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Abstract The microenvironment plays an important role in
tumorigenesis. Fibroblast activation protein alpha (FAP) is
overexpressed by fibroblasts present in the microenvironment
of many tumors. High FAP expression is a negative prognostic
factor in several malignancies, but this has not been investi-
gated in epithelial ovarian cancer (EOC). The aim of this study
is to define the value of FAP in EOC. Immunohistochemical
staining using an anti-FAP antibody was performed on 338
EOC tissues. mRNA levels in cancer cell lines and FAP silenc-
ing using siRNA was also done. FAP immunoexpression by
tumor stroma was a significant predictive factor for platinum
resistance (p =0.0154). In survival analysis of days to recur-
rence, FAP stoma’ was associated with shorter recurrence than
those with FAP™ stroma (p=0.0247). In 21.8 % of tumors, FAP
protein was expressed by the tumor epithelium, and FAP

P. Mhawech-Fauceglia - M. Sharifian *+ G. Kim
Department of Pathology, University of Southern California/Keck
School of Medicine, Los Angeles, CA, USA

L. Yan- X.Ren- S. Liu
Department of Biostatistics, Roswell Park Cancer Institute, Buffalo,
NY, USA

S. A. Gayther - K. Lawrenson
Department of Preventive Medicine, University of Southern
California/Keck School of Medicine, Los Angeles, CA, USA

T. Pejovic
Department of Gynecologic Oncology at Oregon Health & Science
University and the Knight Cancer Institute, Portland, Oregon

P. Mhawech-Fauceglia (<))

Division of Gyneoclogic Pathology, LAC+USC Medical Center,
1100 N. State St, Outpatient Tower, Rm. 7A116, Los Angeles,
CA 90033, USA

e-mail: pmhawech1@yahoo.com

P. Mhawech-Fauceglia
e-mail: pfauceglia@hotmail.com

mRNA was more highly expressed in tumors (#=489) than in
normal tissues (7=8) (p=3.88x 10~*). In vitro, addition of FAP
to EOC cells induced a 1012 % increase in cell viability both
in the presence and absence of cisplatin. Conversely, siRNA
silencing of FAP resulted in ~10 % reduction in EOC cell
proliferation. We have shown that FAP expression in EOC is
associated with poorer clinical outcomes. FAP may have novel
cell-autonomous effects suggesting that targeting FAP could
have pleiotropic anti-tumor effects, and anti-FAP therapy could
be a highly effective novel treatment for EOC, especially in
cisplatinum-resistant cases.

Keywords Epithelial ovarian cancer - Fibroblast activation
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Introduction

Historically, studies on the underlying biology of most malig-
nancies have focused on the epithelial component of tumors.
However, there is increasing awareness of the necessity to
understand a tumor within the context of its surroundings, the
so called “tumor microenvironment”. The tumor and its micro-
environment have dynamic and reciprocal interactions and
signaling that affect various processes including survival,
growth, proliferation, metastasis, and chemoresistance [1, 2].
Activated fibroblasts, also known as cancer-associated fibro-
blasts (CAFs), can promote tumorigenesis through multiple
mechanisms including increased angiogenesis, proliferation,
and invasion [1-4]. Moreover, CAFs regulate the dynamic
interactions between tumor cells, extracellular matrix and other
cell types in the tumor stroma, including endothelial, adipose
tissue, and inflammatory cells. The origins of CAFs have been
explored in some detail, and it appears that CAFs may derive
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from multiple different cellular origins. These include normal
fibroblasts, which transdiffentiate into CAFs through genetic
and transcriptomic changes induced by adjacent carcinoma
cells; from epithelial cells through epithelial-mesenchymal
transition (EMT); from bone marrow derived circulating cells;
and from endothelial cells through endothelial-mesenchymal
transition [for more details see ref 5, 6].

CAFs acquire perpetually activated phenotypes that are
identified by the expression of fibroblast activation protein «
(FAP) [7]. FAP is a type II integral membrane serine protease
of the prolyl oligopeptidase family [8]. FAP expression is not
typically expressed in normal tissue, but FAP is expressed by
fibroblasts in wound healing and granulation, as well as on
mesenchymal stem cells derived from human bone marrow
[9]. FAP is expressed in the stroma of more than 90 % of
human cancers of epithelial origin, and its overexpression has
been associated with poor prognosis in multiple cancer types,
including pancreatic, hepatocellular, colon, and gastrointesti-
nal cancers [10—13]. Numerous reports have detailed the non-
cell autonomous signaling pathways through which FAP pro-
motes epithelial carcinogenesis, and it is clear that FAP has
pleiotropic effects during tumor development and dissemina-
tion [for details see review in ref 14]. FAP expression by the
tumor stroma can promote tumor cell invasion through its
gelatinase activity [15], as well as enhancing tumor cell pro-
liferation and migration [16, 17]. In in vivo models stromal
FAP expression is associated with increased tumor incidence,
growth and microvessel density [18, 19].

EOC accounts for 80-90 % of all malignant ovarian tumors.
It is the leading cause of death in the United States in women
diagnosed with gynecologic malignancies, with 22,240 new
cases and 14,030 estimated deaths from the disease in 2012
[20]. Primary tumor debulking (cytoreduction) followed by
cisplatinum based chemotherapy is considered the standard of
care for patients with advanced stage EOC [21]. However,
patients usually develop chemoresistant tumor recurrence,
which is the main reason for the poor prognosis and high
mortality rates associated with ovarian cancer. The supportive
stromal network has been speculated to play a role in this
ovarian cancer chemoresistance [22]. In the present study, we
evaluated the biological and prognostic role of FAP in stromal
and epithelial components of EOC using a combination of
immunohistochemistry in primary surgical specimens from
patients with EOC, and in vitro analysis in in vitro models of
ovarian cancer.

Materials and Methods
Patient Population

Three hundred thirty eight cases were available for evaluation
from our department. After Institutional Review Board
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approval was obtained, the pathology archives and medical
records were searched for the following: age, clinical stage,
time of initial diagnosis, and disease status [alive with evi-
dence of disease (AWED), alive no evidence of disease
(ANED) and dead of disease (DOD)] at last follow-up after
the initial diagnosis. Three disease outcomes were considered,
recurrence, platinum-resistance and death. Recurrence was
defined as evidence of disease seen on CT scan or by CT scan
and CA125 levels. Platinum-resistance was defined as disease
recurrence within a year of surgery or persistent disease de-
spite therapy.

Tumor Histology, Tumor Microarray Construction
and Immunohistochemistry

Hematoxylin and eosin slides were reviewed by a pathologist
(PMF) to assess tumor histologic subtype, tumor stage and
tumor grade. Tumor grade was evaluated based on
Silverberg’s grading system [23]. This system is based on
architecture, cytologic atypia and mitotic figures. Scores were
calculated and the tumors divided into 3 grading categories,
well differentiated (G1), moderately differentiated (G2) and
poorly differentiated (G3).

For tumor microarray (TMA) construction, paraffin-
embedded tissues from EOC cases were used as described
previously [24]. Briefly, morphologically representative re-
gions were carefully selected on each individual paraffin-
embedded block (donor blocks) and a core tissue biopsy of
1 mm was punched and transferred to the receiver paraffin-
embedded block. Taking into account tumor heterogeneity
and tissue loss, 3 core punch biopsies taken from different
areas of each tumor was obtained. One section was stained
with hematoxylin and eosin to evaluate the presence of the
tumor by light microscopy. The final array included 338 EOC
cases.

For immunohistochemical (IHC) analysis, 4 um thick sec-
tions were deparaffinized with xylene, and washed with eth-
anol. Sections were cooled for 20 min then incubated 10 min
with 3 % H,0, to quench endogenous peroxidase activity.
Blocking was performed using serum-free protein block,
Dakocytomation (Carpenteria, CA), for 30 min. The sections
were pretreated with an EDTA buffer saline solution,
microwaved for 20 min, and then incubated with an anti-
FAP « antibody (LS-A8023; polyclonal, 1:100 dilution, Life
Span BioSciences, WA-USA) for 1 h at room temperature.
The diaminobenzidine complex was used as a chromogen.
Breast and colon cancer were used as positive controls for
FAP. Negative control slides (incubated with secondary anti-
body only) were included in all assays. Two pathologists
(PMF, MS) evaluated the slides using a double-headed micro-
scope. The activated fibroblasts were defined morphologically
as large spindle shaped mesenchymal cells and on THC as
positive for FAP-« as previously defined [25]. This evaluation
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was performed twice, separated by a one-month period. The
percentage was assessed as follows: 0 %, <10 %, 11-50 %,
51-100 % and the intensity as 0, weak (1+), moderate (2+)
and strong (3+). Because the percentage did not change be-
tween fields, only the intensity was considered for statistical
evaluation. Whenever there were discrepancies among the
three scores in any given case, the higher intensity was taken
as the final score. The score of the first assessment and the
second assessment was reviewed and when there was a dis-
crepancy in scoring, a consensus was reached.

TMA Validation Study

Many studies have validated the use of TMA for biomark-
er evaluation of tumor expression and results showed that
2 to 3 core biopsies were accurate representation of the
whole section for epithelial biomarkers [26]. Whether the
same number of cores of tumor stroma will also yield
results that represent the whole section is not yet known
and so for this study, we elected to validate the TMA
results of stromal FAP expression. We therefore analyzed
FAP expression on whole section of 51 random cases that
were also included in our TMA. In total 6/51 cases
(11.7 %) were discordant on TMA in comparison to the
whole sections. 2/51 (3.9 %) had minor discordance and
4/51 cases (7.8 %) had major discordance. Minor discor-
dance was defined as positive staining on both TMA and
whole section but with different degree of staining inten-
sity and major discordance was defined as negative stain-
ing on TMA and positive on whole section. Unsurprising-
ly, we noted that the discordant cases tended to have focal
staining within the whole section. These results are similar
to what has previously been reported for epithelial cancer
biomarkers [26], therefore TMAs are also a reliable ap-
proach to the evaluation of tumor stroma markers.

Statistical Analysis

Statistical analyses were performed by R (http:/www.r-
project.org/). Recurrence-free survival (RFS) was measured
as the elapsed time from date of surgery to the time of
recurrence or the day of last visit (as right-censored), and
overall survival (OS) was measured from the time of last
surgery to the time of death or the day of last visit (as right-
censored). Logistic regression was performed to test the asso-
ciation between categorical variables and disease outcomes.
For the 139 patients with non-missing values of covariates, the
Cox proportional hazard regression was used to compare the
recurrence time and survival time difference between patients
groups. All reported p-values are two sided. P-values were
considered significant if<0.05.

Analysis of the Cancer Genome Atlas Data

Normalized expression data for 489 TCGA (The Cancer
Genome Atlas) high-grade serous ovarian cancers and 8 nor-
mal fallopian tubes were analyzed using R and packages
therein. We selected the samples used in the following report
(TCGA, Nature 2011). TCGA survival data were analyzed
using the cBioportal, using the “Ovarian Serous adenocarci-
noma (TCGA, Nature 2011)” dataset [27, 28]. In TCGA
database the control tissues used are fallopian tubes. This is
because in vitro and in vivo studies have shown that fallopian
tube epithelial cells are common sites of origin for high grade
serous ovarian cancer (HGSOC), which is the most common
subtype and the only histotype included in TCGA [29, 30].

TMA of Ovarian Cancer Cell Cultures

We have previously described the creation of an ovarian
cancer cell line tissue microarray [31]. Briefly, ovarian
cancer cell lines were plated in 2D, or in 3D using cell
culture dishes that had been pre-coated with polyHEMA
(Sigma). 2D and 3D cultured cells were fixed for 30 min
with neutral-buffered formalin, washed with PBS, and
resuspended in 70 % ethanol. Fixed cells were mixed with
1 % melted agarose and transferred to a 10x10x5mm mold
to create uniformly sized samples for use in the construc-
tion of a cell line TMA, using the methods described
above.

Cell Culture and Proliferation Assays

CaOV3 cells were a kind gift from Dr. G Mills at MD
Anderson and were grown in RPMI medium (Sigma) supple-
mented with 10 % FBS (PAA). For proliferation assays, 1000
cells were plated per well in 96 well plates and FAP (Novus
Biologicals) and 0.1 mg/ml cisplatin (Sigma) added the fol-
lowing day. Control cells received vehicle (saline solution)
alone. After 48 h, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) was added at a concentration of
5 mg/mL (Sigma, in PBS). Cells were incubated for 3 h, the
media aspirated and cells lysed using 100ul DMSO (Sigma).
Absorbance was then read using a Mikrowin plate reader.

Knockdown Assay Protocol

FAP knockdown assays were performed using SHIN-3 epi-
thelial ovarian cancer cells. SHIN-3 cells were cultured in
DMEM/F12 media (Lonza) supplemented with 10 % fetal
bovine serum (PAA Laboratories). 1000 cells were plated
per well, in a 96 well plate. After 24 h, cells were transfected
using Dharmafect 3 (Thermo Scientific) with a non-targeting
or FAP targeting siRNA pool (ONTARGETplus, Open
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Biosystems). 48 h later, cell proliferation was assayed using
PrestoBlue (Invitrogen).

Results
Patient Population and Tumor Characteristics

This study included of 338 patients diagnosed with primary
EOC. The epidemiological and clinical characteristics of this
population are given in Table 1. Stratification of patients
according to tumor histology, stage and grade was typical
for a patient population diagnosed with primary EOC in the
United States.

Expression of FAP in Primary EOC specimens

FAP expression was evaluated in 338 primary EOC speci-
mens on tumor microarrays (TMAS); the results are summa-
rized in Table 1. Two hundred and seven cases (61 %)
expressed FAP in the tumor stroma (FAP* stroma); the re-
maining 33 % did not (FAP™ stroma) and 6 % unknown. In the
tumor epithelium, 70 cases (21 %) expressed FAP (FAP*
epithelium), 251 cases (74 %) stained negative (FAP™ epithe-
lium) and 5 % (unknown due to missing cores on the TMA).
Almost all cases (n=66) that expressed FAP in the epithelium
also expressed showed FAP expression in the stroma; thus 141
cases (42 %) showed FAP expression only in the stroma. We
found no evidence that FAP expression in the stroma only, or
in both the stroma and epithelium to be associated with
pathologic parameters such as tumor grade, tumor stage, and
optimal debulking. Figure la—d shows examples of stroma
and epithelial tissues exhibiting positive FAP expression.

Association of FAP Expression with Disease Outcomes

Table 2 summarizes the association of FAP stroma expression
with clinical outcomes. The p values were computed by fitting
the outcomes with univariate logistic regression. The adjusted
p-values were computed by multivariate logistic regression
controlling for tumor stage, tumor grade, and optimal
debulking. Patients with missing values in either the outcome
or the covariate are excluded from the analysis, which is why
the sum of counts in Table 2 may not exactly match the sum in
Table 1. In multivariate analysis, FAP" stroma expression was
associated with platinum resistance (i.e. cases with FAP"
stroma were more likely to be resistant than FAP™ stroma)
[adjusted OR=1.989, 95 % CI (1.141, 3.468), adjusted p=
0.0154]. For the 139 patients with non-missing values of
covariates, Cox proportional regression was used for the sur-
vival analysis to compare the days to recurrence and days to
death between patients groups. After adjusting for stage, grade
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Table 1 Clinical and pathologic features of 338 patients with Epithelial
Ovarian Carcinoma included in this study

#Cases %
No. of evaluable patients 338 100
Age
Median 61
Range 24-89
Tumor subtypes
Serous 243 71.9
Endometrioid 24 7.1
Clear cell 34 10.1
Mucinous 15 44
Mixed 22 6.5
Tumor grade
Gl 22 6.5
QG2 69 20.4
G3 247 73.1
Tumor stage
Early (I and II) 59 174
Late (II-IV) 277 82
Unknown 2 0.6
Recurrence
No 63 18.6
Persistent disease 87 25.7
Yes 128 37.9
Unknown 60 17.8
Platinum resistance
No 152 45
Yes 123 36.4
Unknown 63 18.6
Status at last follow-up
Alive 135 39.9
Death of disease 201 59.5
Unknown 2 0.6
Optimal debulking
No 118 349
Yes 213 63
Unknown 7 2.1
FAP expression
Tumor-associated stroma
Negative 111 32.8
Positive 207 61.2
Unknown 20 6
Tumor epithelium
Negative 251 74.3
Positive 70 20.7
Unknown 17 5

and optimal debulking, analysis showed that FAP™ stroma was
associated with higher recurrence rate (p=0.0247). In
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Fig. 1 FAP
immunohistochemistry of patient
samples, Examples of negative
(a), weak (b), and strong (c)
staining of cancer-associated
stroma are shown. Strong positive
expression of cancer cells for FAP
staining is shown in (d). Asterisks
(*) represents stroma and dotted
lines represent cancer cells

addition, although the result did not reach statistical signifi-
cance, survival analysis also showed that FAP* stroma may be
associated with shorter overall survival (p=0.0685) (Fig 2a, b)

The Role of FAP in Tumor Epithelial Cells

We examined FAP gene expression in The Cancer Genome
Atlas data set of 489 high-grade serous EOCs and 8 normal

fallopian tubes, and found that FAP expression was significantly
higher in tumor tissues compared to normal controls (p=3.88 x
107, Fig. 3a). The FAP locus displayed copy number gain or

amplification in 34 % and 4.4 % of tumors respectively, and 4
cases harbored mutations in the FAP gene (2 missense and 2
splice variants). Moreover high expression of FAP was associ-

Table 2 Association of FAP stroma/FAP tumor expression and clinical outcomes

ated with worse overall survival (p=0.013, Fig. 3b). We tested
the ability of FAP to modulate the proliferation of the CaOV3

Stroma OR (95 % CI) p-value Adjusted OR Adjusted p
- +
Recurrence no 19 40 0.855 0.64 0.946 0.882
yes 45 81 (0.443, 1.649) (0.457, 1.959)
Resistance no 57 89 1.818 0.0263 1.989 0.0154
yes 31 88 (1.073, 3.081) (1.141, 3.468)
Death alive 44 80 1.026 0915 1.025 0.928
dead 67 125 (0.640, 1.646) (0.604, 1.739)
tumor OR (95 % CI) p-value Adjusted OR adjusted p
- +
Recurrence no 47 12 1.119 0.719 1.272 0.581
yes 98 28 (0.523,2.394) (0.542, 2.988)
Resistance no 113 33 0.892 0.702 0.91 0.768
yes 96 25 (0.496, 1.603) (0.487, 1.701)
Death alive 91 33 0.646 0.109 0.666 0.178
dead 158 37 (0.378, 1.103) (0.368, 1.204)

p-value p-value from univariate logistic regression

Adjusted p p-value adjusted for tumor stage, tumor grade and optimal debulking
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Fig. 2 a Cox regression analysis revealed that, after adjusting for tumor
grade, stage and tumor debulking surgery, patients with FAP stroma’ had
significantly shorter recurrence compared to patients with FAP stroma
(»p=0.0247). b Cox regression analysis revealed that, after adjusting for
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Fig. 3 a Analysis of TCGA gene expression data reveals that the FAP
gene is significantly overexpressed in high-grade serous ovarian cancers
(HGSOC) compared to normal fallopian tubes (FT). b FAP overexpres-
sion was associated with poorer overall survival: median survival for
patients with FAP overexpression was 37.91 months, compared to
44.29 months for patients without FAP overexpression. ¢The proliferation
of CaOV3 cells increased by an average of 8.9 % when cultured with FAP
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tumor grade, stage and tumor debulking surgery, patients with FAP
stroma’ had nearly significant shorter overall survival compared to
patients with FAP stroma  (p=0.0685)
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(P>0.02, two-tailed paired Student’s 7-test). Moreover, in the presence of
cisplatin (cis-diamminedichloroplatinum(Il), CDDP) plus FAP, CaOV3
cells were also significantly more proliferative than when incubated with
cisplatin alone. d Transfection of FAP siRNAs in SHIN3 ovarian cancer
cells led to a significant reduction in cell proliferation. Si-SCR = scram-
bled (not targeting) siRNA. * P>0.05, two-tailed paired Student’s 7-test,
error bars show mean+standard deviation
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ovarian cancer cell line. The proliferation of CaOV3 cells in-
creased by an average of 8.9 % when cultured with FAP
(P>0.02, two-tailed paired Student’s 7-test). Moreover, in the
presence of cisplatin plus FAP, CaOV3 cells were also signifi-
cantly more proliferative than when incubated with cisplatin
alone (P>0.02, two-tailed paired Student’s 7-test) (Fig. 3c)
When we knocked-down the expression of FAP in the SHIN3
ovarian cancer cells using a FAP-specific small interfering RNA
(siRNA) we observed a reduction in cell proliferation of 9-13 %
compared to control cells transfected with a non-targeting siRNA
pool (p=0.013) (Fig. 3d). These data suggest that FAP may also
play a role in ovarian cancer epithelial cells and so we sought to
examine the function of FAP in in vitro cell biology models of
EOC. Firstly, we used a tissue microarray containing 36 two-
dimensional and three-dimensional cultured EOC cell lines, to
verify that FAP can be expressed endogenously by EOC cells.
Twelve (33%) of 2D cultured EOC cell lines and 9 (25%) of 3D
cultured cell lines expressed FAP. The cell lines expressing FAP
were of various histologies including low-grade serous (OAW42,
positive in 2D and 3D) (Fig. 4a-b), mucinous (EFO27, positive
in 2D but negative in 3D) (Fig. 4c—d), and high-grade serous
(UWB.1289, negative in 2D and positive in 3D).

Discussion

CAFs have been implicated in all stages of tumor develop-
ment, from initiation to progression to metastasis. Fibroblast

Fig. 4 THC of cell cultures. a, b
Low-grade serous (OAW42, A
positive in 2D and 3D). ¢, d:

Mucinous (EFO27, positive in 2D

but negative in 3D)

activation protein alpha (FAP) is a marker of cancer associated
fibroblasts (CAFs) and this marker is upregulated when CAF
precursor cells are recruited into growing tumors [25, 32]. In
our series of 338 ovarian cancer patients, FAP was frequently
seen in fibroblasts associated stroma. We report, for the first
time, that FAP expression is an independent predictor of plat-
inum resistance and overall survival, suggesting that FAP ex-
pression could be used in the clinic to identify patients at risk
for platinum resistance and poor prognosis. Since therapeutic
options for EOC are so limited, these patients may be the best
candidates for enrollment on clinical trials testing novel, poten-
tially life-saving, experimental therapeutic agents.

We also report, for the first time, that ~20 % of tumors
display expression of FAP in tumor epithelial cells; we were
able to confirm this finding in EOC cell line monocultures,
which demonstrates that FAP staining of the epithelium rep-
resents bona fide expression of FAP by tumor epithelial cells,
rather than diffusion or uptake of FAP secreted by the stroma.
While the finding of FAP expression in tumor epithelial cells
is novel for EOC, this phenomenon is not unique to this
disease, as previous studies have found FAP expression in
subsets of cancer epithelial cells of the stomach, colorectum,
and breast [33-35]. It is not clear how cancer cells come to
express FAP, but since it has been proposed that some CAFs
may originate from epithelial cells that transdifferentiate to
give rise to tumor stroma through an epithelial-to-
mesenchymal transition [14, 32], we postulate that FAP could
be indicative of more mesenchymal phenotypes in EOC cells.
We also observed a trend for reduced FAP expression in 3D
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EOC cell models compared to 2D cultures, which is consistent
with our previous reports describing that culturing normal and
transformed ovarian cells as 3D models enhances epithelial
phenotypes [36, 37]. Whether the positive tumor epithelial
cells we observed are CAFs in evolution is unclear, but FAP
since expression was both prognostic in TCGA data, and
in vitro studies showed that FAP plays a role in cell autono-
mous signaling during ovarian cancer progression, it is clear
that further in vitro and in vivo studies into the cell-
autonomous roles of FAP are warranted.

Tumor-associated stromal expression of FAP has been
found to be associated with a worse prognosis in other tumor
types too: in colon and pancreatic cancers FAP+stroma is
associated with more aggressive disease progression, potential
development of metastasis, recurrence, and death [10—13].
However FAP expression is not universally associated with
poorer outcomes. FAP expression reduced tumorigenicity in
mouse models of melanoma, and is also associated with
longer survival in patients with invasive breast carcinoma
[38]. These conflicting observations suggest that the physio-
logic responses to FAP may depend not only on the in vivo
tumor microenvironment but also on the different microenvi-
ronments of FAP expression and the somatic aberrations
found in tumor epithelium [39]. Previous studies in ovarian
cancers treated with standard surgery followed by chemother-
apy showed an association of FAP with advanced stage dis-
ease, lymph node metastasis, omental involvement,
lymphovascular disease, and increased angiogenesis, but no
association of FAP with patient outcomes was noted [13].
Here, in larger cohorts, we found that FAP expression by
cancer-associated stroma was significantly associated with
platinum resistance in patients with EOC. In addition, FAP
stroma positive expression was associated with shorter recur-
rence after adjusting to tumor grade, stage and tumor
debulking surgery. Furthermore, in vitro studies suggest that
addition of FAP significantly increases chemoresistance even
in the presence of platinum agent, which perhaps suggest that
FAP is involved in microenvironment-induced drug resistance
(MIDR) in EOC. This observation is particularly significant as
stromal cells can promote resistance to many anti-tumor ther-
apies [40], which is a major clinical challenge for physicians
managing patients with EOC. Therefore, it is possible that the
development of chemoresistance is in part driven by changes
in the tumor stroma of EOCs, and that the co-targeting of
tumor epithelium and stroma in advanced EOCs could poten-
tially reduce rates of EOC-associated mortality by inhibiting
the development of chemoresistance.

The tumor microenvironment has only recently emerged as
a novel chemotherapeutic target in the treatment of cancer
patients. The data we have presented above, in addition to the
absence of FAP in normal ovaries and its presence in ovarian
cancer, makes FAP a very attractive therapeutic target for the
treatment of EOC. Initial research revealed that attempting to
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inhibit FAP with small molecules is particularly challenging,
in part due to the difficulties in designing inhibitors that do not
affect other closely related dipeptidyl peptidases. While
targeting FAP directly may not be possible, the highly restrict-
ed, tumor-specific expression of FAP has enabled other inno-
vative therapeutic strategies to be developed. One approach
has been to target CAFs through the use of a novel FAP-
activated prodrug that specifically activates a cytotoxic com-
pound in the tumor stroma, a therapy that has shown encour-
aging results in phase I and II clinical trials for metastatic
colon cancer and melanoma [41, 42]. Alternatively, Liao et al.
demonstrated that, in a murine breast cancer model, cancer
associated fibroblasts can be eliminated using a DNA vaccine
targeted to FAP, and a reduction in the CAF population was
accompanied by increased chemoresponse by the tumor epi-
thelial cells and a concomitant increase in the immune re-
sponse to the tumor [43]. Thus targeting FAP could have anti-
cancer effects through multiple different mechanisms includ-
ing potentiation of the effects of chemotherapy, suggesting
anti-FAP therapy for EOC is well worth pursuing.

In summary, FAP may play an important role in ovarian
cancer chemoresponse, via cell autonomous and non-cell
autonomous mechanisms. FAP may be a promising therapeu-
tic target that is worthy of investigation in patients with EOC,
due to the limited therapeutic options and the frequent occur-
rence of chemoresistance .
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