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Summary

In 1994, Kuhajda and colleagues unambiguously identified the oncogenic antigen-519,
a prognostic molecule found in breast cancer patients with markedly worsened progno-
sis, as fatty acid synthase (FAS), the key enzyme for the de novo fatty acid biosynthesis. It
now appears that human carcinomas and their pre-neoplastic lesions constitutively over-
express FAS and undergo significant endogenous fatty acid biosynthesis. Moreover, FAS
blockade specifically induces apoptotic cancer cell death and prolongs survival of cancer
xenograft hosts. Therefore, FAS signaling seems to play a central role in the maintenance
of the malignant phenotype by enhancing cancer cell survival and proliferation. This
review documents the rapidly changing perspectives on the function of FAS in cancer
biology. First, we describe molecular mechanism by which aberrant transduction cascades
driven by oncogenic changes subvert the down-regulatory effects of dietary fatty acids,
resulting in tumor-associated FAS insensitivity to nutritional signals. Second, we speculate
on the putative function that hypoxia can play as the epigenetic factor that triggers and
maintains FAS overexpression in cancer cells by inducing changes in gene expression and
in metabolism for survival. Third, we explore the role that FAS exhibits in cancer evolu-
tion by specifically regulating cancer-related proteins such as Her-2/neu oncogene and
estrogen receptor. Finally, we reveal previously unrecognized functions of FAS on the
response of cancer cells to chemo-, endocrine-, and immuno-therapies. These findings, all
together, should ultimately enhance our understanding of how FAS-dependent endoge-
nous fatty acid metabolism, once considered a minor anabolic-energy-storage pathway in
normal cells, has become a jack-of-all-trades in cancer cells. 
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BRIEF OVERVIEW OF THE FAS AND FAS-DEPENDENT
FATTY ACID SYNTHETIC PATHWAY

Fatty acid synthase (FAS) is a complex multifunction-
al enzyme that contains 7 catalytic domains and a 4’-
-phosphopantetheine prosthetic group on a single 260
kDa polypeptide that plays a central role in endoge-
nous lipogenesis in mammals. Palmitate, a saturated
16-carbon fatty acid, is the predominant product of
FAS synthesized de novo from the substrates acetyl-
-CoA, malonyl-CoA, and NADPH. The FAS enzy-
matic complex is situated as a head-to-tail dimer with
the ketoacyl synthase and malonyl/acetyl transferase
domains of one monomer working together with the
dehydratase, enoyl reductase, ketoacyl reductase, acyl
carrier protein, and thioesterase domains on the adja-
cent monomer (Fig. 1). These enzymatic domains act
sequentially to condense acetyl-CoA with malonyl-
-CoA to form a 4-carbon intermediate. Six additional
turns of the enzyme’s cycle convert this intermediate
to palmitate, which is then liberated from FAS by the
action of the thioesterase domain18, 61,72, 83, 100. 

In highly lipogenic tissues such as liver, lactating
breast, and adipose tissue, the FAS-dependent fatty
acid synthetic pathway has 3 primary functions: a) stor-
age of excess energy intake, such as fat, b) synthesis of
fat from carbohydrate or protein when the diet is low

in fat, or c) synthesis of fat for lactation. In well-nour-
ished adults, FAS is responsible primarily for energy
storage by converting excess carbohydrate to fatty
acids that are then sterified to store triacylglycerols. It
normally functions in the liver to make lipids for
export to metabolically active tissues of storage in adi-
pose tissue85, 107, 112. FAS has specialized physiological
functions, including the production of milk lipids in
lactating breast tissue and surfactant in infant lung, but
it is minimally expressed in most normal adult tissues99,

111, 114. Indeed, most normal tissues, even those with
high cellular turnover, seem to utilize circulating lipids
for the synthesis of new structural lipids111. However,
after numerous clinical and basic research studies, it
now appears that human cancers constitutively express
high levels of FAS and undergo significant endoge-
nous fatty acid biosynthesis49. Importantly, tumor-
-associated FAS overexpression and hyperactivity
seem to be independent of the regulatory signals that
down-regulate fatty acid synthesis in normal cells. 

TUMOR-ASSOCIATED FAS (ONCOGENIC ANTIGEN-519)
IS UNRESPONSIVE TO NUTRITIONAL REGULATION

Under normal physiological conditions any increase
in FAS expression in human tissues is tightly regulat-
ed by a number of environmental, hormomal, and
nutritional signals. Although FAS activity is not
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Figure 1. Schematic representation of FAS enzymatic complex and target sites of chemical FAS blockers cerulenin and C75. FAS enzymatic
complex contains seven separate enzymatic pockets situated as a head-to-tail dimer with the β-ketoacyl synthase (KS) and malonyl (MT)/acetyl
transferase (AT) domains of one monomer working together with the dehydratase (DE), enoyl reductase (ER), β-ketoacyl reductase (KR), acyl
carrier protein (ACP), and thioesterase (TE) domains on the adjacent monomer. These enzymatic domains act sequentially to condense acetyl-
-CoA with malonyl-CoA to form a four-carbon intermediate. Six additional turns of the enzyme’s cycle convert this intermediate to palmitate,
which is then liberated from FAS by the action of the thioesterase domain. Because FAS functions as head-to-tail dimer, targeted inhibition of
one of the enzymatic domains of FAS can ablate the activity of one or both FAS subunits. Cerulenin, a natural mycotoxin, is an antagonist of
the ketoacyl synthase domain (the condensing enzyme) of FAS and functions by covalently modifying the active site cysteine, resulting in dead-
-end inhibition. C75, a synthetic analog of cerulenin, also targets the condensing enzyme and inhibits fatty acid synthesis.
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known to be regulated by allosteric effectors or cova-
lent modification, the expression of the FAS gene, as
for many other lipogenic and glycolytic genes involved
in maintenance of energy balance, is highly dependent
on nutritional conditions in lipogenic tissues, liver,
and adipose tissue92. Indeed, endogenous fatty acid
biosynthesis in liver and adipose tissue is suppressed
by the presence of small amounts of fatty acids in the
diet20, 21, 29, 43. In other words, de novo fatty acid biosyn-
thesis and FAS expression occur constitutively at very
low levels, since the requirement for fatty acids is suf-
ficiently met by dietary intake under normal condi-
tions111. Surprisingly, immunohistochemical studies
have reported that FAS protein is overexpressed in
the majority of human malignancies and their pre-
neoplastic lesions, including cancer of the prostate,
colorectum, ovary, bladder, esophagus, stomach, lung,
oral tongue, endometrium, and breast. Increased FAS
protein expression is also found in nephroblastoma,
mesothelioma, melanoma, and soft tissue sarcomas,
thus suggesting that FAS overexpression is one of the
most common molecular changes in cancer cells3–5, 14,

15, 25, 30, 31, 38, 39, 48, 51, 52, 56, 70, 72, 75, 79, 84, 88, 95, 98, 104, 105.
Importantly, FAS hyperactivity and overexpression
preferentially occur in the aggressive varieties of these
cancers and serves as an independent prognostic indi-
cator of adverse clinical outcome. 

We recently examined whether FAS activity and
expression in cancer cells occur independently of the
dietary signals that down-regulate endogenous fatty
acid synthesis in lipogenic tissues. We demonstrated
that physiological concentrations of linolenic acid
(18:2n-6) and arachidonic acid (20:4n-6), the most
potent dietary fatty acids suppressing FAS expression
in both cultured adipocytes and hepatocytes, failed to
repress tumor-associated FAS activity and expression
in cancer cells66. Therefore, the mechanism of control
of tumor-associated FAS by exogenously derived
fatty acids apparently differs from the dietary fatty
acid-mediated FAS suppression in lipogenic tissues.
Indeed, our findings demonstrating that tumor-asso-
ciated FAS is resistant to linoleic acid- and arachi-
donic acid-induced suppression raise the possibility
that fundamental differences in the ability of the FAS
gene to respond to normal dietary fatty acids’ regula-
tory actions may account, at least in part, for the
observed high levels of FAS in a biologically aggres-
sive subset of human cancers. 

FAS HYPERACTIVITY IS NECESSARY
FOR CANCER CELL SURVIVAL

The importance of FAS activation in cancer cells is
highlighted by the fact that the natural product ceru-
lenin [(2R, 3S), 2–3-epoxy-4-oxo-7, 10-trans, trans-

-dodecadienamide], a specific noncompetitive inhibi-
tor of the β-ketoacyl synthase activity of FAS19, 71, 73,

101, is selectively cytotoxic for cancer cells in vitro50, 76,

77, 81. In vivo treatment with cerulenin or a novel
small-molecule inhibitor of FAS activity, C75, a α-
-methylene-γ-butyrolactone with comparable inhibi-
tory effects on endogenous fatty acid biosynthesis53, 57,

80, 120, results in significantly increased survival in
human cancer xenografts80, 81. Furthermore, silencing
of the FAS gene by the potent and highly sequence-
specific mechanism of RNA interference (RNAi) sig-
nificantly inhibits cancer cell growth and ultimately
results in induction of apoptosis23.

The fact that specific blockade of FAS activity signif-
icantly attenuates the growth and proliferation of
tumor cells strongly suggests that tumor-associated
FAS hyperactivity is vital for the survival of human
cancer cells and further confirms FAS as a target
pathway for chemotherapy development. However, it
was unresolved whether a metabolic adaptation of
cancer cells to the ambient concentration of dietary
fatty acids may be relevant to the goal of utilizing
FAS inhibition as an interventional molecular target.
We recently evaluated the protective effects of
exogenous dietary fatty acids on FAS inhibition-
induced tumor cytotoxicity65. Exogenous addition of
supraphysiological concentrations of ω-3 (α-linolenic
acid, docosahexaenoic acid, and eicosapentaenoic
acid) and ω-6 (linoleic acid and arachidonic acid)
dietary polyunsaturated fatty acids was unable to
reverse the cytotoxic effects following pharmacologi-
cal blockade of FAS activity. On the other hand,
addition of oleic acid (a monounsaturated ω-9 fatty
acid synthesized from palmitate) significantly amelio-
rated tumor cytotoxicity induced by chemical FAS
blockers. In previous reports, replenishment of
media with palmitate (the primary end-product of
FAS), also succeeded in “rescuing” cancer cells from
the growth inhibitory effects of FAS blockers50, 82.
There are various implications for these data. The
ability to partially reverse chemical FAS inhibitors’
effects on tumor cell viability by oleic acid, a FAS-
-derived metabolic product, but not by other dietary
fatty acids implicates a role for endogenous fatty acid
metabolism in tumor cell proliferation. In fact, oleic
acid-induced reduction of FAS blockade-induced
cytotoxicity was significant for 72 h in cancer cells
expressing moderate amounts of tumor-associated
FAS, such as MCF-7 breast cancer cells, but only
within 24 h in SK-Br3 breast cancer cells, which
express enormous levels of tumor-associated FAS65.
Therefore it does appear that for unclear reasons
some cancer cells have an apparently obligatory
requirement for FAS-catalyzed endogenous fatty
acid biosynthesis for their proliferation, despite the
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presence of physiological or supraphysiological levels
of exogenous fatty acids in their microenvironment.
Importantly, that only supraphysiological amounts of
free oleic acid were effective in modulating chemical
FAS blockers-induced cytotoxicity in vitro implies
that tumors should be sensitive to the inhibition of
FAS regardless of access to circulating plasma lipids. 

FAS ACTIVATION IN PRE-NEOPLASTIC LESIONS:
THE HYPOXIA-CANCER CONNECTION

Although it has become clearer that cancer cell pro-
liferation and survival are dependent on FAS-cat-
alyzed endogenous fatty acid synthesis, and elevated
levels of FAS associate with poorer prognosis in
a subset of human carcinomas, one of the main ques-
tions that arise from the above studies is related to
the ultimate molecular mechanisms underlying the
early up-regulation of FAS in pre-malignant lesions
of numerous malignancies. Another important ques-
tion that remains to be addressed is whether activa-
tion of FAS in neoplastic cells is a mere manifesta-
tion of an early and common dysregulation of up-
-stream regulatory pathways or if it actively con-
tributes to the cancer phenotype. All the current
notions plead for an epigenetic basis of increased
FAS expression in cancer cells and suggest that
changes in up-stream regulatory circuits (hormones-
-hormone receptors, growth factors-growth factor
receptors → lipogenic transcription factors →
lipogenic genes) lie (at least in part) at the basis of
this phenomenon. In this scenario, tumor-associated
FAS appears to be part of a more general change in
the genetic program controlling lipogenesis. A very
attractive hypothesis is that the early activation of
FAS in pre-malignant cells represents a necessary
survival strategy which occurs to compensate for an
insufficiency of both oxygen and dietary fatty acids
due to, for example, lack of angiogenesis. Focal areas
of low-oxygen tension (≤ 2.0% O2) are inherent to
biological processes such as carcinogenesis. Indeed,
oxygen availability is known to play a key role in the
growth-regulatory process underlying carcinogene-
sis13. Interestingly, cancer cells have an unusual toler-
ance to limiting O2 availability, with an unusual car-
bohydrate metabolism displaying excessive lactate
production by aerobic glycolysis110. In many hypoxia-
tolerant organisms, the need for more oxidizing
power when O2 is limiting is satisfied by using the
FAS pathway as a means for balancing redox through
its ability to consume reducing equivalents (i.e.
NADPH) as part of its normal function33. Therefore
it is reasonable to suggest that the physiological func-
tion of FAS activation in pre-malignant lesions, and
probably also in advanced carcinomas, is to make up
for the shortfall in oxidizing power. This extremely

attractive theory to explain FAS overexpression has
recently been put forth by Baron et al.6 and
Hochachka et al.34 in prostate cancer cells. Under
hypoxic conditions, excessive lactate is produced by
anaerobic glycolysis, which, in turn, limits the respi-
ratory chain and results in limited oxidizing power. In
this metabolic situation, cancer cells favor synthesis
and chain elongation of endogenous fatty acids
because they supply oxidizing power for key oxidative
steps. Therefore, FAS overexpression and hyperac-
tivity would result in a significant improvement in
redox balance despite surrounding hypoxic condi-
tions. 

Although it cannot be excluded that increased FAS
expression is intrinsic for highly proliferative cells
(including cancer cells), it is plausible to suggest fur-
ther that constitutive FAS overexpression and hyper-
activity occur not only for improving redox balance
despite conditions of extreme hypoxia, but also to
compensate for a concomitant insufficiency of dietary
(exogenous) fatty acids. Thus, FAS expression may
not be essential even in highly proliferative tumor
cells in the presence of enough fatty acids.
Interestingly, our group has shown that the cell death
of breast cancer cells treated with pharmacological
inhibitors of FAS activity is only rescued by adding
supraphysiological amounts of dietary fatty acids,
such as oleic acid, one of the most abundant circulating
fatty acid65. This very simple observation strongly
implies that breast cancer cells are dependent on
FAS hyperactivity for their proliferation and survival
when an insufficient amount of exogenous fatty acids
is present in their microenvironment. Altogether, the
evidence supports the notion that the unusual meta-
bolic situation in the hypoxic microenvironment of
pre-malignant cancer stages may convert FAS, an
anabolic-energy-storage pathway largely considered
of minor importance in humans, into a “metabolic
oncogene”. Moreover, it is reasonable to assume that
only the tumor cells capable of developing a FAS-
-dependent tolerance to limiting oxygen and dietary
fatty acid availability, which continue to occur as the
malignancy advances, can survive. Indeed, the early
and “obligatory acquisition” of an activated FAS-
-dependent signaling may explain why tumor cells
bearing high levels of tumor-associated FAS overex-
pression exhibit a selective growth advantage.

WHY DOES TUMOR-ASSOCIATED FAS 
IGNORE DIETARY FATTY ACIDS? 

The involvement of the mitogen-activated protein
kinase (MAPK), extracellular signal-regulated kinase
(ERK1/2) and phosphatidylinositol-3’-kinase (PI-3’K)/
/protein kinase B (AKT) signaling cascades, two
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pathways frequently contributing to tumor cell prolif-
eration and virulence, in the overexpression of FAS
in MCF10 normal breast epithelial cells transformed
with the oncogene H-ras116 and LNCaP prostate can-
cer cells102 has been demonstrated. Recently, a tran-
scriptome analysis of Her-2/neu (erbB-2) oncogene
revealed a molecular connection to FAS in human
breast cancer cells through a PI-3’K/AKT-dependent
signaling54. Similarly, the active involvement of erbB-1
(EGFR) and its downstream effectors MAPK
ERK1/2 and PI-3’K/AKT pathways in the overex-
pression of FAS has been demonstrated in prostate
cancer cells94. A remarkable aspect of these results is
the fact that insulin-regulated stimulation of FAS
expression in normal adipose tissue cells is also medi-
ated by the PI-3’K pathway, with AKT being involved
as a downstream effector108. Moreover, tumor-asso-
ciated FAS overexpression occurs through modula-
tion of the transcription factor sterol regulatory ele-
ment-binding protein (SREBP)-1c, the major factor
involved in the regulation of FAS in liver and adipose
tissue32, 45, 58, 59, 87, 96, 108, 117.

The above evidence reveals that the signal transduc-
tion pathways regulating FAS expression in normal
and cancer cells seem to share identical downstream
elements. However, the upstream mechanisms that
control FAS expression in cancer cells must be dif-

ferent from those in adipose or liver tissues, since
tumor-associated FAS expression seems to be insen-
sitive to nutritional signals. Therefore it is reasonable
to suggest the following hypothetical model to
explain the differential regulation of FAS in normal
and cancer cells. In lipogenic cells such as hepato-
cytes and adipocytes, FAS-catalyzed de novo fatty
acid biosynthesis is stimulated by a high carbohydrate
diet, whereas it is inhibited by dietary fatty acids and
by fasting44. These effects are partially mediated by
hormones, which stimulate (insulin) or inhibit (lep-
tin) FAS-dependent lipogenesis. Nutritional and hor-
monal regulation of FAS expression in lipogenic cells
occur through a modulation of the SREBP-1c, which
is known to be regulated by MAPK ERK1/2 and PI-
-3’K/AKT signaling cascades28, 47 (Fig. 2, left panel).
In cancer cells, SREBP-1c expression will be driven
by a constitutive activation of MAPK and PI-3’K/
/AKT signaling pathways in response to oncogenic
changes, including overexpression of growth factors
(e.g. EGF, heregulin), and/or overexpression of
growth factor receptors (e.g. Her-2/neu, EGFR),
rather than physiological regulators (e.g. insulin, lep-
tin). The constitutive activation of oncogenic cas-
cades would spoil the ability of FAS gene to respond
to a normal fatty acid’s down-regulatory actions, thus
resulting in the observed gigantic levels of FAS in
cancer cells (Fig. 2, right panel). 
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Figure 2. Hypothetical model for FAS hyperactivity and overexpression in cancer cells. Left panel – regulation of FAS expression in hepato-
cytes and adipocytes. FAS-dependent lipogenesis is stimulated by a high carbohydrate diet, whereas it is inhibited by exogenously derived
(dietary) fatty acids and by fasting. These effects are partly mediated by hormones, which stimulate (insulin) or inhibit (leptin) FAS expression
and/or activity through SREBP-1c, a critical intermediate in the pro- and anti-lipogenic action of several hormones and nutrients. Right panel –
working model for FAS as a metabolic oncogene in cancer cells. FAS regulation in neoplastic cells seems to occur also through a modulation
of SREBP-1c, which is driven by a constitutive hyperactivation of up-stream oncogenic cascades (EGFR, Her-2/neu Ras/Raf/MEK/MAPK; 
PI-3’K/AKT) thus resulting in nutritional insensitivity of tumor-associated FAS activity and expression. In addition, the bidirectional nature of the
cross-talk between tumor-associated FAS and cancer-regulating proteins such as Her-2/neu and ER strongly suggest that FAS is a novel meta-
bolic oncogene that actively contributes to the enhancement and maintenance of cancer phenotype. Abbreviations: SREBP – sterol-regulatory
element-binding protein, EGF – epidermal growth factor, EGFR – epidermal growth factor receptor, MEK – mitogen-activated or extracellular
signal-regulated protein kinase, MAPK – mitogen activated protein kinase, PI-3’K – phosphatidylinositol-3’-OH-kinase, AKT – protein kinase B. 
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DOES TUMOR-ASSOCIATED FAS 
IGNORE ALL THE DIETARY FATTY ACIDS? 

In the above theoretical model, normal nutritional
signals from elevated levels of dietary fatty acids such
as linoleic acid (18:2n-6) and/or arachidonic acid
(20:4n-6), the most potent fatty acids suppressing
FAS expression in cultured adipocytes and hepato-
cytes, should be incapable of repressing FAS activity
and/or expression in cancer cells, as we previously
demonstrated. Accordingly, supraphysiological con-
centrations of linoleic acid and arachidonic had no
significant inhibitory effects on the activity and
expression of tumor-associated FAS in SK-Br3 breast
cancer cells, an experimental paradigm of FAS-over-
expressing tumor cells in which FAS constitutes up to
28%, by weight, of the cytosolic proteins66. However,
a strong inhibitory effect was observed in the pres-
ence of γ-linolenic (18:3n-6) and α-linolenic (18:3n-
3) fatty acids. Interestingly, it was recently noted that
fatty acids such as γ-linolenic and α-linolenic fatty
acids modulate SREBP-1c expression in rat hepato-
cytes, whereas palmitic (16:0) or oleic acid (18:1n-9)
had no inhibitory effect24. γ-Linolenic- and α-lino-
lenic-induced inhibition of SREBP-1c expression
may contribute to their ability to suppress FAS
expression in cancer cells, although the specific
mechanisms by which these fatty acids can molecu-
larly target tumor associated-FAS certainly merit fur-
ther investigation. Interestingly, γ-linolenic and α-li-
nolenic fatty acids have raised interest as novel anti-
cancer treatments as they demonstrate selective toxic
actions on malignant cells9–11, 35–37, 40, thereby intro-
ducing the concept that a higher level of γ-linolenic
and/or α-linolenic fatty acids in cancer tissues could
provide an effective means of influencing the out-
come of FAS-overexpressing carcinomas, a subset of
carcinomas with poor prognosis. Interestingly, there
is evidence that a decreased level of α-linolenic acid
(an essential ω-3 polyunsaturated fatty acid present
in green vegetables and in soy and linseed oils) in adi-
pose tissue of breast cancer patients associates with
breast cancer risk and subsequent development of
visceral metastases12, 46, 60. Although the ultimate
mechanisms by which specific dietary fatty acids may
modulate tumor development are unclear, it will be
of interest to evaluate whether the balance between
specific exogenously derived fatty acids and FAS-cat-
alyzed endogenous fatty acid biosyntheses coordi-
nately regulates the etiology and progression of
human malignancies. Moreover, the fact that the
main end-products of FAS palmitic and oleic fatty
acids are also the most abundant circulating fatty
acids, along with their incapability to modulate
SREBP-1c24, strongly suggests that fundamental dif-
ferences in the ability of lipogenic genes (acetyl-CoA

carboxylase, FAS, etc.) to respond to normal fatty
acids’ down-regulatory actions could synergistically
interact with oncogenic signals to constitutively main-
tain an elevated FAS-dependent de novo fatty acid
biogenesis in cancer cells. 

TUMOR-ASSOCIATED FAS: 
A NEW METABOLIC ONCOGENE

The early and nearly universal up-regulation of FAS in
many human cancers and its association with poor
clinical outcome both strengthen the hypothesis that
FAS is involved in the development, maintenance, and
enhancement of the malignant phenotype. However,
FAS overexpression in tumor cells appears to be part
of a more general change in the genetic program con-
trolling lipogenesis, as evidenced by the concomitant
increase of other enzymes of the same lipogenic path-
way70, 96, 97. Interestingly, our more recent data are
compatible with the hypothesis that tumor-associated
FAS is not only necessary to integrate a number of sig-
naling pathways that regulate metabolism, prolifera-
tion, and survival in cancer cells, but plays a further
active role in cancer evolution by regulating oncogenic
proteins closely related to malignant transformation. 

Tumor-associated FAS regulates Her-2/neu (erbB-2)
oncogene expression in cancer cells

We recently identified a molecular link between FAS
and Her-2/neu (erbB-2) oncogene, a marker for poor
prognosis that is overexpressed in 30% of breast and
ovarian cancers86, 89, 90. First, we provided evidence that
a high level of both FAS expression and activity posi-
tively correlates with Her-2/neu oncogene amplifica-
tion and/or overexpression in a wide panel of human
breast cancer cell lines65. Since Her-2/neu mediates
tumorigenic activities by regulating key genes, our
results suggested that FAS may be a novel downstream
effector of Her-2/neu-promoted tumorigenicity and
cancer progression. Accordingly, a recent transcrip-
tome analysis of Her-2/neu revealed that FAS was one
of the genes differentially regulated by Her-2/neu in
human breast epithelial cells54. Lately, the pharmaco-
logical FAS inhibitors cerulenin and C75 were found
to suppress Her-2/neu oncoprotein expression in
breast and ovarian Her-2/neu overexpressors67.
Similarly, Her-2/neu expression was dramatically
down-regulated when FAS gene expression was
silenced by using the highly sequence-specific mecha-
nism of RNAi67. We identified that pharmacological
and RNAi-mediated inhibition of FAS represses Her-
-2/neu expression at the transcriptional level, concomi-
tantly up-regulating the expression of PEA3, an Ets
factor that specifically reverses the in vitro transformed
phenotype of Her-2/neu-overexpressing cancer cells
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through the attenuation of the Her-2/neu oncogene
promoter activity109, 113. Therefore, FAS blockade indi-
rectly suppresses Her-2/neu overexpression through
the ability of PEA3 to repress Her-2/neu promoter
activity. These results demonstrate that tumor cell
response to metabolic stress after perturbation of FAS
activity is accompanied by the specific suppression of
Her-2/neu oncogene, one of the most important onco-
genes in human cancer. Although these findings may
solely delineate a previously undescribed mechanism
of action for chemical FAS inhibitors in cancer cells,
the specific down-regulation of Her-2/neu that follows
RNAi-mediated silencing of the FAS gene further
reveals that Her-2/neu could act as a molecular sensor
of energy imbalance that participates actively in the
maintenance of an abnormally elevated endogenous
fatty acid metabolism in cancer cells (Fig. 3).
Moreover, it is reasonable to suggest that a molecular
bi-directional cross-talk between the FAS and Her-
-2/neu signalings at the levels of transcription, transla-
tion, and activity is taking place in cancer cells. 

Tumor-associated FAS regulates estrogen receptor
expression and activity in cancer cells

Although FAS is minimally expressed in most other
normal human tissues because they appear to utilize
preferentially circulating lipids for the synthesis of

new structural lipids, under normal conditions, FAS
is highly expressed in hormone-sensitive cells55.
During the menstrual cycle, the expression of FAS in
the human endometrium is closely linked to the
expression of the proliferation antigen Ki-67, estro-
gen receptor (ER), and progesterone receptor (PR),
suggesting a connection between FAS and the ER-
-dependent signaling in endometrial cell prolifera-
tion. Thus, FAS expression increases in endometrial
glands and stromal cells from the proliferative to the
early secretory phase, and after cessation of cell pro-
liferation in the mid- to the late-secretory phase, the
endometrial tissues become FAS negative26, 78.
Interestingly, it has been shown that estradiol (E2),
progesterone, and androgens have a role in FAS reg-
ulation in hormonally responsive tumors. Thus, FAS
expression is part of the E2-driven cellular response
that leads to proliferation in hormone-dependent
endometrial carcinoma cells and is associated with
higher endometrial tumor grades79. E2, progesterone,
and synthetic progestins also stimulate cell growth
and concomitant FAS expression in hormone-depen-
dent human breast cancer cells such as MCF-7 and
T47-D17, 41, 42. In the androgen-dependent prostate
cancer cell line LNCaP, androgens have been shown
to stimulate coordinate expression of FAS and
enzymes involved in cholesterol synthesis32, 93.
Moreover, the recent identification of a novel FAS-ER
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Figure 3. Blockade of tumor-associated FAS transcriptionally represses Her-2/neu oncogene expression in cancer cells. FAS produces the
16-carbon fatty acid palmitate through successive NADPH-dependent condensations of acetyl-CoA with malonyl-CoA. As a result of FAS
blockade, high levels of malonyl-CoA continue to be generated by acetyl-CoA carboxylase (ACC), the rate-limiting enzyme of the fatty acid
synthesis pathway. Concomitantly, FAS inhibition up-regulates the expression of polyomavirus enhancer activator 3 (PEA3), an erythroblast
transformation specific (Ets) transcription factor that attenuates the promoter activity of the Her-2/neu oncogene. It is reasonable to suggest
that malonyl-CoA accumulation is the molecular trigger linking FAS blockade and transcriptional repression of Her-2/neu oncogene through
the ability of PEA3 to repress the promoter activity of Her-2/neu gene. (CPT-I – carnitine palmitoyltransferase I).
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fusion transcript expressed in a variety of human can-
cer cell lines including prostate, breast, cervical, and
bladder cancer cells further suggests a close linkage
between FAS and the ER signaling pathway118. We
recently examined the effects of FAS inhibition on
E2-stimulated ER-driven molecular responses in
Ishikawa cells, an in vitro model of well-differentiat-
ed human endometrial carcinoma69. First, we evalu-
ated the effects of FAS inhibition on E2-induced ER
transcriptional activity by using transient cotransfec-
tion assays with an estrogen-response element
reporter construct (ERE-Luciferase). Anti-estro-
genic effects of the chemical FAS blockers cerulenin
and C75 were observed by dose-dependent inhibition
of E2-stimulated ERE-dependent transcription,
whereas FAS inhibitors did not significantly increase
the levels of ERE transcriptional activity in the
absence of E2. To address the reliability of transient
transfection assays, the effects of FAS inhibitors on
E2-inducible gene products were evaluated. FAS
blockade induced a dose-dependent decrease in both
E2-inducible alkaline phosphatase activity and 
E2-stimulated accumulation of PR. FAS inhibition
also resulted in a marked down-regulation of E2-stim-
ulated ER expression and noticeably impaired 
E2-induced ER nuclear accumulation. To rule out non-
FAS cerulenin- and C75-related effects, we finally
monitored ER signaling after silencing of FAS gene
expression using the highly sequence-specific mecha-
nism of RNAi. Interestingly, the concentrations of E2

inducing half-maximal ERE activity (EC50) dramati-
cally increased (>100 times) in FAS RNAi-transfect-
ed Ishikawa cells. Moreover, depletion of FAS by
RNAi also caused loss of ER expression and down-
-regulation of PR in E2-stimulated Ishikawa cells69. 

Remarkably, our current studies provide evidence
that tumor-associated FAS actively regulates genom-
ic and non-genomic ER activities in breast cancer
cells68. Thus, pharmacological inhibition of breast
cancer-associated FAS activity induced a dramatic
augmentation of E2-stimulated ER-driven transcrip-
tional activity (ER genomic activity) and synergisti-
cally enhanced E2-mediated down-regulation of ER
protein and mRNA expression. Mechanistically, FAS
inhibition was found to enhance ER genomic activity
through a non-genomic cross-talk between ER and
the downstream MAPK ERK1/2. Accordingly, co-
-treatment with the pure anti-estrogen ICI 182,780
and the MAPK inhibitor U0126 completely abolished
the synergistic action of FAS inhibition on E2-stimu-
lated ER transcriptional activity. Of note, FAS inhi-
bition drastically inactivated the anti-apoptotic pro-
tein kinase AKT, and completely abrogated E2-de-
pendent anchorage-independent growth of 
ER-positive breast cancer cells, which is mediated by

a non-genomic ER-AKT cross-talk. Thus our work-
ing model postulates that the ability of tumor-associ-
ated FAS to differentially regulate genomic and non-
-genomic ER activities determines why its blockade
induces hypersensitivity to E2-stimulated ER tran-
scriptional activity but does not enhance E2-depen-
dent breast cancer cell growth-promoting actions. 

By definition, selective estrogen receptor modulators
(SERMs) such as tamoxifen exert agonist action in
some target tissues while acting as estrogen antago-
nists in others27. Previously we demonstrated that
FAS blockade works as a potent antagonist of E2-de-
pendent agonist transactivation of ER in human
endometrial adenocarcinoma cells69. Although early,
these findings together not only reveal a new molec-
ular mechanism through which chemical FAS
inhibitors may exert their antitumor activities in can-
cer cells by acting as SERMs, but further support the
notion that a complex molecular connection between
tumor-associated FAS hyperactivity and ER-depen-
dent signaling is taking place in hormone-responsive
cancer cells. 

Tumor-associated FAS regulates cancer sensitivity 
to chemotherapeutic agents

Although the tumoricidal activity of pharmacological
inhibitors of FAS activity has begun to emerge, the
relationship between tumor-associated FAS hyperac-
tivity and the efficacy of chemotherapy has not been
studied. Interestingly, pharmacological inhibition of
FAS preferentially was recently found to preferen-
tially induce apoptosis of breast epithelial cells engi-
neered to overexpress Her-2/neu relative to matched
vector control cells54. This result strongly suggested
that an active FAS signaling may be necessary in the
maintenance and/or enhancement of Her-2/neu-pro-
moted cell proliferation and survival. On the basis of
these findings, and considering that Her-2/neu over-
expression confers resistance to certain chemothera-
peutic regimens1, 119, we recently hypothesized that
pharmacological inhibition of FAS activity in cancer
cells might prove useful in combination with conven-
tional anticancer therapy. Likewise, we found that
pharmacological blockade of FAS activity synergisti-
cally sensitizes Her-2/neu-overexpressing breast can-
cer cells to docetaxel- and paclitaxel-induced cytotox-
icity and apoptotic cell death, two cytotoxic drugs
belonging to the taxanes family of anti-microtubule
agents62, 64. Similarly, FAS blockade synergistically
enhanced the cytotoxic and apoptotic activity of
vinorelbine, a member of the vinca alkaloids family of
anti-mitotics63. It could be argue that this improved
sensitization must be attributed, at least in part, to
the ability of chemical FAS blockers to reduce Her-
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-2/neu expression, and therefore confined to Her-
-2/neu-related chemoresistance breast cancer pheno-
types. Interestingly, we previously described that
anthracycline (doxorubicin) resistance on multidrug
P-glycoprotein-overexpressing (MDR1)-MCF-7/AdrR
cells is synergistically reversed in the presence of
chemical FAS blockers103. Although additional stud-
ies are needed to determine whether the sensitization
to chemotherapy that follows exposure to chemical
FAS blockers is exclusively dependent on FAS activ-
ity and/or on Her-2/neu depletion and whether FAS
overexpression predicts chemotherapy efficacy in
cancer patients, to the best of our knowledge these
are the first studies demonstrating that tumor-associ-
ated FAS is playing an active role regulating cancer
chemosensitivity. If chemically stable FAS inhibitors
or cell-selective vector systems able to deliver RNAi
targeting FAS gene demonstrate systemic anticancer
effects in vivo, our results render FAS as a novel 
molecular approach to enhance the cytotoxic effects
of existing chemotherapeutic agents toward human
tumors. 

Tumor-associated FAS regulates cancer sensitivity 
to novel therapeutic strategies: monoclonal antibodies 

Trastuzumab (Herceptin®) is a recombinant anti-
-Her-2/neu monoclonal antibody directed at the
p185Her-2/neu ectodomain that is active against tumor
cells that overexpress Her-2/neu oncogene8, 7, 16, 106, 115.
However, not all Her-2/neu-overexpressing cancer
cells respond to treatment with trastuzumab.
Moreover, its clinical benefit is limited by the fact
that most breast cancers become resistant to
trastuzumab in less than 12 months2, 22, 91. We hypoth-
esized that cancer-associated FAS hyperactivity may
play a role determining the efficacy of trastuzumab
against Her-2/neu-overexpressors. For this purpose
we first analyzed the cytotoxic interactions between
chemical FAS blockers and trastuzumab in a panel of
cancer cell lines expressing high, moderate, and low
levels of Her-2/neu oncogene67. Remarkably, phar-
macological blockade of FAS activity dramatically
enhanced the efficacy of trastuzumab in a dose-
dependent manner. The most significant changes
were seen in Her-2/neu- and FAS-overexpressing SK-
-Br3 breast cancer cells, in which co-exposure to FAS
blocker cerulenin sensitized cancer cells to tras-
tuzumab by 200-fold. Similarly, concurrent RNAi-
-induced attenuation of FAS and Her-2/neu genes
expression was found to synergistically induce apop-
totic cell death in SK-Br3 breast cancer cells67. Taken

together, these results demonstrate that a synergistic
augmentation of the trastuzumab efficacy following
blockade of FAS activity occurs in Her-2/neu-overex-
pressing cancer cells through the ability of tumor-
-associated FAS to specifically regulate Her-2/neu
expression. 

CLINICAL PERSPECTIVES

Increased expression of FAS gene and of FAS cat-
alytic activity, likely along with genes for other
enzyme components in fatty acid biosyntheses, may
play a central role in neoplastic transformation
through their ability to compensate for an insuffi-
ciency of both oxygen and dietary fatty acids due to
lack of angiogenesis in the early stages of cancer
development. Thereafter, this epigenetically pro-
grammed FAS up-regulation is maintained in coordi-
nation with increased demand for fatty acid metabo-
lism and/or membrane synthesis in response to can-
cer-related overexpression of growth factors and/or
mitogens (e.g. EGF, heregulin, estradiol) and/or
growth factor receptors and/or hormone receptors
(e.g. EGFR, Her-2/neu, ER). The aberrant MAPK
and PI-3’K/AKT transduction cascades driven by
these oncogenic changes, through a constitutive acti-
vation of SBREP-1c, may subvert the down-regulato-
ry effects of physiological concentrations of dietary
fatty acids, thus resulting in a cancer-associated FAS
insensitivity to nutritional signals. This working
model provides a mechanistic rationale for future
research and treatment approaches in several malig-
nancies. Antibodies and/or small-molecular inhibi-
tors directed against growth factor receptors EGFR
(erbB-1) and Her-2/neu (erbB-2) or small-molecule
blockers of MAPK and/or PI-3’K/AKT activities may
abrogate the expression of tumor-associated FAS, 
a molecular marker closely linked to malignant trans-
formation and to tumor virulence in population stud-
ies of human cancer. On the other hand, our more
recent results support the notion that tumor-associat-
ed FAS is not only a mere manifestation of early and
common cancer-associated epigenetic changes, but
actively contributes further to the cancer phenotype
by specifically regulating malignant transformation.
The unexpected bidirectional nature of the cross-talk
between FAS and cancer-regulating proteins such as
Her-2/neu and ER (Fig. 2, right panel) should ulti-
mately highlight a previously unrecognized role of
endogenous fatty acid metabolism in tumor biology
and may provide new diagnostic and therapeutic
moieties for patient care.
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