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Abstract Relatively little information exists on the ultimatemolecularmechanisms bywhich the lipogenic enzyme
Fatty Acid Synthase (FAS) is differentially overexpressed in a biologically aggressive subset of humanmalignancies. Since
the microenvironment of solid tumors contains regions of poor oxygenation and high acidity, it has recently been
suggested that cancer-associated FAS is a novel metabolic oncogene conferring a selective growth advantage upon
stresses such as hypoxia and/or low pH. Here, we performed transient transfection studies with a 178-bp FAS promoter
fragment harboring a complex Sterol Regulatory Element Binding Proteins (SREBP)-binding site to evaluate whether
extracellular lowpHand/or hypoxiamay act in an epigenetic fashion by inducing changes in the transcriptional activation
of FAS gene in cancer cells. First, MCF-7 breast cancer cells cultured in acidosis (pH 6.5), but not under hypoxia or in the
presence of hypoxiamimetics, demonstrated amore than two-fold increase in the transcriptional activity of FASpromoter-
reporter constructs compared with control cells grown under standard culture conditions (pH 7.4). Second, the up-
regulatory effect of extracellular acidosis on the transcriptional activation of FAS gene was not observed when the FAS
promoter was truncated at the SREBP-binding site. Third, MCF-7 cells engineered to overexpress the Her-2/neu (erbB-2)
oncogene exhibited a SREBP-dependent activationof the FASpromoter-reporter construct up to three-fold higher than that
found in wild-type MCF-7 cells, while extracellular acidosis resulted only in a marginal increase of Her-2/neu-promoted
activation of FAS gene. This study reveals for the first time that extracellular acidosis can work in an epigenetic fashion by
up-regulating the transcriptional expression of FAS gene in breast cancer cells, a stimulatory effect that is equally
mimicked bywell-characterized oncogenic stimuli such asHer-2/neu. These findings, altogether, support the ‘‘metabolic
oncogene’’ theory for FAS overexpression in cancer cells. J. Cell. Biochem. 94: 1–4, 2005. � 2004 Wiley-Liss, Inc.
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In the 1950s, some studies showed that
endogenous fatty acid biosynthesis in tumor
tissues occur at very high rates [Medes et al.,
1953]. In the mid-1980s, it was established that
de novo synthesis of fatty acids accounts for
almost all fatty acids in the tumor cells, despite
adequate nutritional supply [Ookhtens et al.,

1984]. However, the endogenous fatty acid
synthesis pathway did not become a focus of
clinical interest as a means to treat or diagnose
human cancer until the early 1990s. In 1994,
Kuhajda and colleagues unambiguously identi-
fied through sequence homology and enzymol-
ogy the oncogenic antigen-519 (OA-519)—a
prognostic molecule found in tumor cells from
breast cancer patients withmarkedly worsened
prognosis—as fatty acid synthase (FAS), the
key metabolic multi-enzyme that is responsible
for the terminal catalytic step in the de novo
fatty acid biosynthesis [Kuhajda et al., 1994].
After numerous clinical and basic research
studies, it now appears that human cancers
constitutively express high levels of FAS and
undergo significant endogenous fatty acid bio-
synthesis.Moreover,FASup-regulationalsoap-
pears to be linked to malignant transformation,
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Fig. 1. Effects of extracellular acidosis on FAS gene activation in
cancercells.MCF-7 (panel a) andMCF-7/Her-2 (clone18;panel b)
cancer cells were routinely grown in phenol red-containing
improved MEM (IMEM, Biosource International, Camarillo, CA)
supplemented with 5% (v/v)-heat-inactivated fetal bovine serum
(FBS) and 2 mM L-glutamine, and maintained at 378C in a
humidified atmosphere of 95% air and 5%CO2. Using FuGENE 6
transfection reagent (Roche Biochemicals, Indianapolis, IN) as
directed by the manufacturer, overnight serum-starved cells
seeded into 24-well plates (�5�104 cells/well) were transfected
in low-serum (0.1% FBS) media with 300 ng/well of the pGL3-
luciferase (Promega, Madison, WI) construct containing a
luciferase reporter gene driven by either an intact (FAS wtSREBP-
BS-Luc) or damaged (FAS DSREBP-BS-Luc) 178-bp FAS promoter
fragment along with 30 ng/well of the internal control plasmid
pRL-CMV, which was used to correct for transfection efficiency.
After 18 h, the transfected cells were washed and then incubated
upon standard (5% FBS, pH 7.4) or acidic conditions (5% FBS,

pH 6.5). Culture medium was acidified by supplementing the
regular medium with 25 mM 4-morpholinepropanesulfonic acid
(Sigma, St. Louis, MO). The acidity of themediumwas adjusted to
a final pH of 6.5 with 1N NaOH. Approximately 24 h after
treatments, luciferaseactivity fromcell extractswasdetectedusing
a Luciferase Assay System (Promega, Madison, WI) according to
the protocol specified by the manufacturer using a TD-20/20
luminometer (Turner Designs, Sunnyvale, CA). The magnitude of
activation in FAS promoter-Luciferase-transfected cells was
determined after normalization to the luciferase activity in cells
co-transfected with equivalent amounts of the empty pGL3-
luciferasevector lacking theFASpromoter (�-Luc) and the internal
control plasmid pRL-CMV, which was taken as 1.0-fold. This
control value was used to calculate the relative (fold) change in
transcriptional activities of FAS promoter-Luciferase-transfected
cells in response to treatments after normalization to pRL-CMV
activity, and the data are shown as the means� SD from three
separate experiments (performed in triplicate).
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since high levels of FAS expression and activity
have been identified in pre-neoplastic lesions
[Kuhajda, 2000].
Although tumor-associated FAS, seems to

play a vital role in cancer cell survival and
proliferation, and it may be directly involved in
maintenance or enhancement of the malignant
phenotype, relatively little information exists
on the ultimate molecular mechanisms by
which this lipogenic enzyme is constitutively
up-regulated in cancer cells. A very attractive
theory to explain cancer-associated FAS over-
expression has recently been put forth by Baron
et al. [2004]. Since the microenvironment of
solid tumors contains regions of poor oxygena-
tion and high acidity, they proposed, in agree-
ment with Hochachka et al. [2002], FAS as a
putative metabolic oncogene conferring a selec-
tive growth advantage upon stresses such as
hypoxia, low pH, and/or nutritional depri-
vation. We recently performed a preliminary
in vitro approach to test this hypothesis.
The first condition to embrace the ‘‘metabolic

oncogene’’ theory for FAS overexpression in
cancer cells is that extracellular low pH and/or
hypoxia should act in an epigenetic fashion by
inducing changes in the transcriptional activa-
tion of FAS gene. To evaluate this option, the
non-aggressive breast cancer cell line MCF-7
was transiently transfected with a 178-bp FAS
promoter–reporter construct (FAS-Luc) that
harbors all the elements necessary for high
level expression in cancer cells [Swinnen et al.,
1997]. Figure 1a shows that MCF-7 cells
cultured in acidosis (pH 6.5) demonstrated a
more than two-fold increase in reporter activity,
compared with control cells grown under stan-
dard culture conditions (pH 7.4). Remarkably,
we failed to observe any transcriptional ac-
tivation of FAS gene in response to hypoxic
conditions or hypoxia mimetics, such as defer-
oxamine mesylate and CoCl2 (data not shown).
The second condition to support Baron’s pro-

position is that a common up-stream control
system should operate for the simultaneous
transcriptional up-regulation of all the genetic
components required for the fatty acid synthesis
pathway. Chief amongst these transcription
factors are sterol regulatory element binding
proteins (SREBPs), which bind to sterol reg-
ulatory elements (SREs) in promoter regions of
target genes. To examine whether the effects of
acidosis on FAS gene activation were mediat-
ed by the SBREP-binding sites present in the

proximal FAS promoter, MCF-7 cells were
transiently transfected with a truncated con-
struct in which the region responsible for
SREBP binding is deleted. Interestingly, the
up-regulatory effect of extracellular acidosis on
the transcriptional activation of FAS gene was
not observed when the FAS promoter was
truncated at the SREBP-binding site (Fig. 1a).

Finally, well-characterized oncogenic stimuli
should mimic the up-regulatory effects of
microenvironmental stresses on FAS gene ex-
pression. Likewise, a striking picture emerged
when the above experimentswere carried out in
MCF-7 cells engineered to overexpress the Her-
2/neu (erbB-2) oncogene, a master player in the
etiology and aggressive behavior of several
human malignancies molecularly related to
FAS [Kumar-Sinha et al., 2003; Menendez
et al., 2004]. Upon standard conditions, MCF-
7/Her2-18 cells exhibited a SREBP-dependent
FAS gene activation that was up to three-fold
higher than that found in wild-type MCF-7
cells. Interestingly, extracellular acidosis re-
sulted only in amarginal increase of Her-2/neu-
promoted hyperactivation of FAS gene (Fig. 1b).

These findings, altogether, reveal for the first
time that extracellular acidosis, but not hypoxia,
can work in an epigenetic fashion by up-regulat-
ing the expression of the cancer-associated FAS
gene, a stimulatory effect that is equally
mimicked by well-characterized oncogenes such
as Her-2/neu. Therefore, it is reasonable to
suggest that FAS overexpression is a very early
and necessary molecular event of the malignant
cell phenotype, thus supporting the role of FAS
as a novel ‘‘metabolic oncogene’’ in cancer cells.
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