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Abstract:

The process of reversible growth arrest, otherwise known as cellular quiescence
or the G, phase denoted by withdrawal from the cell cycle, is a poorly characterized
state. Subsets of growth arrest-specific (GAS) genes are upregulated during
guiescence, however, these subsets are specific to/dependent on the limiting factor or
circumstance inducing growth arrest. Here | characterize the expression and regulation
of the lipid trafficking GAS gene Fatty Acid-Binding Protein 4 in the quiescence-inducing
conditions of contact inhibition and oxygen limitation (hypoxia). Chicken Embryo
Fibroblasts (CEF) were cultured to high density or subjected to hypoxia, in which
oxygen is the limiting factor inducing growth arrest, or serum starvation, in which
nutrients is the limiting factor inducing growth arrest. Contact inhibition and hypoxia
induced FABP4 expression, whereas cycling control CEF and serum depleted CEF did
not. At higher, though still hypoxic, oxygen levels that did not robustly induce FABP4,
proliferation assays showed a slight reduction in CEF proliferation. The GAS gene p20k
lipocalin has been shown to exhibit similar expression patterns to FABP4, with its
regulation determined by the presence of the transcription factor C/EBP-B. CEF
overexpressing C/EBP-[3 also showed strong FABP4 induction. Furthermore, chromatin
immunoprecipitation (ChlP) assays revealed that C/EBP- bound directly to the FABP4
promoter in both normoxic and hypoxic cells, although only the latter condition induced
FABP4 protein expression. In summary, these results suggest that FABP4 is induced
during growth arrest specifically when oxygen is the limiting factor, as induction was not
seen during growth arrest mediated by starvation-induced endoplasmic reticulum (ER)

stress, where nutrients was the limiting factor. The induction of these hypoxia-
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responsive genes suggests that oxygen availability regulates the expression of a sub-
class of growth arrest specific genes. Additionally, FABP4 was shown to be associated
with growth arrest and the promotion of cell survival and proliferation, as depicted by
proliferation assays. Lastly, C/EBP- not only strongly induced FABP4 expression, but
directly bound to the FABP4 promoter. This suggests that C/EBP-B is a regulator of
FABP4, although there may be other interacting factors acting as activators or
repressors as this FABP4-C/EBP-f interaction was observed in conditions permissive

and non-permissive to FABP4 expression.

Vi
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Literature Review

1. The Cell Cycle

)] An Overview of the Cell Cycle

In eukaryotes, the cell cycle consists of four phases which govern the cell’s
progression through growth and division. These phases include the gap 1 phase (G1),
synthesis (S), the gap 2 phase (G2) and mitosis (M). The phases G1, S, and G2 are
collectively referred to as interphase as they define the time period of growth and
preparation before entering the final phase of mitosis. The progression through cell
cycle phases is regulated by cyclins and cyclin-dependent kinases (CDKs). CDKs are
serine/threonine protein kinases that are activated at specific points of the cycle via their
stimulatory and inhibitory phosphorylation sites (83). In addition, their activation is also
dependent on the binding of cyclins. Cyclins allow for the translocation of CDKs to the
nucleus as CDKs lack nuclear localization domains (20) Unlike CDKs, cyclin expression
varies throughout the cell cycle, thus regulating the activation of CDKs and subsequent

progression through the cycle (19, 78).

The first stage of interphase, known as G1, is characterized by cell growth and the
synthesis of MRNA and proteins (65). It is in this phase that the restriction point occurs,
dictating whether the cell will proceed through the cell cycle or exit into the Go phase of
growth arrest (34). Progression past the restriction point is largely dependent on the
retinoblastoma protein (pRb). Cyclin D1 and CDK4/6 form complexes that are then
dephosphorylated on the CDK site and go on to phosphorylate pRb. pRb releases the
inhibition on E2F proteins thus promoting the expression of cyclin A and E, which are

required to enter S phase. As the G1/S phase cyclin levels change, cyclin E associates
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with CDK2, but is then replaced by cyclin A’s association with CDK2. This governs the
transition through S phase in which DNA is replicated. It is important that DNA
replication is done accurately as errors would lead to significant genetic faults and thus
cellular complications such as apoptosis. Following S phase is G2, another growth
phase in which the cell increases protein levels in order to prepare for mitosis (1). The
G2 phase also contains a checkpoint during which DNA damage is assessed before
proceeding into mitosis. Completion of the G2 phase is governed by the
dephosphorylation of the CDK1/cyclin B complex, thereby activating CDK1 to allow
mitotic progression (83). Mitosis consists of prophase, metaphase, anaphase, and
telophase. During prophase, the duplicated chromatin condenses into chromosomes
and the nuclear envelope breaks down. Metaphase occurs next, in which the
chromosomes align along the equilateral plate. Sister chromatids then separate as they
are pulled to opposite spindle poles during anaphase. Finally, telophase occurs in which
the cytoplasm divides and the chromatin expands, resulting in the formation of two

separate daughter cells and the completion of a successful cell cycle (2).
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i) Cell Cycle Arrest

When cells experience unfavourable growing conditions, they may enter a state
of growth arrest, otherwise known as cellular quiescence or the Go phase. Such
conditions include contact inhibition (Cl), lack of oxygen (hypoxia), or lack of nutrients,
as each cause the exit from the cell cycle. This exit from the cell cycle is a reversible,
nondividing state that occurs due to a lack of mitogenic stimulation and is characterized
by the upregulation of growth arrest specific (GAS) genes. Lack of mitogenic stimulation
results in the failure of activation of the Ras/Raf/MEK/ERK signaling pathway and
consequent loss of Cyclin D1 expression (61). Therefore, no complex can be formed
between cyclin D1 and CDK4/6, causing Retinoblastoma (pRb) proteins to remain
unphosphorylated and E2F transcription factors repressed (61). As a result, the cell fails
to express proteins necessary for progression passed the G1 restriction point and thus
exits into Go. This exit is largely governed by p16 and p21 family members (61, 83).
Members of the p16 family bind and inactivate CDK4 and CDK®6, preventing the
formation of G1 progression-promoting cyclin/CDK complexes. Similarly, members of
the p21 family (specifically p27) bind to cyclins to inhibit cyclin/CDK complexes (16, 48).
p27 levels are therefore upregulated during quiescence, however, the opposite is the
case for p21 itself. In conditions of mitotic stimulation, cells exhibit increased expression
of p21 and downregulation of p27. Therefore, although from the same family, p21 and

p27 play opposing roles in cell cycle progression (83).
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Figure 1. Schematic representation of the cell cycle and exit into Go (growth arrest).
(Figure obtained from

www.bdbiosciences.com/in/research/apoptosis/analysis/index.jsp)



M.Sc. Thesis - S.L. Peragine - McMaster University - Biology

2. Growth Arrest Specific (GAS) Genes

)] An Overview of GAS genes

Growth arrest is a complex process not studied nearly as extensively as cell cycle
progression. While oncogenes and mitosis promoting factors strongly induce
proliferation, GAS genes mediate the opposite by aiding the cell in growth arrest. GAS
genes help the cell remain and survive in the growth arrested state when enduring
unfavourable conditions as opposed to simply becoming apoptotic. One of the more
well-known GAS genes, GAS1, mediates growth suppression by inhibiting DNA
synthesis (22). Secreted apoptosis-related protein 1 (SARP1) is expressed exclusively
in quiescent cells. This gene provides the cell with increased resistance to apoptosis by
interfering with the Wnt-frizzled pathway through the modification of B-catenin
expression (72). There also exist GAS gene products that prepare the cell to re-enter
the cell cycle, such as platelet-derived growth factor a-receptor (PDGFaR) (62). This is
quite interesting as it suggests that GAS genes not only have a role in suppressing cell
growth so to remain in the quiescent state, but also have a role in priming and preparing
the cell for re-entry into the growth cycle. It has been established that GAS genes are
critical to cell cycle arrest, however, their role in varying growth arrest inducing

conditions is not entirely clear.
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i) FABP4
FABP4 is a GAS gene belonging to a family of cytoplasmic fatty-acid-binding

proteins with molecular weights of ~15 kDa. This multi-gene family is composed of nine
family members, with a range of 20-70% amino acid sequence similarity (39). Each
member has a tertiary fold that forms a 3-Barrel, creating an internal, water-filled cavity
which fatty acids bind to (49). Interestingly, FABP4 was recently found via microarray to
be upregulated at high cell density, a condition in which cells are growth arrested, by
~30 fold (30). Taken together, FABP4 is thought to have a role in growth arrest through
the regulation of fatty acids and lipid homeostasis, although its role in quiescence is not
well characterized. FABP4 is also classified as a lipocalin, a family of proteins
characterized by low sequence similarity and highly conserved crystal structures.
Lipocalins are known to play an important role in many human diseases including

cancer and various metabolic diseases (33).

The nine FABP members are expressed differentially throughout the body, each
being tissue-specific to select organs. FABP4 is mainly expressed in adipose tissue and
macrophages, although recent studies have uncovered its expression in additional
tissues. Its expression in additional tissues tends to be in response to injury or various
stressors. Studies have detected FABP4 expression in tubular cells in patients with
stage IV lupus nephritis as well as in tubular epithelial cells following renal ischemia
reperfusion (I/R) injury, suggesting FABP4 is associated not with regular cells, but cells
subjected to injury involving hypoxia (91, 96). Furthermore, hypoxia followed by re-
oxygenation induced FABP4 expression in the human renal proximal tubule cells (HK-2)

in vitro (96). FABP4 is also found in the bloodstream, as studies investigating blood
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components reported that subjects with elevated circulating FABP4 levels had
increased risk for developing metabolic syndrome and type 2 diabetes (T2DM) (100,
110). Studies have shown that it is also expressed in the placenta of humans (89) and
mice (67). Furthermore, these studies suggested that the protein may be involved in

foeto-placental growth and placental lipid accumulation (67, 89).

Although expressed in various tissues, most studies have examined the lipid-
maintenance role of FABP4 in macrophages. As such, FABP4 is known to have a large
role in lipid transport as adipocytes of FABP4-/- mice exhibited reduced efficiency of
lipid transport (35). Despite the numerous lipid-related functional studies on FABP4, its
role in growth arrest has not been studied extensively. However, the protein has been
proposed to have several lipid regulating roles including lipid trafficking, facilitation and
regulation of fatty acid influx across the cell membrane by binding and preventing efflux,
determination of compartmentalization and storage, modulation of enzymes involved in
fatty acid metabolism, protecting membrane components from fatty acid-induced
damaged, promoting inflammation, and regulating ROS production and leukotriene

secretion (49, 50).

FABP4 itself is regulated by PPARYy, insulin, and fatty acids (25, 49, 53). As such,
this protein has an important role in the development of major components of metabolic
syndrome and related diseases through its actions in adipocytes and macrophages.
Interestingly, inhibiting FABP4 with BMS309403, a FABP4 inhibitor that competitively
inhibits the binding of fatty acids by interacting with the protein’s interior fatty-acid
binding pocket, caused macrophages to show a reduction in insulin, triglycerides, and

cholesterol ester levels (37). This suggests an insulin-sensitizing effect via the inhibition
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of FABP4, supporting the protein’s key role in diabetes. Accordingly, FABP4 may be an
effective therapeutic target in the treatment of diabetes. Moreover, FABP4 may be a
promising target in combatting obesity as obesity markers MCP1, IL1B, IL6, and TNF

were reduced following its inhibition (35).

Obese mice exhibit FABP4 dysregulation, concurrent with the findings that obese
adipocytes secreted more FABP4 than control subjects (11). Also observed in obese
subjects was a FABP4-linked hepatic glucose disruption. Specifically, FABP4 was
secreted from adipocytes in response to fasting and proceeded to regulate hepatic
glucose production (11). FABP4 not only regulates hepatic glucose production but
lowers protection against metabolic abnormalities associated with diabetes (11).
Furthermore, they found that the levels of FABP4 in blood were elevated in obese mice
and humans, suggesting the possibility that FABP4 incorrectly signals an aspect of
fasting metabolism despite nutrients and energy being available (11). Therefore, FABP4
also has a non-cytosolic role in systemic metabolic regulation via glucose production,
further supporting that FABP4 be a primary target for therapeutic intervention of obesity
and diabetes. What's more, FABP4 may also be an effective therapeutic target for
atherosclerosis as atherosclerotic lesions, foam cell formation, and inflammatory
mediators/chemoattractants (including MCP1, IL1B, IL6, and TNF) were decreased
upon FABP4 inhibition (35). Additionally, its knockdown reduced the uptake of LDL into
macrophages (26). This disruption to the internalization of lipids and consequent
transformation of macrophages into foam cells is important as this would prevent the

progression of atherosclerotic lesions and inflammatory responses.
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Agreeing with the notion that obesity is considered a chronic inflammatory state
(32), FABP4 is strongly associated with inflammation. It is intertwined in inflammatory
cascades, for example, the inflammatory stimulator LPS was shown to upregulate the
major macrophage LT receptor, LTB4 receptor 1 (BLT1R), in a FABP4 dependent
manner (50). Reactive oxygen species also had this effect, suggesting an association
between FABP4 and ROS as well. Additionally, FABP4 was found to be upregulated
following acute lung injury (ALI), a condition characterized by the excessive activation of
the inflammatory response and intense oxidative stress causing increased ROS (63,
102), thus supporting a link between FABP4 and ROS. Given that increased ROS tends
to occur during inflammation, this further supports the evidence showing that FABP4

has a key role in inflammation.

The link between FABP4 and ROS may influence cell cycle regulation as one
study found that exogenous FABP4 treatment in MCF7 cells enhanced levels of FOXM1
in a ROS dependent manner (107). Interestingly, FOXML1 is a member of the forkhead
box (FOX) transcription factor family and has a role in cell cycle progression. This
transcription factor is also involved in human malignancies as it is overexpressed in
carcinomas (107). There is therefore a potential link between FABP4, FOXM1 and
ROS. Perhaps FABP4 enhances FOXM1 expression thereby assisting in cell survival in
conditions of oxidative stress. This suggests an association between the GAS gene

FABP4, oxidative stress, and cell cycle regulation.
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Figure 2. Association of FABP4 in adipocytes and macrophages with metabolic and
cardiovascular diseases. FABP4 acts at the interface of metabolic and inflammatory
pathways in adipocytes and macrophages and plays important roles in the development
of insulin resistance, diabetes mellitus, and atherosclerosis. Chemical inhibition of
FABP4 could be a therapeutic strategy against metabolic and cardiovascular diseases

(37).
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1)) p20k Lipocalin

Like FABP4, the p20K lipocalin, otherwise known as extracellular fatty acid-
binding protein (EX-FABP), is mainly released from adipocytes. Being a lipocalin, p20k
has a high affinity for hydrophobic molecules including long chain unsaturated fatty
acids, steroid hormones, and retinoids (9, 10). Interestingly, its expression was induced
in response to contact inhibition and hypoxia in chicken embryo fibroblasts (CEF) (29). It
is known for binding poly-unsaturated fatty acids and is a member of the siderocalins
binding iron catechol compounds (29). However, it was also found to act as a survival
factor in conditions unfavourable for proliferation, including survival during saturation
density in normoxia or when under limited oxygen supply (29). p20K may a have role
not only in cell survival during reversible growth arrest, but in lipid homeostasis as well.
This is supported by the increase in lipid oxidation, the appearance of large lipid-
containing vesicles in the cytosol, and the accumulation of several lipid species in p20k
inhibited CEF undergoing contact inhibition and hypoxia (29). In addition to its role in
growth arrest and lipid metabolism, p20k is known to act in the processes of cell
survival, inflammation, cell development, and the transport of long chain unsaturated

fatty acids (9, 10, 14, 40).

With p20k’s main role being in growth arrest, the transcriptional activation region
of its promoter was termed the Quiescence Responsive Unit (QRU). The QRU is a 48
bp region that is required for its transcriptional activation (68) and contains two CCAAT-
enhancer Binding Protein Beta (C/EBP-B) binding sites known as the A and B regions
(57). Being a growth arrest specific gene, p20k lipocalin expression is repressed in

cycling cells. This repression is exerted by extracellular signal-related kinase 2 (ERK2)

11



M.Sc. Thesis - S.L. Peragine - McMaster University - Biology

as this protein acts as a transcriptional repressor of the QRU (See Figure 3). ERK2
binds to repeated GAAAG sequences overlapping the C/EBP- sites of the QRU, a
recruitment which is mutually exclusive from the recruitment of C/EBP-f3 (30). This is the
mechanism by which p20k expression is restricted to growth arrested cells, however,
there are additional factors that make its growth arrest specificity even more stringent.
p20k is expressed only during hypoxia-associated growth arrest, as it is not expressed
during ER stress-induced growth arrest (30). In conditions of ER stress, C/EBP-f3
homologous protein (CHOP) is upregulated to form dimers with C/EBP-(3, thereby
inhibiting C/EBP-B’s ability to bind to the QRU and induce p20k expression. This ER
stress-induced cascade thereby restricts p20k expression to hypoxia-induced
guiescence (30).

LCN2, the human equivalent of p20k in CEF, is again similar to FABP4 in that it
plays an important role in inflammation and insulin resistance (107). Additionally,
circulating LCN2 levels were increased in obese animals, as well as increased mRNA
levels observed in ob/ob mice (110). Although there are many striking similarities
between p20k and FABPA4, there are also critical differences in their upstream regulating
factors which may account for some of the results in our study. For example, the two
proteins are regulated in opposite manners by mPPARy2 as this protein promotes
FABP4 expression (97) whereas it inhibits p20k expression (57). However, both p20k
and FABP4 were shown via microarray to be upregulated at growth arrest-inducing high

cell density, or in other words, at contact inhibition (30).

12
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Figure 3. Schematic representation of the p20k QRU binding sites and interaction with
competing homodimers of C/EBP- (transcriptional activator) and ERK2 (transcription

repressor), occurring in quiescent and proliferating CEF, respectively.

(Figure created by Dr. André Bédard)
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iv) RBP7

Another member of the lipocalin family shown to be upregulated at high cell density,
although only by ~7 fold, was retinol binding protein 7 (RBP7). RBPs are a family of
transporters for fat-soluble retinol (50). The RBP family has multiple functions, including
a role in vision, reproduction, vitamin A stability, and most importantly in metabolism
and growth (48, 81). Both microarray and PCR analysis showed that RBP7 expression
was predominant in adipose tissue (1). In addition to adipose tissue, RBP7 is found in
endothelial cells in which it is a target of PPARYy (52). Interestingly, impaired PPARy
activity, which is also a FABP4 inducer, caused oxidative stress and a predisposition to
hypertension (52). What’s more, RBP7-deficient mice exhibited oxidative stress-induced
endothelial dysfunction in response to cardiovascular stressors such as a high-fat diet
(52). Additionally, RBP lipocalins have been shown to bind and protect retinol against
oxidative damage during circulation (33). Although little else is known about RBP7, it is
important to note that it is largely an adipose-specific gene upregulated in conditions of
confluency and low oxygen availability. Additionally, RBP7 has a role in metabolism,

growth, and protection against oxidative stress.
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V) C/EBP-B
CCAAT/enhancer-binding protein beta (C/EBP-B) is encoded by an intronless

gene and contains a leucine zipper (bZIP) domain. C/EBP- can function as a
homodimer or heterodimer with CCAAT/enhancer-binding protein alpha, delta, or
gamma. It has a large role in regulating the expression of genes involved in the immune
and inflammatory response, such as IL-6, IL-4, IL-5, and TNFa (21, 24, 45, 76).
Therefore, it is no surprise that C/EBP- is critical for proper macrophage function (82).
Additionally, C/EBP-B is activated during adipogenesis and consequently induces

C/EBPa and PPARYy, giving rise to the induction of other adipocyte genes (13).

Although it is largely known for its role in inflammation, the function of
C/EBP-[ extends out to processes such as proliferation and growth arrest. C/EBP-B is
expressed in quiescent hepatocytes and can inhibit proliferation in hepatoma cells,
therefore demonstrating anti-proliferative functions. Furthermore, cells expressing a
dominant negative version of C/EBP-f3 began proliferating and exhibited a lack of p20k
protein at confluence (38). The same study found that cells null for C/EBP-f exhibited a
proliferative advantage over those with one functional copy (38). Furthermore, C/EBP-3
inhibition was shown to enhance the expression of 3 components of AP1 (JunD, Fra2,
C-Jun), resulting in enhanced AP1 activity and a consequent increase in cyclin D1
expression (38). This promoted proliferation, showing that in this case, C/EBP- was not
only an anti-proliferative factor but played an opposing role to AP1 in GAS gene
expression and proliferation (38). Additionally, C/EBP-B is expressed in mammary
epithelium, a site mainly composed of quiescent cells. On the other hand, mice

nullizygous for C/EBP-B exhibited impaired liver regeneration following partial
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hepatectomy, showing a pro-proliferative function (23, 45). Therefore, C/EBP-§ is
implicated in cell growth and arrest, but this role is both cell type and context dependent

(38).

There have been three proposed mechanisms to account for the variation in
roles exhibited by C/EBP-B. One idea attributes these dual roles to the fact there are
three different C/EBP- isoforms, known as LAP*, LAP, and LIP (38). These three
isoforms overlap in some functions, but differ in others. As such, elevated expression of
one specific isoform over another may account for the discrepancies seen between
different cell lines/contexts. Another proposed mechanism that may be responsible for
C/EBP-P’s differing roles is posttranslational modification. Phosphorylation of C/EBP-[3
on threonine 217 in the mouse or serine 105 in the rat has been shown to be required
for hepatocyte proliferation (8) and enhanced gene expression of proliferation promoting
factors. Additionally, this phosphorylation was found to create a binding inhibitory site
for procaspase 1 and 8, which was essential for proliferation and lead to apoptosis
when no C/EBP-3 was present (8). Therefore, posttranslational modifications may result
in functional differences to C/EBP-3 in growth arrested versus cycling cells. The last
mechanism to possibly attribute the functional differences of C/EBP-f is differentially
expressed transcription factors. C/EBP-3 may interact with other transcription factors
that are differentially expressed in quiescent cells compared to proliferating cells. As a
result, these transcription factors may be present in quiescent but not proliferating cells
— or vice versa - allowing for the transcription of certain genes in only one of the two
scenarios. Similarly, there may be transcriptional repressors present as is the case with

ERK2 on the QRU of p20k in cycling cells.
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3. Growth Arrest, Oxidative Stress, & Lipid Peroxidation

Hypoxia is a feature of contact inhibition as high cell density depletes oxygen
availability. Ironically, hypoxia results in an intracellular increase in reactive oxygen
species. Cardiomyocytes, hepatocytes, myocytes, and neural PC12 cells were all found
to respond to severe hypoxia with increased production of ROS (28, 42, 51, 64).
Interestingly, this increase in ROS is partially mitochondria-mediated as cells depleted
of mitochondrial DNA (p° cells) did not exhibit enhanced ROS generation during hypoxia
(60). This is likely due to the fact that pe cells lack crucial subunits of mitochondrial
complexes I, lll, and IV (85, 87). In normal cells possessing functional subunits,
mitochondrial complexes | and Ill produce superoxide (O2’) as they are the sites of
electron-transfer reactions to molecular oxygen (74). Superoxide can then be converted
into hydrogen peroxide and escape the mitochondria, resulting in mitochondria-
mediated ROS release (86). In addition to increased ROS levels, hypoxic episodes are
characterized by elevated FFA tissue levels (73, 94, 101). Hypoxia significantly raises
non-esterified free-fatty acid levels in the cell (3), and this hypoxia-induced FFA
enrichment impairs mitochondrial function (31). What’s more, isolated mitochondria
have been found to respond to FFA with a concentration-dependent increase of ROS
release. Interestingly, this phenomenon has been suggested to be derived from FFA
interference with the electron transport chain (ETC) (17, 66, 85, 87, 95). Additionally,
FFA have also been suggested to be potential candidates for ROS generation at
plasma membrane-associated NADPH oxidases (18). Poly-unsaturated fats (PUFA)
exhibit similar cellular effects, as stimulation with PUFA to PC12 cells resulted in

electron transport chain (ETC) sourced ROS generation, as well as ROS-generation at
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non-mitochondrial sites such as membrane-associated NADPH oxidases and enzymes
(86). Therefore, hypoxia-induced elevation of fatty acids may mediate the increase in
ROS seen during hypoxia by interfering with the mitochondrial ETC and plasma
membrane. Overall, this lipid-associated ROS increase is supported by the observations
of increased lipid oxidation, large lipid-containing vesicles, and accumulation of multiple
lipid species in p20k inhibited CEF undergoing hypoxia (29), which also suggests that
specific GAS genes may be implicated in the defense against and/or the response to
lipid peroxidation and consequent homeostasis maintenance. Given these findings, it is
possible that p20k scavenges FFA at growth arrest and hypoxia, and enhances survival
by promoting mitochondrial, organelle, or membrane homeostasis.

Reactive oxygen species can cause significant cellular damage leading to cell
death (5). Although ROS occurs in proliferating cells, cell death is evaded by the activity
of phosphatidylinositol-3-OH kinase (PI(3)K)—PKB signalling pathway (44). In the
absence of this pathway, the FOXO subfamily of Forkhead transcription factors is
activated, leading to quiescence but not apoptosis despite the lack of PKB activity (58,
70). Activation of Forkheads results in the entry into the Go phase (58), whereas
inactivation of Forkheads by activation of PKB results in re-entry into the cell cycle. This
agrees with previous data describing FABP4’s role in enhancing FOXM1 expression in
conditions of oxidative stress, perhaps to help the cell avoid apoptosis and remain
growth arrested. FABP4 may mediate this process via the maintenance of membranes
susceptible to oxidatively-damaged lipids until conditions are suitable enough to re-enter

the cell cycle.
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Interestingly, ROS also result in lipid peroxidation, a detrimental process
involving the formation and spread of lipid radicals induced by reactive oxygen species.
When free lipids are attacked by hydroxyl and hydroperoxyl radicals, the generated free
lipid radical can propagate free radical attacks on surrounding lipids (111). This results
in a lipid peroxidation chain reaction, leading to the damage and destruction of the lipid
membrane as well as production of toxic by-products. Damage to lipids consequently
causes damage to the cell membrane as it is largely composed of a lipid bilayer.
Therefore, it is possible that hypoxia results in membrane stress due to ROS-induced
lipid damage, triggering a novel membrane stress response. As stated previously,
FABP4 is a fatty-acid binding protein with a role in maintaining lipid homeostasis and
has also been shown to be associated with increased ROS. Therefore, FABP4, as well
as other lipid regulating GAS genes, may have a role in re-establishing lipid

homeostasis following hypoxia/oxidative stress-mediated lipid damage.
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4. Rationale & Proposed Mechanism
It is clear there is a link between several GAS genes and oxidative stress. This

agrees with the fact that p20k was upregulated during contact inhibition, as high cell
density results in significant depletion of oxygen levels (29). Furthermore, given that
protein synthesis and cell proliferation are dependent on oxygen availability, hypoxia
may promote growth arrest in confluent CEF monolayers, in part, via the upregulation of
the GAS genes of interest. However, it should be noted that protein synthesis is
controlled by the oxygen sensing REDD1 and mTOR pathway, which are likely the
primary and direct regulators of growth arrest (7). The limited oxygen resulting from high
cell density or hypoxia treatment yield an unfavourable environment for proliferation,
resulting in increased ROS levels and entrance into quiescence (the Go state). Cell
cycle exit induces changes in metabolic needs, such as decreased membrane
biogenesis. In the absence of GAS gene products, more lipids and FFA may
accumulate as less are being used for membrane biogenesis and lipid homeostasis is
impaired. Lipids are a primary target for ROS, which ironically, is a key feature of
hypoxia. With increased hypoxia-induced ROS, more and more lipids are damaged.
This gives reason as to why lipid metabolism is likely critical in contact inhibited,
hypoxic, and quiescent-promoting environments, initiating the “Membrane Stress
Response”. It is at this point that these environments induce an upregulation of GAS
genes including FABP4, RBP7, and p20k. Whereas RBP7 has been linked to protection
against oxidative stress (52), FABP4 and p20k have a strong role in facilitating lipid
transport and therefore lipid maintenance. Accordingly, it could be argued that the

increase in RBP7 expression to reduce oxidative damage while FABP4 and p20k
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lipocalin traffic damaged lipids with the aim of restoring lipid homeostasis. After this is
achieved, the cells may re-enter the cell cycle as oxidative stress decreases and

FABP4, RBP7, and p20k expression diminishes.

The extended, long-term goal of this study was to identify and characterize
crucial processes involved in the novel “Membrane Stress Response”. Due to the
majority of studies aiming to characterize the cell cycle in terms of proliferation and
progression through, this project also aimed to determine the key processes involved in
the exit from the cell cycle with the possibility of re-entry after specific cellular
maintenance. The process of reversible growth arrest, denoted by the withdrawal from
the cell cycle, is not a well characterized state. Although previous models on
quiescence have primarily focused on in vitro or starvation studies, these conditions are
rarely found in vivo and are largely non-physiological. For this reason, this study
investigated the effects of contact inhibition as it is a key feature of wound healing in
vivo and is an important aspect in cancer suppression. Contact inhibition, hypoxia, and
serum-deprivation induce this exit into the Go state, however, through two separate
pathways (See Figure 4). Both contact inhibition- and hypoxia-induced growth arrest are
mediated through limiting oxygen. Limited oxygen results in lipid peroxidation, followed
by membrane stress and consequent activation of GAS genes to regulate lipid
homeostasis, whereas serum-depletion facilitates growth arrest through lack of nutrients
leading to ER stress and the Unfolded Protein Response (UPR). The response to
contact inhibition is not well defined and consequently remains to be described.

Therefore, this study characterized and filled the gap in understanding key processes of

21



M.Sc. Thesis - S.L. Peragine - McMaster University - Biology

cell and lipid homeostasis through the characterization of GAS genes FABP4, p20k,

C/EBP-B, and RBP7 in response to limited oxygen.
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Paradigms of Reversible Growth Arrest in Primary Fibroblasts

Culture in serum-free medium Culture to Confluence
Nutrient/Growth Factor Limitations Oxygen Limitations
(Starvation) (Hypoxia)
} !
ER Stress Membrane Stress ?
| |
v v
Unfolded Protein Response * Lipid Oxidation/Damage Response
i | , | : | | S
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PERK1 ATF6 IRE1 - p20K Lipocalin
5 - FABP4, RBP7
\ ! / - ENPP1 & ENPP2
Several UPR Target Genes - ABCA1 Transporter, SULT1E1, PKCn

- Several Signaling Proteins. Etc...

Figure 4. Distinction between pathways inducing growth arrest. ER stress induced by
limiting nutrients induces the Unfolded Protein Response (UPR) which in turn
upregulates UPR target genes and induces growth arrest (left). Limiting oxygen results
in oxidative damage/ROS, which may cause lipid peroxidation and membrane stress.
Consequently, the membrane stress response upregulates growth arrest specific genes

as the cell becomes quiescent (right).

(Figure created by Dr. André Bédard)
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Materials & Methods

1. Chicken Embryo Fibroblast Cell Culture.

1.1 Culture Conditions:

Early passages (n<12) of CEFs were cultured at 41.5°C in 21% O2 and 5% COz2
in “complete medium” consisting of DMEM supplemented with 5% heat-inactivated (at
57°C for 30 minutes) “Cosmic” calf serum, 2 mM L-glutamine, 0.2 mg/mL streptomycin
and 0.2 U/mL penicillin. Cells were split using Trypsin-EDTA. In normoxia conditions,
cells were grown at 41.5°C in 5% CO2 and 21% O2. Hypoxia was induced by incubating
CEF for 6-32 hrs in 1-2% O:2 as described in the text. For confluent, contact-inhibited
conditions, cells were grown to 100% confluence, at which point the medium was

refreshed and they were let to grow for an additional 24 hours.

1.2 Viral Infections:

For cell transformations with C/EBP-3, CEF were split in the morning and allowed
4-5 hours to adhere to the 100 mm plates. After cells were adhered, media was
removed such that only 4 mL remained in the plate. 0.5 mL of viral stock was then
added into the plate which was incubated overnight at 41.5°C. Media was aspirated
completely the next morning and replaced with fresh media. After growing to

confluence, the cells were passaged as needed.
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2. SDS-PAGE and Western Blotting.

2.1 Protein Sample Preparation:

After treatment, cells were washed three times with cold 1xPBS pH 7.4 (137 mM
NaCl, 2.7 mM KCL, 4.3 mM Na2HPO4, 1.47 mM KH2PO4). Any remaining PBS was
aspirated off and cells were scraped using a rubber scraper and collected in 1 mL of
cold 1xPBS. Cell samples were centrifuged at 7000 RPM for 3.5 minutes. All 1XPBS
was then removed and the cell pellet was resuspended in 1x Sodium Dodecyl Sulfate
(SDS) sample buffer (2% SDS, 10% glycerol, 5% B-mercaptoethanol, 60 mM Tris-HCL
pH 6.8) containing 1x Halt protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher). Samples were then vortexed briefly, boiled for 2 minutes, and spun down at 13
000 RPM for 5 minutes. The supernatant was transferred to a new microcentrifuge tube

and stored in -80 °C.

2.2 SDS-Page and Western Blotting:

Total protein extracts (50-75 ug) were subjected to SDS-polyacrylamide gel
electrophoresis with a gel concentration of 12-14% depending on size of protein to be
resolved. Once resolved, gels were blotted onto a nitrocellulose membrane and then
blocked in a 5% solution of skim milk powder dissolved in 1XTBS (20 mM Tris pH 7.6,
140 mM NacCl) for 40 min at room temperature. Blots were incubated with primary
antibodies (See Table 1 for primary antibody concentrations) in 5% milk solution

overnight at 4°C.

25



M.Sc. Thesis - S.L. Peragine - McMaster University - Biology

Table 1: Primary Antibody Dilutions

Antibody Application Dilution

FABP4 (AB #1) — Polyclonal — Rabbit - made with | Western Blotting 1:400
peptide antigen
FABP4 (AB #1) Immunofluorescence 1:100
FABP4 (AB #2) — Polyclonal — Rabbit - made with | Western Blotting 1:100

peptide antigen

p20K (601-Y — Bédard Lab) Western Blotting 1:400
C/EBP-P (8582 - Bédard Lab) Western Blotting 1:100
RBP7 Western Blotting 1:400
ERK2 Western Blotting 1:1000

Table 2: Secondary Antibody Solutions

Antibody Application Dilution
Anti-Rabbit IgG, HRP-Linked Antibody Western Blotting 1:25000
Anti-Mouse 1gG, HRP-Linked Antibody Western Blotting 1:25000
Anti-Rabbit IgG FITC Immunofluorescence 1:200

The next day, blots were washed twice in 1xTBS, twice in 1XTBS-T containing
0.1% Tween, and once again in 1XTBS. Following these washes, the blots were
incubated with a 1:25,000 dilution of a secondary anti-rabbit or anti-mouse antibody

(See Table 2 for secondary antibody information) conjugated with horseradish
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peroxidase (HRP) for two hours at room temperature in 5% milk TBS. The blots were
again washed twice with 1XTBS, twice with 1XTBS-T, and once more with 1xTBS.
Chemiluminescent signals were visualized by incubation with the HRP substrate

Luminata Forte according to the protocol provided by the manufacturer, and hyperfilm.

3. Proliferation Assays.

Confluent CEF were split into 6 well plates and incubated in normoxia and
hypoxia for the time duration indicated. Cells were treated with 1mL trypsin and diluted
in 9 mL of ISOTON® Il Diluent (Beckman Coulter 8546719). Cells were counted in
guadruplicate samples for statistical significance utilizing a Beckman Coulter model Z2

(Coulter Corporation, Miami, FL) Coulter counter.

4. Immunofluorescence.

Cell cultures were first seeded onto glass cover slips in 60 mm plates and
incubated in their respective conditions. The cover slips were washed twice in 1xPBS
and subsequently fixed using 3.7% formaldehyde in 1xPBS for 10 minutes at room
temperature. Cells were then permeabilized using 0.1% Triton X-100 in 1XxPBS on ice
for 5 min. Cells were then blocked in 5% fetal bovine serum in 1xPBS for 1 hour and
subsequently incubated with the desired primary antibody (primary AB dilution 1:100)
overnight at 4°C. The following morning, cells were washed 3 times with 1xPBS and
incubated with the respective secondary antibody for 1.5 hours at room temperature in
the dark (secondary AB dilution 1:200). Following secondary incubation, cells were

incubated with Hoechst as a nuclear stain at a concentration of 1.2 mg/mL diluted 1:300
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for 3 minutes in the dark. Cells were finally washed twice with 1xPBS and twice with

ddH20, then fixed on coverslips with Aqua-Mount and imaged.

5. ChIP Assays.

5.1 Sample Preparation:

Cells were fixed with 1% formaldehyde in 1XPBS for 10 minutes. The remaining
formaldehyde was quenched using 1.25 M glycine for 5 minutes. Cells were washed
and harvested in 1xPBS and centrifuged at 7000 RPM for 3 minutes. Cell pellets were
resuspended in 1 mL of SDS ChIP Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH
8.1, 1xHalt protease phosphate inhibitor cocktail (Pierce, USA)) and stored at -80°C.

5.2 Immunoprecipitation:

Aliquots of 500 pL were sonicated utilizing a Sonifier Cell Disruptor 350 at 50%
output for 6 minutes at 20 second pulses. Samples were pre-cleared with salmon sperm
DNA blocked Protein A beads and diluted to a final volume of 1 mL ChlIP Dilution Buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCL pH 8.1, 167 mM
NaCl, and Halt inhibitor cocktail (Pierce, USA)). A 10 uL sample was extracted, and the
remaining chromatin solution was immunoprecipitated using 2 ug of C/EBP-3 and pre-
immune C/EBP-B antibodies overnight at 4°C. After overnight incubation, antibody
complexes were precipitated using salmon sperm DNA blocked Protein A beads for 1
hour. Samples were then centrifuged and subjected to several washes: one wash with
Low Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCL pH 8.1, 150 mM NacCl), one wash with High Salt Immune Complex Wash

Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCL pH 8.1, 500 mM
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NacCl), once with LiCl Immune Complex Wash Buffer (0.25M LiCl, 1% NP-40, 1%
deoxycholic acid, 1 mM EDTA, 10 mM Tris- HCL pH 8.1) and twice with TE Buffer (10
mM Tris-HCL, 1 mM EDTA pH 8.0). Next, bound complexes were eluted using 200 pL
of Elution Buffer (0.1 M NaHCO3, 0.005% SDS). Samples were then de-crosslinked at
65°C. RNase A and Proteinase K (2 ug) were used to digest RNA and protein,
respectively. The DNA was ethanol precipitated by adding 3x the amount of 95-100%
ethanol, shaken/mixed, then put into -20°C overnight. The next morning, samples were
centrifuged at 13 000 RPM for 25 min. The ethanol was then removed and the pellet
gently washed with 70% ethanol. The 70% ethanol was removed and the pellet left to
air dry for 20 min. The pellet was then resuspended in 20 pL of 1xTE buffer and stored
at -20°C
5.3 PCR Amplification:

PCR amplifications for immunoprecipitated chromatin were done on the FABP4
promoter. The following primers were used for amplification:
Forward: TGT GCA GCA ATG AAATGG GG
Reverse: TGT GTT GGT CCA CAT ATTTTG ATAT

PCR reactions were carried out in 25 yL reaction consisting of 12.5 uL 2X GoTaq
PCR Mix, 1 yL of template DNA, and 1mM forward and reverse primers. The PCR
program consisted of: 94°C for 5 minutes, 55 cycles of 94°C for 30 seconds, 55°C for 30
seconds and 72°C for 35 seconds. The program finished with a 10 minute incubation at
72°C. Following amplification, PCR products were prepared consisting of 25 yL PCR
samples, 2 uL marker, and 3 pL of 10X TAE. PCR products were resolved on a 1.2%

agarose gel (1.88 g agarose in 125 mL of 1X TAE buff, heated in microwave to dissolve,
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followed by addition of 2.5 yL ethidium bromide) for 45-60 min and visualized in a UV

transilluminator.
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Results

Part 1: Identification and characterization of FABP4 as a hypoxia and

growth arrest specific gene in CEF.

FABP4 and RBP7 expression is induced by hypoxia and contact inhibition, but

not starvation.

As both FABP4 and RBP7 were shown via gene profiling to be upregulated at
high cell density (30), we analyzed the expression of these proteins in contact inhibited
CEF. These proteins were also analyzed in hypoxic conditions as oxygen deprivation
has been shown to be a feature of confluence (29). Additionally, a recent study showed
that HK2 cells exhibited increased expression of the FABP4 protein as a result of
hypoxia and reoxygenation (31). Our results supported these findings as FABP4 was
induced by hypoxia and contact inhibition (Figure 5). This was also true for RBP7
(Figure 6). FABP4 and RBP7 expression are therefore a feature of hypoxia and contact
inhibition, however, FABP4 was not induced by serum starvation. This is likely due to
the fact that serum starvation results in ER stress and consequently induces the ER
stress response/UPR. The absence of FABP4 expression in serum-depleted conditions
confirmed that FABP4 has a separate pathway of induction, being the hypoxia/ROS

stress response, from ER stress response.
FABP4 re-localizes in response to hypoxia.

Little is known about the intracellular localization of FABP4, which led us to
characterize its localization in response to Cl and hypoxia. In cycling CEF, low levels of

FABP4 were detected in the ER-golgi system and focal adhesion plaques (Figure 7).
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This agrees with the results from Figure 5 in which very slight FABP4 expression is
seen in the western blot analysis of cycling CEF. Following hypoxia (1% O2) incubation
for 24 hours, expression of FABP4 was strongly induced throughout the cell cytoplasm
and organelles such as the endoplasmic reticulum (ER) and golgi (Figure 7). Notably,

this hypoxia-induced localization in the endo-membrane system is similar to that of p20k

(6).

FABP4 and p20k expression are induced by hypoxia, with p20k having a stricter

range of inducible O2 concentrations.

To determine whether hypoxia-induced FABP4 was oxygen concentration
specific, a western blot analysis of proteins expressed at varying oxygen concentrations
was performed. The results showed that FABP4 was induced by 1% and 2% Oz, while
concentrations above 2% were not sufficient for strong induction (Figure 8). Similar
results were previously reported for p20k lipocalin (29), however, our results showed
that p20k exhibited a stricter cut off for oxygen concentrations sufficient to induce
expression. Although 1% O2 strongly induced p20k, 2% and above was not sufficient
(Figure 8). Therefore, although both p20k and FABP4 are inducible by limiting oxygen,
FABP4 is more sensitive than p20k to higher concentrations, or a wider range of
hypoxic concentrations. Interestingly, the relative induction of p20k at 1% O2 was almost
2-fold that of FABP4 induction, suggesting the expression of p20k is more strongly

induced in very severely hypoxic environments.
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Hypoxia-induced expression of FABP4 and p20k are time-dependent, with more

rapid upregulation of p20k.

Given the varying sensitivity to oxygen concentrations, we wanted to determine if
the kinetics and time-dependent inducibility would vary as well. Through western blot
analysis of lysate harvested from CEF incubated in hypoxic conditions for varying time
periods, we found that p20k was induced as quickly as 6 hours into hypoxia incubation,
whereas it took 12-24 hours for FABP4 to show strong induction (Figure 9). Therefore,
although FABP4 expression is more sensitive than p20k when it comes to varying
oxygen concentrations, it exhibits a less rapid onset. Notably, contact inhibited cells
exhibited more than a 2-fold FABP4 relative induction compared to p20k, suggesting

FABP4 presence is more important at high confluency than p20k.

It should be noted that Western blots sometimes showed a lower FABP4 band at
~12 kDa (data not shown). We hypothesized this to be another FABP4 isoform or that
the protein was being cleaved the longer CEF were incubated in hypoxia, further
warranting a time-dependent analysis. However, when a new FABP4 antibody was
obtained, this second band disappeared. The second band was therefore likely due to

non-specific binding of an older antibody.

FABP4 is associated with growth arrest and possibly survival.

Given that only extremely low hypoxia concentrations (2% O2) were sufficient to
strongly induce FABP4, we questioned whether its presence was correlated with cell
survival in such harsh conditions. Proliferation assays showed growth arrest at 1.5%,

3%, and 4% oxygen (Figure 10A,B,C). Western blot analysis of lysate from CEF in
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these treatments confirmed FABP4 in 1.5% Oz and minimal FABP4 in 3% O:2 (Figure
10D). Presence of FABP4 may support low levels of proliferation, as CEF exhibited
slight growth up to 48 hours in 1.5% O2 (Figure 10A). However, CEF growth arrested
completely at 3% O2 (Figure 10B), and even began to die off at 4% Oz (Figure 10C).
This could be due to a complete lack of FABP4 at 4% Oz, as low signal was detected in
3% O:2 (Figure 10D). This small amount of FABP4 at 3% O2 may have aided in at least
growth arrest/minimal survival rather than the slight continued proliferation observed at
1.5% O2 when it was strongly expressed (Figure 10A). Therefore, lack of FABP4
expression may alter CEF proliferation/survival in various oxygen concentrations.
Furthermore, FABP4 may be a feature strictly of 2% Oz hypoxia and not directly of
growth arrest, because although growth arrest occurred at 1.5% and 3% Oz, FABP4
expression was observed in 1.5% as well as 3% Oz2, although only minimally in the
latter. Additionally, CEF incubated for 24 hours in normoxia became 95% percent
confluent as they continued to grow without arrest. This caused them to reach high
density and thus experience low Oz concentrations (hypoxia), resulting in FABP4

induction.

These results highlight the importance of identifying the signals controlling
FABP4 and p20k expression in various conditions of growth arrest and hypoxia. Clearly,
FABP4 and p20k induction can be distinguished by controlling the degree of confluence

and/or hypoxia.
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Part 2: FABP4 as a transcriptional target of C/EBP-f

FABP4 expression is inducible by C/EBP-B.

C/EBP-B is a transcription factor that has been shown to regulate a number of
pro-survival genes (90). However, previous studies conducted in the Bédard lab
elucidated C/EBP-@’s ability to regulate the growth arrest specific p20k lipocalin gene in
CEF (30). Given that FABP4 has similar inducibility to p20k, it was of interest to
determine if both genes were under this same key regulator. Western blot analysis
showed C/EBP-f3 strongly induced FABP4 in cycling CEF overexpressing C/EBP-3
(Figure 11). These results suggest that C/EBP- is an upstream regulator of both

FABP4 and p20k.
C/EBP-B protein interacts with the FABP4 promoter.

To determine whether C/EBP-3 was directly responsible for the upregulation of
FABP4 in C/EBP-[ overexpressing cells, a ChIP assay was performed. Indeed, C/EBP-
B directly bound and interacted with the FABP4 promoter (Figure 12). Although the
results for contact inhibited CEF were inconclusive, this interaction was found in both
cycling and hypoxic CEF. This suggested that there must be other factors/regulators at
work, as FABP4 protein expression is present only in hypoxic and not cycling CEF

(Figure 5).
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Discussion

Part 1: Identification and characterization of FABP4 as a hypoxia and

growth arrest specific gene in CEF.

FABP4 and RBP7 expression and activation are mediated by the hypoxia stress

response pathway but not the ER stress response pathway.

FABP4 and RBP7 are two GAS genes that were shown via micro-array to be
upregulated at high cell density by approximately 30- and 7-fold, respectively (30). This
led us to explore the expression of these proteins in contact inhibition as well as in
hypoxia as oxygen deprivation has been shown to be a feature of confluence (29).
FABP4 was recently shown to be upregulated following hypoxia and re-oxygenation
(31). What’s more, intermittent hypoxia has been shown to aggravate adipose tissue
dysfunction and metabolic disorders (79, 80), both of which FABP4 has been
associated with. Indeed, our results supported these findings as we established that
FABP4 was induced by hypoxia and contact inhibition (Figure 5). This pattern was also
demonstrated by the GAS gene RBP7 (Figure 6). Therefore, FABP4 and RBP7
expression is a feature of hypoxia and contact inhibition. Although serum starvation is a
condition similar to hypoxia and contact inhibition in that starvation induces brief growth
arrest, this process is mediated by a different pathway, known as the ER stress
response/Unfolded Protein Response (UPR). The lack of FABP4 expression in serum-
depleted samples therefore allowed us to differentiate between FABP4’s role in growth
arrest associated with hypoxia/ROS or the UPR — the latter being a result of strictly ER

stress. It is important to note that this agrees with the notion that both are growth arrest
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specific genes, as cells undergo quiescence during contact inhibition as well as in
hypoxia. In addition, the induction of these hypoxia-responsive genes suggests that
oxygen availability regulates the expression of growth arrest specific genes including
FABP4 and RBP7, and that this is a separate pathway of induction from ER stress-

induced growth arrest in which nutrients is the limiting factor (88).

With clearly inducible expression in hypoxic conditions, we questioned how this
condition would affect the localization of FABP4. Although its expression is specific
primarily to adipose tissue and macrophages (35), little is known about the intracellular
localization of FABP4. In cycling CEF, what little FABP4 expressed was concentrated at
what seemed to match the location of focal adhesion plagues and endo-membrane
system of the ER-Golgi (Figure 7). This agreed with the western blot analysis as very
little FABP4 expression was seen in cycling CEF (Figure 5). However, co-localization
studies using ER and focal adhesion plaque markers would be required to confirm this
localization. Focal adhesions are congregations of molecules on the plasma membrane
which transmit signals between the cell and the extracellular matrix (ECM) (15). The
composition and dynamics of the ECM are important for correct cellular functions,
including proper lipid metabolism in adipocytes. During adipogenesis, the ECM
develops from a fibrillar to a laminar structure as cells undergo commitment and
differentiation, a process which is characterized by the storage of triglycerides (69). As
preadipocytes develop into adipocytes, the cell shape changes, which is largely
dependent on changes in the ECM (15). Interestingly, many adipocytes in obese
subjects are hypertrophic, and it has been proposed that hypertrophy of adipocytes

prevents proper oxygen supply to the cell, creating a state of hypoxia (99). It is possible
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that FABP4 contributes to focal adhesion plaque-mediated signaling between the cell
and ECM, where it is mobilized/activated in response to hypoxia. Additionally,
unsaturation of fatty acids and lysophospholipids were observed in higher abundance in
samples with increased FABP4 expression (41). This is consistent with our findings that
FABP4 associates with cell adhesion plaques as studies have suggested that
unsaturated fatty acids play a crucial role in the pathway leading to tumour progression,
another process which FABP4 has been associated with, by increasing cancer cell
adhesion (54). However, several future western blots exhibited zero or very little
expression in cycling CEF. Therefore, the fluorescence seen in cycling cells may simply
be due to non-specific binding; this remains to be investigated using polypeptide
competition or additional antibodies for FABP4. After being incubated in hypoxia (1%
0O2) for 24 hours, expression of FABP4 was strongly induced throughout the cell
cytoplasm and organelles including the ER and golgi (Figure 7). This not only confirmed
its inducibility in response to hypoxia, but that it may take on a new role in this condition.
This expression pattern is similar to that of p20k lipocalin (29, 30), suggesting that both
proteins function similarly in response to hypoxia. These results support the idea that
FABPA4 functions to transport lipids damaged by ROS in hypoxic conditions to help

maintain lipid homeostasis.

It should be noted that similar patterns were seen in contact-inhibited CEF,
although the cells were so tightly compact that precise intra-cellular localization was

difficult to determine in these conditions.
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FABP4 and p20k exhibit differing kinetics and sensitivity to hypoxia.

Having confirmed FABP4’s expression, intra-cellular localization, and therefore
activation in hypoxia, it was of interest to determine how sensitive this induction was to
specific oxygen concentrations. Our results showed that FABP4 was induced by 1%
and 2% Oz2, while concentrations above 2% were not sufficient (Figure 8), similar to the
pattern of p20k induction previously reported (29). However, our analysis of p20k
showed more stringent regulation as only 1% O:2 could induce its expression (Figure 8).
Taken together, both p20k and FABP4 are inducible by limiting oxygen, with p20k
exhibiting a stricter inducible range. Therefore, FABP4 may respond to higher O2
concentrations than p20k. Interestingly, a recent study showed intermittent hypoxia
stimulated the upregulation of FABP4 in vitro (104). This further supports the idea that
oxygen availability regulates the expression of growth arrest specific genes such as
FABP4 and p20k, and additionally that there are varying oxygen thresholds depending
on the protein. The increased 02% sensitivity of FABP4 may be due to the fact that
p20k does not get induced until extremely low Oz concentrations. The cell may induce
FABP4 pre-p20k induction as means to aid in survival in more modest conditions of
hypoxia. As stated previously, p20k expression is inhibited by the binding of ERK2 as
this prevents C/EBP-B from interacting with the Quiescence Responsive Unit (QRU)
(30). Perhaps ERK2 does not fall off of the QRU until extremely harsh hypoxia occurs
(1% 0O2), up until which FABP4 is induced in order to help the cell survive, or at the
very least, enter a state of growth arrest. Alternatively, mPPARy2 may be responsible
for the discrepancy in FABP4 versus p20k expression. mPPARY2 promotes FABP4

expression (97), whereas it inhibits p20K expression (57). Since the two proteins are
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regulated differentially, perhaps PPAR mediates some sort of feedback loop to control
the cell from making too much of both p20K and FABP4 unnecessarily.

Studies previously conducted in the Bédard lab reported time dependent
inducibility and demonstrated the kinetics of p20k lipocalin in response to contact
inhibition. p20k was induced in contact inhibited cells for up to 9 days, after which its
expression subsided as CHOP expression began to increase (30). We questioned
whether the kinetics and time-dependent inducibility of FABP4 would resemble or
diverge from that of p20k, considering they exhibited differing responses to various
oxygen concentrations (Figure 8). The results showed that p20k was induced as quickly
as 6 hours into hypoxia incubation, whereas it took 12 to 24 hours for FABP4
expression to become apparent (Figure 9). Therefore, FABP4 expression is more
sensitive than p20k when it comes to varying oxygen concentrations, but has a slower
onset of induction. This slow onset may be due to additional factors interacting with the
FABP4 promoter. It is possible that other transcriptional regulators of FABP4 are
recruited in a slower manner, thus resulting in less rapid induction. If these regulators
can be identified, their inhibition may be useful as therapeutic targets in metabolic
diseases. These factors would be more realistic therapeutic targets as their slow
recruitment/activation would allow for more time for targeting and inhibition. Another
possible mechanism behind the slower onset is post-transcriptional regulation. While
the post-transcriptional regulation of p20k has not been investigated, FABP4 has been
shown to be post-transcriptionally regulated by microRNA (miRNA). miRNA is a small,
non-coding RNA molecule that silences genes by binding to RNA transcripts and

preventing their translation or promoting their degradation. An inverse association
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between FABP4 and miR-409-3p expression was observed as ovarian cancer cell lines
showed low expression of miR-409-3p and high FABP4 expression, with the opposite
occurring in control cells (41). Furthermore, HeyA8 MDR cells transfected with a miR-
409-3p mimic led to a significant decrease in FABP4 expression (41). FABP4 was not
only confirmed a target of miR-409-3p, but its target sequence established as well.
Control cells stably expressing a FABP4 construct lacking the 3° UTR of FABP4 were no
longer sensitive to injections of a miR-409-3p mimic, as their ability to metastasize was
not decreased as seen in cancer cells expressing regular FABP4 (41). Interestingly, the
same study found that hypoxia could downregulate miR-409-3p, therefore removing its
inhibitory effect on FABP4 and resulting in increased FABP4 levels (41). Perhaps this
MIiRNA is not expressed in £2% Oz, thus relieving FABP4 mRNA of inhibition, resulting
in an increase in expression occurring over a rate of time dependent on the dissociation

of the miRNA.

FABP4 is induced by contact inhibition and hypoxia defined strictly at 2% Oz,

and is associated with growth arrest and possibly cell survival.

After finding little FABP4 expression in 3% oxygen, we wanted to determine if
this correlated with CEF proliferation or survival in comparison to oxygen concentrations
that did induce high expression. The proliferation assays showed growth arrest at 1.5%,
3%, and 4% oxygen (Figure 10A,B,C), although western blot analysis confirmed strong
FABP4 expression in only 1.5% Oz, and minimal in 3% O2. (Figure 10D). This suggests
that, as oxygen concentrations dwindle, FABP4 is upregulated and may assist in growth
arresting the cell. Additionally, FABP4 may aid in slight cell proliferation/survival once

expressed robustly enough as seen at 1.5% O2 (Figure 10A). Furthermore, this
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suggests FABP4 is a feature of hypoxia, specifically <2% O2, which then promotes
guiescence. On the other hand, CEF began to die off at 4% Oz (Figure 10C), which may
have been due to a complete lack of FABP4 at 4%. As stated before, higher amounts of
unsaturated fatty acids and lysophospholipids were observed in samples with increased
FABP4 expression (41). Additionally, studies have suggested that unsaturated fatty
acids play a key role in pathways leading to tumour progression (proliferation) by
activating the B-catenin pathway or downregulating PTEN in the PTEN tumour
suppressor pathway (56, 103). What's more, the knock down of FABP4 led to a
significant reduction in migration and invasion of ovarian cancer cells (41). The same
study also discovered that treatment with tamoxifen decreased FABP4 expression by
50%, which resulted in the impairment of free fatty acid uptake as well as a significant
decrease in the migratory abilities of cancer cells (41). Furthermore, previous studies
have shown that FABP4 presence in the stromal cells can lead to cancer progression by
providing a source of energy (lipids) to cancer cells or by increasing angiogenesis (47,
77). Taken altogether with our results, we postulated that FABP4 may interact with or
effect, via fatty acid regulation, pathways regulating CEF proliferation/survival in

conditions of hypoxia (defined at <2% O2).

Furthermore, FABP4 may be a feature strictly of 2% Oz hypoxia and not directly
of growth arrest, because although growth arrest occurred at 1.5% and 3% Oz, FABP4
expression was only robustly seen at 1.5% (and minimally at 3% O2) (Figure 10A,B,D).
Additionally, the expression of FABP4 observed in CEF incubated for 24 hours in
normoxia further confirmed its inducibility by contact inhibition and hypoxia as these

cells grew to confluency after 24 hours in normoxia. At this point, the cells became
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dense, resulting in contact inhibition and low oxygen supply (hypoxia). As time was
limited, we could not determine whether the oxygen concentrations in these samples
were specifically 2% or less. It would be of interest in the future to measure the oxygen
concentration in contact inhibited samples as this would determine whether <2% is
indeed required for FABP4 induction. This would allow insight into if specific oxygen
supplementation to cells could minimize FABP4 induction and therefore potentially

combat obesity and metabolic diseases in which FABP4 is associated with.
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Part 2: FABP4 as a transcriptional target of C/EBP-B.

FABP4 exhibits complex regulation at the transcriptional level.

Given that FABP4 exhibited similar inducibility to p20k, it was of interest to
determine if both genes were under the same key regulator. C/EBP-( is a transcription
factor that has been shown to regulate several pro-survival genes (90), however, this
protein has also been shown to act in an anti-proliferative manner. In CEF, C/EBP-f3
inhibition was shown to enhance the expression of the 3 components of AP1 - JunD,
Fra2, and C-Jun (38). This then enhanced AP1 activity, consequently increasing cyclin
D1 expression (38). Cyclin D1 promotes proliferation, showing that in this case, C/EBP-
B has a clear upstream anti-proliferative role as its inhibition promoted proliferation. In
addition to this, C/EBP- regulates the growth arrest specific p20k lipocalin gene in CEF
(30). C/EBP-B acts as a transcriptional activator of p20k by binding to the QRU,
however, ERK2 competes with C/EBP-{ for this site on p20k to function as a
transcriptional repressor of the gene (30). Although ERK2 was not investigated in
relation to FABP4, C/EBP-[3 strongly induced FABP4 in cycling CEF overexpressing
C/EBP-B (Figure 11). These results agree with the fact that C/EBP-( is required for
proper functioning macrophages (82), a cell type in which FABP4 is commonly
expressed. These results suggest that C/EBP-B is an upstream regulator of FABP4,
although it is unclear if C/EBP-f is necessary for FABP4 induction in response to
hypoxia or contact inhibition. Future experiments should be conducted to determine
whether C/EBP-f3 is necessary for FABP4 induction when in hypoxic conditions or at

contact inhibition.
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To further elucidate the regulation of FABP4 by C/EBP-[3, we wanted to
determine whether C/EBP-B acted directly on the FABP4 promoter. A ChIP analysis
showed that C/EBP-f directly bound and interacted with the FABP4 promoter in both
cycling and hypoxic CEF (Figure 12). Interestingly, cycling CEF do not express FABP4
at the protein level (Figure 5). Therefore, there may be other factors interacting with the
FABP4 promoter to suppress its expression in cycling CEF when C/EBP-f3 is bound.
Furthermore, these additional factors may be recruited at a slower rate (as we showed a
slower rate of induction compared to p20k) that work in tandem with C/EBP-$ in FABP4

induction during growth arrest.

As stated previously, FABP4 is a target for silencing by miR-409-3p on its 3’ UTR
(41). What’s more, the same study found that hypoxia could downregulate miR-409-3p,
thereby relieving FABP4 of inhibition (41). This provides evidence of the possibility that
post-transcriptional regulation of FABP4 occurs in CEF so to upregulate FABP4 when
oxygen is limited. The mechanism behind this may be that, following the hypoxia-
mediated downregulation of miR-409-3p, C/EBP-f3 is able to produce and accumulate
FABP4 transcript which is then translated and expressed. It should be noted that this
FABP4 accumulation would only occur when the miRNA is down-regulated in growth
arrested, hypoxic cells. Considering the 3' UTR is known to contain regulatory regions
that influence gene expression via post-transcriptional modifications, this may indeed be

what occurs in hypoxic CEF.

Alternatively, perhaps C/EBP- has an inhibitory role on FABP4 when cells are
cycling, but is then post-translationally modified upon hypoxia exposure which causes it

to relieve FABP4 of inhibition, consequently activating FABP4 in response to hypoxia.
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C/EBP-f activity is known to be controlled by conserved negative regulatory domains
adjacent to and interacting with the trans-activating region of the protein (57). One
proposed model of its post-translational modification describes how the de-repression of
the concealed transactivating region is influenced by the phosphorylation of specific
residues of the regulatory domains or association with trans-acting factors (59, 106).
These processes would then result in the unfolding of C/EBP-3 (59, 106). Furthermore,
many studies have demonstrated C/EBP-f’'s phosphorylation-mediated activation (75,
98, 105), supporting the possibility that post-translational modification of C/EBP-f3

influences FABP4 expression through the activation or inhibition of C/EBP-.
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Conclusion & Future Directions

Several conclusions can be drawn from our results. Similar to the
characterization of p20k in the Bédard Lab, we concluded that both FABP4 and RBP7
are induced by contact inhibition and hypoxia, but not by starvation. We attribute this to
the differential induction of stress response pathways. With hypoxia being a feature of
contact inhibition, both conditions induce a growth arrest-mediated lipid stress
response, where oxygen is a limiting factor, resulting in the upregulation of GAS genes.
However, these GAS genes - FABP4, RBP7, and p20k — are not induced by serum
starvation as this facilitates ER stress and the UPR, conditions which have previously
been shown to antagonize p20k expression (30). The induction of these hypoxia-
responsive genes suggests that oxygen availability regulates the expression of a sub-

class of growth arrest specific genes.

We concluded that hypoxia not only induces the production of FABP4, but also
possibly its localization to organelles such as the ER and golgi. We observed a strong
increase in fluorescence at these locations in hypoxic CEF compared to the minimal
fluorescence seen at focal adhesion plaques in cycling CEF. It is possible that FABP4
re-localized from plagues to move intrinsically throughout the cell when oxygen became
limited. These results not only confirmed FABP4’s upregulation in response to hypoxia,
but also suggest that it “spreads” throughout the cells to perhaps facilitate the trafficking
of lipids damaged by ROS, as ROS levels are increased during hypoxia (29). This
agrees with the hypothesis that FABP4 has a role in lipid homeostasis. To determine

whether the little FABP4 present in cycling cells does indeed localize to focal adhesion
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plaques, a future experiment consisting of a co-stain of FABP4 and a cell adhesion

plaque marker such as FAC or SRC should be performed.

FABP4 induction by hypoxia was confirmed to be oxygen concentration specific,
as FABP4 was only present at oxygen concentrations of <2% O2. p20k oxygen
requirements were even more stringent, as it was only inducible predominantly at 1%
O2. Furthermore, this inducibility was time dependent and varied between proteins as
p20k exhibited a more rapid onset than FABP4 upon hypoxia exposure. Again, this
supports the idea that oxygen availability regulates the expression of GAS genes, and
additionally, that there are protein-specific oxygen concentration thresholds and kinetics

depending on the sensitivity of the protein.

Growth arrest occurred at 1.5%, 3%, and 4% Oz, while FABP4 was only
expressed strongly in the lysate of 1.5% O2 and minimally at 3% O2. This suggested
that FABP4 may be a feature of hypoxia defined specifically at <2% O2. This agrees
with the fact it was expressed in contact inhibited samples, as high confluency results in
low oxygen concentrations, although we did not measure if the oxygen levels were <2%
in these samples. Additionally, the results from the proliferation assays suggested that
FABP4 is associated with growth arrest and may promote survival, as slight proliferation
was observed at 1.5% O2 when it was strongly expressed, whereas cells began to
arrest and die off at oxygen concentrations in which FABP4 expression was low (3-4%
O2) (Figure 10). Future experiments should investigate the O2% in contact inhibited CEF
to confirm if <2% Oz truly is the threshold for FABP4 induction or if it is a separate
feature of growth arrest. However, as implied by the 3% O:2 proliferation assay in which

growth arrest occurred with little FABP4 present, it is unlikely that FABP4 is a feature of
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growth arrest by itself. A future experiment should be conducted to assess whether mild
oxidants induce FABP4, thus confirming it strictly as a feature of oxygen limitation.
Future experiments should also consist of western blot analysis of 4% Oz, a condition in
which cells began to die off, in order to confirm no expression of FABP4 in this

condition.

Similar to p20k lipocalin, the results showed that FABP4 is inducible by forced
expression C/EBP- (Figure 11). Furthermore, using ChlP assays, we found that
C/EBP-B interacts directly with the FABP4 promoter (Figure 12). Therefore, it would be
of interest to determine if C/EBP-B is required for FABP4 activation in hypoxic and
contact inhibited CEF. This could be done by either the down-regulation of C/EBP-3 by
shRNA/RNAI, or by transfecting CEF with a dominant negative version of C/EBP-J3,
resulting in non-functional C/EBP-. This additional analysis would form a more

complete picture of the pathway of induction of FABP4.

Other future directions include further elucidating the regulation of FABP4 in
relation to C/EBP-B. It is possible that FABP4 induction depends on an additional factor
that is more slowly induced or recruited (as we demonstrate slower induction than p20k)
and cooperates with C/EBP- in FABP4 induction during growth arrest. An alternative
interpretation of FABP4 regulation by C/EBP-B is that C/EBP- itself acts as a repressor
on the FABP4 promoter. C/EBP- may sit on the promoter until post-translationally
modified upon hypoxia or ROS exposure, becoming a potent activator driving FABP4
transcription. Both of these interpretations would be possible avenues to explore in the
future. A ChIP analysis using antibodies of candidate proteins with FABP4 primers

would be ideal for the testing of candidate regulatory factors. An additional future
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direction would be to conduct a luciferase assay to analyze the activity of C/EBP-3 on

the FABP4 promoter in cycling and hypoxic CEF.

Lastly, post-transcriptional regulation may be another potential mechanism
influencing FABP4 expression. miRNA-mediated inhibition may silence FABP4
expression even when C/EBP- is bound to FABP4 DNA in cycling cells. However,
once hypoxic conditions minimize the amount of FABP4 mRNA-targeting miRNA,
FABP4 transcripts will be produced and thus will accumulate, resulting in protein
expression. A western blot experiment employing the use of antisense oligonucleotides
(antimiRs) to inhibit miR-409-3p in cycling CEF should be performed. As this would
increase FABPA4 transcript levels, it could be determined whether miRNA is required for

the repression of FABP4 in cycling CEF.

The long-term goal of this study was to identify and characterize crucial
processes involved in a novel “Membrane Stress Response”, as proposed by Bédard
and co-investigators (Erb et al, unpublished). Due to the majority of studies aiming to
characterize the cell cycle in terms of proliferation and progression through, this project
aimed to determine the key processes involved in the exit from the cell cycle as well as
the ability to re-enter after specific cellular maintenance. Contact inhibition, hypoxia, and
serum-deprivation induce this exit into the G, state, however, through two separate
pathways. Both contact inhibition- and hypoxia-induced growth arrest are mediated at
least in part by limiting oxygen (29). When oxygen is limited, blocking p20k expression,
and possibly other GAS genes, exacerbates lipid peroxidation (29). Oxygen sensitive
GAS genes likely have a large role in regulating oxidized lipids to maintain lipid

homeostasis, whereas serum-depletion facilitates growth arrest through ER stress and
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the UPR. This project characterized the response to contact inhibition and hypoxia, the
expression and regulation of FABP4 in these conditions, and how this may relate to cell
survival and cell cycle exit. Although this study characterized and filled a gap in
understanding key processes of cell homeostasis in relation to GAS genes, there
remains many questions and future directions. This includes a more extensive
investigation of the transcriptional regulators of FABP4, especially C/EBP-[3, as
elucidating this pathway could provide means of combatting diabetes, obesity,
atherosclerosis, among many other metabolic diseases that FABP4 has been

associated with.
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Experimental Figures
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Figure 5. Western blot analysis of FABP4 in CEF incubated in hypoxia (1% O32),

undergoing contact inhibition (CI), or incubated in serum-free medium (serum

depletion/starvation) (SD). Protein loading was examined by probing the blot for ERK2.

B. Quantification of western blot.
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Figure 6. A. Western blot analysis of RBP7 in CEF incubated in hypoxia (1% Oz2) or
undergoing contact inhibition. Protein loading was examined by probing the blot for

ERK2. B. Quantification of western blot.
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Figure 7. Immunofluorescence analysis of FABP4 protein localization in cycling CEF

FABP4
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and CEF undergoing hypoxia. Hoechst stain was used to visualize nuclei in comparison

to protein localization.
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Figure 8. A. Western blot analysis of FABP4 and p20K in CEF incubated in varying

OFABP4
M p20k

i i

CEF RCAS(A) 1% 02 2% 02 3% 02
cycling  cycling

Treatment

oxygen concentrations (1%, 2%, 3% O2). Protein loading was examined by probing the

blot for ERK2. B. Quantification of western blot.
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Figure 9. A. Western blot analysis of FABP4 in CEF incubated in hypoxia for various
time periods (6, 12, 24, 32 hours) or undergoing contact inhibition. Protein loading was

examined by probing the blot for ERK2. B. Quantification of western blot.
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CEF Proliferation in normoxia vs 1.5% O2
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CEF Proliferation in normoxia vs 4% O:
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Figure 10. A. Proliferation assay at 1.5% oxygen. B. Proliferation assay at 3% oxygen.
C. Proliferation assay at 4% oxygen. D. Western blot corresponding to proliferation
assay conditions. D. Western blot probing for FABP4 and p20k in cycling, 24 hour
normoxia (confluent), 24 hours 3% 24 hours 1.5% O2, and contact inhibition. Protein

loading was examined by probing the blot for ERK2. E. Quantification of western blot.
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Figure 11. A. Western blot analysis of FABP4 and p20K in CEF, RCAS(A), and C/EBP-

B overexpressing cells. Protein loading was examined by probing the blot for ERK2. B.

Western blot analysis confirming overexpression of C/EBP- in cells infected with NFM-

A vector. Protein loading was examined by probing the blot for ERK2. C. Quantification

of western blot. All cells were sub-confluent and cultured in conditions of normoxia in

these experiments.
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Figure 12. ChIP assay of cycling and hypoxic (1.5% O2) CEF probed with C/EBP-f
antibody and amplified with FABP4 primers. Probing with pre-immune antibody was

used as a control. Bands correspond to 500 bp.
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