood.

There has been some investigation into the role of PP2A in the serine
phosphorylation of IRS-1. For example, Tanti and colleagues demonstrated that the potent
PP2A inhibitor, okadaic acid, severely decreases the effect of insulin on glucose transport
and on Glut 4 translocation in adipocytes and skeletal muscle cells (Tanti et al., 1994). This
alteration correlated to a decrease in IRS-1 tyrosine phosphorylation. In addition, they found
that okadaic acid markedly increased the serine phosphorylation of IRS-1, which made it a
poor substrate for the activated insulin receptor. This suggests that inhibitors of PP2A, such
as okadaic acid, may lead to increased serine phosphorylation of IRS-1 and this may cause
IRS-1 to interact less efficiently with the insulin receptor following insulin stimulation and
thus decrease the tyrosine phosphorylation of IRS-1. Therefore, the inhibition of IRS-1 that
we observed both in DDR2-overexpressing preadipocytes and adipocytes following
stimulation with insulin might be a result of increased serine phosphorylation of IRS-1. This
increase in serine phosphorylation may have been due to an inhibition in the activity of

PP2A in cells overexpressing DDR2.
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preadipocytes. As well, DDR1b-overexpressing adipocytes had an increased cell size;
whereas DDR1a-overexpressing adipocytes did not display a change in cellular size.
However, DDR1b- and DDR1a-overexpressing adipocytes both appeared to contain slightly
increased amounts of cytosolic TG; however, a significant increase was not observed.
Therefore, the e ffect o f DDR1 o verexrpession in preadipocytes and adipocytes was weak
and variable. Hence, these effects have not been emphasized in this discussion.

A summary of the effects of DDR2 overexpression on 3T3-L1 preadipocytes and
adipocytes is shown in Figure 17. Taken together, the data in this thesis suggest that DDR1
and DDR2 are downregulated during 3T3-L1 adipogenesis. Overexpression of DDR2
decreases the subconfluent and post-confluent proliferation rate of 3T3-L1 preadipocytes.
DDR2 overexpression also increases the cell size, as well as the TG content of 3T3-L1
adipocytes. Insulin-stimulation of 3T3-L1 adipocytes overexpressing DDR2 reveals that
IRS-1 phosphorylation is downregulated, whereas Akt and ERK1/2 phosphorylation is
upregulated. This altered signaling response appears to be as a result of DDR2
overexpression, and not due solely to the enlarged cell size of DDR2 overexpressing
adipocytes. This is because insulin-stimulation of 3T3-L1 preadipocytes overexpressing
DDR2 again showed downregulation of IRS-1 phosphorylation, with no apparent change in
the phosphorylation of Akt or ERK1/2.

Some suggestions as to what other future experiments can be done in order to
elucidate the role of DDR2 in 3T3-L1 preadipocytes and adipocytes have already been
mentioned above. In addition, DDR1-overexpressing and DDR2-overexpressing 3T3-L1
preadipocytes can be plated on a collagen-coated cell culture dish. Then, the effect that this

ECM protein has on subconfluent preadipocyte proliferation, postconfluent MCE, adipocyte
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Figure 17: Summary of the effects of DDR2 overexpression in 3T3-L1
preadipocytes and adipocytes and proposed model of how DDR2 may lead
to these effects

Overexpression of DDR2 decreases the subconfluent proliferation rate and post-confluent
MCE rate of 3T3-L1 preadipocytes. Overexpression of DDR?2 in preadipocytes leads to
decreased expression of PDGFR. It is possible that one way that DDR2 overexpression might
affect subconfluent preadipocyte proliferation is by its reduced expression of PDGFR, which
binds the growth factor, PDGF. DDR2-overexpression might also affect Cdk2 activation,
which could be the cause of the decrease in subconfluent and postconfluent proliferation of
these cells. Effects of DDR2 overexpression on insulin signaling in preadipocytes were
omitted in this diagram. DDR2 overexpression also increases the cell size and the TG content
of 3T3-L1 adipocytes. DDR2 overexpression also leads to an altered signaling response of
3T3-L1 adipocytes to insulin. Insulin-stimulation of 3T3-L1 adipocytes overexpressing
DDR2 reveals that IRS-1 phosphorylation is downregulated, whereas Akt and ERK1/2
phosphorylation is upregulated. These changes in insulin-signaling may be due to the
possibility that DDR2-overexpressing adipocytes have a reduced activity of PP2A. Reduced
activity of PP2A in these cells may be what causes decreased phosphorylation of IRS-1 and
increased phosphorylation of Akt and ERK1/2 following insulin stimulation.
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cell size, TG content and insulin-signaling in both preadipocytes and adipocytes could be
examined. It is possible that plating the DDR2-overexpressing preadipocytes might
exaggerate the effects of overexpression that we observed in the experiments presented in
this thesis.  Similarly, it might expose some effects of DDRI1-overexpression in
preadipocytes that could not be observed in this present thesis. As well, the effect of DDR2-
overexpression on adipokine release could also be examined. Finally, the experiments
presented in this thesis based on the 3T3-L1 model could be extended to primary rodent and

human adipose cells.
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