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Short hairpin RNA targeting of fibroblast activation protein
inhibits tumor growth and improves the tumor
microenvironment in a mouse model
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Fibroblast activation protein (FAP) is a specific serine protease
expressed in tumor stroma proven to be a stimulatory factor in
the progression of some cancers. The pumpose of this study
was to investigate the effects of FAP knockdown on tumor
growth and the tumor microenvironment. Mice bearing 4T1
subcutaneous tumors were treated with liposome-shRNA
complexes targeting FAP. Tumor volumes and weights were
monitored, and FAP, collagen, microvessel density (MVD),
and apoptosis were measured. Our studies showed that
shRNA targeting of FAP in murine breast cancer reduces FAP
expression, inhibits tumor growth, promotes collagen
accumulation (38%), and suppresses angiogenesis (71.7%), as
well as promoting apoptosis (by threefold). We suggest that
FAP plays a role in tumor growth and in altering the tumor
microenvironment. Targeting FAP may therefore represent a
supplementary therapy for breast cancer. [BMB Reports 2013;
46(5): 252-257]

INTRODUCTION

Breast cancer is the most common neoplastic disease and the
second most common cause of death in females. The high in-
cidence and mortality of breast cancer (1) highlight the need to
explore alternative therapeutic strategies. In addition, tri-
ple-negative breast cancer (TNBC) is linked to poor prognosis.
Patients with TNBC are limited to cytotoxic chemotherapy, as
only a few clinically validated molecular treatment targets
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have been identified, including human epidermal growth fac-
tor receptor 2, estrogen receptor-alpha, and progesterone re-
ceptor (2). New targets should be explored to provide supple-
mentary therapies.

Fibroblast activated protein (FAP) is overexpressed in breast
cancer and other epithelial tumors but not in normal adult tis-
sues (3). As a marker of tumor-associated fibroblasts (TAFs),
FAP is abnormally elevated in tumor stroma and has an im-
portant function in tumor growth and metastasis (4). The FAP
type Il transmembrane cell surface protein is a dual-specificity
serine protease with both dipeptidyl peptidase and endopepti-
dase activity, including a collagenolytic activity capable of de-
grading gelatin and type | collagen (Col-l) (5, 6). In vivo studies
have indicated that increased FAP expression by tumor cells
enhances tumorigenicity and promotes rapid tumor growth
and increased microvessel density (MVD) (7, 8). These studies
have shown that FAP is a stimulatory factor for the progression
of some cancers. As reviewed by Pietras, genes playing a role
in tumor-host interactions can be targets for RNA interference
(RNAI) (9). Therefore, we considered FAP to be a potential
new target for RNAi-based therapy.

RNAI can selectively downregulate target gene expression
and has therefore become a powerful tool for functional ge-
nomics, especially in cancer research (10). Short hairpin RNA
(shRNA) (10, 11) and a variety of nonviral nanoparticles (50-200
nm) and other cationic lipids have been recently reported to be
suitable RNAI vehicles in experimental mouse models, provid-
ing around 50% knockdown of target gene expression in tumors
(12-14). We investigated the effects of shRNA-mediated FAP si-
lencing on the tumor microenvironment (TME) using cationic
lipids in a 4T1 mouse mammary carcinoma model.

RESULTS

FAP knockdown in vitro and in vivo

To investigate their inhibitory effect on FAP mRNA, three dif-
ferent mouse-specific siRNAs were transfected into pFAP-trans-
fected 293 cells. Silencing efficiency was tested by reverse
transcription-polymerase chain reaction (RT-PCR). As shown in
Fig. 1A, si-m-FAP_003 caused the greatest inhibition of FAP
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mRNA (P < 0.05). Therefore, the si-m-FAP_003 sequence was
used to synthesize shRNA targeting FAP (FAP-shRNA). In the
animal experiments, FAP expression was reduced in the
FAP-shRNA group compared to the HK group and 5% GS
group (P < 0.05) (Fig. 1B and Q).

FAP knockdown inhibits tumor growth
Reduced tumor burden was evident upon macroscopic in-
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Fig. 1. RNAi-mediated knockdown of FAP in vitro and in vivo. (A)
RT-PCR. Representative DNA bands of FAP and B-actin, as well as
normalization of FAP to B-actin. Samples from culture cells trans-
fected Si-m-FAP_001 (-1), Si-m-FAP_002 (-2), Si-m-FAP_ 003 (-3)
and blank control (con). (B) Western blotting. Representative FAP
and B-actin protein bands, as well as FAP expression normalized to
B-actin. (O Immunohistochemistry staining. Sections of 4T1 tumor
tissue showing randomly selected representative areas. Magnifica-
tion, 40x. *P < 0.05 compared with control groups.
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spection of the FAP-shRNA group. Tumor growth was slower
in the FAP-shRNA group than in the two control groups after
treatment for a week (P < 0.05) (Fig. 2A). In contrast, there
was no significant difference in tumor volume between the HK
group and the 5% GS group (P = 0.364). In addition, a statisti-
cally significant difference was observed in tumor weight be-
tween FAP-shRNA-treated mice and controls. Tumors treated
with 5% GS and HK reached 0.634 + 0.112 g and 0.593 +
0.102 g, respectively. However, tumor weight was reduced to
0.411 + 0.074 g (P < 0.05) (Fig. 2B) in the FAP-shRNA group.

FAP knockdown promotes collagen accumulation and
reduces angiogenesis

Col-l and MVD were measured because previous studies in-
dicated that FAP has collagenase activity and that FAP over-
expression induces angiogenesis. We found that FAP knock-
down reduces tumor angiogenesis. As shown in Fig. 3A, a sig-
nificant decrease in MVD was observed in tumors treated with
FAP-shRNA. The average number of CD31" cells per field was
59.8 + 11.5 in the 5% GS group, 54.7 + 13.2 in the HK
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Fig. 2. FAP-shRNA targets FAP-mediated inhibition of tumor growth.
(A) Tumor sizes (mm’) (n = 7 per group) were recorded on days
8, 11, 14, 17, 19, 21, 23, and 25 after tumor inoculation. (B)
Tumor weight on day 25. *P < 0.05 compared with controls.
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Fig. 3. FAP knockdown alters the tumor microenvironment. (A) Immunohistochemical staining for CD31 (top row) and Picric-Sirius Red

staining for collagen (bottom row). Magnification, 20x. (B) Average numbers of CD31"

per high-power field (magnification, 40x). In each

case, 6-10 fields were selected for counting. *P < 0.001 compared with controls. (C) Western blotting assay. Representative Col-l and

B-actin protein bands, as well as Col-l expression normalized to B-actin.
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Fig. 4. FAP knockdown enhances apoptosis. TUNEL assay per-
formed on sections from mice treated with 5% GS (A), HK (B),
or FAP-shRNA (C). Magnification, 20x. (D) The average number
of TUNEL-positive cells per high-power field (magnification, 20x).
In each case, 6-10 fields were selected for counting. *P < 0.001
compared with controls.

group, and 15.4 + 5.7 in the FAP-shRNA group. MVD in the
FAP-shRNA group was reduced by 71.7% compared to control
groups (P < 0.001) (Fig. 3B). We also observed an increased
accumulation of disorganized collagen fibers in most tumor
tissues in the FAP-shRNA group (Fig. 3A). As shown in Fig. 3C,
tumors treated with FAP-shRNA contained more Col-l(an in-
crease of 38%) (P < 0.05) than did controls.

FAP knockdown enhances apoptosis

Apoptosis was evaluated by the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay. The num-
ber of apoptotic cells was increased in tumors treated with
FAP-shRNA (Fig. 4): an average of 8.2 + 2.2 in the 5% GS
group, 11.4 + 4.5 in the HK group, and 34.8 + 7.3 in the
FAP-shRNA group. Thus, the number of apoptotic cells in the
FAP-shRNA group was approximately threefold greater than in
control groups (P < 0.001).

Liposome toxicity analysis

Both macroscopic and microscopic examinations were carried
out to assess the toxicity of shRNA-liposome complexes. No
significant adverse effects of treatment with these complexes
were observed on weight, coat condition, appetite or general
activity. In addition, there were no differences in mortality or
in pathological changes to the heart, liver, spleen, lungs, and
kidneys among the three groups (data not shown).

DISCUSSION

It is thought that the TME regulates cancer growth by providing
factors required by tumor cells for survival, growth, pro-
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liferation, and metastasis (15). Stromagenesis, involving activa-
tion of TAFs, pullulation of vessels, and modulation of the ex-
tracellular matrix (ECM), occurs during tumor progression (16).
FAP is a marker of TAFs that is overexpressed in > 90% of ep-
ithelial tumors but not in normal adult human tissues (3). Due
to its highly specific expression and restricted tissue dis-
tribution, FAP has been identified as a potential target for anti-
tumor therapeutics.

Previous studies aimed at blocking FAP function in tumors
have included targeting FAP-expressing cells, inhibiting FAP
enzyme activity, and genetic deletion of FAP. Loeffler reported
that an oral DNA vaccine targeting FAP suppresses primary tu-
mor growth and metastasis, as well as increasing intratumoral
uptake of chemotherapeutic drugs in multidrug-resistant mur-
ine colon and breast carcinoma models (17). In contrast, si-
brotuzumab (mAb F19), a humanized anti-FAP antibody,
showed no efficacy on metastatic colorectal cancer in a Phase
Il trial (18). It is important to note that both DNA vaccines and
antibodies work through CD8" T cell-mediated killing of TAFs
and not by FAP inhibition or through direct cytotoxic activity.
However, their effects are mediated by TAF reduction. In addi-
tion, inhibitors of FAP enzyme activity, such as Val-boro-Pro
(PT-100, Talabostat) and Glu-Boro-Pro (PT-630), have been
used to target FAP (19-21). However, both PT-100 and PT-630
also inhibit other intracellular and extracellular dipeptidyl pep-
tidases such as DPP IV and DPP Il. Therefore, the antitumor ef-
fects of these compounds may not be directly linked to FAP
inhibition.

In the current study, we used vector-based shRNA against
FAP to study the effect of FAP downregulation on murine
breast cancer. We report that FAP knockdown attenuates tu-
mor growth and improves TME morphology in this system, in-
cluding the accumulation of disorganized collagen and sup-
pression of angiogenesis. The mechanism linking FAP knock-
down to effects on the TME differs from that of targeting
FAP-expressing cells. We chose to study the functions of FAP
on tumor growth and TME IN a 4T1 breast cancer model, as
breast cancers have a high stromal content and can stably ex-
press FAP at high levels.

A supporting stroma and blood vessel network is required
for solid tumor growth (22, 23). Thus, angiogenesis is critical
for tumor volumes beyond 1-2 mm® (24). Huang and col-
leagues developed FAP-expressing breast cancer cells and dis-
covered that FAP-expressing cells have an improved ability to
attract blood vessels and exhibit rapid tumor growth (7). We
found that FAP knockdown strongly decreases MVD in breast
cancer. Thus, targeting FAP can inhibit tumor growth at least
partly through suppressing angiogenesis.

The progression of palpable breast cancers is associated
with the formation of fibrillar networks, which are thought to
promote tumor progression and invasion (25). Collagen is the
main ECM component of tumor fibrillar networks and the pres-
ence of collagen structures radially aligned with tumor cells
has been suggested to promote tumor progression and in-
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vasion (26). Our study showed that FAP knockdown causes an
increased accumulation of disorganized collagen fibers. It was
recently reported that FAP functions in synchrony with other
proteinases, such as MMP-1, to cleave collagen into smaller
peptides, a process which might regulate malignant cell
growth and motility (6). FAP may therefore play a role in re-
modeling fibrillar networks.

In addition, we have provided evidence that FAP knock-
down enhances apoptosis. Apoptosis is known to have an im-
portant function in regulating tumor growth and the tumor re-
sponse to various forms of cancer therapy (27). FAP may inter-
act with apoptosis-associated proteins through its protease
activity. However, further study is required to define how FAP
regulates apoptosis.

In the current study, we did not find any side effects of
shRNA vector-based therapy in mice. The pVector used in this
study contains the kanamycin resistance gene for selection in
Escherichia coli; thus, the use of ampicillin, which may cause
an allergic response, is avoided. However, exogenous shRNA
expression can overload the endogenous RNAI pathway
through competitive binding to exportin-5 (28). Therefore, it is
possible that long-term gene silencing may trigger cytotoxicity.

In summary, the present study supports the hypothesis that
targeting FAP can inhibit tumor growth and alter the structure
of the TME through collagen accumulation, suppression of an-
giogenesis, and stimulating apoptosis. As FAP expression is
cancer specific and plays a role in breast cancer growth, we
suggest that FAP is a potential new target for breast cancer
therapies. Thus, targeting FAP may be a supplementary ther-
apeutic modality for breast cancer.

MATERIALS AND METHODS

Cells and animals

The 293 and 4T1 mouse mammary carcinoma cells purchased
from the American Type Culture Collection (Manassas, VA,
USA) were cultured in Dulbecco's modified Eagle medium
supplemented with 10% heat-inactivated fetal bovine serum
and 1% penicillin/streptomycin (GIBCO) at 37°C in a 5% CO;
humidified atmosphere. Female BALB/c mice, aged 6 weeks
and weighing 20-22 g, were purchased from the West China
Experimental Animal Center (Chengdu, China) and housed in
standard rodent cages in a light- and temperature-controlled
room. All animal procedures were approved by the
Institutional Animal Care and Treatment Committee of Sichuan
University.

FAP mRNA inhibition screen

Three different mouse-specific siRNA molecules were de-
signed based on the murine FAP lead siRNA sequence. The
corresponding cynomolgus cDNA sequence was not available
from the manufacturer. pFAP-transfected 293 cells were con-
structed and FAP expression was measured as described (29).
Fifteen hours before transfection, pFAP-transfected 293 cells
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were trypsinized and seeded into 6-well culture plates at 4 x
10° cells per well. siRNA-lipoplexes (Si-m-FAP_001, Si-m-
FAP_ 002, and Si-m-FAP_003, Si-GFP), containing 50 nM
siRNA and 5 pl LipofectAMINE 2000 (Invitrogen), were pre-
pared in 1T ml Opti-MEMI medium and incubated for 30 min at
room temperature, and then added to cells. Cells transfected
with Si-GFP for 24 h showed a transfection efficiency of 85%
(data not shown).

RT-PCR was used to analyze FAP mRNA, using B-actin as an
internal control. FAP primer sequences were: 5-CGGGATC
CAAAATGAAGACATGGCTGAAAACT-3’ (forward) and 5-AC
GCGTCGACTCAGTCTGATAAAGAAAAGCATTG-3” (reverse).
Primer sequences for B-actin were: 5-CGGGAAATCGTGCG
TGAC-3’ (forward) and 5-TGGAAGGTGGACAGCGAGG-3’
(reverse). After 36 h, total RNA was extracted from transfected
cells using TRIzol (Invitrogen, USA) as described (14). Samples
(5 pl) were separated by electrophoresis in 1% agarose gels
and visualized by a chemiluminescence gel imaging system
(BIO-RAD). Each experiment was repeated three times.
Quantitative analysis for bands was performed using Quantity
One software.

Preparation of shRNA plasmid and liposome

pGenesil-3 vectors harboring 5’-gatccGACAGTATCCTAGAAC
TAttcaagacgTAGTTCTAGGATACTGTCttttttgtcgaca-3” or 57-gat
ccGACTTCATAAGGCGCATGCttcaagacgGCATGCGCCTT
ATGAAGTCttttttgtcgaca-3’ inserts were prepared for express-
ing FAP-specific shRNAs (FAP-shRNA) or an unrelated se-
quence control (HK-shRNA). Colonies of E. coli containing
pGenesil-3 vectors harboring FAP-shRNA or HK-shRNA were
cultured in Luria Bertani broth containing 50 ug/ml kana-
mycin. Large-scale plasmid shRNA preparations were obtained
using the EndoFree Plasmid Giga kit (Qiagen, Germany).
Purified shRNA was dissolved in sterile endotoxin-free water
and stored at —20°C.

A cationic liposome (DOTAP/cholesterol) was used for plas-
mid transfection and for animal treatment experiments. Cationic
liposomes were prepared by our laboratory using a previously
described procedure (29, 30). Cationic liposomes (DOTAP/cho-
lesterol) preparations comprised small multi-lamellar liposomes
in the size range of 100 + 20 nm. These were stored at 4°C and
diluted in 5% glucose solution (GS) for use.

In vivo RNAI treatment

A syngeneic transplanted 4T1 tumor model was developed.
Each mouse was challenged s.c. with 1 x 10° 4T1 mouse
mammary carcinoma cells in the right flank on day 0. Primary
tumors grew to a mean diameter of 4.5 mm by day 8.
Twenty-one mice were enrolled and randomly assigned into
three groups (n = 7 per group) and received the following
treatments: (1) FAP-shRNA group, treated with 5 pg FAP-
shRNA/15 pg liposome complexes (volume = 100 pl), (2) HK
group, treated with 5 pg HK-shRNA/15 pg liposome complexes
(volume = 100 pl), (3) 5% GS group, treated with 100 pul 5%
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GS. Mice received nine intratumoral and peritumoral treat-
ments at 48-h intervals from day 8 onwards. Tumor size was
measured using Vernier calipers at 2- or 3-day intervals, and tu-
mor volumes were calculated using the standard formula:
(width)® x length x 0.52. Mice were sacrificed on day 25, and
tumors were excised and weighed. Tumor tissue samples were
frozen immediately. Other samples were fixed in 4% paraf-
ormaldehyde and embedded in paraffin. Each experiment was
repeated three times.

Histological and immunohistochemical examination

After embedding in paraffin, tissue sections (4-um thick) were
cut and mounted onto glass slides. Hematoxylin/eosin and
Sirius Red staining were performed as previously described
(29).

Rabbit anti-mouse FAP antibody (Abcam, UK) and rabbit an-
ti-mouse CD31 antibody (Acris, Germany) at 1/100 dilution
(v/v) were used to detect FAP expression and MVD. Standard
immunohistochemistry procedures were performed for FAP
(paraffin sections) and MVD (4-um thick frozen). Sections were
incubated with primary antibody at 4°C overnight. Biotinylated
goat anti-rabbit 1gG was used to detect primary antibody bind-
ing and visualized using the SABC Elite kit (Boster, China) fol-
lowing the manufacturer’s recommendations. Reaction prod-
ucts were detected using the UltraVision Quanto Detection
System HRP DAB kit (Thermo Scientific, USA), according to the
manufacturer’s recommendations. The negative control for
each double immunohistochemistry was omission of the pri-
mary antibody. Sections were counterstained with hematoxylin.

Westen blotting

For protein extraction, tumor tissues were homogenized in lig-
uid nitrogen and lysed in radioimmunoprecipitation assay buf-
fer containing protease inhibitors. Protein extraction, quantifi-
cation, and immunoblotting were carried out as described pre-
viously (20). Protein samples (80 ng) were separated by 8%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride membrane (Millipore,
USA). Primary antibodies used for blotting were: rabbit an-
ti-type | collagen (Abcam, UK), rabbit anti-mouse FAP (Abcam,
UK) and mouse B-actin monoclonal antibody (Wuhan, China),
all at dilutions of 1/1,000. Signal development was carried out
using the Luminata Crescendo HRP substrate (Millipore, USA)
and exposure to X-ray film. Quantitative analysis of bands was
performed using Quantity One software.

TUNEL assay

To investigate whether FAP participates in apoptosis, apoptotic
cells in paraffin sections were examined using an in situ apop-
totic cell detection kit according to the manufacturer’s recom-
mended instructions (Promega, USA). Stained sections were
assessed and images were taken as described (14).
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Toxicity assessment

In order to evaluate the potential side effects of treatment with
shRNA plasmid-liposome complexes, mice were continuously
observed for relevant indexes such as weight, coat condition,
appetite, activity, and toxicity-associated death. After mice
were sacrificed, their organs (heart, kidneys, liver, lung, and
spleen) were fixed in 4% paraformaldehyde, embedded in par-
affin, and stained with hematoxylin/eosin.

Statistical analysis

IBM SPSS 19.0 statistics software was used for all statistical
analyses. All data are presented as means + SD and analyzed
by one-way ANOVA using Tukey’s multiple comparisons.
Differences between means were deemed statistically sig-

nificant for P values < 0.05.
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