The Role of PRAJA?2 in TSH- or Isoproterenol- Stimulated Lipolysis in
Human Adipocytes

By

Arran McBride

Thesis submitted to the Department of Biochemistry, Microbiology and Immunology in partial
fulfillment of the requirements for the degree of Master of Science

Department of Biochemistry, Microbiology and Immunology
Faculty of Medicine
University of Ottawa
Ottawa, Canada

© Arran McBride, Ottawa, Canada, 2014



ABSTRACT
Thyrotropin (TSH) binds to TSH receptors on thyrocytes to regulate development and

growth of the thyroid gland, and to stimulate thyroid hormone production. Thyrotropin has
also been shown to act in an extra-thyroidal fashion, and to engage TSH receptors on
adipocytes to induce lipolysis, similar to the response seen by stimulation with B-adrenergic
receptor agonists (i.e. isoproterenol). In both cell types, cAMP-dependent kinase (PKA) is
activated. Recently, PRAJA2, a novel AKAP and E3 ubiquitin ligase that targets the
regulatory subunits of PKA was identified. The ubiquitin-dependent proteasomal degradation
of the PKA regulatory subunits, due to PKA- phosphorylated PRAJA2, prolongs the catalytic
activity of PKA, as shown in neuroblastoma cells by Lignitto et al., 2011. In adipocytes,
stimulated PKA activity is required for lipolysis. Additionally, PRAJA2 has been described
to have increased expression in TSH-responsive, differentiated thyroid cancer cells when
compared to anaplastic thyroid tumor (Cantara et al., 2012) The aim of this study was to
characterize PRAJA2 and its potential influence on adipocyte lipolysis. These data confirm
that TSH and isoproterenol stimulate lipolysis in primary human differentiated adipocytes.
PRAJA?2 is expressed at the mRNA and protein level in differentiated adipocytes, with no
change following stimulation with TSH or isoproterenol. Stimulation with isoproterenol, but
not TSH, increases PKA-dependent phosphorylation of a 122kDa (potentially PRAJA2) and
69kDa protein identified in PRAJA2 immunoprecipitates. These proteins may prove
important for lipolytic signaling or other PRAJA2-dependent process in adipocytes.
Experimentation was unable to identify interactions between PRAJA2 and PKAR2 in
differentiated adipocytes; however further investigations are required before discounting this
interaction. An attempt was made to knockdown PRAJA?2 in this model, and measure effects

on lipolytic response; however, this was unsuccessful. Taken together, PRAJA2 appears to
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be phosphorylated following p-adrenergic stimulation in human adipocytes; however, further
studies are needed to delineate the specific role of PRAJA2 in this human differentiated

adipocyte model.
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1. INTRODUCTION

1.1 Adipose tissue

1.1.1 Adipose tissue composition and function

There are two types of adipose tissue within the human body: brown adipose tissue
(BAT) and white adipose tissue (WAT). Briefly, BAT is highly dense with mitochondria and
is implicated in thermogenesis, via fatty acid oxidation (Fedorenko et al., 2012). WAT
functions as both the primary depot for storage of energy as well as an endocrine tissue.
WAT stores lipids in the form of triglycerides (TG) and releases non-esterified fatty acids
(NEFA) and glycerol via lipolysis (Rosen and Spiegelman, 2014). Together, BAT and WAT
are important in maintaining whole body energy homeostasis through regulation of
carbohydrate and lipid metabolism. WAT is the focus of this thesis.

WAT is composed of various cell types including but not limited to: adipocytes,
preadipocytes (progenitors), immune cells (T cells, B cells and macrophages), mesenchymal
stem cells (MSC) and endothelial cells. Adipocytes constitute 50-70% of the tissue while the
stromal vascular fraction (SVF), composed of the other cell types listed, constitutes 20-40%
of the tissue (Lee et al., 2013). This diverse network of cells works harmoniously to ensure
the tissue functions properly. Problems begin to arise when the cellular network is disrupted,
for example, with infiltration of immune cells (inflammation) or lack of vascular expansion
(hypoxia and nutrient deficiency) (Pasarica et al., 2009).

The two main fat depots in the body are the subcutaneous (beneath the skin) and
intra-abdominal visceral (around the organs) depots. Studies suggest that visceral fat
deposition, compared to subcutaneous, has a strong association with cardiovascular disease

(CVD) risk factors, including dyslipidemia and insulin resistance (Azuma et al., 2007; Fox et



al., 2007; Snijder et al., 2006; St-Pierre et al., 2007; Vega et al., 2006). This is often assessed
by waist-to-hip circumference ratio (a measure of abdominal fat distribution) and, when
high, is commonly referred to as apple-shaped obesity. Once the limit of lipid storage is
reached in adipose tissue (AT), excess lipids may be ectopically stored in other tissues such
as muscle, liver, heart and pancreas (which typically only contain small amounts of fat). This
deposition causes tissue dysfunction and may lead to a variety of metabolic problems
(Danforth, 2000).

Adipocytes store TG in lipid droplets, which occupy the majority of the cytoplasm.
Adipose tissue can remodel itself in response to influxes of energy in the form of TG
packaged in lipoproteins (Rosen and Spiegelman, 2014). To increase capacity to store energy
within AT, there may be recruitment of preadipocytes for differentiation, creating more
adipocytes (hyperplasia), or increased lipid storage within existing adipocytes (hypertrophy)
(Arner and Spalding, 2010). Expansion via hyperplasia appears to maintain healthy
metabolic function, since each cell contains a manageable amount of TG and is accompanied
by expansion of the supporting matrix. Alternatively, hypertrophy is considered pathological
expansion, and occurs with immune cell infiltration (M1 macrophages) resulting in
inflammation and without angiogenic expansion resulting in a hypoxic state. These aspects
of the hypertrophic state correlate with metabolic dysfunction such as insulin resistance

(Arner and Spalding, 2010; Hauner, 2005).

1.1.2 Adipose tissue as an endocrine organ
As an endocrine organ WAT secretes a variety of peptide hormones (often referred to
as adipokines). Leptin maintains body weight homeostasis through appetite suppression and

the promotion of energy expenditure. Leptin is secreted by adipocytes and binds to leptin



receptors in the arcuate nucleus of the hypothalamus, blocking hunger signals (Leinninger et
al., 2009). Adiponectin regulates glucose uptake and fatty acid breakdown by engaging its
receptors in liver and skeletal muscle to increase activity of AMP-activated protein kinase
(AMPK) and peroxisome proliferator-activated receptor a (PPARa). This promotes [3-
oxidation, glucose transporter type 4 (GLUT4) translocation to the plasma membrane
(muscle) and decreased gluconeogenesis (liver). Adiponectin expression is inversely
correlated to body weight, and has been linked to protection against insulin resistance and
inflammation (Turer et al., 2011; Turer and Scherer, 2012). Resistin, released by WAT
macrophages, is a risk factor for CVD, promoting inflammation and raising low-density
lipoprotein levels, therefore disrupting cholesterol homeostasis. Additionally, increases in
resistin have been linked to obesity and the subsequent development of insulin resistance
(Kim et al., 2001; Steppan et al., 2001). Careful regulation of these adipose tissue-derived
factors is important for controlling energy metabolism and, when disrupted, predisposes to
obesity and type-2 diabetes (T2D).

Additionally, various immunomodulating agents are secreted by adipose tissue.
Tumor necrosis factor alpha (TNFa), interleukin-1f (IL-1p) and interleukin-6 (IL-6) regulate
many aspects of immune cell response. These cytokines are pro-inflammatory in response to
infection (Fain et al., 2004). Additionally, their dysregulation in AT is linked to pathological
inflammation seen in various disease states, such as obesity, insulin resistance and CVD
(Hauner, 2005).

1.1.3 Adipose tissue dysfunction
AT relies on coordination between a diversity of cells and cellular signals to create a

functional organ for energy homeostasis. Without this, metabolic complications (obesity,



T2D, CVD) may result (Lafontan, 2014). Factors that may cause dysfunctional AT include
inflammation, pathological tissue expansion and dysregulation of lipid storage and release
(Lafontan, 2014).

When adipose tissue cannot properly store and release lipids, harmful metabolic
byproducts build-up in circulation. NEFA deposit in muscle and liver, and can generate
harmful byproducts such as ceramides and acyl-CoA (Unger et al., 2010). Subsequently,
these NEFA derivatives can activate inflammatory kinases (such as PKC, JNKs, IKK),
leading to inhibitory phosphorylation responses that block insulin signaling (Guilherme et
al., 2008).

Chronic low-grade inflammation is correlated with obesity. The regulation of various
adipokines (TNFa, IL-6 and IL-1p) is disrupted, and this is associated with insulin resistance
(Ouchi et al., 2011). Monocytes are recruited to inflamed AT, become macrophages, and
form crown-like structures around adipocytes. This process acts in a positive-feedback
manner such that more pro-inflammatory signals are produced, recruiting more immune cells

(Cinti et al., 2005).

1.2 Lipolytic signaling in adipocytes

Lipolysis is the process through which TG are hydrolyzed into their component
NEFA and glycerol backbone, which are released into the blood stream. NEFA bind to
albumin for transport to various tissues, to be metabolized as an energy source via the Kreb’s
cycle or B-oxidation (Lafontan and Langin, 2009). Glycerol is converted to glyceraldehyde-
3-phosphate in the liver and used as a substrate for either glycolysis or gluconeogenesis

(Lafontan and Langin, 2009). Adipocyte lipolysis may be stimulated by lipolytic hormones



such as catecholamines, TSH, or ANP acting on their cognate receptors. Lipolysis is

inhibited by insulin via the insulin receptor (Lafontan and Langin, 2009).

1.2.1 G protein-coupled receptors in mediation of lipolysis

GPCRs play an important role in signal transduction from external ligands to
intracellular second messengers. GPCRs contain 7 o-helical transmembrane domains, 3
intracellular loops and 3 extracellular loops (Venkatakrishnan et al., 2013). Ligands for
GPCRs include odors, pheromones, hormones and neurotransmitters. Often binding occurs
via a cavity, which forms as the receptor adopts a barrel-like shape; however, extracellular
binding to the N-terminal domain has also been reported (Lagerstrom and Schioth, 2008).
Binding of a ligand to its GPCR causes a conformational change, in turn activating an
associated G-protein by exchanging a GDP for GTP, inducing a signal cascade within the
cell (Lagerstrom and Schioth, 2008). The signal is terminated by the hydrolysis of protein-
bound GTP to GDP, and re-association of the G-protein with its receptor.

In adipocytes, lipolytic GPCRs activate the adenylyl cyclase (AC) system within the
cell, increasing cAMP levels to stimulate lipolysis (Lafontan and Langin, 2009). When AC is
activated by a G-stimulatory (Gs) protein, levels of cAMP rise within the cell and the
lipolytic process is up-regulated. Conversely, G-inhibitory (Gi) protein inhibits AC, and
attenuates these signals (Lafontan and Langin, 2009). It is a balance in cross-talk between
GPCR stimulation of the AC system via Gs and inhibition of this process by Gi activation,
that helps maintain homeostatic control of lipolysis within the cell.

Many Gs-coupled receptors have been documented and linked to lipolytic activation.
However, their prevalence and action varies between species. In rodents, adrenocorticotropic

hormone, a-melanocyte stimulating hormone and B-lipotropin hormone have been shown to



stimulate lipolysis via the melanocortin 2 receptor; but, these hormones show little to no
response in human AT (Boston, 1999; Lafontan and Agid, 1979). Parathyroid hormone has
been shown to activate lipolysis in humans via AC (Sinha et al., 1976; Taniguchi et al.,
1987). pB-adrenergic receptors (B-AR) and thyroid stimulating hormone receptors (TSHR)
also act in this way in human AT and are the focus of this thesis.

Catecholamines are tyrosine-derived hormones released by the adrenal glands and the
sympathetic nervous system. Under physiological conditions, they are active during times of
energy need such as fasting or physical exercise. These hormones are also associated with
the fight-or-flight response, increasing heart rate and blood pressure (Obeyesekere et al.,
2013). Isoproterenol is a non-selective, synthetic agonist of 3;,-AR, similar in structure to
epinephrine. Due to its action as an agonistic of 3 2-AR, isoproterenol stimulates lipolysis in
human adipocytes via cAMP-mediated signaling (Mercader et al., 2011).

Three B-AR subtypes exist in humans (Bi, B2, B3), each of which is coupled to an a
subunit of the Gs protein (Robidoux et al., 2004). B; and B, exist in many tissues including
WAT and BAT and stimulate lipolysis in humans, as shown both in vivo and in vitro (Barbe
et al., 1996; Mauriege et al., 1988). However, 3-AR functionality has only been documented
in WAT/BAT of rodents, rabbits, hamsters and dogs. Its role in human AT remains dubious
and it does not contribute to catecholamine-induced lipolysis (Galitzky et al., 1997;
Tavernier et al., 1996).

In the hypothalamic-pituitary-thyroid (HPT) axis, thyrotropin releasing hormone
(TRH) is released from the hypothalamus and acts on the anterior pituitary. As a result, TSH
is released, and binds to TSHR on thyrocytes (Boelen et al., 2012). This binding regulates

development and growth of the thyroid gland, and stimulates thyroid hormone production:



thyroxine (T4) and tri-iodothyronine (T3). T4 is deiodinated to T3, which acts on many cell
types in the body, increasing basal metabolic rate. T3 and T4 act in a negative feedback loop
to both the hypothalamus and the pituitary to regulate thyroid hormone levels within the
body (Boelen et al., 2012). In addition to being expressed by thyrocytes, TSHR expression
has been documented in human adipocytes and has been implicated in lipolysis in both
physiological and pathophysiological states (Gagnon et al., 2010; Marcus et al., 1988).

TSH signals through TSHR by activating a cAMP mediated signal cascade, similar to
that seen with B-AR. Binding of TSH occurs through the extracellular N-terminal, leucine-
rich domain of the receptor, which induces a conformational change through the
transmembrane domain and initiates G-protein activation (Davies et al., 2002). In humans,
TSH is responsible for modulating the majority of lipolytic signaling in neonates, while
effects of catecholamines are insignificant at this particular time, and possibly even
inhibitory via a-adrenergic receptors (0—AR) (Marcus et al., 1988). The lipolytic signaling
can be observed through ex vivo adipocyte stimulation with TSH, and can be inhibited by
TSHR-blocking antibodies (Janson et al., 1998).

Signaling through Gi-coupled GPCRs is important for anti-lipolytic signaling in
adipocytes. Catecholamines, in addition to Gs-mediated actions, can stimulate a,-AR; this
signaling is dependent on receptor affinity and expression (Lafontan and Berlan, 1995). The
most well understood anti-lipolytic effects have been described through neuropeptide Y
receptor 1 (NPYRI1), Aj-adenosine receptor and EP-3 prostaglandin E;R (Cai et al., 2008;
Liu et al., 2009; Richelsen, 1988; Taggart et al., 2005). In general, stimulation through these
receptors activates Gi and inhibits lipolysis by blocking AC activity. Due to the downstream

inhibition of lipolysis, these receptors have been described as targets for anti-hyperlipidemic



drugs to reduce excess NEFA release and circulating lipids, which may lead to other

metabolic problems, as discussed (Wang and Fotsch, 2006).

1.2.2 Natriuretic peptide receptors in stimulation of lipolysis

In addition to GPCR signaling hormones, natriuretic peptides are potent stimulators
of human adipocyte lipolysis. Atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP) can stimulate lipolysis to a similar extent as isoproterenol, while c-type natriuretic
peptides show weaker effects (Sengenes et al., 2000). Human adipocytes express natriuretic
peptide receptor (NPR) type A and C, which initiate a signal cascade via the guanylyl
cyclase (GC) system (cGMP activation of protein kinase G; PKG), which results in similar
lipolytic processing as in the AC system (Sengenes et al., 2003; Stralfors and Belfrage,

1985).

1.2.3 Tyrosine kinase receptors in inhibition of lipolysis

Signaling via tyrosine kinase receptors (TKR) show potent and important anti-
lipolytic effects. The insulin receptor, and to a lesser insulin-like growth factor-1 receptor
(IGF-1R) are both TKRs expressed by adipocytes, which stimulate glucose uptake and
control cAMP levels (Bolinder et al., 1987; Saltiel and Pessin, 2002). These receptors
possess an extracellular binding domain, a transmembrane domain and a large intracellular
catalytic domain. Stimulation via the insulin receptor initiates a signal cascade of
phosphorylation events resulting in the activation of PDE-3B. PDE-3B mediates the
degradation of cAMP to 5’-AMP, thus inactivating protein kinase A (PKA) to inhibit

lipolysis (Choi et al., 2006).



1.2.4 PKA mediated cellular signaling in GPCR-stimulated lipolysis

Upon stimulation of a GPCR, the a-subunit of the Gs-protein dissociates from its
respective B and y subunits activating downstream pathway-specific targets, depending on
the Ga activated (Lagerstrom and Schioth, 2008). In adipocytes two pathways exist.
Signaling through the Gos protein activates AC and PKA, as described (Lafontan and
Langin, 2009). Alternatively, signaling through Gaq protein activates phospholipase C
(PLC), which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol (DG)
and inositol triphosphate (IP3). DG, in turn, activates conventional isoforms of protein kinase
C (cPKC) (Carmen and Victor, 2006). The activity of both these kinases, PKA and cPKC,
has been implicated in lipolysis.

High cAMP levels in the cell, via GPCR or TSHR stimulation, activates PKA. Four
molecules of cAMP bind the two regulatory subunits of PKA (PKAR), inducing a
conformational change, which results in the release and activation of the two PKA catalytic
subunits (PKAC). To achieve optimal kinase activity, PKAC must be Ser/Thr
phosphorylated on its activation loop. PKAC has many phosphorylation targets within the
cell, and recognizes the following sequence R-R-X-S/T-Y (Kemp et al., 1977). PKA activity
is reduced when PDE-3B is activated, as it degrades cAMP, thereby allowing the PKAR to
re-attach to PKAC (Taylor et al., 1990). The two key kinase targets of PKA for lipolytic
signaling are perilipin and hormone-sensitive lipase (HSL).

Since PKA regulates many processes within a given cell type, localization allows for
specificity with respect to downstream substrates. A-kinase anchoring proteins (AKAPs)
bind PKAR via an amphipathic helix domain and localize enzyme activity to specific
compartments within the cell (plasma membrane, mitochondria, nucleus etc...) (Pidoux and

Tasken, 2010). These AKAPs may also act as scaffolds for substrates and regulatory



molecules, including PDEs and phosphatases, as well as phosphorylation targets (Welch et
al., 2010). AKAPs differ in structure, yet share similar functions. To date nearly 50 AKAPs
targeting PKAR have been identified (Welch et al., 2010). Recently, PRAJA2, the focus of
this thesis, was identified as a novel AKAP and E3 ubiquitin ligase, regulating PKA
localization and activity in long-term memory storage in neuroblastoma cells, amongst other

kinase-mediated pathways (Lignitto et al., 2011).

1.2.5 Lipid hydrolysis and lipase regulation in lipolysis

Perilipin is a protective coat protein found on the surface of lipid droplets within
adipocytes and regulates the storage and utilization of cellular lipids. Perilipin A and B were
the earliest identified proteins of the PAT family (perilipin, adipophilin and tail-interaction
protein family) implicated in intracellular lipid metabolism (Brasaemle, 2007). These two
proteins arise from separate splicing events of the PLIN gene, with perilipin A being the
predominant form in mature adipocytes (Greenberg et al., 1993). Perilipin A contains three
hydrophobic regions (H1, H2 and H3), important for targeting and anchoring the protein, and
an acidic region (Subramanian et al., 2004). Perilipin is one of the most phosphorylated
proteins in adipocytes, with 6 serine residues identified as PKA target sites in mouse, Ser492
being essential for lipolysis (Brasaemle et al., 2009). Phosphorylation by the cGMP/PKG
cascade has been proposed, but details have not been described (Sengenes et al., 2003).
When phosphorylated, perilipin undergoes conformational changes exposing lipids to a
series of lipases. This phosphorylation is essential for the activation of HSL (Lafontan and
Langin, 2009).

Lipases hydrolyze lipids and are essential in digestion, transport and processing of

dietary and stored fats. It is the combined actions of adipose triglyceride lipase (ATGL),
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HSL and monoglyceride lipase (MGL), which release the 3 fatty acids from the glycerol
backbone of TGs within adipocytes. The catalytic activities of these lipases break the ester
bonds joining the fatty acid to the glycerol molecule. This occurs via catalytic residues of the
active site located in the o/f hydrolase fold of the enzyme (Watt and Spriet, 2010). The
resulting NEFA are shuttled out of the cell and into the bloodstream by fatty acid binding
protein-4 (FABP4), while glycerol escapes through an aquaporin channel (Kishida et al.,
2000; Matarese and Bernlohr, 1988).

ATGL is a 486 a.a. protein with a molecular weight of 54kDa, which releases a
NEFA from a TG, creating a DG, within the lipid droplet of adipocytes. The hydrophobic
region of this protein (a.a. 351-360) mediates lipid droplet binding and the protein contains

404

two phosphorylation sites near the C-terminus. These phosphorylation sites Ser 428

and Ser
are targets of PKA and are important for enzyme activity under stimulated conditions in vivo
(Pagnon et al., 2012; Zechner et al., 2009). Overexpression of ATGL in mouse differentiated
adipocytes increases basal and hormone stimulated lipolysis, while its knockdown decreases
NEFA and glycerol release from the cell (Kershaw et al., 2006). Null-mice have blunted
lipolysis, more TG accumulation, and achieve a rapid onset of obesity (Haemmerle et al.,
2006). Lipolytic action of ATGL is dependent on the catalytic dyad Ser47-Aspl66 and
activator o/} hydrolase domain-containing protein 5 (ABHDS). Upon stimulation, ABHDS5
translocates from the lipid droplet to the cytosol to activate ATGL for TG hydrolysis (Lass et
al., 2006; Zechner et al., 2009).

HSL exists in several isoforms with different tissue-dependent promoters (Kraemer
and Shen, 2002). Upon phosphorylation by PKA, HSL undergoes a conformational change
important for its translocation from the cytosol to the lipid droplet. Once at the lipid droplet,

phosphorylated HSL interacts with phosphorylated perilipin and neutral lipids. The C-
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terminal domain containing the catalytic triad Ser424-Asp693-His723, is responsible for its
enzymatic activity on TG and DG, the latter occurring at a 10-fold higher affinity; this results
in a monoglyceride molecule (MG) (Holm, 2003). HSL shows preference for catalysis at the
sn-1 and sn-2 positions of the lipid molecule and is reliant on phosphorylation at two PKA-
target sites, which were initially characterized in rats (Anthonsen et al., 1998; Raclot et al.,
1997).

Once processed to the MG state, the ester bond between glycerol and the final fatty
acid can be processed by MGL. MGL is a 302 a.a. protein with a molecular weight of 33kDa
(Fredrikson et al., 1986). This enzyme hydrolyzes sn-1(3) and sn-2 ester bonds at equal rates
via its catalytic triad Ser122-Asp239-His269 and is not rate limiting in the lipolytic process
(Karlsson et al., 1997). After this final round of ester bond hydrolysis, the glycerol backbone
and final NEFA are shuttled out of the cell.

An important aspect of lipid metabolism and the lipolytic process in adipocytes is
NEFA and glycerol transport. As stated, FABP4 is a lipid binding molecular chaperone,
which facilitates shuttling NEFA out of the cell (Matarese and Bernlohr, 1988). Adoption of
a PB-barrel structure creates a water-filled cavity for non-covalent ligand binding of a single
fatty acid (LaLonde et al., 1994). The remaining glycerol backbone is released from the cell
via an aquaporin channel. Aquaporin is translocated to the plasma membrane upon
catecholamine stimulation and is negatively regulated by insulin (Hibuse et al., 2006;

Kishida et al., 2000).

1.2.6 Dysregulation of lipolysis in disease states
Lipolytic activity is tightly regulated in response to feeding, fasting and physical

exercise via changes in hormone levels (catecholamines and insulin). This regulation alters
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the expression and activity of lipases within the lipolytic pathway (Horowitz and Klein,
2000; Stich et al., 1999). As individuals age, their ability to mobilize fatty acids for fuel
becomes diminished. A similar impairment is seen in those who are subjected to chronic
stress when B-ARs become desensitized (Blaak, 2000; Coppack et al., 1994). Problems in
lipolytic regulation also occur with obesity-associated insulin resistance and subclinical
hypothyroidism (SCH), as explained below.

Obesity may develop from a combination of genetic predisposition and
environmental factors (Suganami et al.,, 2012). Fundamentally, obesity is a result of a
positive energy imbalance, such that energy intake exceeds energy expenditure. This
imbalance often evolves from intake of energy-dense, nutrient poor foods high in fats and
sugars combined with a decrease in energy expenditure in today’s sedentary lifestyle. Over
time, this calorie surplus results in increased TG storage in AT (Sun et al., 2011).

Many obese individuals show comorbidities of insulin resistance. Insulin plays an
important inhibitory role in the lipolytic process. Subjects exhibiting insulin resistance will
also exhibit problems in turning off the lipolytic process in adipocytes (Reynisdottir et al.,
1994). Overall, obese subjects present with increases in plasma NEFA levels, due to their
general increased fat mass and disturbed insulin signaling (Arner, 1988). This dyslipidemia
results in ectopically deposited lipids in muscle and liver. Often during excess NEFA
processing, there is a buildup of harmful byproducts, which is correlated to dysfunction in
these tissues (Reynisdottir et al., 1994).

Adipocytes express TSHR and are targets of extra-thyroidal TSH action, resulting in
lipolysis (Gagnon et al., 2010; Marcus et al., 1988; Sorisky et al., 2000; Thrush et al., 2012).
In SCH in the adult, TSH may influence lipolysis. SCH is characterized by compensatory

high levels of circulating TSH (>5mU/L), to maintain normal thyroid hormone levels, in the
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presence of mild thyroid failure (Surks and Ocampo, 1996). Studies have shown increases in
plasma NEFA and glycerol in SCH patients compared to controls (Caraccio et al., 2005).
TSH stimulation of adipocytes in vitro leads to induction of mRNA expression and release of
IL-6 (Antunes et al., 2008). SCH is associated with insulin resistance and CVD (Maratou et

al., 2009; Rodondi et al., 2010; Sorisky et al., 2008).

1.3 A potential link between lipolysis and the ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) functions to selectively tag and degrade
unneeded and damaged proteins within the cell, via protease activity. Ubiquitin (Ub) is a 76
a.a. peptide molecule, which, when linked to a protein via a lysine residue, acts as a signal
for proteasomal degradation (Wilkinson, 2005). Ubiquitination is a three-step process; firstly,
ubiquitin-activating enzyme (E1) hydrolyzes ATP and adenylates ubiquitin (Ciechanover et
al., 1982). Next, the ubiquitin molecule is transferred to a cysteine residue in the E1 active
site and a second adenylation occurs. Subsequently, ubiquitin is transferred to ubiquitin-
conjugating enzyme (E2), which proceeds to complex with ubiquitin ligase enzyme (E3)
within the cell. E3 ligases recognize target proteins within the cell and act as a scaffold to
transfer ubiquitin from E2 to the substrate protein (Ardley and Robinson, 2005). This
mechanism may be used in maintenance of enzyme functions through processing of

regulatory units (including PKA), and may be linked to various disease states (Chain et al.,

1999).

1.4 PRAJA2: A novel AKAP and E3 ubiquitin ligase

PRAJA2 is a homolog of rat protein neurodapl (NDAPI; expressed in neurons) and
has 52% sequence similarity to PRAJAI1, an E3 ubiquitin ligase expressed in the brain

associated with x-linked mental retardation (Mishra et al., 1997). The pja2 gene is 75,286bp
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in length and is located on chromosome 5 at cytogenic band q21.3 in humans. Translation of
pja2 results in a 708 amino acid product with a molecular weight of ~78kDa. The mature
protein contains an R-binding domain (a.a. 531-631) and a RING-H2 domain (a.a. 631-708).
The former binds PKAR via an a-helix, while the latter contains intrinsic E3-ubiquitin ligase

activity (Lignitto et al., 2011).

1.4.1 Control of PKA stability and signaling by the RING ligase PRAJA2

In 2011, Lignitto ef al. characterized PRAJA2 as a novel E3 ubiquitin ligase that acts
on PKAR. Lignitto ef al. (2011) showed, in neurons, that PRAJA2 forms a stable complex
with PKAR, localizing PKA to the plasma membrane, perinuclear region and cellular
organelles in an AKAP-like manner (Lignitto et al., 2011). Upon cellular stimulation with
isoproterenol or forskolin, cAMP binds PKAR allowing for PRAJA2 phosphorylation at
residues Ser342 and Thr389 by PKAC. This phosphorylation promotes PRAJA2-mediated
ubiquitination and subsequent proteosomal degradation of PKAR, thereby prolonging
activity of PKAC and sustaining substrate phosphorylation level within the cell (Figure 1)
(Lignitto et al., 2011). Further experiments show the significance of this cellular action on
PKA-mediated cAMP response element-binding protein (CREB) phosphorylation, up-
regulation of c-fos transcription and the ultimate impact on long-term memory pathways in

hippocampal neurons.

1.4.2 Expression of PRAJA?2 in thyroid cancer

In 2012, Cantara et al. investigated the expression of PRAJA2 in thyroid cancer
samples. Binding of TSH to TSHR in differentiated thyroid cancer cells stimulates growth
and cancer progression via cAMP/PKA pathways (Schweppe et al., 2009; Zielke et al.,

1999). Levels of PRAJA2 were quantified in differentiated papillary thyroid cancer (PTC),
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Figure 1. Proposed role of PRAJA2 in PKA signaling. Ligand (L) binding to its G-protein
coupled receptor (GPCR) at the plasma membrane stimulates adeylate cyclase (AC) and
elevates intracellular cAMP levels. cAMP binding to R subunits of PKA holoenzyme
releases the catalytic moiety of PKA (C), which in turn phosphorylates PRAJA2.
Phosphorylated PRAJA2 ubiquitinylates and degrades R subunits through the proteasome
pathway. Accumulation of free active PKAC (C) sustains substrate phosphorylation,
positively impacting of the rate and magnitude of cAMP signaling. Proteolysis of other
PRAJA2 substrates may also contribute to the hormone responses. Figure taken from:
(Lignitto et al., 2011).
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anaplastic thyroid cancer (ATC), benign nodules (BN) and normal tissue (NT) (Cantara et
al., 2012). PRAJA2 was more highly expressed in PTC, at the mRNA and protein level,
when compared to levels in ATC, BN and NT (Cantara et al., 2012). PRAJA2 mRNA
expression showed inverse correlation to the aggressive potential of the tumor within the
PTC subtype for both cell-line and tissue samples (Cantara et al., 2012). This study
suggested that PRAJA2 may be a novel cancer-related gene expressed in TSH-responsive

cells that is linked to tumor histotype.

1.4.3 Proteolysis of MOBI by PRAJA?2 attenuates Hippo signaling and supports
glioblastoma growth

In 2013, Lignitto ef al. examined PRAJA2’s role in glioblastoma growth and tumor
survival via the HIPPO pathway. Mps one binder 1 (MOB1) was identified as a direct target
for PRAJA2 E3 ligase activity (Lignitto et al., 2013). Briefly, MOB1 positively regulates
kinase activity of large tumor suppressor (LATS1/2) leading to the phosphorylation, and
nuclear exclusion, of the yes-associated protein 1 (YAP) transcription factor (Hergovich,
2011). When PRAJA2 is active, MOBI is ubiquitinated and degraded by the proteasome.
This inactivates LATS1/2 kinase activity and allows YAP to translocate into the nucleus,
leading to transcription of genes involved in cell proliferation and tumor growth. Lignitto et
al. showed PRAJA2 expression at the mRNA and protein levels to be 2-3 folds higher in
clinical high-grade glioblastoma tumors when compared to lower-grade astrocytomas,
supporting its involvement in attenuating HIPPO suppression and sustaining tumor growth

(Lignitto et al., 2013).
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1.4.4 Differential PKA activation and AKAP association determines cell fate in cancer
cells

Hedrick et al. showed colorectal cancer cells (CRC) utilize various AKAPs to
regulate cell fate. Upon stimulation via transforming growth factor beta (TGFf), Smad3
binds PKAR, releasing and activating PKAC in a cAMP-independent manner. In this
context, PKA localization and kinase activity is mediated by AKAP149, causing disruption
of survivin and XIAP phosphorylation, allowing for their interaction (Chowdhury et al.,
2011). This complex ultimately relieves caspase3/7 inhibition promoting apoptosis and cell
death. Alternatively, upon cAMP-dependent activation of PKA via growth factor stimulation
of the IGF1R, PRAJA2 becomes the main effector AKAP (Hedrick et al., 2013).
Phosphorylation of survivin and XIAP proteins disrupts their interactions with each other.
This stabilization of XIAP increases its inhibitory action on caspase3/7, resulting in a pro-
survival cell fate (Hedrick et al., 2013). These results correlate with previous studies
suggesting PRAJA2 as a pro-survival/growth oncogene as shown in thyroid cancer and

glioblastomas (Cantara et al., 2012; Lignitto et al., 2013).

1.4.5 Role of the SIK2-p35-PRAJA2 complex in pancreatic f-cell functional compensation

In 2014, Sakamaki ef al. detailed the role of PRAJA2 in mediating glucose stimulated
insulin secretion (GSIS) in B-cells of the pancreas. Under basal conditions cyclin-dependent
kinase 5 (CDKS5) is bound to its regulatory subunit (activator; CDK5R1) and is able to
phosphorylate voltage dependent calcium channels (VDCC) suppressing calcium influx and
restraining insulin secretion (Wei et al., 2005). Upon glucose stimulation, salt-inducible
kinase 2 (SIK2; AMPK related kinase) is stabilized, leading to the phosphorylation of

CDK5R1 and promotion of its degradation via PRAJA2-mediated ubiquitinylation
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(Sakamaki et al., 2014). This blunts CDKS kinase activity, relieving VDCC phosphorylation,
increasing calcium ion influx and promoting insulin secretion. This study shows the
importance of SIK2-CDKS5-PRAJA2 complex in glucose homeostasis via GSIS regulation
(Sakamaki et al., 2014). Additionally, it suggests activation of SIK2 and PRAJA2 in the B-
cell may prove beneficial for treating individuals with insulin secretory deficits in the context

of T2D.

1.5 Model system

In vitro models are invaluable for studying effects of metabolism, proliferation,
differentiation and survival of adipocytes. In this thesis, a human primary differentiated
adipocyte model is used. Primary human preadipocytes can be isolated and cultured from the
SVF of various AT depots in the body. These isolated cells can then be cultured and matured
into adipocytes upon induction of differentiation (adipogenesis). Adipogenesis is induced by
supplementing growth medium with 3-isobutyl-1-methylxanthine (IBMX; 0.25mM), insulin
(850nM), indomethacin (100uM) and dexamethasone (0.5 uM) (Gagnon et al., 2013). These
factors stimulate CCAAT-enhancer binding proteins (C/EBP transcription factors), as well
as, other fatty acid storage and glucose metabolism regulators such as PPARy (Garten et al.,
2012; Park et al., 2012; Rosen et al., 2002; Wu et al., 1999). This protocol typically results in
~60-70% differentiation (Hauner et al., 2001).

Insulin acts through IGF1R and the insulin receptor throughout the differentiation
process promoting glucose uptake and de novo lipogenesis for lipid storage. IBMX inhibits
phosphodiesterase activity, amplifying cAMP levels and PKA activity within the cell
(Gregoire, 2001; Cristancho and Lazar, 2011). PKA contributes to differentiation by

phosphorylating and therefore activating CREB and subsequently C/EBP. Additionally,
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stimulation of the glucocorticoid receptor by dexamethasone increases expression of C/EBPJ
and acetylation/binding of C/EBPf to adipogenic genes (Gregoire, 2001; Cristancho and
Lazar, 2011). Indomethacin acts as a PPARy agonist, similar to thiazolidinediones,
increasing C/EBPa creating a positive feedback loop with PPARy and contributing to
promotion of lipid storage. C/EBPp and 9§ are transiently induced during the early stages of
adipocyte differentiation, while C/EBPa is up-regulated during the terminal stages of
adipogenesis (Gregoire, 2001; Cristancho and Lazar, 2011).

Limitations of this model include donor availability, cell passage number, variable
differentiation and donor differences (BMI, age, sex etc...). In culture, preadipocytes lose
their ability to differentiate after 3-4 passages. Specifically this human differentiated model
results in a mixed population of precursor and differentiated cell types, which at times may
confound results. The adipocyte precursors of the stromal vascular population differ from
mesenchymal and hematopoietic stem cells and are documented as CD147/CD34'/Cd31°
(Sengenes et al., 2005). Due to its source, the human model is relevant and representative.
Specifically, with respect to this thesis, a human model is essential to avoid potential species-
specific differences in the molecular regulation of lipolysis by TSH.

An established and widely used non-human cellular model, in this field, is the murine
3T3-L1 preadipocyte line. These immortalized cells were first isolated from Swiss 3T3
mouse embryonic tissue and have a fibroblastic appearance (Green and Meuth, 1974). This
cell line can be passaged many more times than human preadipocytes in culture and under
proper conditions can be induced to differentiate into cells that appear similar to adipocytes,
both morphologically and in their ability to respond as energy balancing endocrine cells

(Gregoire, 2001; Cristancho and Lazar, 2011). Although widely used, this line has a number
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of pitfalls including its embryonic stage, aneuploid nature, murine origin, lack of depot

specificity and species of origin (Cornelius et al., 1994).

1.6 Rationale

PRAJAZ2 has been suggested to function as both an AKAP and an E3 ubiquitin ligase.
Lignitto ef al., 2011 identified PKA as the first known target of PRAJA2 action. It was
shown to anchor PKA to the cellular membrane (AKAP) and facilitate the proteasomal
degradation of PKA regulatory subunits upon cellular stimulation with forskolin or
isoproterenol. Additionally, Cantara et al., 2012 showed increased abundance of PRAJA2 in
TSH-responsive thyroid cancer cells, PTC, compared to ATC, suggesting PRAJA2 may have
a role in TSH-stimulated cellular processes. Since adipocytes in WAT express functional
TSHR and the lipolytic pathway in these cells is PKA-dependent, the regulation of lipolysis

by TSH and isoproterenol may involve PRAJA2.

1.7 Hypothesis

It was hypothesized that PRAJA2, if present in adipocytes, would regulate the
lipolytic response stimulated by TSH or isoproterenol. It was proposed that PRAJA2 would
be phosphorylated in a PKA-dependent manner while co-localizing with PKAR.
Additionally, the down-regulation of PRAJA2 would reduce lipolytic signaling via PKA

through limiting its E3 ligase action on PKAR.

1.8 Objectives

The purpose of this project was to assess the role of PRAJA2 in TSH- and

isoproterenol-stimulated lipolysis. These studies involved the use of primary human
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adipocytes, differentiated from preadipocytes, which were isolated from the subcutaneous
depot of patients undergoing elective abdominal surgery.

Objective 1: Characterize the expression of PRAJA2 in primary human differentiated
adipocytes.

Objective 2: Investigate protein modifications and proteins interacting with PRAJA2 in
primary human differentiated adipocytes, which may elucidate the mechanism through which
PRAJAZ2 regulates the lipolytic pathway.

Objective 3: Determine the effect of down-regulating PRAJA2 expression on TSH- and

isoproterenol-stimulated lipolysis in primary human differentiated adipocytes.
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2. MATERIALS AND METHODS

2.1 Isolation of human abdominal subcutaneous stromal preadipocytes

Abdominal subcutaneous adipose tissue was obtained from 12 weight-stable female
patients undergoing elective abdominal surgery (approved by the Ottawa Health Science
Network Research Ethics Board). The age of the patients studied was 49 + 11 years and the
body mass index was 32.3 + 10.4 kg/m”> (mean + S.D.), neither parameter showed a
correlative effect on results presented. Adipose tissue was removed, and dissected to rid it of
fibrous connective tissue and blood vessels. Subsequently, the tissue was digested with
collagenase CLS type I (600 U/g tissue; Worthington Biochemical Corporation, Lakewood,
NJ, USA) for 1 hour at 37°C on nutator shaker. After digestion, the tissue was subjected to
size filtration through sterile 200 um nylon filter to remove any remaining connective tissue
and debris. The filtrated sample was then centrifuged (200 xg; 20 min) to remove floating
mature adipocytes. After centrifugation, sample was subject to progressive size filtration,
through sterile 100 pm, 50 um and 25 um nylon filters, and centrifuged a second time (200
xg; 20 min) to ensure elimination of any remaining connective tissue, debris, or mature
adipocytes from the sample. The remaining pellet was treated with red blood cell lysis buffer
(155 mM NH4CL, 5.7 mM K;HPO,4, 0.1 mM EDTA; pH 7.3) for 5 minutes, after which
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), antibiotics (100 U/mL penicillin, 0.1 mg/mL streptomycin; Life Technologies Inc.,
Burlington, ON, Canada) and antifungal agents (75 U/mL nystatin; Calbiochem, Etobicoke,
ON, CA) were added; designated growth medium. Cells were either plated (5-10x10°
cells/cm?) and grown for cryopreservation until use, or directly passaged and expanded

before being subjected to differentiation. Alternatively, for some experiments, commercially
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acquired human preadipocytes from Zen-Bio; North Carolina, NC, USA were used (Gagnon

etal., 2013)

2.2 Culture and differentiation of human subcutaneous preadipocytes
Subcutaneous stromal preadipocytes were maintained in growth medium, with
changes every two days. Each passage was performed with the addition of 1X TrypLE (Life
Technologies Inc., Burlington, ON, Canada). Cells were enumerated using a Neubauer
hemocytometer and seeded at a density of 2.5x10* cells/cm® in growth medium. The
following day, the seeded cells were placed in fresh growth medium supplemented with the
following adipogenic inducers: 850 nM insulin (Roche, Laval, QC, Canada); 0.5uM
dexamethasone (Steraloids, Newport, RI, USA); 0.25mM isobutylmethylxanthine; and
100uM indomethacin (both from Sigma-Aldrich, St. Louis, MO, USA); designated
adipocyte differentiation medium, for 2 weeks. For some experiments differentiating cells
received partial media changes, equal to half of the initial volume of adipocyte
differentiation medium, every 3-4 days throughout the two-week process. After the two-
week induction, cells were rinsed and placed back in growth media for 2-3 days before
experimental treatment. Differentiated adipocytes were photographed with Nikon Coolpix
995 digital camera mounted on Nikon Eclipse TS-100 microscope at magnifications between

100X and 400X. Typically 60-70% differentiation was achieved (Gagnon et al., 2013).

2.3 Stimulation of differentiated human adipocytes with TSH or isoproterenol
After two days in growth medium, human differentiated adipocytes were stimulated

as follows. Adipocytes were first rinsed with 1mL of filter-sterilized assay buffer (DMEM +

4% fatty acid-free BSA; Roche, Laval, QC, Canada, 100 U/mL penicillin, 0.1 mg/mL

streptomycin). Cells were then stimulated with 5 mU/mL bovine TSH (bTSH), 50 mU/mL
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bTSH, 1 uM isoproterenol or vehicle (water) (both from Sigma-Aldrich, St. Louis, MO,
USA). Treatments were removed after the indicated stimulation period and processed for
lipolysis, mRNA expression, immunoblot, immunoprecipitation, or immunohistochemistry

analysis.

2.4 RNA isolation and DNasel treatment

After stimulation, the medium was removed and 1 mL Qiazol reagent (Qiagen,
Venlo, Limburg, Netherlands) was added to the cells for 5 minutes at room temperature.
Samples were scraped, transferred to 1.5 mL microfuge tubes, and flash-frozen in liquid
nitrogen for storage at -80°C. Qiazol-treated samples were thawed at room temperature.
After thawing, 200 pL of chloroform was added, and samples were mixed by inversion for 3
minutes. After mixing, samples were centrifuged (10,000 xg, 10 min, 4°C) and the upper
aqueous layer was transferred to a new tube. Subsequently, 500 pL of isopropanol was added
to the aqueous layer, samples were mixed by inversion, and left to incubate for 10 minutes at
room temperature. Following incubation, samples were centrifuged (10,000 xg, 10 min, 4°C),
the supernatants discarded and the pellets were re-suspended in 1 mL 75% ethanol (EtOH; in
DEPC treated water). Centrifugation was repeated (7,500 xg, 5 min, 4°C) after which the
supernatants were discarded and the pellets were air-dried. Dried pellets were then re-
suspended in 50 uL. DEPC-treated water, incubated at 65°C for 10 minutes and placed on ice.

These RNA isolates were subsequently subjected to DNasel treatment to remove any
contaminating DNA from the samples, using DNA Treatment & Removal kit (Life
Technologies Inc., Burlington, ON, Canada). Following the manufacturer’s protocol, 5 pL
10X DNasel buffer and 1 pL. rDNasel were added to each sample and samples were

incubated at 37°C for 30 minutes. Next, 5 uL. of DNasel inactivation buffer was added to
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each sample and samples were subjected to mixing by inversion for 2 minutes. Finally,
samples were centrifuged (10,000 xg, 10 min, 4°C), after which supernatants were

transferred to new 1.5 mL microfuge tubes and stored at -80°C until quantification.

2.5 RNA quantification and quality analysis

RNA was quantified using Quant-it Ribogreen RNA assay kit (Life Technologies
Inc., Burlington, ON, Canada), with 16S/23S rRNA as a standard. Isolates were thawed at
room temperature and diluted (25-100X) in 1X Tris-EDTA (TE) buffer. Samples were
assayed in triplicate; 1 pL of diluted RNA was added to 99 pL TE buffer in a black-bottom
96-well plate. Subsequently, 100 pL of Ribogreen reagent was added to each well.
Fluorescence readings were taken (excitation: 485 nm, emission: 520 nm) using FLUOstar
Galaxy spectrophotometer (BMG Labtech, Ortenberg, Germany). For quality assessment 1
pg of RNA sample was run on 1% denaturing formaldehyde agarose gel to confirm samples
had not degraded. Ethidium Bromide was used as a visualizing agent and gels were imaged

on ChemiDoc-It TS2 Imaging System (Ultra-Violet Products Ltd., Upland, CA, USA)

2.6 Reverse Transcription and qPCR

Samples of 0.5-2.5 ng RNA were brought to a volume of 25 pL with nuclease-free
water. Subsequently, 5 puL of 0.5 pg/uL random primers (Life Technologies Inc., Burlington,
ON, Canada) were added and samples were incubated at 85°C for 3 minutes; followed by
incubation on ice. After cooling, 12 pL of sample were added to 8 pL reverse transcription
mix (1.25 mM dNTP, 1.4 U/uL RNase OUT, 12.5 U/uL MMLV-RT, in 1X RT buffer; all
from Life Technologies Inc., Burlington, ON, Canada) or negative control mix (no MMLV-

RT) and samples were incubated at 43°C for 1 hour. Following the incubation, MMLV-RT

27



was inactivated by heating samples to 92°C for 10 minutes. The newly synthesized cDNA
samples were stored at -20°C until use for qPCR.

Sample mRNA expression levels were analyzed via qPCR. Sample cDNA (2 pL) was
added to primers (f.c. 100 nM) and THUNDERBIRD SYBR gqPCR Mix (TOYOBO, Osaka,
OSK, Japan), to give a total reaction volume of 20 pl. PCR reactions were then performed
using Light Cycler Carousel (Roche, Laval, QC, Canada). Conditions were set to the
following parameters: 10 minutes at 95°C, followed by 45 cycles each of 15 seconds at 95°C
and 1 minute at 60°C. The primers used for PCR analyses were as follows: PRAJA2,
forward, 5’-GGTTACAGTACAATGAAGTC -3 and reverse, 5’-
CAACTCCTAGTCCATCTG-3’; SREBP-1c¢ forward, 5’-GACCGACATCGAAGACATGC-
3’ and reverse, 5’-GGCATGGACGGGTACATCTT-3’. Samples were diluted 1000X for
analysis of 18S rRNA as an internal control. Diluted cDNA (2 pL) was added to 18S pre-
developed TagMan probe and TagMan qPCR mix (Life Technologies Inc., Burlington, ON,
Canada), to give a total reaction volume of 20 pl. Conditions were set to the following

parameters: 10 min at 95°C, followed by 45 cycles each of 15 sec at 95°C and 1 min at 60°C.

2.7 Lowry protein assay

Following stimulation, cells were rinsed with 1 mL PBS and solubilized in Laemmli
buffer (2% SDS, 10% glycerol, 60 mM Tris pH 6.8, 0.002% bromophenol blue) (Laemmli,
1970). The resulting cell lysates were scraped, collected using a 26G syringe and boiled for 5
minutes. Protein was quantified via a modified Lowry assay, using Bio-Rad DC protein
assay (Bio-Rad, Hercules, CA, USA) with bovine serum albumin (BSA) as a standard.
Samples were thawed and assayed in triplicate; 2-5 pL of sample were diluted to a final

volume of 200 pL with water. First, 20 pL of deoxycholate (DOC; 1.5 mg/mL) were added;

28



samples were vortexed and incubated for 10 minutes at room temperature. Next, 20 puL of
trichloroacetic acid (TCA; 72% v/v) were added; samples were vortexed and centrifuged
(21,000 xg 10 min, room temperature). Following centrifugation, supernatants were
discarded and pellets were air-dried for one hour. Pellets were re-suspended in 25 pL Bio-
Rad Reagent A’ (commercially supplied reagents S and A, 1:50), incubated for 5 minutes
and then 200 pL of Bio-Rad Reagent B was added. After a 15 minute incubation, 200 pL of
sample was transferred to 96-well microplate and absorbance readings were taken at a

wavelength of 750 nm, using FLUOstar Galaxy spectrophotometer.

2.8 Immunoblot analysis

Equal amounts of solubilized protein (5-50 pg), or equal volumes (15-50 pL) for
immunoprecipitation samples, were resolved using SDS-PAGE (7.5% to 15% acrylamide).
Gel resolution was performed at 200V for 45-60 minutes, and subsequently
electrophoretically transferred to a nitrocellulose membrane (Sigma-Aldrich, St. Louis, MO,
USA) at 70V for a time period ranging from 1 hour to 1 hour and 45 minutes, depending on
the molecular mass of the protein being assessed. Once transferred, membranes were rinsed
with 1X PBS and blocked with 5% skim milk in 1X PBS/0.1%Tween20 for 1 hour to
prevent non-specific binding of antibodies used for immunoblotting. Membranes were rinsed
with 1X PBS and probed overnight at 4°C on Labquake rotator with primary antibodies
against the following proteins: PJA2 (1:500-1:2000; Sigma-Aldrich, St. Louis, MO, USA),
mitogen-activated protein kinase (MAPK: ERK1/2; 0.25pg/mL; Millipore, Billericia, MA,
USA), fatty acid synthase (FAS; 1:1000; BD Biosciences, Mississauga, ON, Canada),
phospho-PKA substrate (RRXS*/T*; pPKAsub; 1:1000; Cell Signaling Technology,

Beverly, MA, USA), protein kinase B (Akt; 1:1000; Cell Signaling Technology, Beverly,
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MA, USA), PKAR2 (1:1000; Abcam, Cambridge, England, UK). After incubation with
primary antibody, membranes were washed twice with 1X PBS/0.1%Tween20 for 15
minutes at room temperature. Membranes were subsequently incubated for 1 hour with the
appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (anti-rabbit or
anti-mouse, 1:500-1:50,0000) diluted in 5% skim milk in 1X PBS. Following incubation,
membranes were washed once for 15 minutes and three times for 5 minutes in 1X
PBS/0.1%Tween20. Membranes were rinsed 5 times in 1X PBS and subjected to
chemiluminescent HRP substrate detection solution (EMD Millipore, Billerica, MA, USA)
for 5 minutes. Immunoreactive detection was captured by exposing membranes to film and
processing the film using a Feature-SRX-101A developer (Konica Minolta, Chiyoda, Tokyo,
Japan). Relative band intensity was quantified and expressed as integrated optical density
(IOD) units using AlphaEaseFC software (Alpha Innotec Co., version 4.0.0).

For analysis of protein transfer to the nitrocellulose membrane, membranes were
incubated with 0.1% PonceauS in 5% v/v acetic acid (Sigma-Aldrich, St. Louis, MO, USA)
for 20 minutes at room temperature on orbital shaker. Following incubation, membranes
were rinsed with dH,O or 1X PBS and visually assessed for disparity in transfer.
Additionally, as a loading control for experiments comparing protein expression in
preadipocytes versus differentiated adipocytes, Coomassie Brilliant Blue staining was
performed. Membranes were incubated in 0.01% Coomassie brilliant blue R-250 (Life
Technologies Inc., Burlington, ON, Canada) in a solution of 40% methanol, 10% acetic acid,
50% water for 10 minutes with shaking. Following incubation, membranes were rinsed 3
times and washed 3 times for 10 minutes on orbital shaker in a solution containing 25%
isopropanol, 10% acetic acid, 65% water. Membranes were then rinsed 3 times with water or

1X PBS and densitometric analysis was performed. Relative protein content was quantified
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between 26-55kDa in each lane and data expressed as integrated optical density (I0D.) units

using AlphaEaseFC software (Alpha Innotec Co., version 4.0.0).

2.9 Triglyceride extraction and quantification

Cells were rinsed with 500 pL of PBS and cellular lipids were extracted using
isopropanol/heptane (2:3) solution, in a two-step procedure. The cells were first incubated in
0.5mL isopropanol/heptane solution at room temperature for 30 minutes, followed by a
second 15-minute incubation. After each incubation, the isopropanol/heptane solution was
collected in a glass test tube and dried under N, stream using N-EVAP model 112
(Organomation Associates Inc., Manual, NV, USA). Extracts were stored at -20°C until
quantification.

Triglycerides were quantified using Triolein as a standard (MP Biomedicals Inc.,
Santa Ana, CA, USA). Dried lipid extracts were re-suspended in 300 pL of isopropanol.
Samples were assayed in triplicate; 10 pL of sample were added to 50 pL isopropanol in a
96-well plate. Subsequently, 30 pL of saponification reagent (18 M KOH in 25%
isopropanol) were added and the plate was incubated for 10 minutes at room temperature.
Following incubation, 60 pL of 3 mM sodium metaperiodate reagent (3 mM sodium
metaperiodate, 100 mM ammonium acetate; in 6% acetic acid) and 60 pL of acetylacetone
reagent were added. The plate was then incubated for 15 minutes at 65°C. Samples were left
to cool to room temperature and absorbance readings were read at a wavelength of 405 nm,
using FLUOstar Galaxy spectrophotometer. TG was expressed as pg/mg protein, as

determined by the modified Lowry assay.
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2.10 Glycerol quantification

After cellular stimulation, conditioned medium was collected from the cells into
chilled 1.5 mL microfuge tubes and centrifuged (500 xg, 5 min, no brake at RT). Following
centrifugation, supernatants were transferred to new, chilled microfuge tubes. Glycerol in the
medium was quantified according to Zen-Bio protocol (Zen-Bio, North Carolina, NC, USA),
with glycerol as a standard (Sigma-Aldrich St. Louis, MO, USA). Samples were assayed in
triplicate; 50 pL of sample were added per well in a 96-well plate. To this, 50 uL of glycerol
reagent for enzymatic glycerol quantification (Sigma-Aldrich St. Louis, MO, USA) were
added and the plate was incubated in darkness at room temperature for 15 minutes.
Absorbance readings were taken at a wavelength of 540 nm, using FLUOstar Galaxy
spectrophotometer. Glycerol content was expressed as pmol/mg protein, as determined by

the modified Lowry assay.

2.11 Non-esterified fatty acid quantification

After cellular stimulation, conditioned medium was collected from the cells into
chilled 1.5 mL microfuge tubes and centrifuged (500 xg, 5 min, no brake at RT). Following
centrifugation, supernatants were transferred to new, chilled microfuge tubes. NEFA in the
conditioned medium was quantified using HR-series NEFA-HR(2) kit (Wako Diagnostics,
Richmond, VA, USA), with oleic acid as a standard. Samples were assayed in triplicate; 5
pL of sample were added per well in a 96-well plate. To this, 225 uL of NEFA-HR reagent A
were added and the plate was incubated at 37°C for 10 minutes. Subsequently, 75 pL of
NEFA-HR reagent B were added and the plate was incubated at 37°C for 10 minutes.

Samples were left to cool and absorbance was read at a wavelength of 540 nm, using
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FLUOstar Galaxy spectrophotometer. NEFA content was expressed as umol/mg protein, as

determined by the modified Lowry assay.

2.12 Immunoprecipitation

After stimulation, cells were rinsed with 1 mL 1X PBS and incubated on ice for 15
minutes with 0.5 mL lysis buffer (1% NP-40, 200 uM Na3;VO,, 0.1 mg/ml PMSF, 10 pg/ml
aprotinin, 10 pg/ml leupeptin, 4 pg/ml benzamidine, 50 mM NaF, 1 uM B-glycerophosphate,
5 mM NaPPi, in 1X PBS). Samples were harvested via scraping, transferred to 1.5 mL
chilled microfuge tubes and mixed thoroughly by pipetting up and down several times.
Subsequently, samples were centrifuged (18,000 xg, 10 min, 4°C) and supernatant was
transferred to new microfuge tubes avoiding the lipid layer. Three aliquots of 5 uLL were used
for BCA protein determination and remaining sample was processed for
immunoprecipitation as outlined below.

Two 300 pL aliquots of protein A-sepharose beads (Sigma-Aldrich, St. Louis, MO,
USA) or protein G-sepharose beads (Life Technologies Inc., Burlington, ON, Canada) were
rinsed twice by centrifuging (18,000 xg, 1 min, 4°C) and re-suspending the pellet in 300 pL
lysis buffer. In one set of microfuge tubes, 40 puL of washed sepharose beads were combined
with the obtained cellular lysate. In a second set of tubes, 40 pL of washed sepharose beads
was combined with 460 pL lysis buffer and antibody appropriate for IP (2 pg rabbit anti-
PJA2; Sigma-Aldrich, St. Louis, MO, USA; 1:50 (10 pL) rabbit anti-pPKAsub (RRXS*/T*);
Cell Signaling Technology, Beverly, MA, USA; 2.5 pg mouse anti-PKAR2; Abcam,
Cambridge, England, UK). Both sets of microfuge tubes were incubated for 1 hour at 4°C
with rotation on nutator. The protein A/G-sepharose-antibody complex was then centrifuged

(18,000 xg, 1 min, 4°C) and rinsed with 0.5 mL lysis buffer. Both sets of microfuge tubes
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were then centrifuged (18,000 xg, 1 min, 4°C) and 0.8-1.5 mg of protein from the cleared
lysate (as per BCA protein determination assay below) was transferred to the sepharose
bead-antibody complex. Additionally, 40 puL of excess cleared lysate was combined with
Laemmli buffer, boiled for 5 min and stored at -20°C for immunoblot analysis. Cleared
lysates were incubated with protein A/G-sepharose - antibody complex overnight at 4°C with
rotation. The following day, incubated samples were centrifuged (18,000 xg, 1 min, 4°C) and
bead-antibody-antigen IP complexes were rinsed 5X with 0.5 mL lysis buffer. Upon final
centrifugation, IP complexes were re-suspended in 75 pL 1X Laemmli buffer, briefly
vortexed, boiled for 5 min and stored at -20°C until immunoblot analysis. Samples were

centrifuged (21,000xg, 5 min) prior to loading for SDS-PAGE to pellet the sepharose beads.

2.13 Bicinchoninic acid protein determination

Protein was quantified via BCA assay, using BCA Protein Assay Reagent Kit (Pierce,
Rockford, IL, USA) with bovine serum albumin as a standard. Samples were assayed in
triplicate. 5 uL. of sample was diluted to a final volume of 250 puL with lysis buffer and 250
pL of water was added. Following sample dilution, 0.5 mL BCA reagent cocktail was added
to each sample, reagent cocktail consisted of kit reagents MA, MB and MC combined in at a
ratio of 50:48:2 v/v/v respectively. Samples were mixed and incubated for 1 hour at 65°C.
Subsequently, samples were transferred to cuvettes and left to cool to room temperature.
Absorbance readings were taken at a wavelength of 562 nm, using an Ultrospec 3100 pro

spectrophotometer (GE Healthcare Life Sciences; Baie d’Urfé, QC, CA).

2.14 DNA vector preparation and analysis

Packaging vectors: psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene

plasmid 12259) (Addgene, Cambridge, MA, USA); pTRIPZ inducible lentiviral non-
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silencing control: CTTACTCTCGCCCAAGCGAGAG (ThermoFisher Scientific, Ottawa,
ON, CA); pTRIPZ inducible lentiviral human PDGFR-B shRNA:
TTTACCACCTCAGTAACTC and three pTRIPZ inducible lentiviral human PJA2 shRNA:
TTCAAATATAGGTTCACTG, TGAGGATTGATCTTTTTCT and
TGTTGTTTCGTACTAACCA (ThermoFisher Scientific, Ottawa, ON, CA) were used.
DNA vectors were prepared using the maxiprep protocol from 500 mL DHS5-a E. coli
overnight cultures grown in Luria Broth (LB; Life Technologies Inc., Burlington, ON,
Canada) with 100 pg/mL ampicillin at 37°C with shaking (225 rpm).

First, cultures were centrifuged (6000 xg, 15 min, 4°C). Supernatants were discarded
and pellets re-suspended in 10 mL P1 re-suspension buffer (50 mM TrisHCI pH 8.0, 10 mM
EDTA, 100 pg/mL RNase A). Subsequently, 10 mL of P2 lysis buffer (200 mM NaOH, 1%
w/v SDS) were added, mixed and incubated for 5 minutes at room temperature. After
incubation, 10 mL of P3 neutralization buffer (3.0 M potassium acetate, pH 5.5) were added,
mixed and incubated for 20 minutes on ice. Preparations were then centrifuged (20,000 xg,
30 min, 4°C) during which columns (Qiagen, Venlo, LI, Netherlands) were equilibrated with
10 mL QBT buffer (750 mM NaCl, 50 mM MOPS pH 7.0, 15% v/v isopropanol, 0.15% v/v
Triton X-100). Supernatants were applied to the columns followed by 2x30 mL rinses with
QC wash buffer (1.0 M NaCl, 50 mM MOPS pH 7.0, 15% v/v isopropanol). Lastly, DNA
was eluted in 15 mL QF buffer (1.25 mM NaCl, 50 mM TrisHCI pH 8.5, 15% v/v
isopropanol) and 10.5 mL of isopropanol were added to the eluate. The DNA solution was
then centrifuged (15,000 xg, 30 min, 4°C), the supernatant was discarded and the pellet was
washed with 5 mL 70% EtOH and centrifuged (10,000 xg, 5 min, 4°C). Finally, the
supernatant was discarded, the pellet air dried and re-suspended in 300 uL. 10 mM Tris pH

8.5; DNA was stored at -20°C.
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DNA was quantified using Quant-it Picogreen DNA assay kit (Life Technologies
Inc., Burlington, ON, Canada), with commercial DNA as a standard. Vector preparations
were thawed and diluted (10-100X) in 1X Tris-EDTA (TE) buffer. Samples were assayed in
triplicate; 1 pL of undiluted, 10X diluted and 100X diluted DNA were added to 99 pL. TE
buffer in a black-bottom 96-well plate. Subsequently, 100 pL of Picogreen reagent were
added to each well. Fluorescence readings were taken (excitation: 485 nm, emission: 520
nm) using FLUOstar Galaxy spectrophotometer (BMG Labtech, Ortenberg, Germany).

Restriction digest analysis was performed on 0.5 pg DNA for vector validation.
Vector DNA was digested with 1 uL enzyme (psPAX2: Pstl, buffer 2; pMD2.G: Ncol,
buffer 3; pTRIPZ: Sall, buffer 10) in a total volume of 20 uL at 37°C for 1.5 hours.
Following digest, 2 puL of loading dye (50% glycerol, 0.25% xylene cyanol FF) were added
to each sample and run on 1% agarose gel, with AHindIII DNA as a reference. Ethidium
Bromide was used as a visualizing agent and gels were imaged on ChemiDoc-It TS2
Imaging System (Ultra-Violet Products Ltd., Upland, CA, USA).

In a total volume of 100 pL, 2.8 pg pMD2.G and 5.3 pg psPAX2 were combined
with or without 8 pug pTRIPZ vector (control or shRNA-containing). To this, 10 uL. of 3M
sodium acetate pH 5.2 and 200 pL 100% EtOH were added and samples were placed at -

20°C to precipitate DNA.

2.15 HEK293FT culture, transfection and viral collection

Frozen HEK293FT cells (passage number 5-8) were thawed and placed in complete
growth medium, with changes every two days (complete growth medium: DMEM
supplemented with 10% FBS, antibiotics (100 U/mL penicillin, 0.1 mg/mL streptomycin),

ImM sodium pyruvate, minimal essential medium with non-essential amino acids (MEM
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NEAA) and 25 mM glucose, 400 pg/mL Geneticin (G418)). Each passage was performed
with the addition of 1X TrypLE (Life Technologies Inc., Burlington, ON, Canada). After a
minimum of four passages, cells were enumerated using a Neubauer hemocytometer and
800,000 cells were seeded per 100mm culture dish. Cells were grown to 70-90% confluence
in preparation for transfection.

Cells were rinsed three times with 5 mL DMEM and antibiotics (100 U/mL
penicillin, 0.1 mg/mL streptomycin), and subsequently placed in 7.5 mL DMEM with
antibiotics for 2 hours at 37°C. DNA preparations were centrifuged (18,000 xg, 15 min, 4°C),
the supernatants were discarded and pellets were left to air dry. Pellets were then re-
suspended in 220 pL 0.1X TE buffer. To this, 116.7 puL of water and 37.7 pL of 2.0 M CaCl,
were added. Finally, 380 puL of 2X HEPES Buffered Saline Solution (HBSS; 280 mM NacCl,
10 mM KCl, 1.5 mM Na,HPO4, 11 mM dextrose, 42 mM HEPES) were added drop wise
with continuous mixing. The transfection cocktail was then added drop by drop around the
plate, swirled once and incubated for 5 hours at 37°C. After incubation, 800 uL. FBS were
added to the plate and cells were incubated overnight.

The following day, the transfection agents were removed and cells were rinsed four
times with 5 mL complete growth medium (no G418) and placed in 5 mL medium. After 8
hours, medium was collected and stored at 4°C, and 5 mL of fresh complete growth medium
(no G418) were added and cells were returned to the incubator (37°C) overnight. The
following morning, media collection was repeated and combined with the collection from the
previous day. Viral medium collection was centrifuged (150 xg, 5 min, 4°C) and sterilized
through a 0.45 pm filter. The samples were frozen at -80°C until adipocyte infection.

Cells were subsequently placed in 8 mL complete growth medium (no G418) with 2

pg/mL doxycycline (DOX). DOX was replenished every day for 5 days with full medium
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changes every second day. Transfection efficiency was visualized by comparing RFP
fluorescent and phase images of the cells using an Axiovert S 100 microscope with an

Axiocam camera attachment (Zeiss; Oberkochen, Germany).

2.16 Adipocyte infection

Filtered viral collections were thawed at room temperature and processed using PEG
Virus Precipitation kit (BioVision, Milpitas, CA, USA). First, 5X polyethylene glycol (PEG)
reagent was added and virus preparation was left overnight at 4°C to precipitate the virus.
The following day, the virus was centrifuged (3000 xg, 30 min, 4°C), the supernatant
removed and the virus re-suspended in re-suspension buffer (0.5 mL/viral collection). To
this, 2 mL infection media (DMEM, 4 ng/mL polybrene) were added and the viral re-
suspension was mixed. Media was removed from cells and 310 pL of viral re-suspension
were added (60,000 cells/well, 24-well plate), and cells were incubated at 37°C for 6 hours.
After incubation, 310 pL of growth media were added to the cells and they were left to
incubate overnight. The following day, viral re-suspension was removed and the cells were
placed in 0.5 mL growth media for 24 hours. Knockdown was induced by adding 2 pg/mL
DOX, which was replenished every day with full medium changes every second day. The
infection was visualized by comparing RFP fluorescent and phase images of the cells using
an Axiovert S 100 microscope with an Axiocam camera attachment (Zeiss; Oberkochen,
Germany). Cells were harvested in Laemmli after 4-6 days of DOX treatment and assessed

for knockdown via immunoblot analysis.

2.17 Immunohistochemistry

Cells were plated, differentiated and stimulated as described above on three

coverslips per experimental dish. After stimulation, cells were rinsed twice with 1 mL 1X
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PBS and incubated in 2 mL 3.7% paraformaldehyde for 20 minutes at room temperature.
Following fixation, cells were rinsed twice with 1 mL 1X PBS and incubated in 2 mL 0.2%
Triton X-100 for 10 minutes at room temperature. Subsequently, cells were rinsed three
times with 1mL 1X PBS and incubated in 2 mL blocking solution (1% FBS) for 30 minutes
at room temperature. Coverslips were then removed from each plate, rinsed three times
through 1X PBS and placed face-up in a humid chamber. Next, 50 uL of PRAJA2 antibody
(1:50 rabbit anti-PRAJA2; Sigma-Aldrich, St. Louis, MO, USA) or antibody dilution buffer
(3% BSA in 1X PBS) were added to the sample or control respectively and incubated in the
humid chamber at 37°C for 45 minutes. Once again, coverslips were rinsed and incubated in
50 pL anti-rabbit secondary antibody (Alexa Fluor 488 anti-rabbit IgG antibody (1:100; Life
Technologies Inc., Burlington, ON, Canada) at 37°C for 45 minutes. Rinses and antibody
incubations were repeated consecutively with PKAR2 (1:50; mouse anti-PKAR2; Abcam,
Cambridge, England, UK) and Cy3-anti mouse IgG (1:100; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Next, coverslips were rinsed and incubated with 50 pL.
of 1 pg/mL Hoechst dye for 10 minutes at room temperature. Finally, coverslips were rinsed
and mounted facedown on glass slides with 15 uL. Mowiol/coverslip.

Cells were visualized and photographed (400X magnification) with a Zeiss Axio
Imager.M1 microscope equipped with an Axiocam HRm digital camera (Zeiss, Oberkochen,
Germany). Two random fields were photographed for each of the two coverslips used per
treatment. The following filters were applied Alexa fluor 488 (excitation: 495 nm, emission:
579 nm), Hoechst (excitation: 359 nm, emission: 467 nm), Cy3 (excitation: 578 nm,
emission: 603 nm). Analysis was performed by assessing the staining for each cell in the

field of view for localization from the merged images.
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2.18 Statistical analysis

A one-way ANOVA was used to establish significance within each experiment.
Student-Newman-Keuls was used as a post-hoc test to assess differences between multiple
means (Instat, version 3.05; Graphpad). Additionally, a t-test was performed to establish
significance within each time point (Excel 2010, version 14.0.7; Microsoft). Pearson’s
correlation was used to assess linear dependence (Instat, version 3.05; Graphpad). Pvalues

<0.05 were considered significant.
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3. RESULTS
3.1 TSH or isoproterenol stimulate lipolysis in human primary differentiated
adipocytes

To confirm the lipolytic response of human primary differentiated adipocytes via
stimulation of TSHR or B-adrenergic receptors as previously shown by our research group,
these cells were stimulated with TSH or isoproterenol (Gagnon et al., 2010). Primary
differentiated adipocytes were stimulated for 4 hours with SmU/ml TSH, 50mU/mL TSH,
1uM isoproterenol or vehicle. All three treatments were able to stimulate release and
accumulation of NEFA and glycerol within the culture media. NEFA release showed a dose-
dependent response for TSH stimulation with up to a 3-fold increase when compared to the
control condition (Figure 2A). Similar results were seen for glycerol release upon stimulation
with TSH or isoproterenol, with up to a 7-fold increase when compared to the control
condition (Figure 2B). Intracellular triglycerides showed no significant difference between
conditions, indicating an equal degree of differentiation across experimental conditions
(Figure 2C). Data were normalized to cellular protein content as determined by the modified

Lowry assay.

3.2 PRAJA2 is expressed in primary human differentiated adipocytes
Performance of the commercially available PRAJA2 antibody was assessed in this
primary cellular model. The antibody was used to measure protein expression of PRAJA2 in
untreated primary human differentiated adipocytes. The PRAJA2 antibody showed a clear
signal that was proportional to the amount of solubilized cellular protein (10-50 pg) (Figure

3A, B). The signal was detected at a molecular weight of ~120kDa, consistent with the
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Figure 2. TSH and isoproterenol stimulate lipolysis in human primary differentiated
adipocytes. Human primary differentiated adipocytes were treated with 1uM isoproterenol,
SmU/mL TSH, 50mU/mL TSH or vehicle for 4hrs. Conditioned medium was analyzed for
non-esterified fatty acids (A) and glycerol (B) release. Triglycerides were extracted and
analyzed (C) as an indicator of differentiation. Values from 2 separate patients are expressed
as mean + range after normalizing to cellular protein.
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Figure 3. PRAJA2 is expressed in primary human differentiated adipocytes. Solubilized
protein from untreated human primary differentiated adipocytes was separated by SDS-
PAGE and immunoblotted for PRAJA2 and ERK1/2 (loading control). An immunoblot of 3
patient samples (1-3) showing PRAJA2 and ERK1/2 with increasing amounts of solubilized
protein is presented (A). Densitometry data from 3 separate patient samples for PRAJA2 (B)
and ERK1/2 (C) expressed as mean = SEM. Pearson’s correlation was used to assess linear
dependence (R?*: coefficient of determination).
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literature (Lignitto et al., 2011). ERK1/2 was used as a loading control and showed a parallel

response proportional to the amount of solubilized cellular protein (Figure 3A, C).

3.3 PRAJA2 is equally expressed in primary human preadipocytes and
differentiated adipocytes

PRAJA2 expression was compared in primary human preadipocytes and primary
human differentiated adipocytes. Cells were harvested after being subjected to either
differentiation medium for 14 days (adipocytes) or normal growth medium for 14 days
(preadipocytes). The cellular lysates were analyzed for PRAJA2 via immunoblot, with fatty
acid synthase (FAS) as a marker of differentiation and Coomassie staining as a loading
control (Figure 4A). Densitometric analysis of the immunoblots showed a significant
increase in FAS in adipocytes (Figure 4B; p<0.001). PRAJA2 was detected in both
preadipocytes and differentiated adipocytes, without any difference in expression (Figure
4C). Protein loading was equal for all samples, as assessed by Coomassie staining (Figure 4

D).

3.4 TSH or isoproterenol stimulation does not alter PRAJA?2 expression at the
mRNA level in human primary differentiated adipocytes

Given the involvement of PRAJA2 in PKA regulation, and its increased expression in
TSH-responsive thyroid cancer cells, it was investigated whether there were transcriptional
effects of TSH or isoproterenol on PRAJA2 gene expression. Primary human differentiated
adipocytes were stimulated for 2, 4, or 24 hours, with SmU/mL TSH, 1uM isoproterenol or
vehicle, and then harvested and processed for qPCR analysis of mRNA. PRAJA?2 transcript

levels were assessed with 18S as an internal control. PRAJA2 mRNA was detected in
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Figure 4. PRAJA?2 is equally expressed in primary human preadipocytes and differentiated
adipocytes. Human primary preadipocytes and differentiated adipocytes were harvested at
day 14. Cellular proteins were separated by SDS-PAGE and immunoblotted for PRAJA2 and
fatty acid synthase (FAS, differentiation marker). Coomassie staining was used to assess
loading. A representative immunoblot showing PRAJA2 and FAS is presented (A).
Densitometric data from 3 separate patient samples for FAS (B), PRAJA2 (C) and
Coomassie stain (D) are expressed as mean + SEM, *** indicates p<0.001, determined by
one-way ANOVA and the Student-Newman-Keuls test.
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adipocytes, and levels did not change following stimulation with TSH (Figure 5A) or

isoproterenol (Figure 5B).

3.5 TSH or isoproterenol stimulation does not alter PRAJA2 protein expression
in primary differentiated adipocytes

PRAJA2 protein levels were measured basally and upon TSH or isoproterenol
stimulation to assess potential post-transcriptional regulation. Primary human differentiated
adipocytes were stimulated for 4, 6, or 24 hours, with SmU/mL TSH, 1uM isoproterenol or
vehicle. Cellular lysates were analyzed for PRAJA2 by immunoblot analysis, with ERK 1/2
as a loading control (Figure 6A, 7A). PRAJA2 was detectable at all time points. There was
no significant difference following TSH stimulation, compared to the control (Figure 6B).
Additionally, there was no significant difference following isoproterenol stimulation,
compared to the control (Figure 7B). A longer time course up to 48 hours showed no
significant differences (Figure 8A). There were no significant differences in the ERK1/2

loading controls.

3.6 Isoproterenol increases PKA-specific phosphorylation of PRAJA2-associated
proteins

PKA was shown to be phosphorylated by PRAJA2 in studies that overexpressed
FLAG-PRAJA2 in HEK293 cells (Lignitto et al., 2011). Therefore, it was assessed if
endogenous PRAJA2 was phosphorylated by PKA. Primary human differentiated adipocytes
were stimulated for 5, 15 or 30 min, with 1uM isoproterenol or vehicle. Cellular lysates were
collected and PRAJA2 was immunoprecipitated using the PRAJA2 antibody.

Immunoprecipitates were then immunoblotted using pPKA substrate antibody to assess
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Figure 5. TSH or isoproterenol stimulation does not alter PRAJA2 mRNA expression in
differentiated adipocytes. Human primary differentiated adipocytes were treated with
SmU/mL TSH (A), 1uM isoproterenol (B) or vehicle for 2, 4 or 24hrs. Cellular mRNA was
extracted using Qiazol reagent and analyzed for PRAJA2 expression by qPCR with 18S as
an internal control. Data from 4 separate patient samples are expressed as mean (fold of
control) +SEM. A one-way ANOVA was used to assess statistical significance between
conditions; no significant differences were found.
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Figure 6. TSH stimulation does not alter PRAJA2 protein expression in differentiated
adipocytes. Human primary differentiated adipocytes were treated with SmU/mL TSH or
vehicle for 4, 6 or 24hrs. Cellular proteins were separated by SDS-PAGE and immunoblotted
for PRAJA2 and ERK1/2 (loading control). A representative immunoblot showing PRAJA2
and ERK1/2 is presented (A). Densitometry data from 3 separate patient samples for
PRAJA2 (B) and ERK1/2 (C) are expressed as mean + SEM. A one-way ANOVA was used
to assess statistical significance between conditions; no significant differences were found.
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Figure 7. Isoproterenol stimulation does not alter PRAJA2 protein expression
differentiated adipocytes. Human primary differentiated adipocytes were treated with 1uM
isoproterenol or vehicle for 4, 6 or 24hrs. Cellular proteins were separated by SDS-PAGE
and immunoblotted for PRAJA2 and ERKI1/2 (loading control). A representative
immunoblot showing PRAJA2 and ERKI1/2 is presented (A). Densitometry data from 3
separate patient samples for PRAJA2 (B) and ERK1/2 (C) are expressed as mean + SEM. A
one-way ANOVA was used to assess statistical significance between conditions; no
significant differences were found.
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Figure 8. TSH or isoproterenol stimulation at later time points does not alter PRAJA2
protein expression in differentiated adipocytes. Human primary differentiated adipocytes
were treated with SmU/mL TSH (A), 1uM isoproterenol (B) or vehicle for 8, 24 or 48hrs.
Cellular proteins were separated by SDS-PAGE and immunoblotted for PRAJA2 and
ERK1/2 (loading control). Representative immunoblots show PRAJA2 and ERK1/2.
Densitometry data from 3 separate patient samples for PRAJA2 are expressed as mean +
SEM. A one-way ANOVA was used to assess statistical significance between conditions; no
significant differences were found.
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phosphorylated PKA substrates, as well as PRAJA2 antibody to assess immunoprecipitation
efficiency (Figure 9A). In these studies, a faint band was visible at 122kDa, as interpolated
via standard curve analysis. Phosphorylation state of this 122kDa protein appears responsive
to isoproterenol stimulation, with a significant response noted at the 5 minute time point
(Figure 9A, B; p=0.05). In addition to the 122kDa band a second, band of interest appears at
69kDa. This 69kDa protein co-immunoprecipitates with PRAJA2 and appears to be a PKA-
phosphorylation target. Its phosphorylation seems highly responsive to isoproterenol
stimulation at all time points, with statistical significance at the 15 minute time point (Figure

9A, C; p=0.01).

3.7 TSH does not alter PKA-specific phosphorylation of PRAJA2-associated
proteins

Primary human differentiated adipocytes were stimulated for 5 or 15 min, with
SmU/mL TSH or vehicle. Cellular lysates were collected and immunoprecipitated using the
PRAJA2 antibody. Immunoprecipitates were then immunoblotted using pPKA substrate
antibody to assess phosphorylated PKA substrates, as well as PRAJA2 antibody to assess
immunprecipitation  efficiency (Figure 10A). Again the 69kDa protein co-
immunoprecipitates with PRAJA2 and is detected as a PKA-phosphorylation target;
however, phosphorylation is not altered following TSH stimulation. Densitometric analysis

of this band shows no significant difference between treatments (Figure 10B).

3.8 Immunoprecipitation of pPKA substrates to detect PRAJA2 phosphorylation
PKA-specific phosphorylation of PRAJA2 was assessed by determining its presence
in pPKA substrate antibody immunoprecipitates. Primary human differentiated adipocytes

were stimulated for 5, 15 or 30min, with 1uM isoproterenol or vehicle.
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Figure 9. Isoproterenol increases PKA-specific phosphorylation PRAJA2-associated
proteins. Human primary differentiated adipocytes were treated with 1uM isoproterenol or
vehicle for 5, 15 or 30mins. Cellular lysates were immunoprecipitated using anti PRAJA2
antibody. Proteins were separated by SDS-PAGE and immunoblotted for pPKAsub and
PRAJA2 (IP control). A representative immunoblot of pPKAsub shows PKA
phosphorylation events in response to stimulation (122kDa and 69kDa), and PRAJA2 control
(A). Densitometry data from 3-4 separate patient samples for 122kDa (B) and 69kDa band
(C) are expressed as mean + SEM. Significance determined by paired t-test within each time
point.
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Figure 10. TSH does not increase PKA-specific phosphorylation PRAJA2-associated
proteins. Human primary differentiated adipocytes were treated with SmU/mL TSH or
vehicle for 5 or 15 mins. Cellular lysates were immunoprecipitated using PRAJA?2 antibody.
Proteins were separated by SDS-PAGE and immunoblotted for pPKAsub and PRAJA2 (IP
control). A representative immunoblot of pPKAsub shows PKA phosphorylation events in
response to stimulation (69kDa), and PRAJA2 control (A). Densitometry data from 3
separate patient samples for 69kDa band (B) are expressed as mean + SEM. Significance
determined by paired t-test within each time point; no significant differences were found.
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Cellular lysates were collected and immunoprecipitated using the pPKAsub antibody.
Immunoprecipitated samples were then analyzed for PRAJA2 by immunoblot analysis, as
well as pPKAsub to assess PKA activity and extent of immunoprecipitation (Figure 11).
However, phosphorylated PRAJA2 was not detected in this series of immunoprecipitation

experiments.

3.9 Interaction between PKAR2 and PRAJA2

PKAR?2 interacts with PRAJA2 under basal conditions. Disassembly of this complex
and degradation of PKAR?2 by the proteasome occur following cellular stimulation (Hedrick
et al., 2013; Lignitto et al., 2011). Attempts were made to assess whether PKAR2-PRAJA2
interaction would decrease following cellular stimulation in our experimental model. Primary
human differentiated adipocytes were stimulated for 5, 15 or 30 min, with 1uM isoproterenol
or vehicle. Cellular lysates were immunoprecipitated using the PKAR2 antibody.
Immunoprecipitates were then analyzed for PRAJA2 by immunoblot analysis. No band
corresponding to PKAR2 was seen in the immunoprecipitated samples (Figure 12).
immunoprecipitation efficiency of PKAR2 could not be assessed due to immunoblot
interference by the antibody IgG band (Figure 12).

The direct immunoprecipitation kit by Pierce was used in an attempt to eliminate the
antibody following the immunoprecipitation step, to prevent the IgG interference. PKAR2
antigen was detected in the input sample but not in the immunoprecipitates. Some antigen
was noted in the post-IP flow through suggesting it might not have all been captured by the
antibody. Next the pH of the elution buffer was varied to assess if antigen was remaining in
complex with the antibody, however no antigen was detected in this series of elutions.

Finally, the resin was collected and denatured; from this IgG was detected but no
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Figure 11. Immunoprecipitation of pPKAsub to detect PRAJA2 phosphorylation. Human
primary differentiated adipocytes were treated with 1uM isoproterenol or vehicle for 5, 15 or
30 mins. Cellular lysates were immunoprecipitated using anti-phosphoPKA substrate
antibody. Proteins were separated by SDS-PAGE and immunoblotted for PRAJA2 and
pPKAsub (IP control). A representative immunoblot shows PRAJA2 and pPKAsub
immunoblots. Data from 3 separate patient samples were assessed.
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Figure 12. Immunoprecipitation of PKAR?2 to detect PRAJA2 association. Human primary
differentiated adipocytes were treated with 1uM isoproterenol or vehicle for 5, 15 or 30mins.
Cellular lysates were immunoprecipitated using anti-PKAR2 antibody. Proteins were
separated by SDS-PAGE and immunoblotted for PRAJA2. A representative immunoblot
shows PRAJA2. Data from 2 separate patient samples were assessed.
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antigen. Based on this series of troubleshooting attempts, it is believed that the antibody
successfully bound the resin but in this state was unable to bind the antigen, potentially due

to its orientation upon conjugation to the resin.

3.10 PRAJA2/PKAR?2 localization analysis via immunohistochemistry

Next, the potential cellular localization of PRAJA2 and PKAR2 basally and in
response to isoproterenol was analyzed. Lignitto et al., 2011 showed partial co-localization
of PRAJA2 and PKAR2 with endogenous proteins in neuroblastoma (SHSY) cells. When
they overexpressed FLAG-PRAJA2, the endogenous PKAR2 underwent intracellular
redistribution from the golgi-centrosome to the cytoplasm and plasma membrane. Primary
human differentiated adipocytes were stimulated for 5, 15 and 30 min with 1uM
isoproterenol or vehicle. Cells were then fixed, permeablilized, blocked and probed with
PRAJA2 and PKAR?2 antibodies, as well as subjected to Hoechst stain. PRAJA2 shows
perinuclear localization, while PKAR2 is dispersed throughout the cell, with increased
concentration at the plasma membrane (Figure 13). Co-localization of PRAJA2 and PKAR2

was not detected in this experiment basally or following stimulation.

3.11 Lentiviral production and infection of primary human differentiated
adipocytes.

Attempts were made to test the effects of reducing PRAJA2 expression (knockdown)
on lipolytic activity following stimulation of the differentiated adipocytes. Our laboratory
has previously been successful with inducible shRNA lentiviral knockdown (of PDGFR-f)
in primary human preadipocytes. However, this procedure had not been attempted on
differentiated adipocytes. HEK293FT were transfected (~25-50%) to produce lentivirus,

containing shRNA against PDGFR- (Figure 14A). This virus was the applied to primary
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Figure 13. PRAJA2 and PKAR?2 localization analysis, shown via immunohistochemistry.
Human primary differentiated adipocytes were treated with 1uM isoproterenol or vehicle for
0, 5, 15 or 30mins. Cellular lysates were fixed and subject to double immunostaining with
anti-PRAJA2 (Rb-Alexa Fluor 488) and anti-PKAR2 (Mo-Cy3) antibodies, and stained with
Hoechst. Images were collected and analyzed by fluorescent microscopy. Data from 3
separate patient samples were assessed, figure shows representative images.
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Figure 14. Lentiviral production and infection of human primary differentiated adipocytes
with PDGFR-f. HEK293FT cells were transfected with lentiviral packaging vectors
psPAX2 and PMD2.G along with pTRIPZ vector containing shRNA targeting PDGFR-3
(A). Virus was collected in media of HEK293FT cells and applied for infection of primary
human differentiated adipocytes, merged image shown (B). Cellular proteins were separated
by SDS-PAGE and immunoblotted for PDGFR- and Akt (loading control) (n=1) (C).
Doxycycline induced RFP expression from the pTRIPZ vector was used to assess
transfection and infection efficiency.
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human differentiated adipocytes to infect them, with ~40% infection rate (Figure 14B), and
achieving ~50% knockdown, as determined via immunoblot analysis (Figure 14C).

Next, shRNA targeted to PRAJA2 was used to assess the effect this would have on
the lipolytic response of differentiated adipocytes stimulated with TSH or isoproterenol.
HEK293FT were transfected (~25%), as assessed by analysis of doxycycline induced RFP
signal (Figure 15). However, no infection of the differentiated adipocytes was identified after

application with the lentivirus (n=2).
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Figure 15. Lentiviral production containing PRAJA2 shRNA. HEK293FT cells were
transfected with lentiviral packaging vectors psPAX2 and PMD2.G along with pTRIPZ
vector containing shRNA targeting PRAJA2 (A). Transfection of HEK293FT cells was
performed with pTRIPZ vector containing shRNA targeting PRAJA2. Doxycycline induced
RFP expression from the pTRIPZ vector was used to assess transfection efficiency.
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4. DISCUSSION
4.1 Dysregulation of lipolysis in disease states and potential regulatory role of
PRAJAZ2 in lipolysis

Lipolysis is an important metabolic pathway for mobilizing lipids from adipocytes in
times of energy need. However, various disease states such as obesity-associated insulin
resistance and SCH have been associated with excessive lipolysis. Dysregulation of this
pathway disturbs energy homeostasis and results in increases in plasma NEFA and glycerol
(Reynisdottir et al., 1994). These lipolytic byproducts are shuttled to other tissues through
the blood stream, with the potential of disrupting their function. This metabolic dysfunction
has been linked to pathophysiological states such as T2D and CVD (Arner, 2005).

PRAJAZ2 has recently been identified as a novel AKAP and E3 ubiquitin ligase that
acts on regulatory units of various kinases. PRAJA2 has been termed a cancer-related gene
showing importance in signaling pathways, which promote malignant transformation, tumor
growth and cell survival (Cantara et al., 2012; Hedrick et al., 2013; Lignitto et al., 2013).
Important to this thesis, PRAJA2 has been reported to act on PKAR2 in the context of long-
term memory storage, and shows increased expression in thyroid cancer cells that are
dependent on PKA (Cantara et al., 2012; Lignitto et al., 2011).

Given these features of PRAJA2 activity, it was hypothesized it might be important
in regulating the GPCR-stimulated, PKA-mediated, lipolytic pathway in adipocytes
(Lafontan and Langin, 2009). PRAJA2, in the presence of high intracellular cAMP, has been
described to target PKAR for ubiquitination, subsequently resulting in its degradation by the
proteasome. This reduction in PKAR prolongs cellular PKAC activity (Lignitto et al., 2011).

In the context of lipolysis, this would mean prolonged lipolytic signaling in the presence of

76



PRAJA2 activity, ultimately resulting in increased release of NEFA and glycerol from
adipocytes. Conversely, in the absence of PRAJA2 activity, adipocytes would display
blunted lipolysis, with an abundance of PKAR readily available to re-associate with PKAC,
terminating the signal.

PRAJA2, a novel AKAP/E3 ubiquitin ligase, was studied in human primary
differentiated adipocytes to learn how it might affect PKA signaling and lipolysis. PRAJA2
expression, phosphorylation, protein-protein interactions and cellular localization were
investigated under basal and TSH- or isoproterenol-stimulated conditions. The results
demonstrated that stimulation with TSH or isoproterenol does not change PRAJA2 mRNA or
protein expression levels in adipocytes. These data suggest the phosphorylation state of
PRAJA2 and PRAJA2-dependent protein-protein interactions may be affected by
isoproterenol, but not TSH. Cellular localization of PRAJA2 was unaffected by agonist

stimulation.

4.2 TSH and isoproterenol stimulate lipolysis in primary human differentiated
adipocytes

First, it was demonstrated that TSH or isoproterenol stimulates lipolysis in human
primary differentiated adipocytes, as previously shown by our research group (Gagnon et al.,
2010). These data show up to a 3-fold increase in NEFA and a 7-fold in glycerol release
upon TSH/isoproterenol stimulation when compared to basal condition. Isoproterenol, as a
well-documented f3;,-AR agonist, strongly stimulates lipolysis in human adipocytes
(Lafontan and Langin, 2009). More recently, human adipocytes have been shown to express

TSHR and are described as a novel extra-thyroidal TSH target (Davies et al., 2002; Sorisky
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et al., 2000). This TSH stimulation initiates a PKA-dependent signal cascade, resulting in
increases in plasma NEFA and glycerol (Gagnon et al., 2010).

Patients with SCH have increased plasma NEFA and glycerol levels, suggesting
increased lipolysis (Caraccio et al., 2005). SCH is characterized by TSH levels >5mU/L with
normal thyroid hormone levels (Surks and Ocampo, 1996). In this study SmU/mL and
50mU/mL TSH is used to stimulate human differentiated adipocytes. These levels are
supraphysiological by 1000-fold when compared to the SCH state. However, in vitro studies
on thyrocytes, the established physiological target of TSH, also require these high levels
(Back et al., 2013; Brewer et al., 2007). This suggests that the in vitro sensitivity to TSH is

lower, although the reasons for this remain unclear.

4.3 Characterization of the expression of PRAJA2 in primary human
differentiated adipocytes

PRAJA2 expression in human primary preadipocytes and differentiated adipocytes
was investigated. These data shows that PRAJA2 is expressed equally in preadipocytes and
differentiated adipocytes at the protein level. Additionally, It was shown that expression of
PRAJA2 mRNA and protein, in differentiated adipocytes, did not significantly change upon
TSH or isoproterenol stimulation for up to 24 and 48 hours respectively. This establishes that
PRAJA2 is expressed in adipocytes, affirming its potential importance in this cellular

system.

4.4 Investigation of PRAJA?2 phosphorylation and protein-protein interactions in
primary human differentiated adipocytes

Little is known about how PRAJA2 functions as a regulator of cellular signaling

events. Lignitto ef al. have best described the functional role of PRAJA2 in PKA regulation.
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They report PRAJA2 as a PKAC phosphorylation target, which activates its E3 ubiquitin
ligase towards its substrate, PKAR (Lignitto et al., 2011). This results in degradation of
PKAR and prolonging of PKAC action. This could be predicted to augment lipolysis in
adipocytes, by increasing PKA-dependent phosphorylation of perilipin and HSL (Lafontan
and Langin, 2009).

The phosphorylation state of PRAJA2 action is shown to activate its catalytic E3
ubiquitin ligase activity (Lignitto et al., 2011). To investigate if endogenous PRAJA2 is
phosphorylated by PKA in adipocytes, PRAJA2 immunoprecipitation studies were
performed on differentiated adipocytes under basal and stimulated conditions. The
immunoprecipitates were analyzed for PKA substrates that were phosphorylated at the
consensus sequence RRXS*/T* (Kemp et al., 1977). These data reveal 122kDa and 69kDa
proteins which co-immunoprecipitate with PRAJA2 and are phosphorylated by PKA; this
phosphorylation is increased in response to isoproterenol, but not TSH stimulation.

The phosphorylated PKA substrate of approximately 122kDa may be PRAJA2,
detected at ~120kDa via immunoblot. Alternatively the protein detected may be a PRAJA2-
associated protein migrating at a similar position, which is phosphorylated by PKA. Further
investigations of SDS-PAGE, band excision and analysis by mass spectrometry are required
to identify this protein.

Confirmation experiments were attempted for the results seen in the PRAJA2
immunoprecipitation by performing a pPKAsub immunoprecipitation and analyzing the
immunoprecipitates for PRAJA2. This would potentially identify the 122kDa band as
phosphorylated PRAJA2. However, this experiment did not identify PRAJA2 in the
immunoprecipitate under basal or stimulated conditions. This may be due to antibody

specificity, availability of the phosphorylation site for antibody binding and/or relative
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concentration of the various PKA substrates in the lysate. Alternatively, the 122kDa band
may simply be a PRAJA2-associated protein and therefore would not be detected with the
PRAJA?2 antibody.

As stated, PRAJA2 immunoprecipitation experiments allowed the assessment of
PRAJA2-associated proteins. These data show a phosphorylated PKA substrate of
approximately 69kDa in my differentiated adipocytes. The phosphorylation of this 69kDa
protein was significantly increased following a 15-minute stimulation with isoproterenol,
when compared to the basal condition. Stimulation with TSH did not significantly increase
the amount of phosphorylated protein detected. It is unknown, which, if any proteins of the
lipolytic pathway interact with PRAJA2. The main PKA phosphorylation targets important
for lipolytic pathway are perilipin and HSL, which are detectable at 81/83kDa and 62kDa
respectively via immunoblot (Krawczyk et al., 2012). These proteins, although PKA targets,
do not correspond to the molecular weight of this band of interest, 69kDa. This suggests
PRAJA2 does not interact with HSL and perilipin and that further analysis, through mass
spectrometry, is required to identify the protein(s).

A higher dose of TSH (50mU/mL, as opposed to SmU/mL) should be tested before
excluding TSH as a regulator of PRAJA2 regulation. This higher dose has shown similar
potency to isoproterenol stimulation, as seen in the lipolysis experiments presented.
Alternatively, it is possible that there are qualitative differences in isoproterenol and TSH
signaling (Lafontan and Langin, 2009; Thrush et al., 2012). Future studies could include
mass spectrometry analysis of these bands to identify these protein(s).

Additional immunoprecipitation experiments were performed to assess interactions
between PKAR2 and PRAJA2, as described in other cell systems (Hedrick et al., 2013;

Lignitto et al., 2011). However, PRAJA2 was not detected in the PKAR2
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immunoprecipitates. Due to the experimental design using endogenously expressed proteins
in primary cells, and my inability to assess the performance of this immunoprecipitation,
This association should not yet be discounted in primary differentiated adipocytes. In future
studies, increasing and concentrating the sample, overexpressing PRAJA2 and/or utilizing a
different commercially available method of removing the antibody IgG from the sample for
post-analysis, may better assess whether this association occurs in this cellular model.
Additionally, it is possible that this association is weak, or hinders the PKAR2 antibody-

binding site, making this experimental approach ill suited to assess this interaction.

4.5 Analysis of localization and AKAP function of PRAJA2

To further characterize PRAJA2 in adipocytes, immunohistochemistry of PRAJA2
and PKAR2 was performed under basal conditions and following isoproterenol stimulation
to assess localization. Lignitto ef al., (2011) show partial co-localization of PRAJA2 and
PKAR2, supporting their interaction and PRAJA2’s AKAP function (Lignitto et al., 2011).
Following the current model, under basal conditions PRAJA2 and PKAR2 would show co-
localization at the plasma membrane, which would dissipate following stimulation, due to
the activation of PRAKAZ2’s E3 ligase activity and proteasomal degradation of PKAR?2.
These data show perinuclear localization of PRAJA2, whereas PKAR2 localizes to the
plasma membrane, no co-localization is seen at this magnification. Additionally, no change
in localization was apparent following cellular stimulation with isoproterenol.

More sophisticated microscopy techniques, such as confocal microscopy, may allow
better resolution for analysis of this possible association. Due to the 3-dimentional nature of
differentiated adipocytes, they can be difficult to assess using single-plane fluorescence

microscopy. However, it is also possible that PKAR2 is simply not a target for PRAJA2
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AKAP or E3 ubiquitin ligase activity in this cellular model and that PRAJA2 does not play a

role in the TSH/isoproterenol stimulated, PKA-mediated lipolytic pathway.

4.6 Determining the effect of down-regulating PRAJA2 expression on TSH- and
isoproterenol-stimulated lipolysis in primary human differentiated adipocytes

It was hypothesized that knockdown of PRAJA2 would lead to blunted lipolysis.
PKAR would see a reduction in ubiquitination and degradation and would therefore be
available for re-attachment to PKAC, terminating its kinase activity within the cell. The plan
was to measure NEFA and glycerol levels in the cellular media following lentiviral shRNA
knockdown of PRAJA?2 in both stimulated and basal conditions.

Following successful transfection of HEK293, lentivirus targeting PDGFR-f for
knockdown was collected. Subsequently, differentiated adipocytes were infected achieving
~50% knockdown of the target gene, as analyzed by immunoblot. Unfortunately, following
production of lentivirus targeting PRAJA2, infection and knockdown of PRAJA2, using the
same approach was not successful. Future studies should try another method of delivery,
such as siRNA particles. Alternatively, this investigation could be applied to mouse 3T3-L1
differentiated adipocytes, which are easier to manipulate, in terms of gene expression;
however, regulation of PRAJA2 could be different in this mouse cell line, as compared to
human differentiated adipocytes. Future studies could also address the effects of
overexpressing PRAJA2 on lipolytic response of differentiated adipocytes. Overexpression
would be predicted to enhance lipolytic signaling via increasing the ubiquitination and
proteasomal degradation of PKAR, prolonging PKAC activity, ultimately resulting in

increased NEFA and glycerol release. PRAJA2 could then potentially be further studied in
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its contribution as a risk factor for T2D, CVD and other aspects of metabolic syndrome

(Arner, 2005).

4.7 Proposed Model

A model of PRAJA2 action in GPCR-stimulated PKA-medicated pathways has
previously been proposed (Figure 1) (Lignitto et al., 2011). Here, PRAJA2 is shown to be
equally expressed in human preadipocyte and differentiated adipocytes. The expression of
this protein in differentiated adipocytes show no change at the mRNA or protein levels upon
stimulation with TSH or isoproterenol. Stimulation with isoproterenol leads to an increase in
PKA-mediated phosphorylation of a 122kDa protein and a 69kDa protein, which interact
with PRAJA2. Association between PRAJA2 and PKAR was not observed; however, further
experimentation is required before discounting this interaction. In addition, PRAJA?2 targets
other proteins in different cellular models and may have an operative role in another

signaling pathway in these cells.
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5. CONCLUSION
In summation, this thesis provides insight into the potential role of PRAJA2 in the

regulation of TSH- or isoproterenol- stimulated, PKA-mediated lipolysis. Specifically, It is
shown here, for the first time, that PRAJA2 is expressed equally in primary human
preadipocytes and differentiated adipocytes. Its expression at the mRNA and protein levels
does not change following TSH or isoproterenol stimulation. Additionally, PRAJA2 is
shown to interact with other cellular proteins, which are PKA phosphorylation targets.
Following stimulation with isoproterenol, but not TSH at the concentrations presented, these
proteins show increased phosphorylation; however, more work is needed in order to confirm
the identities of these proteins. Confirmation of interaction and co-localization between
PRAJA2 and PKAR?2, as previously suggested by literature; was not successful, nevertheless
further investigations in this cellular model should be pursued. Taken together, these results
indicate the presence and potential for PRAJA2 involvement in regulating lipolytic, or other

TSH/isoproterenol-stimulated, PK A-mediated signaling pathways in this cellular model.
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6. FUTURE WORK

Given the described results, further research is needed to determine the role of
PRAJA2 activity in differentiated adipocytes. The current findings reveal two proteins
(122kDa and 69kDa), which interact with PRAJA2 and are phosphorylated in a PKA-
dependent manner upon GPCR stimulation. These signals suggest that PRAJA2 may have
key interactions and is playing some role in a PKA-mediated pathway, however the proteins’
identities remain unknown. Hence, to determine the identities of these proteins, mass
spectrometry on SDS-PAGE excised bands should be pursued. Further work is also needed
to clarify if there is an interaction and possible co-localization of PRAJA2 and PKAR2.
Finally, additional work on analyzing the effects of PRAJA2 knockdown in lipolysis should
be considered, such as the use of siRNA particles. More research is needed to elucidate the
potential role of PRAJA2 in hormone-stimulated lipolysis or other TSH/isoproterenol-

stimulated, PKA-mediated pathways in differentiated adipocytes.
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