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ABSTRACT

Fatty acid synthase (FASN) is the enzyme responsible for catalyzing the ultimate
steps of fatty acid synthesis in cells. FASN is expressed at high levels in tumor cells but
is mostly absent in corresponding normal cells. Because of the unique expression profile
of FASN, there is considerable interest not only in understanding its contribution to
tumor cell growth and proliferation, but also in developing inhibitors that target FASN
specifically as an anti-tumor modality. Work from our lab and the work contained in this
thesis provides evidence that: 1. pharmacological blockade of FASN activity induces
endoplasmic reticulum stress and subsequent activation of the unfolded protein response;
2. FASN inhibitors can be combined with the proteasome inhibitor bortezomib to
enhance UPR-mediated cell death; and 3. FASN inhibitor cell death cannot be protected
by inhibition of caspase cleavage, Bcl-2 overexpression, or phosphorylation of eIF2!, but
may be mediated through accumulation of reactive oxygen species. This work contributes
to the larger understanding of FASN in mediating aspects of proliferation, growth and
survival. As a result, a clearer understanding of the role of FASN in tumor cells has been
developed.
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CHAPTER I

GENERAL INTRODUCTION

Joy L. Little and Steven J. Kridel

The following introduction contains sections to be published in a chapter of the book
Subcellular Biochemistry: Lipid in Health and Disease. Stylistic variations are due to the
requirements of the publisher. J. L. Little prepared the manuscript. Dr. S. J. Kridel acted
in an advisory and editorial capacity.
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I.1 Abstract
While normal tissues are tightly regulated by nutrition and a carefully balanced
system of glycolysis and fatty acid synthesis, tumor cells are under significant
evolutionary pressure to bypass many of the checks and balances afforded normally.
Cancer cells have high energy expenditure from heightened proliferation and metabolism
and often show increased lipogenesis. Fatty acid synthase (FASN), the enzyme
responsible for catalyzing the ultimate steps of fatty acid synthesis in cells, is expressed
at high levels in tumor cells and is mostly absent in corresponding normal cells. Because
of the unique expression profile of FASN, there is considerable interest not only in
understanding its contribution to tumor cell growth and proliferation, but also in
developing inhibitors that target FASN specifically as an anti-tumor modality.
Pharmacological blockade of FASN activity has identified a pleiotropic role for FASN in
mediating aspects of proliferation, growth and survival. Work from the Kridel lab has
uncovered one function of FASN in maintaining endoplasmic reticulum (ER)
homeostasis. When certain conditions perturb the integrity of the ER by inducing the
accumulation of unfolded proteins, ‘ER stress’ occurs and causes activation of the
Unfolded Protein Response (UPR). The UPR is critical for the balance of adaptation and
alarm signals in a tumor cell. This introduction will provide an overview of FASN in
tumor development and the UPR as a basis for the work presented in this thesis.
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I.2. FATTY ACID SYNTHESIS
I.2.1 The FASN Enzyme
One of the metabolic hallmarks of a tumor cell is increased lipogenesis (1, 2). In
fact, in many instances the vast majority of fatty acids in tumors are synthesized de novo
(3). In mammalian cells, fatty acid synthase (FASN) is the central enzyme of long chain
fatty acid synthesis. FASN is a multifunctional polypeptide that is comprised of seven
separate functional domains (Figure 1A). The individual domains of FASN work in
concert to catalyze thirty-two different reactions to synthesize the sixteen carbon fatty
acid palmitate, using acetyl-CoA and malonyl-CoA as substrates and nicotinamide
adenine dinucleotide phosphate (NADPH) as an electron donor. The fatty acid synthesis
reaction mechanism can be separated into three functional groupings: 1) to bind and
condense the substrates, 2) to reduce the intermediates and 3) to release the final
saturated long chain fatty acid palmitate (Figure 1B). The malonyl acetyl transferase
(MAT) domain binds malonyl-CoA and acetyl-CoA, while the ketoacyl synthase (KS)
domain acts to condense the acyl chain (Figure 1B). This "-ketoacyl moiety is then
reduced in steps by the "-ketoacyl reductase (KR), "-hydroxyacyl dehydratase (DH), and
enoyl reductase (ER) domains to a saturated acyl intermediate. This derivative can then
be elongated by repeating the reactions catalyzed by the five previous enzyme activities
for seven cycles until the thioesterase (TE) domain cleaves the final product, the sixteen
carbon fatty acid palmitate. Throughout the entire synthesis of palmitate, the acyl carrier
protein (ACP) acts as a coenzyme to bind intermediates by a 4’-phosphopantetheine
group (Figure 1B). In total, approximately 30 intermediates are involved in the process,
but it is the high specificity of the TE domain for a 16 carbon fatty acid, as well as the
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MAT specificity for malonyl-CoA, that are responsible for preventing leakage of
intermediates (4). The overall FASN reaction is as follows:

Acetyl-CoA + 7 Malonyl-CoA + 14 NADPH + 14 H+ # Palmitic acid + 7 CO2 +
8 CoA + 14 NADP+ + 6 H2O

The structure of FASN has yet to be definitively characterized, as there are two
distinct models (5). Early complementation studies suggest that FASN functions as a
homodimer in head-to-tail conformation with two simultaneous reactions beginning in
one subunit and finishing in the other (4, 6-8). However a more recent crystal structure
analysis of porcine FASN challenges this historical model. The 4.5 $ structure reveals
FASN as an intertwined dimer in a conformation resembling an ‘X’ with one central core
region with two arms and two legs (9). However, at this lower resolution, the definitive
placement of the flexible TE domain and ACP is not possible. It is also unclear whether
the body of the FASN complex can be identified as two distinct monomers. In this model,
the KS domain is near the bottom of the central core of the complex and two MAT
domains are in the “legs” of the X shape. The DH domains are located in the top half of
the central region just under the ER domains. Adjacent to the ER domains are the KR
domains that comprise the “arms” of this X complex. The study equates the reaction
pockets of this structure as having “double hot dog” folds but observes asymmetry of the
two sides of the reaction chambers that may reveal hinge regions that allow different
conformations of the FASN complex (5, 9).
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Figure 1: The FASN Enzyme
A. The FASN polypeptide comprises seven functional domains: the ketoacyl synthase
(KS), malonyl acetyl transferase (MAT), "-hydroxyacyl dehydratase (DH), enoyl
reductase (ER), "-ketoacyl reductase (KR), the acyl carrier protein (ACP), and
thioesterase (TE) domains. B. The FASN reaction mechanism. The MAT domain of the
enzyme binds malonyl-CoA and acetyl-CoA, while the KS domain acts to condense the
growing acyl chain. The resulting "-ketoacyl moiety is then reduced in steps by the KR,
DH, and ER to a saturated acyl intermediate. This process is repeated in seven cycles,
after which, the TE domain releases the sixteen carbon fatty acid palmitate.
I.2.2 Other Players in the Fatty Acid Synthesis Pathway
While FASN is the central enzyme of fatty acid synthesis, other enzymes and
pathways upstream of FASN are required to generate and supply substrates. Glucose
enters the cell and is converted through glycolysis to pyruvate which is then shuttled into
the mitochondria to enter the citric acid cycle. Citrate is shuttled out of the mitochondria,
where ATP-citrate lyase (ACL) catalyzes the conversion of citrate to oxaloacetate and
acetyl-CoA. Acetyl-CoA Carboxylase (ACC) catalyzes the conversion of acetyl-CoA to
5

malonyl-CoA in the rate limiting and first committed step of lipogenesis. Unlike FASN,
which is primarily regulated transcriptionally, ACC is negatively regulated by posttranslational phosphorylation at serine 79 by AMP-activated kinase (AMPK). Energy
deficiency stimulates AMPK to regulate energy consumption of cells, specifically by
regulating ACC among other enzymes. Fatty acid synthesis requires NADPH, which is
provided through the hexose monophosphate shunt and malic enzyme (ME) to donate
electrons (10). Recent findings also suggest that glutamine metabolism can generate
sufficient NADPH in glycolytic tumor cells as well as act as a carbon source for fatty
acid synthesis (11).

After fatty acid synthesis, downstream enzymes can further modify palmitate for
various cellular functions. In the endoplasmic reticulum, the 16 carbon fatty acid can be
modified to fatty acids with eighteen or more carbons known as very long chain fatty
acids (VLCFA), such as the eighteen carbon saturated fatty acid stearate (18:0) by a
family of elongase enzymes called elongation of very long chain fatty acids (ELOVL1-6)
(12). Palmitate and stearate can also be desaturated by stearoyl-CoA desaturase-1 (SCD1)
at the cis-9 carbon to palmitoleate (16:1) and oleate (18:1), respectively (13).

I.3. FASN EXPRESSION
I.3.1 FASN Expression in Normal Cells
In normal tissue, FASN is expressed and active in cells that have a high lipid
metabolism, such as liver and adipose tissues, to generate triglycerides in response to
excess caloric intake (10, 14, 15). FASN is also expressed in a niche-specific manner in
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specialized tissues such as lactating mammary glands (16, 17) cycling endometrium (16,
18), and various other cell types including type II alveolar cells to produce lung
surfactant (16, 19), brain cells (14, 16), and seminal vesicles to produce seminal fluid
(16). FASN is only weakly detectable, if at all, in other rapidly dividing normal tissues
such as the intestinal epithelium, stomach epithelium, and hematopoietic cells in adults
and is not detectable in most other adult tissues (16).

Despite the low expression profile in most adult tissues, FASN is critical for
developing embryos and is highly expressed in proliferative fetal cells (16). The
importance of FASN in development is underscored by the fact that mice with
homozygous deletions of the FASN gene display an embryonic lethal phenotype (20).
FASN

-/-

mice die before implantation around embryonic day 3.5, most likely because

developing embryos are unable to acquire enough fatty acids from the mother for
adequate membrane biogenesis. The importance of FASN during development is further
highlighted by the fact that the majority of heterozygotes are also resorbed after
implantation. Those that survive do not live long beyond birth, indicating that one FASN
allele is usually insufficient for embryogenesis, implantation, and developing tissues (20).
The importance of the fatty acid synthesis pathway in development is further supported
by the demonstration that deletion of ACC1 in mice also results in an embryonic lethal
phenotype (21).

Mice harboring tissue-specific deletions of FASN have been generated to facilitate
understanding of the role of FASN in normal tissue. To date FASN has been deleted in
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liver, "-cells, and hypothalamus (22, 23). To knock out FASN in the liver, mice with a
“floxed” FASN allele were crossed with mice harboring an allele of Cre driven by a rat
albumin promoter. Although this liver-specific deletion of FASN (FASKOL) leaves
animals viable without severe physiological effects, it is not without consequence. When
FASKOL mice are fed a diet containing zero fat or are fasted for prolonged periods, they
develop symptoms similar to those seen in mice engineered to lack Peroxisome
Proliferator-Activating Receptor alpha (PPAR!) (24). Both PPAR! knockout and
FASKOL mice become hypoglycemic, develop steatosis (fatty liver) that correlates with
reduced serum and liver cholesterol, reduced expression of 3-hydroxy-3-methyl-glutarylCoA (HMG-CoA) reductase, decreased cholesterol biosynthesis activity, and elevated
sterol response element binding protein 2 (SREBP-2) expression. While the
hypoglycemia and fatty liver may be reversed with dietary fat, all effects including
cholesterol biosynthesis, HMG-CoA reductase and SREBP2 levels, as well as cholesterol
levels in the serum and liver are rescued by administration of a PPAR! agonist. This
reveals distinct levels of metabolic regulation between de novo and dietary fat and
indicates that products downstream of FASN activity regulate cholesterol, glucose, and
fatty-acid homeostasis in the liver through activation of PPAR! (22). Interestingly, mice
with a liver-specific knockout of ACC1 are still able to undergo fatty acid synthesis, but
this discrepancy can be attributed to compensatory production of malonyl-CoA by the
ACC2 isoform (25).

To determine whether FASN plays a role in pancreatic "-cell function, a knockout
of FASN was generated. Crossing floxed FASN mice with mice harboring Cre under the
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control of rat insulin 2 promoter (RIPCre) causes specific deletion of FASN in pancreatic
"-islet cells, as well as the hypothalamus, a region of the brain known for controlling
motivational states, such as feeding. The resulting FASN knockout (FASKO) mice
exhibit reduced feeding behavior and are highly active, even while maintained on a high
fat diet (23). This correlates with studies showing the small molecule FASN inhibitor
C75 acts in the hypothalamus to stimulate fatty acid oxidation via carnitine palmityl
transferase 1 (CPT1) and induce a reversible anorexic phenotype (see section V.1.2).
Interestingly, the "-cells lacking FASN are unaffected as loss of FASN does not alter
insulin or glucose levels during glucose tolerance testing or stimulation either in vivo or
in vitro (23). Therefore, the fasting phenotype of FASKO mice appears to be solely
attributable to the effects on the hypothalamus. As a matter of fact, this observation is in
agreement with a recent study showing FASN is not required for normal insulin secretion
of "-cells in vitro (26). Intracerebroventricular injection of FASKO mice with a small
molecule drug Wy14,643 to activate PPAR! restores feeding and weight gain, indicating
that FASN controls PPAR! activation in the hypothalamus. Pharmacological activation
of PPAR! in these mice also restores expression of CPT-1 and malonyl-CoA desaturase
(MCD) that control cellular levels of malonyl-CoA by controlling the rate of transfer of
fatty acids into the mitochondria for "-oxidation and malonyl-CoA stability, respectively
(23). These studies elucidate the importance of FASN in energy homeostasis and provide
a mechanism through which FASN can regulate its effects.
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I.3.2 FASN Expression in Tumor Cells
As discussed above, FASN has historically been studied in relation to normal
physiology and as a central mediator of energy balance. In the last few decades, however,
it has become clear that FASN is associated with tumor development. Accordingly, high
FASN expression has been identified in many tumor types (1, 27). Haptoglobin-related
protein (Hpr) was demonstrated to correlate with breast cancer stage, prognosis, as well
as recurrence and patient survival (28, 29). Shortly after this observation, Hpr, or
oncogenic antigen (OA-519) protein was identified as FASN (30). Since these
discoveries, FASN upregulation has been demonstrated in every type of solid tumor. An
initial retrospective study showed FASN expression correlated with staining of the
proliferation marker MIB-1 to predict survival of breast cancer patients (31). Subsequent
studies confirmed the association of FASN with breast cancer recurrence, as well as
shorter overall and disease-free survival in early breast cancer patients (32, 33). Breast
cancer is not the only tumor type with elevated FASN levels. FASN expression is
associated with prostate cancer prognosis, progression, and stage (34-36). As a matter of
fact, FASN is upregulated in androgen-independent prostate tumors and expression
correlates with disease stage, as the highest levels of FASN expression are in androgen
independent metastases (37, 38). FASN expression correlates with poor prognosis,
advanced progression, and/or decreased survival in a number of other cancers of different
origins including: ovarian (39, 40), melanoma (41, 42), nephroblastoma (Wilms tumor)
(43), retinoblastoma (44), bladder (45), pancreas (46), soft tissue sarcoma (47), non-small
cell lung cancer (48), endometrium (49), and Paget’s disease of the vulva (50). While
FASN expression correlates with decreased survival and/or poor prognosis in a large
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number of tumor types, there are tumor types that despite elevated FASN expression, do
not correlate with patient survival or disease stage (51-53). In addition, there are several
tumor types that show increased FASN expression, but correlation with disease
progression or patient survival has not been investigated or published at this time. These
tumors include hyperplastic parathyroid (54), stomach carcinoma (55), mesothelioma
(56), glioma (57), and hepatocellular carcinoma (58).

Increased FASN expression in tumors is an early, common event (59, 60) and its
correlation with reduced survival and increased recurrence rationalizes the potential for
anti-FASN tumor therapeutics (1, 27, 61). As evidence that lipogenesis as a whole is
important in cancer, many of the enzymes upstream of FASN show altered expression
patterns in human tumor cells. For instance, ACL is overexpressed in cancer cells of
breast and bladder (62, 63). ACC is overexpressed in breast and prostate cancer cells (2,
64-66). Interestingly, the tumor suppressor breast cancer susceptibility gene 1 (BRCA1)
can bind the phosphorylated inactive ACC to prevent re-activation (67). In addition,
squamous cell carcinomas of the lung show lower immunohistochemical staining of
phosphorylated inactive ACC than adenocarcinoma with poor prognosis (68). The strong
functional correlation between upstream mediators of fatty acid synthesis and cancer
underscores the importance of this pathway in tumor biology.
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I.4. FASN REGULATION
I.4.1 FASN Regulation in Normal Cells
In nonmalignant tissues, FASN expression is primarily regulated at the
transcriptional level (Figure 2A) (69). There is a single FASN gene and the signals in
normal cells that stimulate FASN transcription are numerous but strictly defined (70).
Transcription of FASN is stimulated by dietary carbohydrate, glucose, insulin, amino
acids, sterols and cyclic-AMP through specific response elements (4, 10, 71-76).
Hormones such as the thyroid hormone triiodothyronine (T3) (77), progesterone (78),
androgen (66) and adrenal glucocorticoids (15) can also upregulate FASN in liver and
adipose tissues. FASN transcription is mediated by multiple transcription factors.
Upstream stimulatory factors (USFs) are required for insulin mediation of FASN
expression, but other factors such as nuclear factor Y (NF-Y) and stimulatory protein 1
(SP1) can also play a role in FASN transcription (79, 80). However, the vast majority of
FASN-regulatory signals act through a family of transcription factors known as sterol
response element binding proteins (SREBPs) that control lipid homeostasis and bind to
various elements in the FASN promoter. There are three SREBP family members:
SREBP-1a, SREBP-1c, and SREBP-2. SREBP-1a and SREBP-1c have been most widely
linked to regulation of lipogenic gene transcription, while SREBP-2 is most linked to
cholesterol metabolism. The SREBPs exist as endoplasmic reticulum membrane bound
precursors that are activated after proteolytic processing by site-one and site-two
proteases (S1P, S2P). When sterol levels are low, S1P cleaves the SREBP molecule to
release the N terminal portion from the endoplasmic reticulum (81). SREBP then binds to
the SREBP cleavage activating protein (SCAP) and is translocated to the Golgi where
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S2P further processes the molecule so that the transcription factor is activated. The
processed SREBP then translocates to the nucleus to bind specific E box motifs and sterol
response elements (SREs) (82). There is evidence that dietary factors stimulate the
expression of FASN in a manner mediated through signaling pathways such as the
phosphoinositide-3 kinase (PI3K) pathway. For instance, nonmalignant 3T3-L1
adipocytes regulate insulin-mediated FASN expression through Akt in a manner
independent of both mitogen activated protein kinase (MAPK) and P70 S6 kinase, but
dependent on SREBPs (75, 83).

Expression of FASN is tightly controlled so that transcription does not continue
unabated under typical circumstances. Polyunsaturated fatty acids (PUFAs) (84-86),
sterols (80, 87), and leptin (88) all act to repress FASN transcription and do so by
specifically down-regulating SREBP-1 in hepatocytes (79, 89). This highly complex
organization of checks and balances for FASN expression is necessary to supply the cell
with essential de novo fatty acids for cellular function and growth (Figure 2A). Just as
importantly, controls keep the cell from continuing unnecessary lipogenesis.

I.4.2 FASN Regulation in Tumor Cells
While FASN expression is tightly controlled through dietary and hormonal
stimuli in nonmalignant cells, tumor cells ignore these restrictions and increase FASN
beyond typical levels (Figure 2B). In fact, an early study of orthotopic hepatomas
revealed that while low-fat, high-fat, and high-cholesterol diets all affected rates of fatty
acid synthesis in the normal liver, the rates of hepatoma fatty acid synthesis were
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unchanged (90). It has since been discovered that deregulation of upstream signals drive
FASN expression in a manner that is largely transcriptional in tumors (Figure 2B) (2).

Overexpression of FASN in tumor cells is induced at the transcriptional level by
receptor tyrosine kinase (RTK)-stimulation of Ras and Akt (Figure 2B). Keratinocyte
growth factor (KGF) can induce the Akt- and cJun N-terminal kinase (JNK)-dependent
expression of FASN in pulmonary cancer cells (91). Epidermal growth factor (EGF) has
also been shown to increase FASN in prostate cancer cells (92).

In addition to growth factor signaling, activation of the RTK HER2/Neu is linked
with FASN expression in tumor cells. HER2/Neu upregulates PI3K-dependent FASN
transcription in breast cancer cells (93, 94).

Blocking HER2/Neu with Herceptin

decreases FASN expression (93). There appears to be a crosstalk between these
pathways, as inhibition of FASN activity leads to the downregulation of HER2/NEU
(95). While HER2/Neu is primarily associated with breast cancer progression,
HER2/Neu and FASN expression correlate in squamous cell carcinomas of the tongue, as
well (53). Surprisingly, HER2/Neu can also regulate FASN expression in prostate cancer
cells (96). These data suggest there is coordinate regulation of HER2/Neu activation and
FASN upregulation in tumor cells.

Downstream of RTK signaling, the PI3K/Akt pathway has been shown to
upregulate FASN. Loss of PTEN is a frequent transformation event in cancer, that leads
to a gain of function in Akt signaling (97, 98). In prostate cancer cells, this signaling
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cascade drives androgen receptor (AR)-mediated oncogenic transcription and progression
to metastatic disease (97, 99). The PTEN-null LNCaP tumor cell line has high levels of
FASN. Reintroducing PTEN or using the PI3K inhibitor LY294002 can decrease FASN
expression, whereas introducing constitutively active Akt can restore FASN expression
(100). The connection between FASN expression and PI3K activity is further observed in
prostate carcinoma samples with high Gleason scores, where high FASN expression
correlates with phosphorylated Akt that is localized to the nucleus (101). Moreover, a
crosstalk between these pathways has been identified. In ovarian cancer cell lines,
phosphorylated Akt correlates with and drives FASN expression. Conversely, inhibiting
FASN results in decreased Akt phosphorylation (102). These data suggest that PI3K
signaling through Akt is an important mediator of FASN transcription in tumor cells.

In addition to RTK-driven stimulation of Akt, there is evidence that the small
GTP-ase protein Ras can influence FASN expression in tumors. Constitutively active Hras induces increased PI3K and MAPK-dependent FASN expression in MCF-10A cells
(103). Consistent with this notion, the expression of activated K-ras correlates with
FASN expression in human colorectal cancer samples (104, 105). Altogether, these data
suggest that RTK signaling, Ras, and PI3K-Akt pathways can drive transcriptional upregulation of FASN expression in tumor cells (Figure 2B).

Not surprisingly, hormones are another common factor driving FAS expression in
tumor cells (Figure 2B). Progestins stimulate FASN expression in breast cancer cells (78,
106, 107). Consistent with this finding, increased FASN expression in endometrial
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carcinoma correlates with expression of both estrogen and progesterone receptors (PR)
(108). In prostate cancer, FASN expression can be regulated by androgens in prostate
cancer through upregulation of transcription factors such as S14 and SREBPs (109-112).
In addition, HER2/Neu can drive activation of AR in prostate cancer cells to increase
MAPK-dependent induction of FASN in the absence of androgen (96).

While the main mechanism of FASN overexpression in tumors is through
transcriptional upregulation, there is also evidence that FASN is regulated by posttranscriptional mechanisms (Figure 2B). For instance, HER2/Neu driven expression of
both FASN and ACC can be regulated at the translational level through Akt, PI3K, and
mTOR-dependent mechanisms (94). FASN stabilization is tightly linked with the deubiquitinating enzyme ubiquitin-specific protease 2a (USP2A) in prostate cancer cells.
USP2A is androgen regulated and is not only upregulated similarly to FASN, but actually
interacts with FASN to enhance FASN stability (113). Treating prostate tumor cells with
the proteasome inhibitor MG-132, also increases FASN expression, further supporting
evidence that FASN is regulated by the proteasome (113). Interestingly, yeast studies
provided early evidence of FASN regulation by proteasomal degradation (114). FASN
can also be upregulated in cancer cells by FASN gene amplification (115). The fact that
numerous mechanisms act to increase FASN expression in tumor cells highlights the
importance of FASN in tumor progression.
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Figure 2: Regulation of FASN Expression in Normal and Tumor Cells.
A. In normal cells (hepatocytes and adipocytes) FASN expression is primarily regulated
through transcriptional mechanisms by multiple stimuli. B. In tumor cells, FASN
expression is regulated by transcriptional and non-transcriptional mechanisms via
multiple pathways.
I.4.3 Palmitate Utilization in Normal and Tumor Cells
Upregulation of FASN activity causes the increased production of fatty acids,
particularly palmitate. While the mechanisms that drive FASN expression are different in
tumors as compared to normal cells, the utilization of its products differs, as well. Fatty
acids are used for a variety of cellular functions. In nonmalignant adipose and hepatic
tissue, palmitate is incorporated into triglycerides for secretion and storage to be
ultimately used as an energy source through "-oxidation (116). Fatty acids such as
palmitate can also comprise a regulatory pool that activates energy mediators such as
PPAR! in the liver and hypothalamus (22, 23). In addition, key signaling molecules, such
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as Ras and Hedgehog,

can be palmitoylated to target these proteins to cellular

membranes (117). So far, a link between protein palmitoylation and FASN activity has
not been established though. In development, fatty acids can segregate into phospholipids
to create cellular membranes (20). Similarly, tumor FASN-derived palmitate segregates
into phospholipid microdomains known as lipid rafts (Figure 2B) (118). Lipid rafts are
involved in a number of key biological functions including signal transduction,
polarization, trafficking, and migration (119, 120). Considering that palmitate can
ultimately be used for a number of cellular processes, including being elongated and
desaturated for subsequent events, it is apparent that FASN occupies an important niche
in tumor cells.

I.5. ENDOPLASMIC RETICULUM
I.5.1. Endoplasmic Reticulum
The endoplasmic reticulum (ER) plays a central role in many cellular functions,
including protein folding and glycosylation, as well as calcium ion storage and
homeostasis for the cell (121). The ER is also the primary site of phospholipid synthesis
to supply lipid for organelle and cellular membrane. Because the ER serves so many
important functions, it is not surprising that the ER also acts as a quality control
mechanism for both trans-membrane bound and certain soluble or secreted proteins. If
proteins are improperly folded, they are either retained in the ER until proper folding is
achieved or are targeted through specific mechanisms for degradation (121).
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V.5.2. Lipids and the Endoplasmic Reticulum
There are significant links between ER homeostasis and lipids. Not only is the ER
the main site of phospholipid synthesis, but phospholipids are, in turn, critical for
maintaining ER integrity and homeostasis. For example, inhibiting synthesis of
phosphatidylcholine, the main phospholipid of the ER and other cellular membranes,
perturbs the ER function and induces a condition referred to as ‘ER stress’ (122).
Inhibiting phosphatidylcholine synthesis induces key signaling components associated
with the cellular response to ER stress, known as the unfolded protein response (UPR),
including induction of a pro-apoptotic factor known as C/EBP homologous protein
(CHOP) (122). In turn, the UPR has mechanisms in place to upregulate phospholipid
synthesis. Mice lacking a key UPR component, X-box binding protein 1 (XBP-1) are
embryonically lethal due to underdeveloped ER in the liver (123). Reintroducing XBP-1
to only the liver of XBP-1-/- mice partially rescues viability, but tissues with high
secretory capacities such as salivary and acinar tissues are non-functional because of
inadequate ER volume (124). Overexpression of the active form of XBP-1 results in
activation of a key enzyme in the phosphatidylcholine synthesis pathway leading to
increased ER size and volume (125, 126). These studies indicate a critical connection
between phospholipids and ER homeostasis. Considering that palmitate can segregate to
phospholipid, the connections between lipids and ER function led our lab to hypothesize
that synthesis of the fatty acid palmitate is also required for maintenance of ER
homeostasis (127). Furthermore, we hypothesize that FASN inhibitors induce cell death
through an ER stress-dependent mechanism.
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I.5.2. Endoplasmic Reticulum Stress
Typically, proteins are translated off the ribosome into the ER where they are
folded into their proper conformations and exported for cellular function (121). If a
protein is misfolded, it is degraded through ER-associated degradation (ERAD). As the
protein enters the ER, key protein chaperones, such as BiP, help keep the protein in its
unfolded conformation until translation has completed and the full protein is in the ER
lumen (121). Certain physiological events such as glucose deprivation, acidosis, or low
oxygen can cause the accumulation of unfolded proteins. Pharmacological agents that
interfere with protein secondary modifications or calcium homeostasis can also induce
the accumulation of unfolded proteins (128). If these unfolded proteins continue to
burden the ER, the cell will undergo proteotoxicity and subsequent cell death. However,
the cell has an integrated stress response program specific to conditions resulting in
unfolded protein accumulation known as the unfolded protein response (UPR) (128).

I.5.3. Unfolded Protein Response
The UPR is activated under conditions of ER stress to reduce translation,
upregulate chaperones, increase ER volume, and increase ER-associated degradation to
allow the cell to adapt and recover from its stressor (126, 129, 130). If this adaptation
protocol is insufficient to mediate cell survival in response to the ER stressor, or becomes
saturated, then a corresponding alarm signal cascade will be activated to induce
programmed cell death. Therefore, activation of these stress signals is critical to the
cellular balance between survival and death. The UPR is comprised of three proximal
sensors that mediate various components important for adaptation and apoptosis. The
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PKR-like ER kinase (PERK) is an ER trans-membrane kinase that phosphorylates serine
51 of the alpha subunit of eIF2 under conditions of ER stress to inhibit bulk translation
(131). The inositol-requiring enzyme 1 (IRE1) is also an ER trans-membrane kinase that
also acts as an endonuclease to splice the mRNA of XBP-1 to form a potent ER-stress
specific transcription factor that upregulates chaperones and genes involved in membrane
biogenesis (129, 130). In addition, IRE1 can also interact with TRAF2 to activate JNK
and corresponding alarm signals (132). The third arm acts through activated transcription
factor 6 (ATF6) that becomes activated through proteolysis to upregulate chaperones and
other key components of the UPR (133, 134). The three arms of the UPR are each
activated under conditions of ER stress to mediate functions to reduce protein burden,
adapt the capacity of the ER to handle protein burden, or undergo apoptosis (Figure 3).

I.5.3.1. PKR-like Endoplasmic Reticulum Resident Kinase Signaling
PERK is one of four known cellular stress kinases able to phosphorylate
eukaryotic initiation factor 2 alpha (eIF2!) to reduce bulk translation and upregulate the
translation of key survival genes such as activating transcription factor 4 (ATF4) (131,
135, 136). PERK becomes activated under conditions of ER stress when the binding
protein BiP titrates off the ER luminal domain of PERK to bind misfolded proteins
allowing PERK to dimerize and autophosphorylate (137). Activated PERK is then able to
phosphorylate serine 51 of the alpha subunit of eIF2 (131). Fully active translation
requires formation of the ribosomal 43S pre-initiation complex consisting of eIF2,
Methionyl t-RNA, GTP, and other eIFs. Phosphorylation of eIF2! acts as a dominant
negative by binding and sequestering the guanine nucleotide exchange factor, eIF2B,
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thereby preventing eIF2 from joining the 43S complex and facilitating the exchange of
GTP. Reducing translation lowers the input of protein to the already burdened ER.
PERK-dependent phosphorylation of eIF2! also directly leads to the increased translation
of ATF4 due to an alternative upstream open reading frame (138, 139).

BiP
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degradation
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eIF2!
GADD34

proteasome

p-eIF2!

IRE1
XBP-1(us) XBP-1(s)
degradation

global translation off
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TRAF2
Golgi
p-JNK
c-Jun

Adaptation

Alarm, Death

BiP, GADD34, XBP1

CHOP

Figure 3. The Unfolded Protein Response
Certain conditions induce the accumulation of unfolded proteins in the ER. The UPR
responds by reducing protein burden, increasing adaptation genes, and inducing alarm
genes through activation of PERK, IRE1, and ATF6. PERK phosphorylates eIF2! to
reduce bulk translation and increase translation of ATF4. IRE1 mediates the splicing of
XBP-1 to yield a transcription factor important for upregulation of adaptation genes.
IRE1 also interacts with TRAF2 to activate JNK and downstream alarm signals. ATF6,
once activated, also upregulates adaptation and alarm signals of the UPR.
Upregulation of ATF4 allows for the induction of various downstream targets
important for adaptation of the ER such as protein folding chaperones, as well as targets
important for the alarm response such as the pro-apoptotic factor known as C/EBP
homologous protein (CHOP) (140). The simultaneous induction of adaptation and alarm
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signals is a common theme in the UPR. The UPR, in general, but PERK-dependent
phosphorylation of eIF2! specifically, acts as a rheostat to fine tune signals that balance
survival and death in a cell experiencing ER stress (141). If a cell is unable to maintain or
induce adequate levels of phosphorylated eIF2!, the cell dies due to proteotoxicity. If the
cell has levels of phosphorylated eIF2! that are too high, the cell cannot translate enough
protein to survive. Therefore, the levels are carefully regulated by stress kinases such as
PERK and the ER-stress effector growth arrest and DNA damage protein 34 (GADD34)
that complexes with protein phosphatase 1 (PP1) to mediate the dephosphorylation of
eIF2! (128, 142-144).

I.5.3.2. Inositol-Requiring Enzyme 1 Signaling
The IRE1 arm of the UPR is another signaling pathway designed to mediate
adaptation and alarm signals (128). Activation of IRE1 is not well understood. One
model suggests that BiP titrates off the ER luminal domain of IRE1 to activate IRE1 in a
manner similar to that of PERK activation (137). However, mutating the domain of BiP
thought to bind to IRE1 does not affect IRE1 activation (145). Some evidence based on
the crystal structure of the ER luminal domain of IRE1 suggests that IRE1 may be able to
bind unfolded proteins and, therefore respond to their accumulation directly (146).
Despite this debate, evidence does indicate that IRE1 does indeed oligomerize and, then
trans-autophosphorylates (147).

In addition to its kinase ability, IRE1 also acts as an endonuclease to splice a 26
base pair fragment from XBP-1 mRNA to cause a reading frame shift (129, 130).
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Spliced, or processed, XBP-1 (XBP-1(s)) is then translated to a stable ER-stress specific
transcription factor that upregulates ER chaperones and other adaptation genes, including
itself and genes involved in membrane biogenesis (125, 129, 130). Activated IRE1 can
also interact with TRAF2 to activate JNK and corresponding alarm signals including
activation of the ER stress-associated caspase 12 (132, 148). IRE1 activation is able to
induce expression of the ER stress pro-apoptotic protein CHOP downstream of JNK
(149, 150). Also in support of the connection with IRE1 and alarm signal transduction,
Bax and Bak at the ER are required for IRE1 activity (151). Altogether, IRE1 is an
important mediator of not only UPR adaptation signaling, but the alarm response as well.

Understanding the contribution of the UPR signaling arms allows for a unique
opportunity to exploit its careful balance of survival and death and shift the cell past
levels compatible with survival. Combining pharmacologic or physiological ER stressors
can potentially augment cell death and, therefore, increase chemotherapeutic efficacy.
We have shown that perturbing fatty acid synthesis induces ER stress and activation of
the UPR (127). Further, we show that FASN inhibitors can be combined with a
proteasome inhibitor to increase cell death through increased UPR signaling. We
hypothesize that this is likely due to a downstream perturbation in phospholipid levels
needed for ER membrane, function, and overall homeostasis. In fact, we propose that the
ER may act as a sensor for fatty acid and, moreover, FASN levels in a tumor cell (127).
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I.6. Overview
Fatty acid synthase represents a highly attractive therapeutic target considering its
expression profile and the dependency of tumor cell survival on FASN expression. While
FASN inhibitors are known to induce cell death, the mechanism has not been well
established. Furthermore, it is not understood why tumor cells express FASN when
palmitate can be obtained from the circulation. This dissertation describes a connection of
FASN with the endoplasmic reticulum and how this connection may facilitate tumor cell
survival. Chapter II details the initial discovery of the connection between the FASN and
the ER and shows that FASN inhibitors induce the physiological phenomenon known as
“ER stress” (overviewed above). Chapter III describes how combining FASN inhibitors
with a clinically approved proteasome inhibitor, bortezomib, not only increases tumor
cell death mediated through the UPR, but also reveals crosstalk between the fatty acid
synthesis and proteasome pathways. Chapter IV reveals that FASN inhibitor cell death
may be mediated by accumulation of reactive oxygen species through a mechanism that
is independent of both caspase cleavage and PERK-dependent phosphorylation of eIF2!.
Chapter V will summarize how this dissertation fits in the global understanding of FASN
in cancer cells and the application of FASN inhibitors for clinical use.
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CHAPTER II

INHIBITION OF FATTY ACID SYNTHASE INDUCES ER STRESS IN TUMOR
CELLS
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II.1 Abstract
Fatty acid synthase (FAS), the cellular enzyme that synthesizes palmitate, is
expressed at high levels in tumor cells and is vital for their survival. Through synthesis of
palmitate, FAS primarily drives the synthesis of phospholipids in tumor cells. In this
study, we tested the hypothesis that the FAS inhibitors induce endoplasmic reticulum
(ER) stress in tumor cells. Treatment of tumor cells with FAS inhibitors induces robust
PERK-dependent phosphorylation of the translation initiation factor eIF2! and
concomitant inhibition of protein synthesis. PERK deficient transformed mouse
embryonic fibroblasts (MEFs) and HT-29 colon carcinoma cells that express a dominant
negative PERK (%C-PERK) are hypersensitive to FAS inhibitor-induced cell death.
Pharmacological inhibition of FAS also induces processing of X-box binding protein-1,
indicating that the IRE1 arm of the ER stress response is activated when FAS is inhibited.
Induction of ER stress is further confirmed by increased expression of the ER stressregulated genes CHOP, ATF4 and GRP78. FAS inhibitor-induced ER stress is activated
prior to the detection of caspase 3 and PARP cleavage, primary indicators of cell death,
and orlistat-induced cell death is rescued by co-incubation with the global translation
inhibitor cycloheximide. Lastly, FAS inhibitors cooperate with the ER stress inducer
thapsigargin to enhance tumor cell killing. These results provide the first evidence that
FAS inhibitors induce ER stress and establish an important mechanistic link between
FAS activity and ER function.
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II.2 Introduction
Fatty acid synthase (FAS) is a multifunctional enzyme that catalyzes the terminal
steps in the synthesis of the 16-carbon fatty acid palmitate in cells (1, 2). In normal tissue
the FAS expression levels are relatively low as fatty acid is generally supplied by dietary
fatty acids. On the other hand, FAS is expressed at significantly higher levels in many
tumors including those of the prostate, breast, colon, ovary and others (3-5). This
expression profile suggests that tumors require higher levels of fatty acids than can be
supplied from circulation. Several reports have demonstrated that FAS expression levels
correlate with tumor progression, aggressiveness and metastasis (5-7). In fact, FAS
expression levels are predictive of the progression from organ-confined prostate cancer to
metastatic prostate cancer (6), indicating that FAS provides a metabolic advantage to
tumor cells. Because of the strong link between FAS expression and cancer, FAS has
become an attractive target for therapeutic intervention.

The functional connection between FAS and tumor progression has been provided
by the discovery and design of small molecule drugs that inhibit the catalytic activity of
FAS (8, 9). Cerulenin and C75, which target the keto-acyl synthase domain of FAS, were
the first small molecules to be described as inhibitors of FAS activity in human tumor
cells. These pharmacological agents inhibit FAS activity and induce cell death in many
tumor cell lines in vitro (5, 7). The compounds are also effective at inhibiting the growth
of human tumor xenografts in vivo and have chemopreventive abilities (10-12). We were
the first to describe orlistat as an inhibitor of the thioesterase domain of FAS (13).
Orlistat inhibits FAS activity and induces cell death in a variety of tumor cell lines and is
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able to effectively inhibit the growth of prostate tumor xenografts in mice (13-15). The
data linking FAS function and tumor cell survival emphasizes the relevance of FAS as an
attractive anti-tumor target. The importance of fatty acid synthesis in tumor cells is
further underscored by data demonstrating that pharmacological and genetic inhibition of
two upstream enzymes in the fatty acid synthesis pathway, ATP citrate lyase (ACL) and
acetyl CoA carboxylase (ACC), also induces cell death in tumor cell lines (16-18).

Because FAS is a target for therapeutic intervention, it is important to fully
understand the role of FAS in tumor cells as well as the anti-tumor effects of FAS
inhibitors. Given that the endoplasmic reticulum (ER) is the major site for phospholipid
synthesis in cells, it is not surprising that previous studies have identified a link between
pathways that regulate lipid synthesis and the ER stress response (19-21). Fatty acid
synthesis in general, and FAS activity in particular, drives phospholipid synthesis which
primarily occurs in the ER (22). Because of the direct connection between FAS activity
and phospholipid synthesis, we tested the hypothesis that pharmacological blockade of
FAS activity might induce ER stress in tumor cells (22). The data presented herein
demonstrates for the first time that inhibition of FAS induces ER stress specifically in a
variety of tumor cells and not in normal cells. Importantly, we also demonstrate that FAS
inhibitors cooperate with a known ER stress inducer, thapsigargin, to induce cell death.
The data also provide evidence that FAS inhibitors might be combined with PERK
inhibitors to more effectively treat cancer. The evidence suggests that increased FAS
expression in tumor cells is important for ER function to maintain membrane biogenesis
and suggests a role for ER stress in the anti-tumor effects of FAS inhibitors.
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II.3 Materials and Methods
Materials. The PC-3, DU145, HT-29, HeLa, and FS-4 cell lines were obtained from
American Type Culture Collection (Manassas, VA). Cell culture medium and
supplements were from Invitrogen (Carlsbad, CA). Antibodies against eIF2!, phosphoeIF2!, cleaved caspase 3, and cleaved PARP were from Cell Signaling Technologies
(Beverly, MA). Antibody against fatty acid synthase was from BD Transduction Labs
(San Diego, CA). Antibody against "-tubulin was from NeoMarkers (Fremont, CA).
TRIzol was from Invitrogen (Carlsbad, CA). Avian Myleoblastosis Virus (AMV)
Reverse Transcriptase and Taq Polymerase were from Promega (Madison, WI).
methionine and
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S-

C-acetate were purchased from GE Healthcare (formerly Amersham

Biosciences, Piscataway, NJ). Oligonucleotides were synthesized by Integrated DNA
Technologies (Coralville, IA), except for those designed for siRNA which were
synthesized by Dharmacon (Lafayette, Co). All other reagents were purchased from
Sigma (St. Louis, MO), Calbiochem (San Diego, CA) or BioRad (Hercules, CA).

Cell culture and drug treatments. Prostate tumor cell lines were maintained in RPMI
1640 supplemented with 10% fetal bovine serum at 37#C and 5% CO2. Wild-type and
PERK-/- mouse embryonic fibroblasts (MEFs), obtained from David Ron, M.D. (Skirball
Institute for Biomolecular Medicine, New York University School of Medicine, New
York, NY), HeLa cervical cancer cells, and FS-4 human foreskin fibroblasts were
maintained in DMEM-high glucose supplemented with 10% fetal bovine serum. HT-29
colon carcinoma cells were maintained in McCoy’s 5A media supplemented with 10%
FBS. HT-29 cells expressing the pBabe-puro empty vector or the pBabe-puro-%C-PERK
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construct were maintained with 1 µg/ml puromycin and supplemented with 20% FBS,
non-essential amino acids and 2-mercaptoethanol. Cells were treated for the indicated
times and drug concentrations as indicated. Orlistat was extracted from capsules in EtOH
as described previously and stored at -80#C (13). Further dilutions were made in dimethyl
sulfoxide (DMSO).

Generation of "C-PERK expressing cells. To generate human tumor cells with deficient
PERK signaling, HT-29 cells seeded in 6-well plates were transfected with 1 µg of
pBabe-puro or pBabe-puro-%C-PERK using Lipofectamine (Invitrogen). These plasmids
have been described previously (23). Stable populations of each construct were selected
by incubating transfected cells with 3 µg/ml puromycin for 48 hours. The transfected cell
populations were then maintained in 1 µg/ml puromycin for subsequent experiments in
the media described above.

Immunoblot analysis. Cells were harvested after the indicated treatments, washed with
ice-cold phosphate-buffered saline, and lysed in buffer containing 1% Triton X-100 and a
complete protease, kinase, and phosphatase inhibitor cocktail. Protein samples were
electrophoresed through 7.5%, 10% or 12% SDS-polyacrylamide gels and transferred to
nitrocellulose, except for blots to detect phospho-eIF2! and eIF2!, which were
transferred to Immobilon-P membrane (PVDF). Immunoreactive bands were detected by
enhanced chemiluminescence (PerkinElmer, Boston, MA).
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Metabolic labeling of protein and fatty acid synthesis. To measure fatty acid synthesis, 1
×105 cells per well were seeded in 24-well plates. Cells were treated with C75 (10
µg/ml), orlistat (25, 50 µmol/L), or cerulenin (5, 10 µg/ml) for 2 hours.

14

C-acetate (1

µCi) was added to each well for two hours. Cells were collected, washed and lipids were
extracted and quantified as previously described (13). To measure new protein synthesis,
PC-3 cells were seeded in 6-well plates. Orlistat (50 µmol/L) and thapsigargin (1 µmol/L)
were added for the indicated times. After incubation with orlistat or thapsigargin, the
cells were switched to methionine deficient medium while maintaining the drug
concentrations. Methionine deficient medium supplemented with 100 $Ci/ml
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S-

methionine was added to the cells for thirty minutes to label newly synthesized proteins.
After the labeling period, cells were washed, lysed and samples were resolved by
electrophoresis through a 10%-SDS-polyacrylamide gel. The gel was then stained with
Coomassie, dried and relative protein synthesis of each sample was quantified after
scanning with a Typhoon 9210 (Amersham) using ImageQuant software.

Clonogenic survival assays. Cells were plated in 6-well plates at low density depending
on the individual cell type. PC-3 cells were plated at a density of 800 cells per well,
except for the experiment combining C75 with thapsigargin, for which PC-3 cells were
plated at 3000 cells per well. HT-29 and MEF cells were plated at a density of 400 cells
per well. Human tumor cells were plated 48 hours prior to each experiment, while MEFs
were plated 24 hours prior to treatment. Fresh medium containing the indicated drugs was
added at the indicated concentrations for 12-20 hours as indicated. The media was then
removed, the wells were washed and fresh medium was added. Plates were incubated
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until macroscopic colonies were formed. To visualize colonies the wells were washed
twice with ice-cold phosphate-buffered saline and fixed for 10 minutes with a 10%
methanol, 10% acetic acid solution. Colonies were stained with a 0.4% crystal violet,
20% methanol solution for 10 minutes. The crystal violet solution was removed, the wells
were washed with water to remove excess dye, and dried at room temperature overnight.
Colonies were quantified by counting and by solubilization in 33% acetic acid followed
by spectrophotometric analysis at 540 nm. Survival of treated cells was normalized
relative to vehicle treated cells and statistical significance was determined by two-tailed
Student's t tests.

Detection of XBP-1 splicing and ATF4, GRP78, CHOP, and GADD34 expression. Cells
were exposed to the various drug treatments or transfected with siRNA for the indicated
times. Total RNA was isolated from cells using TRIzol according to the manufacturer’s
directions. cDNA was generated from 2 $g of total RNA using AMV-reverse
transcriptase. XBP-1 was amplified by polymerase chain reaction (PCR) with Taq
polymerase using the oligonucleotides AAACAGAGTAGCAGCTCAGACTGC (sense)
and TCCTTCTGGGTAGACCTCTGGGAG (antisense). The XBP-1 products were
resolved on 2% Tris-acetate-EDTA agarose gels and imaged on the Typhoon 9210 at
610nm. The expression of CHOP, ATF4, GRP78, and GADD34 was determined by
semi-quantitative PCR using RNA collected as described above. Multiple cycles were
tested for each gene to determine the optimum cycles in the linear range. The
oligonucleotide sequences used were: CHOP, CAGAACCAGCAGAGGTCACA and
AGCTGTGCCACTTTCCTTTC; GRP78, CTGGGTACATTTGATCTGACTGG and
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GCATCCTGGTGGCTTTCCAGCCATTC; ATF4, CTTACGTTGCCATGATCCCT and
CTTCTGGCGGTACCTAGTGG; and GADD34, GTGGAAGCAGTAAAAGGAGCAG
and CAGCAACTCCCTCTTCCTCG. The CHOP, GRP78 and ATF4 products were
resolved on 1% Tris-acetate-EDTA agarose gels and imaged on the Typhoon 9210 at
610nm.

Suppression of FAS expression with siRNA. A paired siRNA oligonucleotide against the
FAS gene (FAS1 sense, GUAGGCCUUCCACUCCUAUU) and one siRNA against
luciferase as a negative control (Luc sense, CUUACGUGAUACUUCGAUU) were
designed and synthesized by Dharmacon. The individual siRNAs (30 nmol/L) were
transfected into cells at plating with siPORT NeoFX transfection reagent (Ambion,
Austin, TX) according to manufacturers instructions. Cells were collected at indicated
times after transfection then harvested for RNA to perform RT-PCR or protein for
immunoblot analysis.
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II.4 Results
Pharmacological inhibition of FAS induces phosphorylation of eIF2! in tumor cells.
Several studies have demonstrated that lipid composition is important for maintaining ER
function (19-21, 24, 25). Other studies have demonstrated that FAS drives phospholipid
synthesis in tumor cells (22). Because of this fact, we hypothesized that FAS inhibitors
might induce ER stress. One hallmark of ER stress is the PERK-dependent
phosphorylation of the translation initiation factor eIF2!. We first examined the
phosphorylation status of eIF2! in cells treated with three different pharmacological
inhibitors of FAS (Figure 1A). PC-3 cells were treated with orlistat (12.5-50 µmol/L, left)
or cerulenin (5 or 10 µg/ml, middle) for 16 hours, or C75 (10 µg/ml) for 8-24 hours
(right). Each FAS inhibitor induced robust phosphorylation of eIF2! at each
concentration after 16 hours of treatment, as did thapsigargin (data not shown). All three
inhibitors induce eIF2! phosphorylation, similarly, regardless of tumor cell type tested
(data not shown). Likewise, fatty acid synthesis was inhibited to similar degrees by each
treatment, as measured by 14C-acetate incorporation into total cellular lipids (Figure 1B,
left). Because phosphorylation of eIF2! leads to inhibition of protein synthesis, we
performed a 35S-methionine labeling experiment to measure levels of newly synthesized
proteins in cells treated with orlistat. PC-3 cells were treated with orlistat (50 µmol/L) for
12 and 24 hours or thapsigargin (1 µmol/L) as a positive control for 1 hour (Figure 1B,
right). Orlistat treatment reduced protein synthesis by 56% after 12 hours and by 73% at
24 hours, similar to treatment with thapsigargin. Therefore, orlistat treatment is sufficient
to induce phosphorylation of eIF2! and, subsequently, inhibit protein synthesis. To
further confirm our findings, a genetic approach was also used to inhibit FAS expression.
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Figure 1. Fatty acid synthase inhibitors induce phosphorylation of eIF2! in tumor
cells. A, PC-3 cells were treated with the indicated concentrations of orlistat (left) or
cerulenin (middle) for 16 hours, or C75 (10 µg/ml) for 8-24 hours (right). Samples were
resolved by SDS-PAGE, transferred to polyvinylidene difluoride and the membrane was
probed with antibodies specific for phospho-eIF2!, total eIF2! and "-tubulin. B, PC-3
cells were treated for two hours with C75 (10 µg/ml), orlistat (25 µmol/L, 50µmol/L), or
cerulenin (5 µg/ml, 10 µg/ml), then incubated with 14C-acetate (1 µCi) for two hours.
Cells were collected, washed and lipids were extracted and quantified relative to vehicletreated control (left). PC-3 cells were treated with orlistat (50 µmol/L) for the indicated
times or thapsigargin (Tgn, 1 µmol/L) for one hour and then pulsed with 10 µCi 35Smethionine for thirty minutes. Protein aliquots were then resolved by SDS-PAGE and
new protein synthesis was quantified by scanning on a Typhoon 9210. Quantification is
relative to vehicle treated control (right). C, PC-3 cells were transfected with siRNA
against FAS or luciferase (Luc) for the indicated times and analyzed by immunoblot. D,
FS-4 normal foreskin fibroblasts were treated with orlistat (25 µmol/L) for 24 hours or
Tgn (1 µmol/L) for one hour side by side with PC3 cells and prepared for immunoblot
analysis.
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PC-3 cells were transfected with FAS-specific siRNA or siRNA against luciferase as a
negative control. Immunoblot analysis demonstrated a nearly 70% reduction of FAS
protein in the samples 48 hours after transfection which continued through 72 hours
(Figure 1C). Consistent with our findings using pharmacological inhibitors, reduction of
FAS expression levels resulted in the detection of significant levels of phosphorylated
eIF2! at 72 hours (Figure 1C). Conversely, treatment of normal human foreskin FS-4
fibroblasts with the FAS inhibitor orlistat did not result in phosphorylation of eIF2a
(Figure 1D). Collectively these data indicate that eIF2! phosphorylation induced by FAS
inhibition is, indeed, specific to both FAS and tumor cells.

PERK mediates eIF2! phosphorylation in response to orlistat treatment. There are four
known eIF2! kinases: PERK, GCN2, PKR and HRI; but PERK is the kinase that
phosphorylates eIF2! during the ER stress response (26, 27). To determine whether
PERK is the kinase responsible for the phosphorylation eIF2! in response to FAS
inhibition, wild-type and PERK-/- mouse embryonic fibroblasts (MEFs) transformed with
Ki-RasV12 were obtained and tested for their sensitivity to orlistat (28). The wild-type and
PERK-/- MEFs were treated with orlistat (12.5 µmol/L) for 8, 16 and 24 hours (Figure
2A) or treated with thapsigargin (1 µmol/L) for 1 hour (data not shown). In the wild-type
MEFs, orlistat induced phosphorylation of eIF2! within 8 hours (Figure 2A), consistent
with our findings in prostate tumor cell lines (Figure 1A). On the other hand, no
significant phosphorylation of eIF2! was evident during the same time course of orlistat
treatment in the PERK-deficient cells (Figure 2A). As expected, thapsigargin only
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induced phosphorylation of eIF2! in the wild-type and not the PERK-/- MEFs (data not
shown). These data indicate that FAS inhibition results in PERK-dependent
phosphorylation of eIF2!.

It has been demonstrated that PERK deficient cells are hypersensitive to ER
stress-induced apoptosis (27). Because of this, we tested whether PERK-/- MEFs were
hypersensitive to orlistat-induced cell death using clonogenic survival assays. Wild-type
and PERK-/- MEFs were treated with vehicle, orlistat (25 µmol/L) or thapsigargin (100
nmol/L) for 16 hours (Figure 2B). As expected, the PERK-/- MEFs were hypersensitive
to thapsigargin-induced cell death as demonstrated by a three-fold decrease in clonogenic
survival (p<0.005). Similarly, the PERK-/- MEFs demonstrated hypersensitivity to orlistat
treatment, showing reduced clonogenic survival of wild-type transformed MEFs to 70%
of vehicle treated cells. On the other hand, clonogenic survival was decreased nearly
four-fold to less than 20% (p<0.005) in the PERK-/- MEFs following orlistat treatment.
These data indicate that inhibition of FAS activity induces ER stress which is exacerbated
by loss of PERK.

To further support the results obtained in MEFs, we generated stable populations
of HT-29 colon carcinoma cells transfected with a dominant negative PERK construct
that lacks the kinase domain (%C-PERK) or the corresponding empty vector (23). These
cells were seeded at low density and treated with C75 (9 µg/ml), orlistat (25 µmol/L), or
thapsigargin (10nmol/L) to assess clonogenic survival. As expected, the HT-29 %C-
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PERK cells were hypersensitive to thapsigargin as demonstrated by a nearly three-fold
reduction in clonogenic survival (Figure 2C, p<0.005). Similarly, the HT-29 %C-PERK
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Figure 2. PERK phosphorylates eIF2! is response to, and protects cells against,
orlistat treatment. A, Wild-type (WT) and PERK-/- MEFs transformed with Ki-RasV12
were treated with orlistat (12.5 µmol/L) for the indicated times. Samples were analyzed
with antibodies specific for phospho-eIF2! and total eIF2!. B, Clonogenic survival
assays were performed in WT and PERK-/- MEFs, treated with vehicle, orlistat (25
µmol/L) or Tgn (100 nmol/L) for 16 hours, in triplicate. The surviving fraction was
normalized relative to vehicle treated controls. C, HT-29 cells and HT-29/%C-PERK cells
were treated with vehicle, orlistat (25 µmol/L), C75 (9 µg/ml) or Tgn (10 nmol/L) for 16
hours, in triplicate. Clonogenic survival was normalized relative to vehicle treated
controls and statistical significance was determined by two-tailed Student's t tests.
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cells were also hypersensitive to both orlistat and C75 compared to the empty-vector
transfected cells. Clonogenic survival was reduced more than two-fold in C75 treated
cells and nearly four-fold in orlistat treated cells (Figure 2C, p<0.005). These results
confirm that PERK function is important for an adaptive response in tumor cells when
FAS activity is inhibited.

Treatment with orlistat induces processing of XBP-1. In addition to the PERK-regulated
arm, the ER stress response can also be mediated by IRE1, a kinase with endonuclease
activity that facilitates splicing of X-box binding protein-1 (XBP-1) mRNA to yield the
splice variant XBP-1(s) during ER stress (29). To determine whether pharmacological
inhibition of FAS also activates the IRE1 pathway, the status of XBP-1 mRNA was
assessed by RT-PCR using oligonucleotides that flank the splice site in the XBP-1
mRNA. Total RNA was collected from PC-3 cells treated with orlistat (50 µmol/L) for 824 hours (Figure 3A) or with cerulenin (5 or 10 µg/ml) for 16 hours (Figure 3B).
Thapsigargin treatment resulted in a loss of the 473 bp product associated with un-spliced
XBP-1 and the appearance of the processed 447 bp form associated with XBP-1(s) that is
produced only in response to ER stress (Figure 3A). Similarly, orlistat treatment resulted
in the appearance of the 447 bp XBP-1(s) product in as few as 8 hours with maximum
processing by 16 hours (Figure 3A). Cerulenin also induced processing of XBP-1 (Figure
3B). To further confirm the role of FAS inhibition in the processing of XBP-1 to XBP1(s), HeLa cells were transfected with FAS-specific siRNA or siRNA against luciferase
as a negative control and collected for RT-PCR (Figure 3C). The 447 bp fragment that
corresponds to the ER stress specific XBP-1(s) product was detected at 72 hours in the
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FAS specific siRNA samples. While PC-3 cells exhibit XBP-1 splicing after both orlistat
and thapsigargin treatment, FS-4 cells exhibited only minor induction of XBP-1 and no
splicing in response to orlistat (Figure 3D). These results suggest that the IRE1 pathway
of the ER stress response is activated in parallel to the PERK pathway when FAS is
inhibited in tumor cells.
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Figure 3. FAS inhibitor treatment activates processing of XBP-1. A, PC-3 cells were
treated with orlistat (50 µmol/L) for the indicated times or Tgn (500 nmol/L) for 8 hours.
B, PC-3 cells were treated with the indicated concentrations of cerulenin for 16 hours or
Tgn (500 nmol/L) for 8 hours. C, HeLa cells were transfected with siRNA against FAS or
luciferase (Luc) for the indicated times. D, PC-3 and FS- 4 cells were treated with orlistat
(50 µmol/L) for 16 hours or Tgn (1 µmol/L) for one hour. Total RNA was collected and
RT-PCR was performed as described in experimental procedures. XBP-1 is indicated by
the 473 bp product and XBP-1(s) is indicated by the 447 bp fragment.
Inhibition of FAS activity induces expression of ER stress regulated genes. Activation of
the ER stress response induces the expression of a number of genes associated with
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adaptation and cell death, including CHOP, GRP78 and ATF4.

CHOP has been

implicated in ER stress-dependent apoptosis and CHOP-/- cells are mildly resistant to
apoptosis following treatment with ER stressing agents (30). The mRNA expression of
CHOP is induced in DU145 cells treated with orlistat (50 µmol/L) or C75 (9 µg/ml)
(Figure 4A). Similar effects were seen in PC-3 cells (data not shown). CHOP mRNA
expression was also induced following siRNA-mediated knockdown of FAS expression
in PC-3 cells (Figure 4B). Increased mRNA expression of CHOP may indicate that ER
stress could play a role in cell death induced by FAS inhibition (30). The mRNA
expression of GRP78, an ER stress regulated chaperone, is also induced in orlistat treated
cells (Figure 4C) (31). Furthermore, mRNA expression of the transcription factor ATF4,
which is dependent on eIF2! phosphorylation, is also induced by orlistat treatment
(Figure 4C). Collectively, the data in Figures 1-4 demonstrate that FAS inhibitors induce
the ER stress response.
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Figure 4. Inhibition of FAS activity induces mRNA expression of ER stress
regulated genes. A, DU145 cells were treated with vehicle control, orlistat (50 µmol/L,
top), C75 (9 µg/ml, bottom), or Tgn (500 nmol/L) for 16 hours. B, PC-3 cells were
transfected with siRNA against FAS or luciferase (Luc) for 72 hours. C, PC-3 cells were
treated with vehicle control or orlistat (25 µmol/L) for 24 hours or Tgn (1µmol/L) for one
hour. Total RNA was collected with TRIzol and semi-quantitative RT-PCR was
performed with oligonucleotides specific for CHOP (A and B), GRP78 and ATF4 (C) or
"-actin (A-C).
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ER stress is an early event in cells treated with FAS inhibitors. To determine whether
phosphorylation of eIF2! and subsequent indications of the ER stress response events
coincide or precede cell death induced by FAS inhibition, we analyzed the temporal
phosphorylation of eIF2! and markers of caspase activity and cell death. In PC-3 cells
treated with orlistat, phosphorylation of eIF2! was evident at 16 hours of treatment,
while significant cleavage of caspase 3 and PARP are not detectable until 24 and 48
hours, respectively, consistent with previous reports (13). These data indicate that the ER
stress response is induced prior to caspase 3 activation and PARP cleavage. These data
are further supported by the timeline of XBP-1 processing following orlistat treatment
(Figure 3A). Previous studies have demonstrated that inhibition of protein translation
with cycloheximide can ameliorate the effects of ER stress, likely by decreasing protein
burden on the ER (27). Clonogenic survival assays and immunoblot analysis were
performed in PC-3 cells treated with vehicle control, cycloheximide (CHX, 1 µg/ml),
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Figure 5. Phosphorylation of eIF2! is an early event in cells treated with FAS
inhibitors. A, PC-3 cells were treated with 50 µmol/L orlistat for the indicated times and
samples were collected for immunoblot analysis and probed with antibodies specific for
phospho-eIF2!, cleaved PARP, cleaved caspase 3, and "-actin. B, PC-3 cells were treated
with DMSO, cycloheximide (CHX, 1 µg/ml), orlistat (25 µmol/L) or orlistat with CHX
for 16 hours. Clonogenic survival was normalized relative to vehicle treated controls. C,
PC-3 cells were treated with DMSO, cycloheximide (1µg/ml), orlistat (25µmol/L), or the
combination of orlistat and CHX for 16 hours. Samples were collected for immunoblot
analysis and probed with antibodies specific for phospho-eIF2!, total eIF2!, and "tubulin.
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orlistat (25 µmol/L), or orlistat with CHX (Figure 5B and C). Cycloheximide treatment
rescued clonogenic survival of PC-3 cells treated with orlistat (Figure 5B), and also
inhibited orlistat induced phosphorylation of eIF2! (Figure 5C). These data are consistent
with previous reports on the protective effect of cycloheximide on cells under ER stress
and suggest that reduced protein burden on the ER or reduced expression of a specific
pro-apoptotic factor could be responsible.

Cooperation between FAS inhibitors and thapsigargin. At least one study has
demonstrated that ER stress can have a negative effect on the activity of
chemotherapeutic drugs (32). To determine the effect of ER stress on FAS inhibitorinduced cell death, clonogenic survival assays, immunoblot, and RT-PCR analysis were
performed on tumor cells treated with orlistat or C75 in combination with the ER
stressing agent thapsigargin (Figure 6A and B). Lower doses of FAS inhibitors and
thapsigargin were used to achieve reduced cell kill by either single agent in order to
maximize the effect of the combination of the two drugs. PC-3 cells were seeded at low
density and treated with C75 (9 µg/ml), thapsigargin (25 nmol/L), or the combination of
both for 12 hours and assayed for clonogenic survival. The clonogenic survival of cells
treated with the combination of drugs was significantly reduced compared with either
agent alone (Figure 6A, left). This coincides with immunoblot data demonstrating that
levels of cleaved PARP are highest in lysates from cells treated with both drugs (Figure
6A, top right). Interestingly, while both C75 and thapsigargin induced phosphorylation of
eIF2! separately, the level of phosphorylated eIF2! was significantly reduced in cells
treated with the two agents combined, with no change in total eIF2! levels (Figure 6A,
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top right). This data suggests that the combined agents facilitated a more rapid
progression of the ER stress response and induction of the GADD34 feedback loop (33).
In support of this, mRNA expression of GADD34 is increased in PC-3 cells treated with
both agents, as compared with either agent alone (Figure 6A, bottom right). Confirming
that the effects of this combination of drugs is not cell-type-specific, clonogenic survival
was assessed in HT-29 cells treated with one of two combinations: either 1) orlistat (25
µmol/L), thapsigargin (25 nmol/L) or the combination of both for 12 hours (Figure 6B,
left); or, 2) C75 (9 µg/ml), thapsigargin (25 nmol/L) or the combination of both for 12
hours (Figure 6B, right).

While the clonogenic survival only indicates an additive

interaction, these data, importantly, demonstrate that ER stress does not inhibit the
actions of FAS inhibitors and may actually enhance their efficacy.
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Figure 6. Pharmacological FAS inhibitors cooperate with thapsigargin. A, PC-3 cells
were treated with DMSO, C75 (9 µg/ml), Tgn (25 nmol/L) or the combination of each for
12 hours and clonogenic survival was normalized relative to vehicle treated controls
(left). Times and doses of these various experiments were selected to achieve minimal
cell kill from single agents, so that the effect of the combination would be most clear. PC3 cells were treated with DMSO, C75 (9 µg/ml), Tgn (25 nmol/L) or the combination of
both for 20 hours and samples were subjected to immunoblot analysis (top right), or RNA
was collected and sq RT-PCR was performed using primers specific for GADD34 or "actin (bottom right). B, HT-29 were treated with DMSO, orlistat (25 µmol/L), Tgn (25
nmol/L) or the combination of each for 12 hours (left). Cells were treated with DMSO,
C75 (9 µg/ml), Tgn (25 nmol/L) or the combination of each for 12 hours (right).
Clonogenic survival was normalized relative to vehicle treated controls. C, Model
demonstrating that in a proliferating tumor cell FAS contributes to ER function by
driving phospholipid synthesis (left). When FAS is inhibited (right), ER stress is induced
which activates signals that mediate adaptation and promote ER membrane biogenesis.
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II.5 Discussion
The ER stress response is a choreographed series of cellular events activated by
specific insults that result in altered ER function (26, 34). The combined effect of this
response is activation of genes that are specifically expressed to engage an adaptation
protocol. Upon prolonged stress, the adaptation mechanism of the ER stress response
saturates, thus, activating cell death. Several studies have developed important
connections between lipid synthesis pathways and the ER stress response (19-21, 35).
Inhibition of phospholipid synthesis, especially that of phosphatidylcholine (PtdCho),
induces ER stress-related pathways (19). Similarly, altering phospholipid metabolism by
manipulation of phospholipase activity amplifies the ER stress response in "-cells (36). In
addition, the accumulation of the GM1-ganglioside activates the ER stress response in
neurons, indicating that sphingolipid levels are also important for regulating ER function
(35). Recent studies have demonstrated that cholesterol-induced apoptosis in
macrophages is triggered by ER stress induction, and small molecule inhibitors of
cholesterol synthesis activate the integrated stress response (24, 25). There are also direct
links between the individual ER stress components and lipid synthesis pathways. For
instance, overexpression of the ER stress specific XBP-1(s) expands ER volume by
increasing the activity of enzymes responsible for PtdCho synthesis (19). Moreover, mice
that are null for XBP-1 have underdeveloped ER (37, 38). Collectively, these data
demonstrate that lipid and sterol levels are important for maintaining ER function.

Because FAS inhibitors are being developed as anti-tumor agents, it is important
to understand the effects these drugs have on both normal and tumor cells. The evidence
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here demonstrates that FAS inhibitors induce the ER stress response in a variety of tumor
cells, but not in normal cells. A model summarizing these data is presented in Figure 6C.
Our results suggest that in a proliferating tumor cell FAS activity drives phospholipid
synthesis which facilitates ER homeostasis and function. When FAS activity is inhibited
in tumor cells, the result is PERK-dependent phosphorylation of eIF2!, a concomitant
attenuation of protein synthesis and the IRE1-mediated processing of XBP-1.
Interestingly, phosphorylation of eIF2! persists for as long as 48 hours with no
attenuation (Figure 5A), suggesting that protein phosphatase 1 activity is not activated or
that GADD34 is not induced as is evidenced by lack of expression in Figure 6A.
Downstream of PERK and IRE1 activation, inhibiting FAS activity also induces mRNA
expression of canonical markers of the ER stress response pathway including CHOP,
GRP78 and ATF4. The precise role of these players has not been determined in cells that
have been treated with FAS inhibitors. However, it has previously been shown that ATF4
acts to protect cells from ER generated reactive oxygen species (39). Another report
demonstrated that siRNA-mediated knockdown of FAS or ACC in breast cancer cells
results in cell death that is mediated by reactive oxygen species and attenuated by
supplementation with the antioxidant vitamin E, which suggests that the ER stress
response in general, and ATF4 expression specifically, may be a response to changes in
the redox status of FAS inhibitor treated cells (40). These data are consistent with the
hypothesis that the ER stress response initially acts to protect cells from FAS inhibitors,
but do not rule out that ER stress could also facilitate cell death after prolonged stress.
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It is interesting to note that several indicators of ER stress, including
phosphorylation of eIF2!, inhibition of protein synthesis, and XBP-1 processing are
detected well before canonical hallmarks of apoptosis, cleaved caspase 3 and cleaved
PARP. This indicates that the ER may be an early sensor of fatty acid and phospholipid
levels in tumor cells. When the ER stress response is unable to fully restore ER function
perturbed by FAS inhibition, it is possible that this leads to the initiation of a cell death
program. Consistent with this notion, cycloheximide is able to inhibit orlistat induced cell
death and phosphorylation of eIF2!. These data do not conflict with previous reports
demonstrating that FAS inhibitors activate the intrinsic cell death pathway and that
ceramide accumulation contributes to FAS inhibitor induced cell death (41, 42). In fact, a
previous study demonstrated that ceramide accumulation is also associated with
thapsigargin induced ER stress and apoptosis (36). It is possible that FAS inhibitor
induced ER stress may result in ceramide accumulation that is important in for cell death;
however, the relationship between FAS inhibition, ER stress, and subsequent downstream
events remains to be determined. Given the importance of phospholipid synthesis during
S-phase of the cell cycle, the demonstration that FAS inhibitors induce ER stress in tumor
cells also compliments a previous study that established that FAS inhibitors induce
apoptosis during S-phase (43, 44). Collectively, the data presented herein fill a critical
gap in our understanding of how endogenous fatty acid synthesis is required to maintain
proper ER integrity and function.

We have demonstrated that inhibiting FAS activity in tumor cells induces an ER
stress response. Based on these findings, we propose that one teleological explanation for

59

high FAS levels in tumors is to provide support for a dynamic ER in rapidly proliferating
cells. Furthermore, we hypothesize that the ER acts as a sensor of FAS activity and
resulting phospholipid levels. In addition, we demonstrate that orlistat and C75 cooperate
with the ER stressing agent thapsigargin to enhance cell death in vitro. While
thapsigargin is highly toxic and not a likely candidate for tumor therapy, these data
implies that tumor microenvironment-induced ER stress will not hinder the efficacy of
FAS inhibitors (45). The data also suggest that FAS inhibitors might be combined with
PERK inhibitors to enhance tumor cell cytotoxicity. In summary, these data provide the
first evidence that FAS inhibitors induce ER stress, which may explain some anti-tumor
effects of FAS inhibitors, and they also establish an important mechanistic link between
FAS and ER function in tumor cells.
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CHAPTER III
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III.1 Abstract
Fatty Acid Synthase (FASN) is the terminal enzyme responsible for fatty acid synthesis
and is upregulated in tumors of various origins to facilitate growth and progression. We
have recently demonstrated that FASN inhibitors induce ER stress. The proteasome is a
critical component of maintaining ER integrity and has significant connections with
FASN. We asked whether FASN inhibitors would combine with bortezomib, the FDAapproved proteasome inhibitor, to increase cell death. Indeed, low doses of bortezomib
synergize with low doses of FASN inhibitors to reduce clonogenic survival, consistent
with an increase in apoptotic markers. Interestingly, FASN inhibitors induce
accumulation of ubiquinated proteins and enhance the accumulation induced by
bortezomib treatment. In turn, bortezomib increases fatty acid synthesis, suggesting
crosstalk between the pathways. We hypothesize that cell death resulting from disruption
of this crosstalk is mediated by increased UPR signaling. Indeed, disruption of crosstalk
increases signals of the adaptation arm of UPR signaling, including eIF2!
phosphorylation, ATF4 accumulation, and XBP-1 splicing. Furthermore, while single
agents show little activation of the alarm arm of UPR signaling, crosstalk disruption
yields significant enhancement of JNK activation and CHOP expression. Death induced
by the disruption of the fatty acid synthesis-proteasome crosstalk is largely dependent on
JNK activation and CHOP expression. Combined, the data support the notion that the
UPR balance between adaptive to stress signaling can be exploited to mediate increased
cell death and suggests novel applications of FASN inhibitors for clinical use.
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III.2 Introduction
Fatty acid synthase (FASN) is the central enzyme responsible for catalyzing the
ultimate steps of fatty acid synthesis in mammalian cells (1, 2). Interestingly, high levels
of FASN expression have been noted in many types of tumors. Accordingly, FASN
expression levels correlate with advanced tumor stage and grade, poor patient prognosis
and reduced overall- and disease-free survival (3-5). A functional correlation between
FASN expression levels and tumor cell survival has been firmly established with the
development of small molecule inhibitors of FASN that induce cell death specifically in
tumor cells and reduce tumor growth in spontaneous and xenograft tumor models (6-10).

FASN inhibitors induce a number of anti-tumor effects including cell cycle arrest
and cell death (3-5). Some of the effects of FASN inhibitors are mediated through key
tumor signaling pathways. For instance, it has been demonstrated that pharmacological
inhibition of FASN activity results in reduced Akt phosphorylation in multiple tumor cell
lines (11, 12). Conversely, phosphoinositide 3-kinase (PI3K) and Akt can drive FASN
expression in tumor cells (12, 13). The demonstration that reduced FASN activity
negatively affects Akt activation identifies feedback between the two pathways. As a
result, blocking both pathways results in synergistic cell death (11, 12, 14). Synergy
between FASN inhibitors and other chemotherapeutics has also been noted in multiple
cell lines (15-19). This evidence is particularly important considering FASN
overexpression has been shown to protect breast cancer cells from apoptosis induced by
the chemotherapeutics adriamycin and mitoxantrone (20). In summary, these studies
demonstrating connections between FASN and oncogenic pathways underscore the
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potential of FASN inhibitors for clinical use and suggest novel strategies for targeting
tumor cells to improve cell killing efficiency.

In addition to oncogene-mediated mechanisms, FASN overexpression can also be
mediated through stabilization by the ubiquitin-specific protease 2a (USP2A)
deubiquitinating enzyme (21). Treating prostate tumor cells with the proteasome inhibitor
MG-132, also increases FASN expression, supporting evidence of FASN regulation by
the proteasome (21). Inhibition of the proteasome can also stabilize nuclear SREBP-1
which results in increased FASN expression (22). Conversely, inhibiting FASN affects
the proteasome pathway. For example, inhibiting FASN activity compromises stability of
the E3 ubiquitin ligase, Skp2, that is responsible for mediating the stability of key cellular
proteins such as p27 (23). FASN inhibition also affects the expression profiles of several
E2 ubiquitin conjugation enzymes and several E3 ubiquitin ligases (24). Combined, these
data suggest a level of crosstalk between the fatty acid synthase and proteasome
pathways.

Previous work from our lab demonstrates that FASN inhibitors induce activation
of the PKR-like ER kinase (PERK) and inositol-requiring enzyme 1 (IRE1) arms of the
unfolded protein response (UPR) pathway (25). Interestingly, the proteasome is a critical
component in maintaining homeostasis in the endoplasmic reticulum (ER) and
bortezomib, an FDA-approved inhibitor of the 26S proteasome, also activates the UPR in
tumor cells (26-30). Given connections between the proteasome and FASN, as well as the
ability for inhibitors of the proteasome and FASN to induce ER stress, we hypothesized
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that FASN inhibitors and proteasome inhibitors will combine to increase UPR signaling
thus leading to enhanced tumor cell death. The data presented herein shows novel
evidence of a functional crosstalk between the fatty acid synthesis and proteasomal
pathways that is the basis for UPR-mediated synergism between two clinically-relevant
ER stressors.
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III.3. Materials and Methods
Materials. The PC-3 cells were obtained from American Type Culture Collection
(Manassas, VA). Cell culture medium and supplements were from Invitrogen (Carlsbad,
CA). Antibodies against eIF2!, phospho-eIF2!, phosphorylated JNK, total JNK
(Thr183/Tyr185), phosphorylated c-Jun (Ser63), Lamin A/C, !-tubulin, cleaved caspase
three (Asp175), and cleaved PARP (Asp214) were from Cell Signaling Technologies
(Beverly, MA). Antibody against fatty acid synthase was from BD Transduction Labs
(San Diego, CA). Antibody against "-tubulin was from NeoMarkers (Fremont, CA).
Antibodies against CHOP (R-20), ATF4 (CREB2 C-20), ubiquitin (FL-76), and XBP-1
(M-186) were from Santa Cruz Biotechnology, Incorporated (Santa Cruz, CA). TRIzol
was from Invitrogen (Carlsbad, CA). Avian Myleoblastosis Virus (AMV) Reverse
Transcriptase and Taq Polymerase were from Promega (Madison, WI). 14C-acetate was
purchased from GE Healthcare (Piscataway, NJ). Oligonucleotides were synthesized by
Integrated DNA Technologies (Coralville, IA), except for those designed for siRNA
which were synthesized by Dharmacon (Lafayette, Co). Orlistat was purchased from
Roche (Nutley, NJ), bortezomib was purchased from Millenium Pharmaceuticals
(Cambridge, MA) and JNK inhibitor II, SP600125 and JNK inhibitor V, AS601245, from
Calbiochem (San Diego, CA). All other reagents were purchased from Sigma (St. Louis,
MO), Calbiochem (San Diego, CA) or BioRad (Hercules, CA).

Cell culture and drug treatments. Prostate tumor cell lines were maintained in RPMI
1640 supplemented with 10% fetal bovine serum at 37#C and 5% CO2. Cells were treated
for the times and with drug concentrations as indicated. Orlistat was extracted from
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capsules in EtOH as described previously and stored at -80#C (8). Further dilutions were
made in dimethyl sulfoxide (DMSO). Bortezomib was dissolved in DMSO and stored as
individual 20 µmol/L aliquots at -20#C.

Immunoblot analysis. Cells were harvested after the indicated treatments, washed with
ice-cold phosphate-buffered saline, and lysed in buffer containing 1% Triton X-100 to
prepare for immunoblots. Lysis buffer was supplemented with protease, kinase, and
phosphatase inhibitors 200 µmol/L phenylmethanesulphonylfluoride (PMSF), 5 µg/ml
aprotinin, 5 µg/ml pepstatin A, 5 µg/ml leupeptin, 1 µmol/L sodium fluoride (NaF), 1
µmol/L sodium orthovanadate (Na3VO4), 50 µmol/L okadeic acid just before use. For
nuclear proteins, such as ATF4, CHOP, and XBP-1, nuclear extracts were obtained by
harvesting cells, washing with ice-cold PBS, then lysing cells using a harvest buffer
containing 10 mmol/L HEPES (pH 7.9), 50 mmol/L NaCl, 500 mmol/L sucrose, 100
µmol/L EDTA, 0.5% Triton-X 100 with 1 mmol/L DTT, 10 mmol/L tetrasodium
pyrophosphate, 100 mmol/L NaF, 17.5 mmol/L "-glycerophosphate, 1 µmol/L Na3VO4, 1
mmol/L PMSF, 4 µg/ml aprotinin, 2 µg/ml pepstatin A added just before use to separate
the cytoplasmic and nuclei. The nuclei were pelleted in a swinging bucket rotor and then
washed with buffer containing 10 mmol/L HEPES, 10 mmol/L KCl, 100 µmol/L EDTA,
and 100 µmol/L EGTA with 1 mmol/L DTT, 1 mmol/L PMSF, 1 µmol/L Na3VO4, 4
µg/ml aprotinin, and 2 µg/ml pepstatin added just before use. The nuclei were then lysed
in a buffer containing 10 mmol/L HEPES (pH 7.9), 500 mmol/L NaCl, 100 µmol/L
EDTA, 100 µmol/L EGTA, and 0.1% NP-40 with 1 mmol/L DTT, 1 mmol/L PMSF, 1
µmol/L Na3VO4, 4 µg/ml aprotinin, and 2 µg/ml pepstatin added just before use. Protein
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samples were electrophoresed through 10%, 12%, or 13.5% SDS-polyacrylamide gels
and transferred to nitrocellulose, except for blots to detect phospho-eIF2! and eIF2!,
which were transferred to Immobilon-P membrane (PVDF). Immunoreactive bands were
detected by enhanced chemiluminescence (Perkin Elmer). Lamin A/C, !-tubulin, "-actin
were used as loading controls for western blots.

Quantification of Ubiquitin-Modified Proteins
Autoradiographs were scanned using a HP ScanJet4890. The digital files were then
quantified using UN-SCAN-IT (Orem, UT). The average intensity of ubiquitin detection
was calculated relative to vehicle treated samples for each blot. Then the values for three
independent experiments were averaged and graphed on a logarithmic scale. Statistical
significance between individual treatments and vehicle treated cells was determined for
each pair using two-tailed students t-test.

Metabolic labeling of protein and fatty acid synthesis. To measure fatty acid synthesis, 1
×105 cells per well were seeded in 24-well plates. Cells were treated as indicated. 14Cacetate (1 µCi) was added to each well for an additional two hours. Cells were collected,
washed and lipids were extracted and quantified as previously described (8).

Clonogenic survival assays. PC-3 cells were plated in 6-well plates at a density of 2000
cells per well 48 hours prior to each experiment. Fresh medium containing the indicated
drugs was added at the indicated concentrations for sixteen to twenty hours as indicated.
The media was then removed, the wells were washed and fresh medium was added.
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Plates were incubated until macroscopic colonies were formed. Visualization of colonies
was performed as described previously (25). Colonies were quantified by counting.
Survival of treated cells was normalized relative to vehicle treated cells and statistical
significance was determined by two-tailed Student's t tests.

Combination Index Calculation. PC-3 cells were treated with a dose response of orlistat,
bortezomib, or the combination and analyzed for clonogenic survival. Calculations were
performed based on the Chou-Talalay method that calculates a combination index based
on the equation: CI = (D1)/(Dx1) + (D2)/(Dx2) + (D1)(D2)/(Dx1)(Dx2) where (D1) and
(D2) are the doses of the individual drugs that have ‘x’ effect when used in combination
and (Dx1) and (Dx2) are the doses of the drugs having ‘x’ effect when used separately
(31). A CI < 1 indicates synergism.

Detection of XBP-1 splicing and GADD34 expression. Cells were exposed to the various
drug treatments or transfected with siRNA for the indicated times. RTPCR was
performed for XBP-1 splicing and GADD34 expression as described previously (25).

Suppression of CHOP expression with siRNA. A siGENOME SMARTpool siRNA
oligonucleotide cocktail against CHOP (1, AAAUGAAGAGGAAGAAUCA; 2,
GAAUCUGCACCAAGCAUGA;

3,

CCAGCAGAGGUCACAAGCA;

4,

GAGCUCUGAUUGACCGAAU) and one nontargeting siRNA against luciferase as a
negative control (Luc sense, CUUACGUGAUACUUCGAUU) were designed and
synthesized by Dharmacon. The individual siRNAs (83 nmol/L) were transfected into
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cells at plating with siPORT NeoFX transfection reagent (Ambion) according to
manufacturers instructions. After 48 hours, transfection media was removed and fresh
media containing indicated drug was added to cells. After indicated treatment times, cells
were collected and nuclear protein was harvested for western blot analysis of CHOP and
"-actin.
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III.4. Results
We hypothesized that the identified connections between the fatty acid synthesis
and proteasome pathways would provide a novel strategy to target UPR activation and
increase cell death in tumor cells. To test this hypothesis PC-3 cells were examined for
clonogenic survival after treatment with orlistat or C75 and the proteasome inhibitor
bortezomib (Velcade, PS-341). Doses and times were titrated so that minimal cell killing
would occur from any of the single agents (data not shown). Clonogenic survival of PC-3
cells treated with orlistat was reduced by approximately 60%. Clonogenic survival of
cells treated with C75 was reduced by 30%. Lastly, survival of cells treated with
bortezomib was reduced by only 20%. When the FASN inhibitors are combined with
bortezomib, however, clonogenic survival was strikingly diminished (P < 0.01, Figure
1A). An analysis of the combination–index demonstrated that combining FASN
inhibitors with bortezomib resulted in synergism (31). Western blot analysis of cell
lysates from the treatments also demonstrated that the combinations of orlistat or C75
A
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Figure 1. FASN inhibitors combine with bortezomib to increase cell death. A,
Clonogenic survival assays were performed on PC-3 cells treated with orlistat (25
µmol/L), bortezomib (5 nmol/L), the combination of orlistat and bortezomib, C75 (10
µg/ml) or C75 and bortezomib for 16 hours. Clonogenic survival was determined relative
to vehicle-treated controls. B, PC-3 cells treated with bortezomib (5 nmol/L), orlistat (25
µmol/L), C75 (10 µg/ml), or the combination of FASN inhibitors and bortezomib for 18
hours and collected for western blot analysis using antibodies specific for cleaved PARP,
cleaved caspase 3, and total eIF2!.
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with bortezomib resulted in significantly increased levels of both cleaved PARP and
cleaved caspase three that were undetectable with the single agents (Figure 1B).
Combined, the data showed that combining inhibitors of the proteasome and FASN
resulted in enhanced tumor cell death.

Given the established links between the fatty acid synthesis and proteasome
pathways, we asked whether inhibition of FASN would affect the function of the
proteasome. PC-3 cells were treated with the FASN inhibitors orlistat and C75,
bortezomib, or the FASN inhibitors and bortezomib together at the same doses used for
clonogenic survival assays in Figure 1. Western blot analysis of ubiquitin-modified
proteins was then performed. As expected, bortezomib induced accumulation of
ubiquitin-modified proteins (Figures 2A, 2B). Interestingly, PC-3 cells treated with either
orlistat or C75 induced a modest but significant accumulation of ubiquitin-modified
proteins (P & 0.05). The co-treatment of FASN inhibitors with bortezomib also appeared
to cause an additive accumulation of ubiquitin-modified proteins (Figures 2A, 2B),
further suggesting that FASN activity contributes to the functionality of the proteasomal
pathway. Next, we asked whether inhibition of proteasome activity affected fatty acid
synthesis. Metabolic labeling of newly synthesized fatty acids revealed that PC-3 cells
treated with bortezomib for four hours exhibited a dose-dependent increase in fatty acid
synthesis (P<0.05, Figure 2C) with no change in FASN protein levels (Figure 2D).
Collectively, these data indicated crosstalk between the fatty acid synthesis and
proteasome pathways.
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Figure 2. Fatty acid synthesis and proteasome pathways exhibit crosstalk. A, PC-3
cells were treated with vehicle, orlistat (25 µmol/L), bortezomib, (5 nmol/L), C75 (9
µg/ml), or the combination of bortezomib and orlistat or C75 for 16 hours and subjected
to immunoblot analysis with antibodies specific for ubiquitin and "-actin. B, Three
separate experiments of PC-3 cells treated as in A were quantified by measuring intensity
of the exposure from ubiquitin antibody in each treatment as compared to vehicle treated
lanes using UN-SCAN-IT (Orem, UT). C, PC-3 cells were treated for two hours with 5,
10, or 20 nmol/L bortezomib and incubated with 14C-acetate (1 µCi) for two hours. Cells
were collected, washed and lipids were extracted and quantified relative to vehicletreated control as described in Experimental Methods. Asterisks indicate statistical
significance by students t-test (P<0.05). B, PC-3 cells were treated with vehicle or
bortezomib (20 nmol/L) for 4 or 6 hours in duplicate. Cells were collected for western
blot analysis using antibodies specific to fatty acid synthase, ubiquitin, or "-actin.
We have shown that FASN inhibitors induce ER stress in tumor cells and others
have shown the requirement for the proteasome in ER homeostasis (25, 28-30, 32). To
characterize the role of the UPR in cells treated with the combination of FASN inhibitors
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and bortezomib, we first examined the phosphorylation status of eukaryotic translation
initiation factor 2! (eIF2!) by western blot in response to bortezomib. Bortezomib
induced a rapid and transient phosphorylation of eIF2! (Figure 3A). Bortezomib-induced
phosphorylation of eIF2! at this early timepoint corresponded to the short time required
for increased lipogenesis (Figure 2C). Consistent with previous work, FASN inhibitors
showed phosphorylation of eIF2! as early as eight hours that continues to 24 and 48
hours (25). Disrupting crosstalk between the proteasome and fatty acid synthesis
pathways resulted in non-phosphorylated eIF2! at sixteen hours, which was consistent
with the lack of phosphorylated eIF2! with bortezomib alone (Figure 3B).

In the UPR signaling cascade, growth arrest and DNA damage-inducible protein
34 (GADD34) is induced mediate the dephosphorylation of eIF2! to restore bulk
translation (33, 34). To test whether single and combined agents induce GADD34
expression over the course of sixteen hours, semi-quantitative RT-PCR was performed
with oligonucleotides specific for GADD34. PC-3 cells treated with orlistat showed slight
GADD34 mRNA at eight and sixteen hours compared to vehicle treated controls (Figure
3C). On the other hand, consistent with the timecourse of phosphorylated eIF2! in
bortezomib treated cells, GADD34 mRNA was induced minimally at eight hours with
robust levels of GADD34 accumulated by sixteen hours (Figure 3C). Inhibiting crosstalk
between pathways induced GADD34 mRNA at eight hours to a level higher than seen
with bortezomib or orlistat alone. The robust GADD34 expression at eight hours after
treatment with orlistat and bortezomib remained high through sixteen hours thereby
correlating with the lack of phosphorylated eIF2! at the same timepoint (Figure 3C).
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Together, these data showed that interrupting crosstalk between the proteasome and fatty
acid synthesis pathways resulted in acceleration of the eIF2! – GADD34 feedback loop
indicative of increased UPR signaling and suggested that proteotoxicity may be a cause
of the synergistic cell death.

Phosphorylation of eIF2! is a primary event in UPR signaling that activates
downstream signals including the pro-survival activating transcription factor 4 (ATF4)
(35, 36). Therefore, we tested whether interrupting crosstalk between proteasome and
fatty acid synthesis pathways would increase ATF4 expression. Orlistat induced early
expression of ATF4 at eight hours that was sustained through the sixteen hour time point
(Figure 3D). Significant ATF4 expression at sixteen hours was consistent with robust
phosphorylation of eIF2! (Figure 3B) and low levels of GADD34 (Figure 3C) in orlistat
treated cells.

Bortezomib induced high levels of nuclear ATF4 at eight hours that

decreased at twelve and sixteen hours, consistent with phosphorylated eIF2! status and
GADD34 expression (Figure 3). Interfering with the fatty acid synthesis – proteasome
crosstalk induced accumulation of ATF4 that was more robust than orlistat or bortezomib
treated cells at eight hours but decreased by the sixteen hour time point (Figure 3D).
Correspondingly, GADD34 levels were high and phosphorylated eIF2! levels were low
at sixteen hours in combination treated cells (Figure 3C). Together, the time courses of
eIF2! phosphorylation, GADD34, and ATF4 expression indicated that adaptation signals
of the PERK arm of the UPR pathway were not only active in cells treated with FASN
inhibitors and bortezomib, but were saturated when crosstalk between pathways were
disrupted.
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Figure 3. Bortezomib and FASN inhibitors combine to saturate the PERK arm of
UPR adaptation signaling. A, PC-3 cells were treated with vehicle (DMSO) or 20
nmol/L bortezomib for the indicated times. Samples were resolved by SDS-PAGE,
transferred to PVDF and the membrane was probed with antibodies specific for phosphoeIF2! and total eIF2!. B, PC-3 cells were treated with vehicle, bortezomib (5 nmol/L),
orlistat (25 µmol/L), C75 (10 µg/ml), or the combination of bortezomib and orlistat or
bortezomib and C75 for 16 hours and samples were subjected to immunoblot analysis
and probed with antibodies specific for phospho-eIF2! and total eIF2!. Asterisk denotes
higher molecular weight nonspecific band. C, PC-3 cells were treated with vehicle,
orlistat (25 µmol/L), bortezomib (20 nmol/L), or the combination of bortezomib and
orlistat for the indicated times. Total RNA was collected and semi-quantitative RT-PCR
was performed using primers specific for GADD34 and "-actin. D, PC-3 cells were
treated with vehicle, orlistat (25 µmol/L), bortezomib (5 nmol/L), or the combination of
bortezomib and orlistat. Nuclear fractions were isolated and prepared for immunoblot
analysis and probed with antibodies specific for ATF4 and Lamin A/C.
We next the examined the IRE1-mediated processing of X-box binding protein 1
(XBP-1) in cells treated with orlistat, C75, bortezomib, or the combination. Orlistat and
bortezomib induced moderate splicing of XBP-1 mRNA by eight hours (Figure 4A).
Disrupting crosstalk with both agents caused and earlier and more robust processing of
XBP-1 that was complete by sixteen hours (Figure 4A). Correspondingly, at these times
and concentrations, accumulation of the XBP-1 transcription factor only occurred in cells
treated with both agents (Figure 4B and C). Therefore, disrupting crosstalk between the
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proteasome and fatty acid synthesis pathways enhanced the adaptation response through
IRE1-mediated processing of XBP-1 in prostate tumor cells.
A
0

Orl
Btz Orl+Btz Tgn
hours
8 16 8 16 8 16 1
473 bp, XBP-1
447 bp, XBP-1(s)
"-actin

B

Orl
Con Btz Orl + Btz

*XBP-1 (s)
Lamin A/C

C

C75
Con Btz C75 + Btz

*XBP-1 (s)
Lamin A/C

Figure 4. Combining bortezomib with FASN inhibitors enhances IRE1-mediated
XBP-1 mRNA processing. A, PC-3 cells were treated with vehicle, orlistat (25 µmol/L),
bortezomib (5 nmol/L) or the combination of bortezomib and orlistat. Total RNA was
collected with TRIzol and RT-PCR was performed with oligonucleotides specific for
XBP-1 and "-actin. XBP-1 (us) is indicated by the 473 bp product and XBP-1 (s) is
indicated by the 447 bp fragment. PC-3 cells were treated for one hour with thapsigargin
(1 µmol/L) as a positive control. B, PC-3 cells were treated with vehicle, orlistat (25
µmol/L), bortezomib (5 nmol/L), or the combination of bortezomib and orlistat. Nuclear
lysates were collected as described in Experimental Methods for immunoblot analysis
with antibodies specific for XBP-1 and Lamin A/C. Immunoblot indicates the 55 kD
XBP-1 (s) protein. Asterisk denotes higher molecular weight nonspecific band. C, PC-3
cells were treated with vehicle, bortezomib (5 nmol/L), C75 (9 µg/ml), or the
combination of bortezomib and C75. Asterisk denotes higher molecular weight
nonspecific band.
We next asked whether IRE1-activated signals characteristic of the alarm arm of
the UPR pathway were upregulated in cells in which we disrupted fatty acid synthesisproteasome crosstalk. We examined Jun N-terminal kinase (JNK) phosphorylation by
western blot (Figure 5A). While orlistat induces no detectable level of JNK activation
between four and sixteen hours, bortezomib induced minimal JNK activation only at
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sixteen hours (Figure 5A). Disrupting crosstalk, however, induced JNK phosphorylation
as early as four hours that increased through sixteen hours. The C/EBP homologous
protein (CHOP) transcription factor can be induced by JNK activation (37, 38). Orlistat
only induced moderate CHOP expression at sixteen hours (Figure 5B). Similarly, at
twelve hours, bortezomib induced minimal CHOP expression that slightly increased by
sixteen hours (Figure 5B). On the other hand, disrupting the crosstalk between the fatty
acid synthesis and proteasome pathways induced an earlier and more robust CHOP
expression (Figure 5B). A JNK inhibitor was used to verify the role of JNK in mediating
CHOP expression. Pharmacological inhibition of JNK blocked the phosphorylation of
JNK and c-Jun (Figure 6A). More importantly, inhibition of JNK also caused a
significant decrease in CHOP expression and cleavage of caspase three and PARP
(Figure 6A). Consistent with these findings, trypan-blue exclusion assays also
A
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0 4 10 16 4 10 16 4 10 16
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hours
CHOP
Lamin A/C

Figure 5. Combining bortezomib and FASN inhibitors induces JNK activation and
CHOP expression. A, PC-3 cells were treated with vehicle, orlistat (25 µmol/L),
bortezomib (20 nmol/L), or the combination of bortezomib and orlistat. Nuclear lysates
were collected as described in Experimental Methods for immunoblot analysis with
antibodies specific for CHOP and Lamin A/C. B, PC-3 cells were treated with vehicle,
orlistat (25 µmol/L), bortezomib (20 nmol/L), or the combination of bortezomib and
orlistat. Whole cell lysates were collected for immunoblot analysis of phospho-JNK, total
JNK, and "-actin.
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demonstrated that JNK inhibition protected cells from cell death induced by the
combination of orlistat and bortezomib (P<0.001, Figure 6B).

We next tested whether CHOP is the effector of JNK signaling leading to cell
death. To do so, we obtained a SMARTpool of siRNA oligonucleotides against CHOP.
PC-3 cells were transfected with CHOP or control siRNA. After 48 hours, the
transfection media was removed and cells were treated with vehicle, orlistat, or the
combination of orlistat and bortezomib. The siRNA-mediated knockdown of CHOP had
no effect on orlistat or bortezomib induced cell death (not shown). On the other hand,
siRNA-mediated knockdown of CHOP expression protected cells from the effects of
combining orlistat and bortezomib (P < 0.001, Figure 6C). The level of protection was
proportional with the reduction in CHOP levels (Figure 6D). Therefore, it appeared that
the JNK-CHOP axis was more important in cells where the onset of ER stress and UPR
signaling is rapid and robust. Altogether, the data showed that FASN inhibitors and
bortezomib combined to enhance UPR signaling resulting in synergistic reduction in
tumor cell viability mediated through the UPR alarm arm and JNK-mediated CHOP
expression.
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Figure 6. UPR-associated cell death is mediated by JNK activation and CHOP. A,
PC-3 cells were treated with vehicle, orlistat (50 µmol/L), bortezomib (20 nmol/L), or the
combination of bortezomib and orlistat with and without JNK inhibitor (JNKi, 20
nmol/L). Nuclear lysates were collected as described in Experimental Methods for
immunoblot analysis with antibodies specific for CHOP, phosphorylated c-Jun and !tubulin. Whole cell lysates were analyzed with antibodies specific for cleaved PARP,
cleaved caspase 3, and "-actin. B, PC-3 cells were treated with vehicle, orlistat (50
µmol/L), bortezomib (20 nmol/L), or the combination of bortezomib and orlistat with and
without JNK inhibitor (20 nmol/L). Cells were collected and counted using a trypan-blue
exclusion assay and the ratio of viable cells was calculated relative to vehicle treated
cells. Statistical significance was determined using students t-test (P<0.01). C, PC-3 cells
were transfected with a SMARTpool siRNA against CHOP or a control siRNA. After 48
hours, cells were treated with vehicle or the combination of bortezomib (20 nmol/L) and
orlistat (50 µmol/L) for 18 hours. Cells were then collected and counted using trypan blue
exclusion and the ratios of viable cells relative to vehicle treated controls were calculated
from three independent experiments. Statistical significance between CHOP siRNA and
control siRNA cells treated with orlistat and bortezomib was determined by two-tailed
student’s t-test (P = 1 x 10-7). D, Cells from C were analyzed by immunoblot with
antibodies specific for CHOP and "-actin.
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III.5. Discussion
We have previously shown that inhibiting FASN induces ER stress and UPR
signaling before cell death occurs and hypothesize that cell death induced by FASN
inhibition is dependent on the UPR (25). The data herein reveal a functional crosstalk
between the fatty acid synthesis and proteasome pathways. The connection of each of
these pathways with ER homeostasis provides a unique therapeutic opportunity. In fact,
when inhibitors of both the proteasome and FASN pathways are combined, increased cell
death occurs through the IRE1-JNK-CHOP arm of the UPR pathway.

Accumulating evidence links the proteasome and FASN pathways (21, 23, 24).
The data herein suggests that the integrity of the proteasome pathway relies, at least in
part, on functional fatty acid synthesis as FASN inhibitors cause the accumulation of
ubiquinated proteins through an undetermined mechanism (Figure 2A). It is possible that
either the proteasome overall, or a component of the proteasome pathway, relies on the
fatty acid synthesis pathway for proper function. Another ER stressing agent,
tunicamycin, an agent that inhibits protein glycosylation, can also induce the
accumulation of ubiquitin-modified proteins and enhances the stability of E3-ubiquitin
ligases GRP78/(BiP) and Hrd1 (39). Therefore, it is possible that the proper functioning
of the ER-associated degradation pathway is dependent upon ER integrity.

Perhaps more interesting is that inhibiting the proteasome alone can increase total
lipogenesis (Figure 2C). As the increased lipogenesis does not correlate with increased
FASN protein levels, the data suggest a mechanism independent of those that have been
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suggested previously, namely stabilization of SREBP-1 or FASN protein (21, 22).
Induction of fatty acid synthesis by bortezomib could be due to a couple of possibilities.
Inhibition of the proteasome could be affecting turnover of a protein that affects
modification of FASN or ACC. Because of the short time of treatment with bortezomib
required to detect the increase of lipogenesis, a previously unidentified post-translational
modification may occur to increase activity of either FASN, or the upstream fatty acid
synthesis mediator, acetyl-CoA carboxylase (ACC). Alternatively, there could be
increased incorporation of fatty acid into phospholipid. Previous studies have
demonstrated that XBP-1(s) can increase phosphatidylcholine synthesis (40). However,
we do not see significant splicing of XBP-1 until eight hours and no detectable XBP-1
transcription factor at sixteen hours (Figure 4). Therefore, it is unlikely that XBP-1(s) is
inducing phospholipid synthesis in response to bortezomib treatment. Regardless, the
crosstalk between the fatty acid synthesis and proteasome pathways is the basis for
synergism when inhibitors of these pathways are combined. Concomitant with the
synergism, data showing increased levels of UPR signaling, particularly that of the alarm
arm, support a growing body of literature describing the ability for the UPR to induce cell
death after adaptation signals have been saturated or are ineffective (41-43).

The activation of adaptation and stress signals is critical to the cellular balance
between survival and cell death. PERK-dependent phosphorylation of eIF2! can act as a
rheostat to fine tune signals that balance survival and death in a cell experiencing ER
stress (44). If a cell is unable to sustain balanced levels of phosphorylated eIF2!, the cell
dies due to proteotoxicity. If the cell has levels of phosphorylated eIF2! that are too high,
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the cell cannot translate enough protein to adapt and survive. As compared to the
combination of FASN inhibitors with bortezomib and bortezomib alone, FASN inhibitors
take the longest amount of time to induce cell death. Correspondingly, FASN inhibitors
result in sustained levels of phosphorylated eIF2! (Figure 3). The disruption of crosstalk
between the proteasome and fatty acid synthesis pathways induces early and robust
GADD34 expression to mediate the de-phosphorylation of eIF2! (Figure 3).
Coincidently, disrupting crosstalk quickly induces cell death, perhaps by proteotoxicity
associated with down-regulated eIF2! phosphorylation.

The IRE1 arm of the UPR is another signaling pathway designed to mediate
adaptation and alarm signals (41, 43, 45). IRE1 splices XBP-1 mRNA that is then
translated to a stable ER-stress specific transcription factor that upregulates ER
chaperones and other adaptation genes (46, 47). We show that FASN inhibitors and
bortezomib both induce splicing of XBP-1, but that the combined treatment results in the
accumulation of the XBP-1 transcription factor (Figure 4A-C). Therefore, disrupting the
fatty acid synthesis-crosstalk enhances adaptation signaling through the IRE1 arm of the
UPR. Disruption of crosstalk between the two pathways also shifts the balance of
adaptation and stress signals downstream of IRE1. Activated IRE1 can also interact with
tumor necrosis factor receptor adaptor factor 2 (TRAF2) to activate JNK and
corresponding alarm signals including expression of the ER stress pro-apoptotic protein
CHOP (48, 49). Indeed, disruption of crosstalk leads to robust activation of JNK, as well
as enhanced accumulation of CHOP, thereby confirming the hypothesis that increased ER
stress shifts the UPR program to cell death.
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Consistent with other studies, the data presented here indicate that CHOP
mediates cell death when fatty acid synthesis-proteasome crosstalk is disrupted (Figure 6)
(50). However, it does not appear that CHOP plays a significant role in cell death induced
by FASN inhibitors or bortezomib, possibly due to the length of time it takes to induce
cell death by single agents. With the doses of FASN inhibitors of bortezomib used,
initiation of cell death takes a significantly long time. However, the combination of
agents induces cell death within 18 hours (Figure 6). The immediate and rapid onset of
cell death induced by crosstalk disruption could induce a more severe UPR alarm
response, in which CHOP plays a more critical and central role, whereas, with single
agents, the cell is able to remain within its UPR protocol of adaptation (Figure 6). That
JNK and CHOP mediate death in this system is consistent with the notion that IRE1
guides cell fate in response to ER stress (43).

Altogether, the data indicate that rapid and robust UPR activation occurs when
fatty acid synthesis and proteasome crosstalk is disrupted. While the connection between
the proteasome and the ER-associated degradation pathway of the UPR is well
established, the extent of involvement of the fatty acid synthesis pathway in mediating
proteasome function remains to be determined. It will be important for future studies to
determine the precise connections between these two important tumor-support systems.
Significant interest and opportunity lies in exploiting the careful balance of survival and
death mediated by the UPR to shift a tumor cell past levels compatible with survival to
augment cell death. Collectively, these data provide insight into how two important tumor
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support systems can be inhibited to shift UPR balance from adaptation to stress and result
in increased tumor cell death.
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CHAPTER IV

INHIBITION OF FATTY ACID SYNTHASE INDUCES CASPASE INDEPENDENT
CELL DEATH THROUGH INDUCTION OF REACTIVE OXYGEN SPECIES

Joy L. Little and Steven J. Kridel

J. L. Little performed all of the experiments described in this chapter, except for the
western blot analysis of Bcl-2-overexpressing cells treated with orlistat for
phosphorylation of eIF2!, which were performed by Karen Burger. J. L. Little prepared
the manuscript. Dr. S. J. Kridel acted in an advisory and editorial capacity.
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IV.1. Abstract
FASN inhibitors induce tumor cell death in vitro and in vivo and have attractive
chemotherapeutic potential. FASN inhibitors induce many characteristics associated with
the mitochondrial pathway of apoptosis, but the exact mechanism has yet to be
elucidated. The data herein show that FASN inhibitor-induced cell death in PC-3 cells
occurs independently of caspase activation. Additionally, the anti-apoptotic Bcl-2 protein
does not protect tumor cells from FASN inhibitors. Recently we have shown that FASN
inhibitors induce ER stress activation of the PERK and IRE1 arms of the UPR and
hypothesize that cell death is mediated through this pathway. While Bcl-2 has been
linked to protection of ER stress, cytosolic Bcl-2 appears to partially inhibit
phosphorylation of eIF2! in response to FASN inhibition, but has no effect on IRE1mediated splicing of XBP-1. Interestingly, despite the fact that deficiencies in PERK
signaling yield hypersensitivity to FASN inhibitor treatment, cells unable to
phosphorylate eIF2! are not sensitive to FASN inhibition. Therefore, cell death induced
by FASN inhibition is independent of phosphorylated eIF2!. PERK has also been
associated with a pro-survival antioxidant response, therefore, the status of reactive
oxygen species was investigated in cells treated with FASN inhibitors. Indeed, FASN
inhibitors induce ROS accumulation and are protected from cell death in the presence of
an ROS scavenger. It is possible PERK may be activating a downstream pro-survival
antioxidant response in cells treated with FASN inhibitors. Alternatively, FASN
inhibitors may be inducing ER stress-mediated cell death through an alternate
mechanism. These data provide insight into the pathways activated when FASN activity
is disrupted in tumor cells.

94

IV.2. Introduction
Fatty acid synthase (FASN) is a multifunctional enzyme that catalyzes the
terminal steps in the synthesis of the 16-carbon fatty acid palmitate in cells (1, 2). In
normal tissue the FASN expression levels are relatively low as fatty acid is generally
supplied by dietary fatty acids. On the other hand, FASN is expressed at significantly
higher levels in many tumors including those of the prostate, breast, colon, ovary and
others (3-5). Several reports have demonstrated that FASN expression levels correlate
with tumor progression, aggressiveness and metastasis (4-6). Because of the strong link
between FASN expression and cancer, FASN has become an attractive target for
therapeutic intervention.

The functional connection between FASN and tumor progression has been
provided by the discovery and design of small molecule drugs that inhibit the catalytic
activity of FASN (7, 8). To date, all small molecule inhibitors of FASN have
demonstrated ability to block tumor growth in vivo (9-16). Inhibition of FASN activity
results in multiple aspects of apoptosis. For instance, FASN inhibitors induce DNA
fragmentation and changes in cell morphology characteristic of apoptosis (10, 17, 18).
FASN inhibitors induce the loss of mitochondrial potential and cytochrome c release
(19). In addition, the pro-apoptotic factor Bax is induced in cells treated with FASN
inhibitors and appears to correlate with the extent of cell death induced by FASN
inhibitors (19). FASN inhibition induces accumulation of ceramide and apoptotic factors
such as BNIP3, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and
death-associated protein kinase 2 (DAPK2) (20). In addition to links with the
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mitochondria, cell death induced by FASN inhibition has also been linked to the
accumulation of reactive oxygen species (ROS) (21, 22). ROS have even been shown to
induce FASN expression (23). The prevailing hypothesis, however, regarding the
mechanism of FASN inhibitor cell death is attributed to accumulation of malonyl-CoA
and, potentially, its interaction with CPT-1, the enzyme responsible for transferring fatty
acids into the mitochondria for oxidation (10, 24, 25).

Work from our lab indicates that cell death induced by FASN inhibitors could be
mediated through the ER as FASN inhibitors induce ER stress before cell death occurs.
We hypothesize that FASN supplies fatty acid as substrate for phospholipids critical for
maintaining ER homeostasis (26). In support of this hypothesis, inhibiting FASN and
ACC reduces incorporation of fatty acid into membrane phospholipids, an event which
occurs in the endoplasmic reticulum (25). Furthermore, inhibiting fatty acid incorporation
into phospholipids corresponds to a decrease in cell volume and other morphological
changes ultimately leading to apoptosis (27). In connection with the data from our lab
showing that FASN inhibitors perturb ER integrity, cell death could be mediated by the
ER stress response, which then could occur independently of, or signal to, the
mitochondrial pathway of apoptosis (26). In fact, the UPR has been linked to
accumulation of ROS, as well as cell death. One mediator of the UPR adaptation arm,
activating transcription factor 4 (ATF4), protects cells from oxidative stress (28). ROS
accumulation caused by activity of tumor necrosis factor alpha (TNF!) can induce ER
stress and activation of the UPR. In turn, the UPR prevents downregulation of
antioxidants such as glutathione to help recover from ROS accumulation (29). Finally,
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PERK can phosphorylate the anti-oxidant pro-survival protein NF-E2 related factor
(Nrf2) to protect against ER stress induced ROS (30, 31).

Given the links between fatty acid synthesis, oxidative stress and the UPR, we
wanted to resolve the connections between the three pathways in cell death induced by
FASN inhibition. The data presented herein shows that caspase cleavage is not required
for FASN inhibitor-induced cell death and that Bcl-2 does not protect cell death induced
by FASN inhibition. Bcl-2 does protect against phosphorylation of eIF2!, however,
eIF2! phosphorylation is also not required for FASN inhibitor-induced cell death. Lastly,
ROS are induced in cells treated with FASN inhibitors and blocking ROS rescues cell
death. These data provides important insight into the mechanism of cell death induced by
FASN inhibitors and the potential links between the UPR and oxidative stress in this
process.
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IV.3. Materials and Methods
Materials. The PC-3 cells were obtained from American Type Culture Collection
(Manassas, VA). Wild-type and PERK-/- mouse embryonic fibroblasts (MEFs) were
obtained from David Ron, M.D. (Skirball Institute for Biomolecular Medicine, New York
University School of Medicine, New York, NY). S51A MEFs were obtained from R.
Kauffman, PhD (University of Michigan Medical School, Ann Arbor, MI). HT29
colorectal cancer cells containing pBabe-puromycin empty vector or pBabe-puromycin
GADD34 were obtained from Constantinos Koumenis, PhD (University of Pennsylvania
School of Medicine, Philadelphia, PA). Cell culture medium and supplements were from
Invitrogen (Carlsbad, CA). Antibodies against eIF2!, phosphorylated eIF2!, cleaved
caspase 3 (Asp175), cleaved caspase 9, and cleaved PARP (Asp214) were from Cell
Signaling Technologies (Beverly, MA). Antibody against FASN was from BD
Transduction Labs (San Diego, CA). Antibody against Bcl-2 was from Santa Cruz
Biotechnology, Incorporated (Santa Cruz, CA). Antibody against "-tubulin was from
NeoMarkers (Fremont, CA). Trizol was from Invitrogen (Carlsbad, CA). Avian
Myleoblastosis Virus (AMV) Reverse Transcriptase and Taq Polymerase were from
Promega (Madison, WI). Dichlorofluoroscein diacetate and N-acetyl cysteine was
purchased from Sigma (St. Louis, MO). Oligonucleotides were synthesized by Integrated
DNA Technologies (Coralville, IA). Orlistat was purchased from Roche (Nutley, NJ). All
other reagents were purchased from Sigma (St. Louis, MO), Calbiochem (San Diego,
CA) or BioRad (Hercules, CA).
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Cell culture and drug treatments. Prostate tumor PC-3 cells were maintained in RPMI
1640 supplemented with 10% fetal bovine serum at 37#C and 5% CO2. MEFs were
maintained in DMEM-high glucose supplemented with 10% fetal bovine serum and 1
µg/ml puromycin. S51A MEFs were supplemented with 10 µM non-essential amino
acids and 0.55 µM 2-mercaptoethanol. HT-29 colon carcinoma cells expressing the
pBabe-puro empty vector or the pBabe-puro-GADD34 construct were maintained in
McCoy’s 5A media supplemented with 1 µg/ml puromycin and 20% FBS, 10 µM nonessential amino acids and 0.55 µM 2-mercaptoethanol. Cells were treated for the times
and with drug concentrations as indicated. Orlistat was extracted from capsules in EtOH
as described previously and stored at -80#C. Further dilutions were made in dimethyl
sulfoxide (DMSO).

Immunoblot analysis. Cells were harvested after the indicated treatments, washed with
ice-cold phosphate-buffered saline, and lysed in buffer containing 1% Triton X-100
supplemented with protease, kinase, and phosphatase inhibitors including: 200 µM
phenylmethanesulphonylfluoride (PMSF), 5 µg/ml aprotinin, 5 µg/ml pepstatin A, 5
µg/ml leupeptin, 50 µM okadeic acid just before use. Protein samples were
electrophoresed through 10%, 12%, or 13.5% SDS-polyacrylamide gels and transferred
to nitrocellulose, except for blots to detect phosphorylated eIF2! and eIF2!, which were
transferred to Immobilon-P membrane (PVDF). Immunoreactive bands were detected by
enhanced chemiluminescence (Perkin Elmer). "-actin or "-tubulin were used as loading
controls for all western blots.
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Generation of GADD34 expressing cells. To generate human tumor cells with a
constitutively active C-terminus fragment of GADD34, HT-29 cells seeded in 6-well
plates were transfected with 1 µg of pBabe-puro or pBabe-puro-GADD34 using
Lipofectamine (Invitrogen). These plasmids have been described previously (32). Stable
populations of each construct were selected by incubating transfected cells with 3 µg/ml
puromycin for 48 hours. The transfected cell populations were then maintained in 1
µg/ml puromycin for subsequent experiments in the media described above.

Clonogenic survival assays. Cells were plated in 6-well plates at low density 48 hours
prior to each experiment, except for MEFs, which were plated 24 hours prior. Densities
varied between cell type with PC-3 cells seeded at 800 cells/well, while MEFs and HT29
cells were seeded at 400 cells per well. Fresh medium containing the indicated drugs was
added at the indicated concentrations for 16-20 hours as indicated. The media was then
removed, the wells were washed and fresh medium was added. Plates were incubated
until macroscopic colonies were formed. Visualization of colonies was performed as
described previously (26). Colonies were quantified by counting. Survival of treated cells
was normalized relative to vehicle treated cells and statistical significance was
determined by two-tailed Student's t tests.

MTS survival assays. Cells were plated in 96-well plates at a density of 4000 cells per
well for 48 hours prior to each experiment. Fresh medium containing the indicated drugs
at the indicated concentrations for 24-72 hours as indicated. CellTiter96 viability (MTS)
reagent was then added to each well and allowed to incubate for 1-3 hours. Absorbance
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was then measured at 492 nm – 690 nm and survival of treated cells was normalized
relative to vehicle treated cells and statistical significance was determined by two-tailed
Student's t tests.

ROS Detection. PC-3 cells were seeded in 24-well plates at a density of 1 x 105 cells per
well. Before treating, cells are incubated with 20 µM Dichlorofluorosciene-diacetate
(DCFH) or a non-hydrolyzable C-369 probe as a control to verify background
fluorescence was unchanged between treatments. The probe was removed, the cells were
washed repeatedly (3-5 times) with PBS, and phenol-free RPMI media was replaced with
or without the indicated drugs. At the indicated timepoints, fluorescence was measured at
an excitation wavelength of 498 nm and an emission wavelength of 522 nm on a BMG
LabTech Fluorostar Optima Fluorometer. Fluorescence was determined relative to
vehicle treated controls.

Detection of GADD34 expression. Cells were exposed to the various drug treatments or
transfected with siRNA for the indicated times. RTPCR was performed for GADD34
expression as described previously (26).
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IV.4. Results
Inhibiting FASN in tumor cells induces cell death both in vitro and in vivo, but the
exact mechanism has not been elucidated (3-5). Given the associations between FASNinhibitor induced effects and the mitochondria, we first hypothesized that the
mitochondrial pathway of apoptosis may be involved in cell death induced by FASN
inhibitors. Because caspase activation is a key component of the mitochondrial pathway
of apoptosis, cells treated with FASN inhibitors were treated with and without the
caspase inhibitor ZVAD-fmk (ZVAD) and MTS survival assays were performed. The
general kinase inhibitor staurosporine, known to induce the mitochondrial pathway of
apoptosis, was used as a positive control. As expected, ZVAD increased the survival of
staurosporine treated PC-3 cells. Interestingly, cells treated with either C75 (Figure 1A)
or cerulenin (Figure 1B) were not rescued by the addition of ZVAD. This data indicates
that death induced by FASN inhibitors occurs independently of caspase activity. This is
despite the fact that FASN inhibitors induce cleavage of both caspases 3 and 9, as well as
the downstream caspase target PARP (13, 19, 26).
The data indicating that caspase activity does not appear to mediate cell death
induced by FASN inhibitors led us to investigate the role of Bcl-2 in cell death induced
by FASN inhibitors. Bcl-2 acts at the mitochondria to inhibit pro-apoptotic proteins such
as Bax and Bak from facilitating cytochrome c release (33). Bcl-2 also can act at the
endoplasmic reticulum to prevent calcium ion release and the resulting induction of cell
death (34). PC-3 cells were engineered to over-express the anti-apoptotic protein Bcl-2.
Empty vector and cells over-expressing Bcl-2 were collected for western blot analysis to
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Figure 1. Cell death induced by FASN inhibitors is independent of caspase activity.
A, PC-3 cells were seeded for MTS viability assays in 96-well plates. After 2 days, media
was removed, cells were washed once with PBS and serum free media was added. After
24 hours, the cells were incubated 30 minutes with 2 µM of the pan caspase inhibitor
ZVAD-fmk in serum-free media. Then, serum-free media was added to the ZVAD or
control media with vehicle, C75 (9 µg/ml), or staurosporine (1µM) for 18 hours.
CellTiter96 reagent was then added to each well and allowed to incubate for 2 hours.
Absorbance was then read at 492 nm and viability was assessed relative to vehicle-treated
PC-3 cells. B, PC-3 cells were seeded for MTS viability assays and switched to serumfree media as in A. After 24 hours, the cells were incubated 30 minutes with 2 µM
ZVAD-fmk in serum-free media. Then, serum-free media was added to the ZVAD or
control media with vehicle, cerulenin (15 µg/ml), or staurosporine (1µM) for 18 hours,
resulting in a final concentration of 1µM ZVAD. CellTiter96 reagent was then added to
each well and allowed to incubate for 2 hours. Absorbance was then read at 492 nm and
viability was assessed relative to vehicle-treated PC-3 cells.
verify that the Bcl-2 over-expressing cells show a marked increase in Bcl-2 protein levels
(Figure 2A). Incidentally, these cells also show comparative levels of FASN protein.
Next, the control and Bcl-2 expressing cells were treated with orlistat for 48 hours and
collected for western blot analysis of key apoptotic markers. Bcl-2 overexpressing cells
show reduced cleavage of caspase 3, no reduction in full length caspase 9, and negligible
cleavage of PARP in response to orlistat as compared to vector containing cells also
treated with orlistat (Figure 2B). MTS survival assays were then performed to test
whether Bcl-2 overexpression would maintain viability in cells treated with orlistat.
Staurosporine treatment of vector containing PC-3 cells caused a dramatic reduction of
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viability that was mostly prevented in the Bcl-2 overexpressing cells (Figure 2C).
However, treatment with either cerulenin or orlistat results in no difference in cell death
between vector and Bcl-2 overexpressing cells (Figure 2C). Therefore, FASN inhibition
induces cell death independent of Bcl-2 protection, indicating that death induced by
FASN inhibitors may be occurring through an alternate mechanism.
B
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control
Con Orl
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Figure 2. Bcl-2 does not protect PC-3 cells from FASN inhibitor-induced cell death.
A, PC-3 cells transfected with either empty vector, or Bcl-2 were collected for western
blotting analysis with antibodies specific for FASN, Bcl-2, or "-tubulin. B, Vector or Bcl2 overexpressing PC-3 cells were treated with 50 µM orlistat in serum-free media or
vehicle. After 48 hours, cells were collected for western blotting analysis with antibodies
specific for cleaved caspase 3, full length caspase 9, cleaved PARP, and "-tubulin. C,
Vector and Bcl-2 overexpressing PC-3 cells were seeded for a MTS survival assay as
described in Materials and Methods. Staurosporine (1 µM) or cerulenin (10 µg/ml) was
added for 24 hours, while orlistat (50 µM) was added for 72 hours. At the end of each
timepoint, MTS reagent was added, absorbance was measured at 492 nm, and survival
analyzed relative to untreated cells.
Though Bcl-2 does not protect prostate tumor cells from FASN inhibitor-induced
cell death, Bcl-2 has been shown to play a role in cell death induced by endoplasmic
reticulum (ER) stress (35, 36). Because our lab has recently shown that FASN inhibitors
induce ER stress, we wanted to determine whether Bcl-2 affects activation of key ER
stress pathway signals (26). Control and Bcl-2 overexpressing cells were treated with a
timecourse of orlistat and cell lysates were collected for western blot analysis of eIF2!
phosphorylation. Control cells treated with orlistat show induced phosphorylation of
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eIF2! at 8 hours and further induction at 20 hours (Figure 3A). The level of
phosphorylated eIF2! at 20 hours is similar to levels induced by the positive control
thapsigargin. Orlistat induction of phosphorylated eIF2! at 8 and 20 hours is consistent
with published work (26). Bcl-2 overexpressing cells show a higher basal level of
phosphorylated eIF2! that is largely unchanged at 8 hours, but somewhat increased at 20
hours to levels comparable to levels induced by thapsigargin treatment (Figure 3A).
However, the level of induction of phosphorylated eIF2! by orlistat or thapsigargin is
severely compromised compared to vector-containing PC-3 cells. Therefore, Bcl-2
appears to partially inhibit eIF2! phosphorylation in response to orlistat treatment.

Another hallmark of ER stress and activation of the unfolded protein response
(UPR) is IRE1-mediated processing of XBP-1. Processing of XBP-1 occurs under
conditions of ER stress resulting in the translation of the ER stress specific transcription
factor that can upregulate key genes involved in the adaptation arm of the UPR. PC-3
cells treated with a timecourse of orlistat show moderate XBP-1 splicing at 8, 12, and 16
hours consistent with earlier work (Figure 3B) (26). Bcl-2 overexpressing PC-3 cells
treated with orlistat also show moderate XBP-1 processing at all timepoints. XBP-1
processing in response to thapsigargin treatment is also similar between the vector and
Bcl-2 overexpressing cells. Therefore, Bcl-2 does not affect IRE1-mediated processing of
XBP-1 in PC-3 cells treated with the FASN inhibitor orlistat, indicating IRE1 is not
affected by Bcl-2 activity under such conditions.
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Figure 3. Bcl-2 inhibits eIF2! phosphorylation, but not XBP-1 processing in cells
treated with orlistat. A, PC-3 empty vector and Bcl-2 overexpressing cells were treated
for 8 or 20 hours with 50 µM orlistat, 1 hour 1 µM thapsigargin, or vehicle control. Cells
were collected for western blot analysis with antibodies specific for phosphorylated
eIF2! and "-actin. B, PC-3 cells transfected with empty vector or Bcl-2 were treated with
vehicle (DMSO) or 50 µM orlistat for 8, 12, and 16 hours, or 1µM thapsigargin for one
hour. Total RNA was collected with TRIzol and RT-PCR was performed with
oligonucleotides specific for XBP-1 and "-actin. XBP-1 (us) is indicated by the 473 bp
product and XBP-1 (s) is indicated by the 447 bp fragment.
The UPR is a coordinated set of signals that act to initially help the cell adapt to
ER stress. Phosphorylation of eIF2! by PERK is one of these key signals. Therefore,
cells that are deficient for PERK cannot respond to ER stress completely and are sensitive
to these agents (37). Previously, we have shown that cells deficient for PERK are
hypersensitive to FASN inhibitors as well (26). The primary event of PERK signaling is
the phosphorylation of eIF2!. Therefore, it is not surprising that cells with a Ser51Ala
mutant allele of eIF2! (S51A) that is unable to be phosphorylated are equally sensitive to
ER stressors (38). To test the role of eIF2! phosphorylation downstream of PERK
activation after FASN inhibition, wild-type (WT), PERK-/- and S51A MEFs were seeded
for clonogenic survival assays and treated with vehicle, orlistat, or thapsigargin as a
positive control. Thapsigargin treatment was titrated to a dose low enough to cause little
reduction in clonogenic survival of WT MEF cells. However, both PERK-/- and S51A
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MEFs showed a dramatic reduction in clonogenic survival after thapsigargin treatment, as
expected (Figure 4A). Clonogenic survival of WT MEFs was minimally affected by
orlistat treatment, whereas PERK-/- MEFs were dramatically more sensitive, also as
expected (P < 0.01). Surprisingly, S51A MEFs showed no significant decrease in
clonogenicity after orlistat treatment (Figure 4A). Western blotting confirms that S51A
MEFs showed no detectable eIF2! phosphorylation in response to either orlistat or
thapsigargin indicating the S51A cells were functionally sound (Figure 4B). Due to the
surprising nature of this result, we decided to utilize another method to confirm that
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Figure 4. Reduction in clonogenic survival induced by FASN inhibition is not
dependent on eIF2! phosphorylation. A, Immortalized and transformed MEFs with a
transgene of eIF2! that is unable to be phosphorylated (S51A MEFs), PERK-/- MEFs, and
their wild-type counterparts were seeded at low density for clonogenic survival analysis.
Cells were then treated with 50 µM orlistat or 200 nM thapsigargin for 16 hours. Drugcontaining media was then removed, cells were washed with PBS, and fresh media was
replaced. Colonies were assessed relative to untreated controls for each cell type.
Statistical significance was determined between the WT and S51A MEFs treated with
orlistat (P=0.64) and between the WT and PERK-/- MEFs treated with orlistat (P<0.01)
using students t-test. B, WT and S51A MEFs were treated with vehicle, 50 µM orlistat
for 14 and 18 hours, or 1 µM thapsigargin for one hour and collected for western blot
analysis using antibodies specific for phosphorylated and total eIF2!.
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FASN inhibitor-induced cell death is insensitive to eIF2! phosphorylation.

Others have shown that cells overexpressing GADD34, a protein that interacts
with protein phosphatase 1 (PP1) to

mediate the de-phosphorylation of eIF2!, are

phenotypically similar to the S51A MEFs (39). Therefore, we transfected HT29 cells
with GADD34 or a control pBabe-puro empty vector to verify the results of the S51A
MEFs. HT29 empty vector and GADD34 cells were treated with C75 and showed
negligible difference in clonogenic survival (P = 0.4), despite a marked difference in
thapsigargin treated cells (P < 0.001) (Figure 5A). Similarly, HT29 GADD34 cells
treated with orlistat are no more sensitive to cell death than the vector containing
counterparts (P=0.5, Figure 5B). HT29 GADD34 cells, similar to the S51A MEFs, also
showed no detectable eIF2! phosphorylation in response to orlistat or thapsigargin
(Figure 5C). Therefore, viability in response to FASN inhibition is independent of eIF2!
phosphorylation.

Cells deficient for PERK signaling are hypersensitive to FASN inhibition, but this
effect is independent of eIF2! phosphorylation, a primary event downstream of PERK in
the UPR. The only other known downstream target of PERK kinase activity is the prosurvival antioxidant protein NF-E2 related factor (Nrf2) (30). Nrf2 responds to alterations
in redox status at the ER to activate downstream adaptation genes (31). Therefore, we
tested whether FASN inhibitors can induce accumulation of reactive oxygen species
(ROS) using a fluorescent probe activated by oxidation. PC-3 cells were treated with
vehicle, orlistat, C75, or hydrogen peroxide as a positive control for 24 hours. These cells
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were then incubated with dichlorofluoroscein di-acetate and the fluorescence was
measured relative to vehicle treated controls. As expected, hydrogen peroxide treatment
resulted in an 8-9 fold increase in fluorescence (Figure 6A). Interestingly, orlistat and
C75 treatments induced a 3 and 4 fold increase in fluorescence, respectively, indicating
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Figure 5. GADD34 overexpression does not rescue clonogenic survival reduced by
FASN inhibition. A, HT29 cells were transfected with empty vector or GADD34. These
cells were seeded for clonogenic analysis at low density. HT29 vector and GADD34 cells
were then treated with 6 µg/ml C75 or 50 nM thapsigargin for 16 hours. Drug-containing
media was then removed, cells were washed with PBS, and fresh media was then
replaced. Clonogenic survival was determined relative to vehicle treated controls. B,
HT29 vector and GADD34 cells were seeded for clonogenic analysis as in A. Cells were
then treated with 25 µM orlistat or 100 nM thapsigargin for 16 hours. Fresh media was
replaced and colonies allowed to grow. Clonogenic survival was measured relative to
vehicle treated controls. C, HT29 vector and GADD34 cells were treated with vehicle, 50
µM orlistat for 14 and 18 hours, or 1 µM thapsigargin for 1 hour. Cells were then
collected for western blot analysis using antibodies specific for phosphorylated and total
eIF2!.
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that inhibition of FASN induces accumulation of ROS (Figure 6A). To determine
whether this increase in reactive oxygen species has a functional consequence,
clonogenic survival assays of PC-3 cells were performed with the FASN inhibitor C75
and the simultaneous treatment with the ROS scavenger N-acetyl cysteine (NAC).
Concurrent treatment of PC3 cells with C75 and NAC resulted in a dramatic rescue of
clonogenic survival as compared to cells treated with C75 alone (P<0.001, Figure 6B).
Therefore, ROS are induced in response to FASN inhibition and contribute to the
resulting cell death.
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Figure 6. FASN inhibitors induce reactive oxygen species. A, PC-3 cells were
incubated with dicholorofluorescein diacetate (DCFH-DA) for 45 minutes, then washed
with PBS several times and treated with vehicle, 50 µM orlistat or 9 µg/ml C75 for 24
hours in phenol-free media. Fluorescence was measured using a fluorometer at 492 nm,
excitation, 522 nm, emission. Relative fluorescence was determined compared to vehicle
treated control. B, PC-3 cells were seeded for clonogenic survival analysis at low density.
Cells were incubated with 5 mM N-acetyl cysteine (NAC) or regular media for 4 hours.
Fresh media containing vehicle or 9 µg/ml C75 in the presence or absence of NAC was
then added to cells for 16 hours. Drug-containing media was then removed, cells washed,
and fresh media replaced. Clonogenic survival was assessed compared to vehicle treated
control and statistical significance was determined using student’s t-test between C75 and
C75 + NAC treated cells (P < 0.001).
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IV.5. Discussion
Because of the unique expression of FASN in tumors, much emphasis has been
put toward the development of pharmacological agents that inhibit FASN activity and,
therefore, inhibit tumor growth and progression. So far, anti-FASN drugs have
successfully inhibited tumor growth in several tumor models with minimal side effects.
Therefore, FASN represents a highly tractable anti-tumor target with significant clinical
potential. Understanding cell death mechanisms is important for clinical application and
for understanding tumor biology; however, the mechanism of FASN inhibitor-induced
cell death has not been fully elucidated. The prevailing hypothesis regarding cell death
induced by FASN inhibition is attributed to malonyl-CoA accumulation and subsequent
apoptosis (10, 24, 25). Other data implicate the accumulation of reactive oxygen species
in FASN inhibitor-induced cell death (21-23). All of these studies indicate that a tumor
cell overexpressing FASN requires fatty acid synthesis for proper cellular membrane
integrity and function. Data from our lab showing that FASN inhibitors induce ER stress
suggests that the ER may be a primary sensor of cellular fatty acid and, subsequent
phospholipid levels (26). In fact, there are significant links between the ER and
mitochondria during apoptosis (36, 40, 41). The data presented herein contributes to the
understanding of how the mitochondria, ER, and ROS affect tumor cell death initiated by
FASN inhibition.

Caspase cleavage is a critical hallmark of the mitochondrial pathway of apoptosis.
Interestingly, cell death induced by FASN inhibition proceeds independent of caspase
cleavage. Furthermore, the anti-apoptotic factor Bcl-2 thought to control mitochondrial
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activity and cytochrome c release, does not protect cells from FASN inhibition. However,
we and others have shown that caspase cleavage does indeed occur (19, 26). In addition,
mitochondrial membrane potential is disrupted and cytochrome c is released in cells
treated with FASN inhibitors (19). Therefore, these results were surprising, but indicate
that the trigger of cell death is upstream and independent of key aspects of the
mitochondria.

We have shown that FASN inhibitors induce ER stress and proposed that cell
death induced by FASN inhibitors could be mediated through the UPR response (26).
Bcl-2 is known to also reside at the ER and can control apoptosis through changes in Ca2+
flux (34). In fact, Bcl-2 overexpression protects against death induced by the ER stressor
and SERCA pump inhibitor thapsigargin (34). While Bcl-2 does not protect against cell
death induced by FASN inhibitors Bcl-2 does inhibit, to a degree, FASN inhibitorinduced phosphorylation of eIF2! (Figure 3). Phosphorylation of eIF2! is a primary
event in UPR signaling for adaptation (42). Others have shown that cells lacking the
ability to phosphorylate eIF2! after ER stress are hypersensitive similar to the effect of
cells lacking PERK (38, 39). Our data shows that cells lacking ability to phosphorylate or
sustain phosphorylation of eIF2! are not hypersensitive to cell death induced by FASN
inhibition like the cells without PERK activity (Figures 4, 5).

There are multiple links between the mitochondria and the ER in mediating
apoptosis that describe how the anti-apoptotic Bcl-2 and the pro-apoptotic Bax and Bak
are important at both organelles. For instance, one study shows that ER-targeted Bcl-2
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can protect cells from staurosporine by preventing mitochondrial Bax activation and
subsequent cytochrome c release (35). Interestingly, Bax and Bak directly interact with
and are required for IRE1 activity at the ER membrane (43). Data herein shows Bcl-2
does not affect IRE1-mediated splicing of XBP-1 in cells treated with FASN inhibitors.
Therefore it is possible that induction of the UPR by FASN inhibitors may be triggering
cell death through the IRE1 pathway that activates JNK and pro-death signals (44).

What is not addressed in the data presented here is the specific role of signals
downstream of PERK in cells treated with FASN inhibitors. Protection from cell death is
clearly dependent upon PERK, but not eIF2! phosphorylation (Figures 4 and 5; (26)).
The other known downstream target of PERK signaling is Nrf2. PERK phosphorylates
Nrf2 so that it releases from its cytosolic binding partner Keap1 to trans-locate to the
nucleus and upregulate anti-oxidant pro-survival genes (30, 31). Nrf2 is traditionally
considered an anti-oxidant response factor (45). In support of PERK-Nrf2 involvement in
cells treated with FASN inhibitors, ROS accumulate and are required for cell death
induced by FASN inhibition (Figure 6). Furthermore, the data shown herein support other
work showing FASN inhibitors induce ROS (22, 23). However, we have yet to determine
whether Nrf2 is induced or is translocated to the nucleus in cells treated with FASN
inhibitors (data not shown). Therefore, we cannot yet conclude whether Nrf2 plays a role
in PERK-mediated protection in cells treated with FASN inhibitors. It will be important
to determine whether ROS originate from the ER or mitochondria and whether the ER
membrane integrity is perturbed as a result of FASN inhibition. It is possible that cell
death induced by FASN inhibitors induces ROS that occurs parallel or subsequent to
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UPR induction. It is also possible that the intersect between the UPR, apoptosis, and ROS
induced by FASN inhibitors is dependent on IRE1, given its association with Bax and
Bak at the ER membrane (43). Further investigation should be done regarding this
possibility.

Regardless of the unanswered questions remaining, the data presented here
provide unique insight into pathways of the UPR and apoptosis and how they do not
always act similarly in cells treated with different agents. Furthermore, these data provide
novel information regarding the cellular effects of FASN inhibitors that will facilitate
their application for clinical use.
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CHAPTER V

GENERAL DISCUSSION

Joy L. Little and Steven J. Kridel

(The following discussions contains sections to be published in a chapter of the book
Subcellular Biochemistry: Lipid in Health and Disease. Stylistic variations are due to the
requirements of the publisher. J. L. Little prepared the manuscript. Dr. S. J. Kridel acted
in an advisory and editorial capacity.)
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V.1. Inhibiting FASN Activity
V.1.1. Small Molecule Inhibitors of FASN
Because of the unique expression of FASN in tumors, much emphasis has been
put toward the development of pharmacological agents that inhibit FASN activity and,
therefore, inhibit tumor growth and progression. Historically, a Cephalosporium
caerulens mycotoxin metabolite known as cerulenin [(2S, 3R)-2,3-epoxy-4-oxo-7,10dodecadienoylamide] has been the primary FASN inhibitor used in biological studies.
Cerulenin covalently binds the "-ketoacyl synthase domain in FASN that is responsible
for binding and condensing the substrates (1). More recently, C75 was formulated as a
synthetic analog of cerulenin due to instability and poor systemic availability of cerulenin
(2). C93 is the newest generation of C75 analogues (3). Both C75 and C93 target the "ketoacyl synthase activity of FASN (2, 3). Recently, orlistat (Xenical©), a FDAapproved drug for obesity that targets gastrointestinal lipases, was described as a novel
inhibitor of FASN thioesterase activity (4). There also exists a growing body of literature
showing that various natural products such as the green tea polyphenolic component
epigallocatechin-3-gallate (EGCG) can inhibit FASN activity (5).

V.1.2. Effects In vivo
To date, all small molecule inhibitors of FASN have demonstrated ability to block
tumor growth in vivo. Cerulenin greatly increases survival and delays progression of
ovarian cancer xenografts without significantly affecting fatty acid synthesis in the liver
(6). C75 reduces growth of several tumor xenograft models, including prostate, breast,
ovarian and mesothelioma (7-10). C93 and C75 both reduce ovarian and lung cancer
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xenograft growth (3, 11). The novel FASN inhibitor orlistat has also been shown to
inhibit prostate tumor xenograft growth (4). FASN inhibitors also work in genetic models
of tumorigenesis, including the Neu-N murine mammary transgenic model (12-14). While
FASN inhibitors are not typically given orally due to poor bioavailability, recent work
shows that C93 can work in vivo after oral administration (11). Surprisingly, cerulenin,
C75 and related compounds induce a reversible anorexic phenotype that is associated
with "-oxidation in the hypothalamus. This phenotype is mimicked in mice with FASN
deleted in the hypothalamus (see section I.3.1) (11, 15-18). Interestingly, the anorexic
effect of FASN inhibitors has been overcome with newer generation drugs like C93 that
can reduce tumor growth with no anorexic effect (11). The discrepancy between the
knockout studies and pharmacological findings has yet to be explained.

V.1.3. Cell Cycle Effects In vitro
To determine the cellular consequences of FASN inhibition, numerous studies
have focused on the in vitro anti-tumor effects of these inhibitors. Many studies have
linked FASN inhibitors with cell cycle and growth arrest (Figure 1). Cerulenin acts in
vitro to inhibit fatty acid synthesis-mediated growth of breast carcinoma cells that can be
rescued with palmitate (19). Cerulenin induces a block at the G2/M cell cycle checkpoint
in an androgen-independent prostate cancer cell line that correlates with an induction of
cyclin-dependent kinase inhibitors p21 and p27 (20). However, glioma cells accumulate
in S phase after cerulenin treatment (21). Different hepatocellular carcinoma cell lines
treated with C75 undergo either G1 or G2 cell cycle arrest independent of p53 status (22).
In melanoma A-375 cells, cerulenin induces accumulation of cells in S phase, while C75
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induces accumulation of G2/M phase cells (23). RKO colorectal cancer cells treated with
either cerulenin or C75 show a transient accumulation of cells in S and G2/M phases, but
accumulation in G1 and G2/M phases later (24). Both cerulenin and C75 induce S phase
arrest and inhibit DNA replication in breast, colorectal, and promyelocytic leukemia
cancer cells (25). Orlistat induces cell cycle arrest by downregulating Skp2, a
deubiquinating enzyme, leading to decreased turnover of p27/kip1, therefore blocking
prostate tumor cells from entering S phase (26). Orlistat has also been shown to induce an
accumulation of breast cancer cells in S phase (27). Use of RNA interference (RNAi) to
mediate knockdown of both the FASN and ACC! genes induces a decrease in S phase
cells, further supporting the role of fatty acid synthesis in progression to or in S phase
(28).

The data show there is little consensus on the phase that tumor cells arrest growth
after inhibition of FASN in various tumor cells, which may be attributed to different
tumor cell types. It is likely that a lack of de novo fatty acid synthesis in tumor cells
impacts phospholipid synthesis required for proper DNA synthesis and cell cycle
progression (29).

V.1.4. Cell Signaling Effects
The effects of FASN inhibitors are also mediated through key tumor signaling
pathways. For example, it has been demonstrated that pharmacological inhibition of
FASN activity results in reduced Akt activation in multiple tumor cell lines (Figure 1) (9,
30). As mentioned previously, it has been demonstrated that PI3K and Akt can drive
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FASN expression in tumor cells (Chapter I, Figure 2B) (9, 31). The demonstration that
reduced FASN activity negatively affects Akt activation identifies a feedback between
the two pathways. Not surprisingly, inhibiting the PI3K pathway synergizes with cell
death induced by genetic and pharmacological inhibition of FASN (9, 30, 32).

In addition to the PI3K pathway, HER2/Neu has also been linked with FASN
expression in breast and prostate cancer cells (33-35). Inhibiting FASN with cerulenin
and C75 reduces expression of Her2/neu expression in breast cancer cell lines (Figure 1)
(33, 36). Additionally, inhibiting Her2/Neu with Herceptin synergizes with FASN
inhibitors to induce cell death (36). Altogether, these data indicate that the very pathways
that drive FASN expression in malignant cells are also affected when FASN activity is
blocked. Moreover, tumor cell killing can be potentiated when FASN inhibitors are
combined with inhibitors of these signaling pathways. The reason for this crosstalk has
not been clearly defined, but it is tempting to speculate that inhibition of FASN activity
directly impacts on lipid raft function, which results in reduced kinase signaling.

The data presented herein further support the idea that inhibitors of various
signaling pathways that crosstalk with fatty acid synthesis will synergize with FASN
inhibitors. For instance, the proteasome pathway has been implicated in maintaining
stability of FASN in prostate cancer (37). Our data show that inhibiting FASN in
combination with the proteasome inhibitor, bortezomib, induces synergistic cell death
(Chapter III, Figure 1). The number of pathways that crosstalk with FASN and show

122

interdependence with FASN activity speaks to the critical and central role FASN has in
tumor biology.

V.1.5. In vitro Tumor Cell Death
In addition to cell cycle arrest, all FASN inhibitors induce cell death in tumor
cells (3, 4, 25, 38). Cerulenin induces breast and prostate cancer cell death that correlates
with DNA fragmentation and morphology characteristic of apoptosis (8, 20, 38). The
mitochondria have also been linked to facilitation of cell death induced by cerulenin. For
instance, the pro-apoptotic mitochondrial factor Bax worsens cerulenin-induced cell
death when overexpressed (39). This correlation between cerulenin and the mitochondrial
pathway of apoptosis is further supported by the induction of cytochrome c release
(Figure 1) (39). FASN inhibition has been linked to p53 status of tumor cells, but whether
p53 plays any role in FASN-expressing cells is unclear, as FASN is expressed in tumors
independent of p53 status. FASN is strongly and significantly associated with p53
expression in hyperplastic parathyroids (40). In various cancer cells, blocking p53
activity with a dominant negative construct potentiates FASN inhibitor-induced cell death
(24). Conversely, others have reported that FASN inhibitors work equally well in tumors
independent of p53 status (39).

The data presented herein identify independence of cell death induced by FASN
inhibitors from the mitochondrial pathway of apoptosis. In support of previous work,
cleavage of both caspases 3 and 9 occurs after FASN inhibition in tumor cells (Chapter
II, Figure 5; Chapter IV, Figure 2). However, inhibition of caspase cleavage by the pan-
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caspase inhibitor zVAD-fmk does not protect tumor cells from FASN inhibitor-induced
cell death (Chapter IV, Figure 1). Therefore, these data indicate a different understanding
of the role caspases and the mitochondrial pathway may be playing. Furthermore,
overexpression of the anti-apoptotic mitochondrial protein Bcl-2 does not protect from
cell death induced by FASN inhibitors (Chapter IV, Figure 2). Therefore, FASN
inhibitors may be inducing cell death through a mechanism that is not directly attributed
to canonical mitochondrial apoptotic pathway mediators.

Cell death induced by FASN inhibitors could be a result of the cell lacking fatty
acid for membrane biogenesis. Inhibiting FASN and ACC reduces incorporation of fatty
acid into membrane phospholipids, which occurs in the endoplasmic reticulum (41).
Inhibiting FASN incorporation into phospholipids corresponds to a decrease in cell
volume and other morphological changes ultimately leading to apoptosis (42). Inhibiting
FASN with small molecules (cerulenin, C75, orlistat) or with siRNAs induces
endoplasmic reticulum stress and activation of the unfolded protein response (UPR)
(Chapter II). The UPR is able to induce cell death if homeostasis is not restored and,
therefore, FASN inhibitors may be inducing cell death that is mediated by the UPR
(Chapter II, III).

Inhibition of FASN induces key components of the UPR adaptation signaling
pathway such as eIF2! phosphorylation and ATF4 expression (Chapter II, Figures 1, 2, 4,
5; Chapter III, Figure 3). Furthermore, PERK, the kinase responsible for eIF2!
phosphorylation in cells undergoing ER stress confers protection to cells treated with
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FASN inhibitors (Chapter II, Figure 2; Chapter IV, Figure 4). The data herein, however,
add a surprising perspective to this, as eIF2! phosphorylation does not provide a
protective advantage to tumor cells treated with FASN inhibitors, despite sustained eIF2!
phosphorylation for over 24 hours in these cells (Chapter IV, Figures 4, 5). We show that
MEFs with a homozygous allele of eIF2! that is unable to be phosphorylated due to an
alanine mutation at serine 51 are no more sensitive to FASN inhibitors than wild-type
controls (Chapter IV, Figure 4).

We confirm these data using a human cell line

expressing a constitutively active form of GADD34, the UPR factor responsible for
mediating the de-phosphorylation of eIF2! (Chapter IV, Figure 5). GADD34
overexpressing cells are no more sensitive to FASN inhibitors than their vectorcontaining counterparts. Western blots confirm the lack of eIF2! phosphorylation in
these cells treated with FASN inhibitors and these cells are hypersensitive to the ER
stressor thapsigargin (Chapter IV, Figure 5). Therefore, we can conclude that eIF2!
phosphorylation fails to protect cells from FASN inhibitor-induced cell death. Previously,
cells unable to phosphorylate eIF2! have been shown to be equally hypersensitive to ER
stressors, such as glucose deprivation or hypoxia, as cells without PERK activity (43, 44).
These data indicate that there is much more to understand regarding the regulation of the
UPR and its divergent roles under specific stressors.

Our data also show that when ER stressors are combined with FASN inhibition,
tumor cell death is increased (Chapter II, Figure 6; Chapter III). Furthermore, these data
provide evidence that pro-death signals may be occurring through the UPR signaling
pathway mediated by IRE1-JNK-CHOP (Chapter III, Figures 5-7). While it has yet to be
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determined whether FASN inhibition specifically operates through this pathway, both
JNK and CHOP activation play an important role in death induced by the combination of
FASN inhibitors and the proteasome inhibitor bortezomib (Chapter III, Figures 5-7). In
fact, the IRE1 arm may be the as yet undetermined link between FASN inhibitors and the
mitochondrial pathway of apoptosis. For instance, Bax is induced in cells treated with
FASN inhibitors. Moreover, induction of Bax correlates with the extent of cell death in
these cells (39). Interestingly, IRE1 can directly interact with, and its activity is directly
affected by Bax and Bak at the ER membrane (45). Therefore, the role of IRE1 in cell
death induced by FASN inhibitors should be investigated.

When FASN is inhibited malonyl-CoA accumulates (8). One hypothesis for the
mechanism of FASN inhibitor-induced cell death is attributed to this accumulation of
malonyl-CoA and, potentially, its interaction with CPT-1, the enzyme responsible for
transferring fatty acids into the mitochondria for oxidation. Malonyl-CoA acts as a
natural inhibitor of CPT-1 activity. Thus, FASN inhibitors may prevent both fatty acid
synthesis and oxidation (46). Driving this hypothesis is a study showing that co-treating
breast or ovarian cancer cells with the ACC inhibitor 5-(tetradecyloxy)-2-furoic acid
(TOFA) partially rescues cell death induced by FASN inhibitors C75 and cerulenin (8,
41). However, C75 alone can increase CPT-1 activity and directly compete with malonylCoA (47, 48). Therefore, it is important to note that MCF-7 cells co-treated with C75 and
the CPT-1 inhibitor etomoxir show no effect on C75-induced cell death (41). Hence,
malonyl-CoA accumulation, not CPT-1 activation, is mediating death induced by FASN
inhibitors. In addition, siRNA-mediated knockdown of FASN induces accumulation of
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ceramide and malonyl-CoA that leads to inhibition of CPT-1 and induction of apoptotic
genes BNIP3, TRAIL, and DAPK2 (49). Incidentally, ceramide has been shown to induce
JNK-dependent apoptosis (50). In addition, ceramide accumulates during cell death
induced by thapsigargin in "-cells. Furthermore, this effect is exacerbated when
phospholipid levels are altered by overexpression of phospholipase A(2) (51).

Upstream lipogenesis mediators ACL and ACC are also important in maintaining
tumor cell survival. RNAi-mediated knockdown or chemical inhibition of ACL in human
tumor cells decreases proliferation and induces cell death in vitro and limits tumor
growth by stimulating differentiation of tumor cells in vivo (52). ACL inhibition can also
impair Akt-mediated tumorigenesis and induce tumor cell death (53). In addition,
silencing ACC using RNAi induces apoptosis in breast and prostate cancer cells (28, 54).
Chemical inhibition of ACC can also induce tumor cell death (55). Data from our lab
indicate that ACC inhibition also induces the UPR (data not shown). It will be interesting
to continue investigation of the role of ACC in ER homeostasis and tumor cell biology.

While the effects of FASN inhibitors on tumor cells are clearly pleiotropic, and in
some cases maybe even specific to the tumor type, it is evident that many of the effects
can ultimately be tied to decreases in de novo synthesized fatty acids which can be
extended to phospholipid synthesis. Whatever the mechanisms may be, the data clearly
suggest that FASN occupies an important regulatory position in tumor cells to facilitate
the processes that lead to tumor cell proliferation and survival.
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Figure 1: Inhibiting FASN in Tumor Cells.
Several small molecule drugs can inhibit FASN activity. Blockade of FASN activity
leads to a reduction in lipogenesis and phospholipid content in tumor cells. Inhibiting
FASN also induces cycle arrest, cytochrome c release, and endoplasmic reticulum stress.
In addition, FASN inhibitors can reduce the activation and expression of Akt and
HER2/Neu.
V.2. Concluding Remarks
In summary, FASN is upregulated in multiple tumor types and correlates with
poor patient prognosis and reduced survival. Correspondingly, a body of literature has
demonstrated a requirement of FASN activity for tumor cell viability. The data presented
in this dissertation provides powerful and novel understanding regarding the pleiotropic
effects of FASN inhibitors. Phospholipids synthesized from FASN-derived palmitate are
important for cell cycle progression, lipid raft signaling, and endoplasmic reticulum
homeostasis, all of which contribute to tumor cell survival, thereby, underscoring the
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importance of FASN. These findings signify a central role for fatty acid synthesis in
critical cellular processes.

Chapter II is the first evidence to show the link between FASN and ER
homeostasis. This link suggests a potential teleological explanation for upregulation of
FASN in tumor cells. Given the importance of phospholipids for tumor cell membrane
and ER function and homeostasis, it is only logical that a tumor cell would selectively
upregulate factors that will provide substrate for phospholipid, such as FASN. In
addition, tumor cells have developed feedback mechanisms to mediate crosstalk between
FAS and signaling pathways like PI3-kinase and Her2/Neu. The discovery and
development of pharmacological agents that block FASN activity suggest that FASN can
be targeted for anti-tumor therapy. In addition, Chapter III provides novel evidence of a
functional crosstalk between the fatty acid synthesis and proteasome pathways, further
suggesting the central role of FASN in tumor cell biology. Furthermore, this crosstalk
provides a unique therapeutic opportunity for FASN inhibitors to be combined with the
proteasome inhibitor bortezomib, already FDA-approved for multiple myeloma and in
clinical trials for various other malignancies. Understanding the mechanism behind this
combination-induced cell death, furthers the potential for FASN inhibitors to be
combined with other ER stressing agents, as well as furthers understanding of
mechanisms behind cell death induced by FASN inhibitors. Finally, Chapter IV
delineates a distinction between the UPR signaling of cell death induced by FASN
inhibitors, the independence of mitochondrial components in this cell death response, as
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well as supporting evidence that ROS play a central role in death induced by FASN
inhibitors.

So far, anti-FASN drugs have successfully inhibited tumor growth in several
tumor models with minimal side effects. FASN represents a highly tractable anti-tumor
target with significant clinical potential. The work contained in this thesis provides
evidence that will only further the potential of these agents and guide future work
regarding cell death induced by the UPR that may further the exploitation of UPRtargeting agents for clinical use as well. Overall, this work contributes to the larger
understanding of FASN in mediating aspects of proliferation, growth and survival. As a
result, a clearer understanding of the role of FASN in tumor cells has been developed.
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