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Fatty acid synthase (FASN) is an emerging tumor-asso-
ciated marker and a promising antitumor therapeutic
target. In this study, we analyzed the expression of
FASN in normal and molar placentas, as well as gesta-
tional trophoblastic neoplasia, and assessed the effects
of a new FASN inhibitor, C93, on cellular proliferation
and apoptosis in choriocarcinoma cells. Using a FASN-
specific monoclonal antibody, we found that FASN im-
munoreactivity was detected in the cytotrophoblast and
intermediate (extravillous) trophoblast of normal and
molar placentas, as well as in placental site nodules. All
choriocarcinomas (n � 33), 90% of epithelioid tropho-
blastic tumors (n � 20), and 60% of placental site tro-
phoblastic tumors (n � 10) exhibited FASN positivity.
FASN expression was further confirmed in vitro by
Western blot and real-time PCR. Treatment of JEG3 and
JAR cells with C93 induced significant apoptosis
through the caspase-3/caspase-9/poly(ADP)ribose poly-
merase pathway. Cell cycle progression was not af-
fected by the inhibitor. In summary, the data indicate
that FASN is expressed in the majority of gestational
trophoblastic neoplasias, and is essential for choriocar-
cinoma cells to survive and escape from apoptosis. FASN
inhibitors such as C93 warrant further investigation as
targeted therapeutic agents for metastatic and chemoresis-
tant gestational trophoblastic neoplasia. (Am J Pathol
2009, 175:2618–2624; DOI: 10.2353/ajpath.2009.081162)

Gestational trophoblastic neoplasms (GTNs) represent a
relatively uncommon type of gynecological tumor that

behaves differently from other cancers. GTNs include
choriocarcinoma, placental site trophoblastic tumor
(PSTT), and epithelioid trophoblastic tumor (ETT).1 Clini-
cally, GTNs are one of the few human tumors that are
often cured by chemotherapy and/or local tumor resec-
tion. More specifically, nonmetastatic, low-risk GTNs
treated with methotrexate or actinomycin D are almost
always successfully treated, but cure rates in high-risk
metastatic disease decrease to 80% to 90%, despite
combination chemotherapy, surgery, and radiation.2,3

Also, approximately 5% of low-risk and 25% of high-risk
patients respond poorly to initial treatment and require
salvage chemotherapeutic regimens that include plati-
num or paclitaxel. Unfortunately, high-risk patients who
fail or relapse after first-line EMA-CO (etoposide, metho-
trexate, dactinomycin, vincristine, and cyclophospha-
mide) therapy demonstrate an overall survival of 60% to
80%.2,4,5 Therefore, newer therapeutic regimens are
needed to reduce the toxicity associated with current
multi-agent chemotherapies and to salvage the occa-
sional nonoperable patient with recurrent or chemoresis-
tant disease.6 Until the fundamental biology of GTNs
becomes more clearly understood, development of more
novel therapies remains empirical.

Clinical promise has been shown by target-based ther-
apies designed to inactivate molecular pathways that are
essential for tumor cell growth and survival. Unlike stan-
dard chemotherapy, which indiscriminately affects prolif-
erating cells, whether normal or neoplastic, inhibitors that
target specific pathways in cancer have the potential to
selectively eliminate tumor cells, thereby achieving max-
imal therapeutic effect with minimal adverse side effects.
Recent examples of successful anticancer agents in-
clude gefitinib, a small kinase inhibitor that targets epi-
dermal growth factor receptors, and trastuzumab (Her-
ceptin), a humanized antibody that targets HER2/neu
receptors. Given the success of molecular targeting in

Supported by NIH grant CA129080 (to I.M.S.).

Accepted for publication August 19, 2009.

Address reprint requests to Ie-Ming Shih, M.D., Ph.D. Johns Hopkins
University School of Medicine, 1550 Orleans Street, Room 305 Baltimore,
MD 21231. E-mail: ishih@jhmi.edu.

The American Journal of Pathology, Vol. 175, No. 6, December 2009

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2009.081162

2618



previous clinical trials, targeted therapy in the treatment
of metastatic GTNs might be applied by tailoring man-
agement based on the expression profile of tumor’s spe-
cific markers.

Fatty acid synthase (FASN) is an intracellular enzyme
that promotes the NADPH-dependent condensation of
malonyl-CoA and acetyl-CoA to palmitate in endogenous
lipogenesis.7,8 In normal cells, FASN levels are generally
low due to the presence of abundant dietary lipids, but in
neoplastic cells, FASN expression is up-regulated de-
spite the presence of dietary lipids. Upregulation of FASN
is observed in several types of human cancer including
carcinomas of the breast, colon, ovary, and prostate.9–14

In this study, we assessed the biological role of FASN in
GTN and in normal and molar placentas. We found that
FASN expression in cytotrophoblast and intermediate
(extravillous) trophoblastic cells is unique in that both
normal and neoplastic trophoblastic cells express FASN.
This is in contrast to most other tissue types, which
preferentially express FASN in tumor cells, but not in
their normal or benign counterparts. Moreover, inacti-
vation of FASN led to massive apoptosis in choriocar-
cinoma cell lines, suggesting that FASN expression is
required for the survival of choriocarcinoma cells.
These results suggest that FASN inhibitor may be po-
tentially useful as a new therapeutic reagent for ad-
vanced stage choriocarcinoma.

Materials and Methods

Case Selection and Immunohistochemistry

Formalin-fixed, paraffin-embedded tissues from 63 GTNs
(33 choriocarcinomas, 20 epithelioid trophoblastic tu-
mors, and 10 placental site trophoblastic tumors), ten
placental site nodules, eight early placentas, four term
placentas, and eight complete hydatidiform moles were
retrieved from the surgical pathology files of the Gyneco-
logic Pathology Division at the Johns Hopkins Hospital.
The lesions were arranged on tissue microarrays, which
contained three representative 1.5-mm cores constructed
at the Johns Hopkins Tissue Microarray Facility. Speci-
mens were anonymized and tissues were collected in
compliance with institutional review board regulations.
Paraffin sections were incubated overnight with a mouse
monoclonal anti-FASN antibody (clone 6E7, FASgen
Inc., Baltimore, MD) at a dilution of 1:50. Two observers
independently scored the FASN immunoreactivity based
on 10 different randomly selected high-power fields (�40
magnification). Scoring (H-score) was based on the per-
centage of positively stained cells and the intensity of
nuclear staining, which ranged from 0 to 3�.15 The H-
score was calculated using the following equation:
H-score � �Pi (i �1), where i is the intensity of the stained
tumor cells (0 to 3�), and Pi is the percentage of stained
tumor cells for each intensity varying from 0% to 100%.
This semiquantitative analysis has been shown to have
high intra-observer and inter-observer reproducibility.16

In addition to H-score, we also used the percentage of

stained cells as a criterion to measure FASN expression
in tissue sections.

Cell Culture and Western Blot Analysis

Choriocarcinoma cell lines, JEG3 and JAR, were ob-
tained from American Type Culture Collection (Rockville,
MD). Both cell lines were incubated at 95% humidity, 5%
CO2, and 37°C in RPMI media with 5% heat-inactivated
fetal bovine serum (HyClone, Logan, UT) and 2% peni-
cillin and streptomycin (Gibco, Rockville, MD). Western
blot analysis was performed on the protein lysate of JAR
and JEG3 cells and was compared with benign serous
epithelium, which is known to minimally express FASN.
Similar amounts of total protein from each lysate were
separated on 10% Tris-glycine-SDS polyacrylamide gels
(Novex, San Diego, CA) and then electroblotted to Milli-
pore Immobilon-P polyvinylidene difluoride membranes.
The membranes were probed with an anti-FASN mouse
monoclonal antibody (1:100) followed by a peroxidase
conjugated goat anti-mouse immunoglobulin (1:6000). To
better delineate the regulation of apoptosis in JAR and
JEG3 cells treated with FASN inhibitors, we used caspase
and bcl-2 family sampler kits (Cell Signaling, Danvers, MA)
including the antibodies reacting to caspase-3, caspase-7,
caspase-9, poly(ADP)ribose polymerase (PARP), BIK,
BOK, Bad, and PUMA to determine the levels of the
apoptosis-related proteins. Western blots were devel-
oped by chemiluminescence (Pierce, Rockford, IL), us-
ing glyceraldehyde-3-phosphate dehydrogenase as a
loading control (1:6000).

Real-Time PCR to Quantify FASN mRNA
Expression

Total RNA was isolated using the TRIzol method (Invitro-
gen), and cDNA was synthesized using 2 to 5 �g total
RNA template. Primer sequences to amplify the FASN
cDNA were designed using the Primer 3 program and
were: 5�-CATCCAGATAGGCCTCATAGAC-3� (forward)
and 5�-CTCCATGAAGTAGGAGTGGAAG-3� (reverse).
PCR conditions were as follows: one cycle at 95°C for 1
minute, 40 cycles at 95°C for 20 s, 60°C for 20 s, 70°C for
15 seconds, and 80°C for 10 seconds. The expression of
FASN was normalized to that of human amyloid � precur-
sor protein with threshold cycle numbers calculated from
duplicate measurements. Mean fold expression differ-
ences were further normalized to that of benign ovarian
surface epithelium, OSE10.

Cell Viability and Apoptosis Detection

Cancer cells were seeded in 96-well plates at a density of
2.5 � 103 per well and then incubated with 100 �l of the
FASN inhibitor, C93 (FASgen Inc. Baltimore, MD), at a
series of concentrations from 2.5 �g/ml to 50 �g/ml.
Forty-eight hours after incubation, cell proliferation and
viability were measured by the CellTiter-Blue assay (Pro-
mega, Madison, WI). Cells were incubated with 40 �l of
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the CellTiter reagent for 4 hours at 37°C. The fluorescent
signal was then measured using a microplate reader with
excitation/emission at 560/590 nm. Cell numbers were
plotted against concentration of FASN inhibitor, and IC50

values (ie, the concentration at which cell growth was
inhibited by 50% of the control level) was estimated. For
apoptosis detection, 5 � 105 cells were grown in 6-well
plates and treated with C93 at the calculated IC50 con-
centration or equivalent dimethyl sulfoxide (DMSO) con-
trol. Apoptotic cells were subsequently quantified using
the Annexin V-FITC Detection Kit (Biovision, Mountain
View, CA). Annexin binding was determined by flow cy-
tometry and propidium iodide staining by phycoerythrin
emission signaling.

Flow Cytometry

In preparation for flow cytometry 5 � 105 choriocarci-
noma cells were seeded in 6-well plates and incubated
for at least 24 hours until 50% to 60% cell confluence was
reached. Cells were then treated with C93 at the calcu-
lated IC50 or with the equivalent DMSO control for 0 to 48
hours. After incubation, the cells were trypsinized, washed,
and resuspended in a solution containing 0.6% NP-40,
3.7% formaldehyde, and 11 mg/ml Hoechst 33258 in PBS
before being quantified using a BD LSR cytometer (Bec-
ton Dickinson, Franklin Lakes, NJ). Cell cycle analysis
and the subG1 (apoptotic) fraction were determined us-
ing CellQuest software (Becton Dickinson).

Results

Expression of FASN in Gestational
Trophoblastic Neoplasms and Tumor-Like
Lesions

Immunohistochemistry was performed to assess the pro-
tein expression levels of FASN in GTNs (including cho-
riocarcinoma, ETT, and PSTT) as well as in placental site
nodules, and in normal and molar placentas. We found
that FASN immunoreactivity was exhibited by 100% of
choriocarcinomas (n � 33), 90% of epithelioid tropho-
blastic tumors (n � 20), 60% of placental site trophoblas-
tic tumors (n � 10), and 90% of placental site nodules
(n � 10). H-scores for the different types of GTNs, pla-
cental site nodules, and trophoblasts from normal and
molar placentas are shown and summarized in Figure 1.
The median H-scores in choriocarcinomas ranged from
10 to 130. The highest mean H-score (130) among tro-
phoblastic tumors was observed in a choriocarcinoma.
Representative immunostained GTNs are shown in Fig-
ure 2. In choriocarcinoma, FASN staining was observed
in both cytotrophoblast and intermediate (extravillous)
trophoblast, whereas FASN immunoreactivity was not de-
tected in syncytiotrophoblast (Figure 2). Representative
immunostained normal placenta and placental site nod-
ule are shown in Figure 3. Similar to choriocarcinoma,
FASN immunoreactivity in normal early placentas was
detected in both cytotrophoblast and intermediate (extra-

villous) trophoblast, but was not detected in syncytiotro-
phoblast (Figure 3A). Term placentas exhibited only focal
FASN positivity, which was exclusively located in cytotro-
phoblastic cells (Figure 3B). Intermediate trophoblastic
cells in normal placentas and placental site nodules were
also positive for FASN stain (Figure 3, C and D). Similarly,
FASN immunoreactivity was detected in both cytotropho-
blast and intermediate trophoblast in eight complete hy-
datidiform moles (Figure 3E). The H-score or the percent-
age of FASN positive cells in choriocarcinoma was
significantly higher than that in PSTTs (P � 0.035, t-test),
but was not significantly different from H-scores of ETT,
complete hydatidiform mole, or trophoblastic cells in nor-
mal placentas (P � 0.05). There was no statistically sig-
nificant difference between choriocarcinoma and PSTT,
between ETT and PSTT, or between ETT and placental
site IT. There was also no statistically significant differ-
ence in H-score or percentage of FASN positive cells
between PSTTs and placental site trophoblastic cells in
normal placentas, or between ETTs and placental site
nodules (P � 0.05).

Figure 1. The H-scores of FASN immunoreactivity in gestational trophoblas-
tic neoplasms (GTN), including choriocarcinoma, placental site trophoblastic
tumor (PSTT), and epithelioid trophoblastic tumor (ETT), hydatidiform moles
(CHM), placental site nodules (PSN), and normal trophoblastic cells in pla-
centas. IT: intermediate (extravillous) trophoblast.

Figure 2. Distribution of FASN immunoreactivity in choriocarcinoma, epi-
thelioid trophoblastic tumor (ETT), and placental site trophoblastic tumor
(PSTT). Upper panels: H&E stains; lower panels: corresponding FASN
immunostains.
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C93 Suppresses Cancer Cell Growth

To determine whether FASN expression was essential for
cell growth and survival in GTN, we treated two well-
established choriocarcinoma cell lines, JAR and JEG3,
with a new generation of FASN inhibitor, C93. Both cell
lines expressed FASN proteins based on Western blot
analysis. As shown in Figure 4A, a single protein band
with a molecular mass corresponding to FASN protein
was detected in JAR and JEG3 cells, but not in the
negative control, OSE-10, a cell line established from
benign ovarian surface epithelium. This result indicated
the specificity of the anti-FASN monoclonal antibody
used in this study. Quantitative real-time PCR confirmed
this finding, revealing 3.5- to fourfold greater mean ex-
pression in JAR and JEG cells compared with normal
ovarian surface epithelium (data not shown). These data
demonstrated that both choriocarcinoma cell lines ex-
pressed FASN proteins. CellTiter Blue assay further dem-
onstrated that C93 inhibited proliferation in a dose-

dependent manner. The IC50 values were 8.7 and 9.5 �g/ml
for JAR and JEG3, respectively (Figure 4, B and C).

The Effects of C93 on Cellular Survival and
Apoptosis in Choriocarcinoma Cells in Vitro

To further assess the mechanism of C93-induced growth
arrest in choriocarcinoma cell lines, we applied flow cy-
tometry, annexin-V staining, and Western blot analysis for
caspase-3. C93 failed to affect the cell cycle in JAR and
JEG3 48 hours after treatment. In contrast, a consider-
able percentage of subG1 (apoptotic) cells appeared in
both cell lines starting at 12 hours and became more
pronounced at 36 hours. After 12-hour and 48-hour incu-
bations with C93, the subG1 cells accounted for 10.5%
and 34% in JEG3, and 4.6% and 44% in JAR, respec-
tively. In contrast, the subG1 fraction was only 1.9% and
3.7% for DMSO controls (P � 0.05, Figure 5A). As com-
pared with mock (DMSO)-treated cells, C93 treatment
resulted in an increase in the percentage of Annexin V
stained cells in JAR and JEG3 cells in a time-dependant
fashion. The percentage of early apoptotic cells was
78.3% and 78.2% for JAR and JEG3 after 48 hours,
respectively, but was only 9.9% and 5.9% for DMSO
controls (P � 0.01, Figure 5B). Next, after C93 treatment
we analyzed several proteins critical in orchestrating ap-
optotic pathways in choriocarcinoma cells. Cleavage of
caspase-3, caspase-9, and PARP was detected in cho-
riocarcinoma cells 4 hours and 12 hours after C93 treat-
ment (Figure 5C). In contrast, the protein levels for other
apoptosis-related proteins including caspase-7, BIK,
BOK, Bad, and PUMA did not change following C93
treatment in either of the cell lines (data not shown).

Discussion

Although choriocarcinoma is highly responsive to com-
bined chemotherapy, a small but significant proportion of
patients develop recurrent disease after primary chemo-
therapy.5,17 Malignant PSTT and ETT, on the other hand,
generally appear to be refractory to conventional chemo-

Figure 3. FASN immunoreactivity in normal
placenta, placental site nodule and molar pla-
centas. A: In normal early placenta, FASN im-
munoreactivity is detectable in both cytotropho-
blast (CT) and intermediate trophoblast (IT),
whereas FASN is not detected in syncytiotro-
phoblast (ST). B: Similarly, only cytotrophoblast
expresses FASN in a term placenta. Intermediate
trophoblast is almost absent in a term placenta.
C: Implantation site intermediate trophoblastic
cells are immunoreactive to FASN. D: The inter-
mediate trophoblastic cells in a placental site
nodule are positive for FASN staining. E: FASN
expression in a complete hydatidiform mole
(CHM). A portion of a hydropic villus is shown.
FASN immunoreactivity is present in both cy-
totrophoblast (CT) and intermediate trophoblast
(IT) on the villous surface but is not detected in
syncytiotrophoblast (ST).

Figure 4. Expression of FASN and growth inhibition by C93 in choriocarci-
noma cell lines. A: Western blot analysis shows a single protein band with a
molecular mass (�230 kDa) corresponding to FASN protein, in both JAR and
JEG3 cells, but not in the negative control, OSE-10, established from ovarian
surface epithelium. B and C: The IC50 curves demonstrate a C93 dose-
dependent growth inhibition in JAR and JEG3 cells.
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therapy.18–26 Consequently, patients with PSTT and ETT
may develop chemoresistant tumors and eventually suc-
cumb to their disease.18,24 Thus, identification and char-
acterization of molecular therapeutic targets are funda-
mental in designing new therapeutic interventions for
GTN patients in the future. In this study, we showed that
most GTNs expressed FASN, which was essential for
cellular survival in choriocarcinoma cells. Our findings
suggest that FASN inhibitors may be useful for treating
GTN patients with advanced stage diseases that are
resistant to conventional chemotherapy.

As compared with other tumor types that express
FASN, such as breast, lung, and ovarian carcinoma, the
expression pattern of FASN in human trophoblast is
highly interesting and unique as both benign and neo-
plastic trophoblastic cells express FASN. One of the pos-
sible explanations for FASN expression in normal tropho-
blast is that trophoblastic cells may use de novo lipid
synthesis due to FASN up-regulation in maintaining pla-
cental functions essential for fetal development. This
strategy appears to be an evolutionarily favored compen-
satory mechanism, as the lipid supply from food intake
may become limited during pregnancy. As an adjunct to
lipid transportation across the maternal-fetal interface,
FASN equips trophoblast cells with an alternative mech-
anism to ensure a continuous supply of fatty acids that
are required for fetal organ development. In the tumori-
genesis of GTN, tumor cells may take advantage of FASN
expression for cell survival and growth. Nonetheless, the
presence of FASN in normal trophoblast should not abate
enthusiasm for developing FASN targeted therapy in
GTN patients who are not pregnant because there is no
normal trophoblastic tissue in those patients that would
be affected by anti-FASN treatment.

FASN inhibitors, such as C93, may exert antitumor
effects through multiple mechanisms. For example, the
depletion of end product fatty acids accompanied by
accumulation of toxic intracellular malonyl-CoA, or al-
tered production of phospholipids resulting in diminished
membrane synthesis,10,27 are thought to play major roles.

FASN inhibitors may also suppress tumor growth by me-
tabolism-independent mechanisms. FASN inhibition has
been shown to selectively activate AMP-activated protein
kinase in ovarian cancer cells causing cytotoxicity, while
sparing most normal human tissues from these pleiotro-
pic effects of AMP-activated protein kinase activation.28

A positive feedback regulation between AKT activation
and FASN expression has been reported in ovarian car-
cinoma cells.29–31 The high frequency of FASN expres-
sion in GTNs and the essential role of FASN in maintain-
ing cell growth are consistent with previous studies
focusing on other types of human cancer, and indicate
that FASN is a promising therapeutic target for neoplastic
diseases including GTNs. Indeed, the anti-tumor effects
of the first-generation FASN inhibitors (eg, cerulenin and
Orlistat) have been well established.8,32–34 However, the
original FASN inhibitors lacked chemical stability and
caused undesirable weight loss in a mouse model, limit-
ing their clinical application in cancer patients.8 A second
generation of more selective FASN inhibitors that elimi-
nate the concurrent stimulation of CPT-1, which is the
rate-controlling catalyst in mitochondrial fatty acid oxida-
tion, has been developed. These include C93, which has
been reported to potently inhibit the enzyme activity of
FASN.28,35

The most remarkable effect of exposure of choriocar-
cinoma cells to C93 is apoptosis, which is likely a point of
convergence of different antitumor mechanisms conse-
quent to FASN inhibition. Significantly lower caspase lev-
els were observed in choriocarcinomas than in normal
placentas.36 This is important because it has been shown
that caspases initiate DNA fragmentation and cytoskel-
etal reorganization in cytotrophoblast and syncytiotro-
phoblast. Because a variety of apoptosis-associated
proteins initiate and execute cytotoxic stress-induced ap-
optosis, we further delineated the molecules that were
involved in C93-induced apoptosis. Among several can-
didate proteins that participate in apoptosis, we found
that cleavage of caspase-9, caspase-3, and PARP oc-
curred in response to FASN inhibition by C93. Thus,

Figure 5. The effects of C93 on cell cycle pro-
gression and induction of apoptosis in JAR and
JEG3 cell lines. A: DNA flow cytometry analysis
shows that the cell cycle distribution of chorio-
carcinoma cells is not altered after C93 treat-
ment. In contrast, the late apoptotic cells, as
defined by the subG1 fraction, significantly in-
crease 48 hours after C93 treatment. B: The
percentage of early apoptotic cells as detected
by positive Annexin V staining increase in a
time-dependent manner. DMSO was used as the
negative control. C: Western blot analysis dem-
onstrates the cleavage of caspase-3, caspase-9,
and PARP (asterisks) is detected as early as 4
hours after C93 treatment in both cell lines. The
upper bands in both caspase-9 and PARP rep-
resent the uncleaved forms of the proteins.
Glyceraldehyde-3-phosphate dehydrogenase
was used as the loading control.
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FASN inhibitors appear to trigger this apoptotic pathway
in GTN cells, and it can be speculated that suppression
of the caspase-9/casepase-3/PARP cascade by FASN
may be responsible, at least in part, for the pathogenesis
of GTNs. The finding that C93 rapidly induced apoptosis
in choriocarcinoma cell lines, but failed to induce cell
cycle arrest is different from observations made in other
cancers including renal cell carcinoma,37 glioma,38 and
ovarian cancer,27 suggesting that the antitumor effects of
FASN inhibitors are cell-type specific.

In summary, this study provides new evidence that
FASN is a novel trophoblast-associated enzyme in lipid
metabolism. FASN is expressed in the majority of GTNs
and is essential for choriocarcinoma cells to survive and
escape from apoptosis. These findings suggest that
FASN represents a potential therapeutic target in
GTNs. Second generation FASN inhibitors, therefore,
deserve special consideration in future clinical studies
as potential therapeutics for patients with refractory
and recurrent GTN.
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