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Membrane-bound proteases have recently emerged as critical mediators of tumorigenesis, angiogenesis, and 
metastasis. However, the mechanisms by which they regulate these processes remain unknown. As the cell 
surface serine protease fibroblast activation protein (FAP) is selectively expressed on tumor-associated fibro-
blasts and pericytes in epithelial tumors, we set out to investigate the role of FAP in mouse models of epithelial-
derived solid tumors. In this study, we demonstrate that genetic deletion and pharmacologic inhibition of FAP 
inhibited tumor growth in both an endogenous mouse model of lung cancer driven by the K-rasG12D mutant 
and a mouse model of colon cancer, in which CT26 mouse colon cancer cells were transplanted into immune 
competent syngeneic mice. Interestingly, growth of only the K-rasG12D–driven lung tumors was also attenuated 
by inhibition of the closely related protease dipeptidyl peptidase IV (DPPIV). Our results indicate that FAP 
depletion inhibits tumor cell proliferation indirectly, increases accumulation of collagen, decreases myofi-
broblast content, and decreases blood vessel density in tumors. These data provide proof of principle that 
targeting stromal cell–mediated modifications of the tumor microenvironment may be an effective approach 
to treating epithelial-derived solid tumors.

Introduction
Tumors are composed of heterogeneous populations of cells, 
including transformed cells and a multitude of untransformed 
cells. Although the prevalence of different cell types varies among 
tumors and at different stages of tumor progression, they include 
infiltrating inflammatory and immune cells, endothelial cells 
and mesenchymal-derived smooth muscle cells, pericytes, and 
tumor-associated fibroblasts (TAFs), which are referred to here-
in collectively as stromal cells. TAFs are a heterogeneous popu-
lation that can be phenotypically distinguished from normal 
fibroblasts. Fibroblast activation protein (FAP) has emerged as 
a marker of reactive fibroblasts in tumors as well as granulation 
tissue and in fibrotic lesions. Although the phenotypic and func-
tional heterogeneity among TAFs is yet to be fully explored, at 
least a subset of TAFs have been characterized as myofibroblasts, 
based on expression of αSMA.

Stromal cells communicate among themselves as well as with 
cancer cells and inflammatory and immune cells directly through 
cell contact and indirectly through paracrine/exocrine signaling, 
proteases, and modulation of the ECM. This complex communica-
tions network is pivotal to providing the appropriate microenvi-
ronment to support tumorigenesis, angiogenesis, and metastasis 
(1, 2). Considering the key role of the microenvironment in tumor 
development, identification of stromal targets for cancer thera-
peutics is of great interest and could provide strategies that will 
complement therapies directed against cancer cells. Among these 
potential targets is an array of proteases (3).

Proteases are important factors in the pathophysiology of 
tumors, having requisite roles in angiogenesis and metastasis. The 
major classes of endopeptidases involved in ECM degradation 

include serine (such as the plasminogen activator, uPA), cysteine 
(cathepsins), aspartyl, and MMPs (4, 5). Numerous reports have 
demonstrated increased expression of ECM degrading enzymes, 
including type IV collagenase (MMP-2), cathepsin B, cathepsin D, 
and serine proteases, such as uPA in tumor cells (6), but the benefit 
of targeting the activity of proteases in cancer has yet to be estab-
lished. Also, the widespread expression of many of these enzymes 
is likely to limit their potential as therapeutic targets. In contrast, 
FAP (also called FAPα or seprase) has recently gained attention 
as a potential target, due to its tightly regulated expression in the 
tumor stroma and structurally defined proteolytic activity (7–11); 
however, its function in tumors is largely unknown.

FAP is a type II transmembrane cell surface protein belonging 
to the post-proline dipeptidyl aminopeptidase family, sharing the 
highest similarity with dipeptidyl peptidase IV (DPPIV/CD26). 
FAP is expressed selectively by TAFs and pericytes in more than 
90% of human epithelial cancers examined (12–16). It is also 
expressed during embryonic development (17), in tissues of heal-
ing wounds (18), and in chronic inflammatory and fibrotic con-
ditions such as liver cirrhosis (19, 20) and idiopathic pulmonary 
fibrosis (21), as well as on bone and soft tissue sarcomas (16, 22) 
and some melanoma (23). Expression of FAP is not however detect-
ed in benign lesions or normal adult tissues (23, 24), while DPPIV 
is more widely expressed in a variety of cell types (reviewed in refs. 
25, 26). In vitro studies have shown that FAP has both dipeptidyl 
peptidase (19, 24) and endopeptidase activity (8, 10, 27), includ-
ing a collagenolytic activity capable of degrading gelatin (28, 29) 
and type I collagen (27, 30), but its in vivo substrate(s) is yet to be 
defined. Based on the highly regulated expression and restricted 
distribution of FAP, it has been suggested that FAP inhibition may 
be useful in cancer therapeutics.

Although some experimental evidence suggesting FAP pro-
motes tumorigenesis has been reported, the models used in 
these studies largely failed to recapitulate the potentially impor-
tant interactions between mesenchymal-derived stromal cells, 
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tumor cells and immune and inflammatory cells that typically 
occur in tumors. For example, a number of these studies used 
xenografts of human tumor cells ectopically overexpressing 
FAP, or an enzymatically inactive mutant, transplanted into 
immune incompetent mice (31, 32) despite the fact that in pri-
mary tumors, FAP is expressed only by the TAFs and pericytes 
and not by tumor cells. Furthermore, the mechanisms involved 
were not defined. To determine whether FAP promotes tumori-
genesis and understand the molecular mechanism by which this 
might occur under more relevant pathophysiologic conditions, 
we studied the impact of genetic deletion of FAP and pharma-
cologic inhibition of its enzymatic activity in both syngeneic 
transplant and endogenous mouse tumor models (33–37). We 
herein demonstrate that endogenous FAP expressed on tumor 
stromal cells promotes tumor progression via its enzymatic activ-
ity. Our results indicate that FAP is a major source or regulator 
of collagenase activity in tumors, FAP promotes tumor growth 
by indirectly promoting tumor cell proliferation, and that FAP is 
required for tumor stromagenesis and vascularization. In addi-
tion to providing insight into the mechanisms by which FAP pro-
motes tumorigenesis, these results suggest that inhibition of FAP 
enzymatic activity warrants further investigation as a potential 
therapeutic approach.

Results
Development of endogenous lung tumors is inhibited in FAP-deficient 
mice. We employed a K-rasG12D–driven endogenous model of lung 
adenocarcinoma to examine the consequences of the loss of FAP 
on tumorigenesis. In this model, lung tumorigenesis is driven by 
the conditional activation of an oncogenic allele of K-rasG12D. Acti-
vation of the K-rasG12D allele is achieved by delivery of adenovirus 
expressing the Cre recombinase (Ad-Cre), resulting in recom-
bination and removal of a transcriptional STOP element in the 
Lox-Stop-Lox (LSL) cassette (34). Fap-null mice, generated by LacZ 
knockin, are viable (17), with normal lung histology (Supplemen-
tal Figure 1A; supplemental material available online with this 
article; doi:10.1172/JCI38988DS1) and similar basal collagen 
content to littermate Fap+/+ control mice (Supplemental Figure 
1B). The overall morphology of lungs from LSL–K-rasG12D;Fap+/+, 
LSL–K-rasG12D;Fap+/LacZ, and LSL–K-rasG12D;FapLacZ/LacZ littermates 
in the absence of Ad-Cre was similar (data not shown). Ad-Cre 
induced tumors in all genotypes, but reduced tumor burden in the 
absence of FAP was evident upon macroscopic inspection of lungs 
(Supplemental Figure 1C). By 8 weeks after Ad-Cre instillation  
(2.5 × 107 PFU/mouse), extensive epithelial hyperplasia of the alve-
olar region (11 of 11 mice), adenomas (11 of 11 mice), and inciden-
tal pneumocyte hyperplasia (2 of 11 mice) were already evident in 

Figure 1
Development of lung tumors in LSL–K-
rasG12D;Fap+/+, LSL–K-rasG12D;Fap+/LacZ, and 
LSL–K-rasG12D;FapLacZ/LacZ mice. (A) Rep-
resentative sections from each genotype 
at 8 weeks after Ad-Cre infection. Regions 
of hyperplasia (asterisks) and adenomas 
(pound symbols) are indicated. Original 
magnification, ×4 (top row); ×40 (bottom 2 
rows). Scale bar: 100 μm. Images that dis-
play areas of Ki67 staining, shown in the 
bottom row of panels, were selected based 
on similarity of tumor content (indicated by 
solid lines) between genotypes, whereas 
H&E-stained sections show randomly 
selected representative areas, unrelated 
to those shown for Ki67. (B) Tumor-to-lung 
area (T/L) ratio in LSL–K-rasG12D;Fap+/+, 
LSL–K-rasG12D;Fap+/LacZ, and LSL–K-rasG12D; 
FapLacZ/LacZ mice at 8 weeks after Ad-Cre 
infection (n = 11) and proliferative index, 
which is calculated as percentage of Ki67-
positive cells in the indicated number of 
animals for each genotype (n = 5 animals). 
Results are expressed as mean ± SEM.
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LSL–K-rasG12D;Fap+/+ mice, consistent with previous reports (34, 36). 
In contrast, LSL–K-rasG12D;Fap+/LacZ mice exhibited localized hyper-
plasia (10 of 10 mice) and some adenomas (6 of 10 mice), while 
LSL–K-rasG12D;FapLacZ/LacZ showed only small lesions of focal hyper-
plasia with incidental adenomas identified in only 4 of 11 mice in 
this group (Figure 1A). Overall, the tumor/lung volume ratio was 
significantly decreased from 20.4% in LSL–K-rasG12D;Fap+/+ mice to 
7.9% (P = 0.02) in LSL–K-rasG12D;FapLacZ/LacZ mice (Figure 1B, left). 
Although, tumor burden in FAP heterozygous mice was not statis-
tically different compared to Fap+/+ mice, there was a trend toward 
reduced tumorigenesis (Figure 1B, left). Analysis of mortality rates 
indicated a significant delay in tumor-associated mortality in 
LSL–K-rasG12D;FapLacZ/LacZ compared with LSL–K-rasG12D;Fap+/+ mice. 
Specifically, median survival increased from 195 days for LSL–K-
rasG12D;Fap+/+ mice to 233 days and 333 days for LSL–K-rasG12D;Fap+/LacZ  
and LSL–K-rasG12D;FapLacZ/LacZ mice, respectively. As shown in Sup-
plemental Figure 1D, 5 of 11 (~45%) LSL–K-rasG12D;Fap+/+ mice 
succumbed by 191 days after Ad-Cre instillation compared with 
3 of 16 (~19%) of LSL–K-rasG12D;FapLacZ/LacZ mice. Furthermore, all 
LSL–K-rasG12D;Fap+/+ mice succumbed by day 249, while 10 of 16 
LSL–K-rasG12D;FapLacZ/LacZ mice (63%) were still alive at day 300 (Sup-
plemental Figure 1D), although all eventually succumbed by day 
410. Importantly, the reduced tumor growth was associated with 
a reduction in the proliferative index of tumors based on staining 
with Ki67 (Figure 1A, bottom, and Figure 1C, right), while the fre-
quencies of apoptotic cells observed were comparable in tumors in 
the control and FAP-deficient mice (data not shown).

To compare the phenotype of the tumor cells in LSL–K-rasG12D; 
Fap+/+, LSL–K-rasG12D;Fap+/LacZ, and LSL–K-rasG12D;FapLacZ/LacZ mice, sec-
tions were double stained for Clara cell-specific protein (CC10) and 
type II pneumocyte surfactant protein-C (SP-C). CC10 and SP-C 
are specific markers for bronchoalveolar epithelium, respectively 
(38). We found that the tumors in mice of all 3 genotypes were 
composed of SP-C+, CC10+, and CC10+SP-C+ tumor cells (Figure 
2, top). Moreover, expression of FAP (by immunohistochemistry; 
Figure 2, bottom) and LacZ (by histologic detection of β-galactosi-
dase activity; data not shown) demonstrated that TAFs (based on 
transcriptional activity of the FAP loci) were present in tumors at 
all stages. We did not detect expression of FAP in normal lung tis-
sue by immunohistochemistry (data not shown). Thus, although, 
deletion of FAP resulted in reduced tumor burden, as evidenced by 

the reduced tumor/lung volume ratio, it did not appear to impact 
significantly the phenotype of the tumor cells.

The growth of syngeneic transplanted CT26 tumors is reduced in FAP-
deficient mice. Inhibition of tumor growth of the endogenous 
tumors in Fap-null mice may be due to reduced tumor initiation 
or tumor progression. Therefore, to investigate whether deletion 
of FAP could inhibit tumor progression after tumor initiation 
and to test whether FAP promotes the growth of other tumor 
types, we extended our studies to a syngeneic transplanted mouse 
tumor model. Importantly, we did not detect Fap mRNA or pro-
tein in cultured CT26 cells (Supplemental Figure 2A and data not 
shown). In contrast, significant levels of Fap mRNA (Supplemen-
tal Figure 2A) and protein (Supplemental Figure 2B) were detect-
ed in the CT26 transplanted tumors. Consistent with previous 
reports in xenograft models as well as primary human epithelial 
carcinomas such as colon (15, 39, 40), breast (16), and pancreas 
(12), these data, taken together with the pattern of FAP expres-
sion in tumor sections (Supplemental Figure 2B, left), indicated 
that endogenous FAP is induced specifically on host-derived TAFs 
and pericytes but not expressed in the transplanted tumor cells 
themselves. We then compared the growth of CT26 colon cancer 
cells injected s.c. into immune competent Fap+/+ and FapLacZ/LacZ 
BALB/c mice. CT26 tumor growth was markedly reduced in Fap-
null mice (Figure 3A), similar to our results in the endogenous 
lung tumor model. As shown above in the endogenous model, 
the decrease in CT26 tumor growth in FAP-deficient mice was 
associated with a decrease in tumor cell proliferation (Figure 3, 
B and C), while the incidence of apoptotic cells was not affected 
(Supplemental Figure 3, A and C).

Pharmacologic inhibition of FAP protease activity inhibits tumorigen-
esis. We next investigated the impact of inhibiting FAP enzymatic 
activity in both the endogenous lung tumor model and trans-
planted CT26 tumors using a pharmacologic approach. LSL– 
K-rasG12D;Fap+/+ mice were administered Ad-Cre as described above. 
Four weeks after infection with Ad-Cre, mice were randomly sort-
ed into 3 groups and treated with PT630 (GluBoroPro dipeptide, 
known to inhibit FAP and the closely related DPPIV; ref. 41; pat-
ent application publication no. US 2007/0072830 A; Supplemen-
tal Figure 2D), LAF237 (Vildagliptin, a DPPIV inhibitor; refs. 42, 
43) or saline (vehicle control) for an additional 4 weeks. PT630 
inhibits FAP and DPPIV with Ki in the nanomolar range (FAP with 

Figure 2
Immunophenotype of tumors in LSL–K-rasG12D; 
Fap mice. Immunofluorescence of CC10 
(Clara cells, green; examples indicated by 
open arrows), SP-C (alveolar type II cells, 
red; examples indicated by filled arrows), 
and CC10/SP-C double-positive cells (yel-
low; examples indicated by arrowheads) (top 
row). FAP immunostaining of K-rasG12D–driv-
en lung tumors (bottom row). Original mag-
nification, ×20 (top row); ×40 (bottom row). 
Scale bars: 100 μm.
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IC50 of 23 nM and Ki of 5 nM and DPPIV with an IC50 of 3 nM; ref. 
41), while LAF237 (Vildagliptin) is a potent and selective competi-
tive inhibitor of DPPIV (Km, 1.4 × 105 M–1s–1; Ki, 17 nM; IC50, 4–8 
nM; refs. 42, 43). LAF237 inhibits DPPIV at micromolar concen-
trations for DPPIV but does not inhibit FAP, DPPII, prolyl oligo-
peptidase, or aminopeptidase (42). Therefore, LAF237 was used to 
discriminate between the effects of FAP and DPPIV. Interestingly, 
LAF237 and PT630 both efficiently reduced the lung tumor bur-
den compared with the vehicle treated control group (Figure 4, A 
and B). Although in another independent experiment, tumor bur-
den was again reduced in LSL–K-rasG12D;FapLacZ/LacZ mice compared 
with LSL–K-rasG12D;Fap+/+ mice (P < 0.001) as expected, PT630 treat-
ment of the LSL–K-rasG12D;FapLacZ/LacZ mice had no impact on tumor 
burden when compared with LSL–K-rasG12D;FapLacZ/LacZ mice treated 
with vehicle control, demonstrating that the effects of PT630 on 
tumor growth were FAP dependent (Supplemental Figure 4).

Although the genetic data indicated that deletion of FAP was 
sufficient to attenuate tumor growth, the results from these 
pharmacologic studies indicate that selective inhibition of 
DPPIV is also sufficient to inhibit tumor growth in this model. 
Therefore, we investigated the expression profile of DPPIV in the 
lungs prior to and after administration of Ad-Cre. Interestingly, 
immunohistochemical analysis established that DPPIV is indeed 
expressed in control lungs, both lungs from wild-type mice treated 
with Ad-Cre and uninfected LSL–K-rasG12D mice (data not shown) 
as well as in lungs from mice bearing K-rasG12D–driven tumors 

(Supplemental Figure 5); importantly, in the latter case the stain-
ing was associated with nontumor cells. Thus, in contrast to FAP, 
DPPIV is constitutively expressed in lung, rather than induced in 
response to tumor, but can nonetheless promote tumor growth.

We also determined the effect of PT630 and LAF237 on the 
growth of CT26 tumors in BALB/c mice. Two days after CT26 
tumor cells were injected s.c., the mice were randomly divided into 
3 groups and treated with saline, PT630, or LAF237. PT630, but 
not LAF237, significantly reduced CT26 tumor growth compared 
with vehicle control (P < 0.0008 and P < 0.0001 at days 14 and 
17, respectively; Figure 4C and Supplemental Figure 6). A potent 
antitumor effect of PT630 was indicated by treatment/control 
growth ratios of less than 0.40, i.e., 0.37 and 0.27 on days 14 and 
17, respectively, which correspond to reductions in tumor size of 
63% and 73%. No apparent toxicity was observed in any of the ani-
mals treated at the indicated doses of the inhibitors. As was the 
case in the endogenous lung tumor model, PT630 had no effect on 
CT26 tumor growth in the FapLacZ/LacZ mice compared with those 
treated with vehicle control alone (Supplemental Figure 6). Taken 
together these data indicate that FAP activity, but not DPPIV activ-
ity, promotes the growth of CT26 tumors and that the effects of 
PT630 are indeed mediated by FAP in this tumor model as well.

To determine whether the effect of PT630 on tumor growth 
was associated with inhibition of FAP enzymatic activity, we com-
pared the tumor-associated FAP activity between the vehicle con-
trol– and drug-treated groups. CT26 tumor extracts from PT630-, 
LAF237-, and vehicle control–treated mice were harvested at dif-
ferent times in order to analyze tumors of similar size (days 10–12, 
days 11–14, and days 16–20, respectively, corresponding to tumor 
sizes of between 40 and 50 mm2) and tested for enzymatic activ-
ity. FAP activity, determined using Z-Gly-Pro-AMC as substrate, 
in tumors isolated from animals that were treated with PT630 was 
decreased 54% compared with those from vehicle control–treated 
mice (P < 0.05; Figure 4D). The level of FAP activity associated with 
tumors from animals treated with LAF237 on the other hand was 
not significantly different from that of the vehicle control group. 
The decrease in protease activity was due to PT630 reducing FAP 
activity, as opposed to FAP expression at either the protein (Figure 
4E) or mRNA levels (Supplemental Figure 2C and Supplemental 
Methods), which was comparable in extracts of tumors from all 3 
groups of mice. Importantly, these data indicate that the tumor-
promoting activity of FAP is mediated via its enzymatic activity 
and that even incomplete inhibition of FAP enzymatic activity is 
sufficient to impact tumor growth.

Similar to the effect of genetic deletion of FAP, PT630 treatment in 
both tumor models and LAF237 treatment in the endogenous lung 
tumor model inhibited proliferation (Figure 5). The proliferation 
indices of the CT26 tumors were determined based on Ki67 stain-
ing of sections of tumors from the 3 groups of CT26 tumor-bearing 
mice harvested at different time points (vehicle control, days 10–12; 

Figure 3
CT26 tumor growth and tumor cell proliferation are inhibited in FAP-
deficient mice. (A) CT26 tumor cells were injected s.c. in Fap+/+ and 
FAP-null BALB/c mice. Tumor size was measured using calipers  
(n = 14–15 animals per genotype in 2 independent experiments).  
**P < 0.001; ***P < 0.0001. (B) Ki67 immunohistochemistry and (C) 
proliferative index of CT26 tumors grown in Fap+/+ and FapLacZ/LacZ 
mice (n = 5 animals per genotype). Original magnification, ×60. Scale 
bar: 50 μm. P < 0.0001. Results are expressed as mean ± SEM.
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LAF237, days 11–14; and PT630, days 16–20) in order to analyze 
tumors of approximately the same size (Figure 5, A and C). Prolif-
eration was significantly reduced in tumor sections from animals 
treated with PT630 (P < 0.05) compared with tumors from animals 
treated with vehicle control or LAF237 (P < 0.01; Figure 5C). The inci-
dence of apoptosis as assessed by active caspase-3 immunostaining 
was quite variable but did not differ significantly in either the tumors 
from PT630- or the LAF237-treated mice when compared with that 
observed in tumors from vehicle control–treated mice (Supplemen-
tal Figure 3, B and C). Similar results were obtained using a TUNEL 
assay (data not shown). Importantly, PT630 had no direct effect on 
CT26 tumor cell viability in vitro as assessed by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay (Supple-
mental Figure 3E), indicating that the decrease in tumor cell prolif-
eration in vivo was due to an indirect effect on the transformed cells. 
We also assessed the effect of PT630 treatment on cell proliferation 
and apoptosis in the K-rasG12D–driven lung tumors. PT630 reduced 
the percentage of Ki67-positive cells (P = 0.006; Figure 5, B and D) 
with no significant change in apoptosis (data not shown).

Based on our evidence that the antiproliferative effect of PT630 
was indirect, we next compared the morphology of comparably 
sized (40–50 mm2) CT26 tumors from the 3 groups of mice. In 
tumors from vehicle control–treated mice, CT26 tumor cells 
appeared to be spindle shaped, and the tumors to be appeared 
highly organized (Figure 5A, bottom). Although tumors from mice 
treated with LAF237 appeared to be somewhat less organized than 
those from the saline-treated mice, the greatest impact on tumor 
morphology was observed in the tumors from PT630-treated mice, 
which were highly disorganized and less densely populated by 
tumor cells (Figure 5A, bottom).

Our morphologic data and prior evidence that FAP may have the 
potential to degrade collagen (27, 28), led us to hypothesize that 
deletion of FAP and inhibition of FAP activity may affect tumor 
growth by causing changes in the composition or organization of 
the ECM, leading to dysregulation of integrin-mediated signaling. 
Indeed, we found that tumors from Fap-null mice compared with 
those from Fap wild-type mice and tumors from mice treated with 
PT630 but not with LAF237 compared with those from vehicle 

Figure 4
Effect of inhibition of FAP and/or DPPIV on tumor 
growth. (A) Representative H&E-stained sections of 
lung from LSL–K-rasG12D mice treated with vehicle, 
LAF237, or PT630 (top row). Higher-magnification 
views of regions indicated by asterisks are shown below 
(bottom row). Original magnification, ×4 (top row); ×40 
(bottom row). Scale bar: 100 μm. (B) Treatment with 
PT630 and LAF237 reduced formation of K-rasG12D–
driven lung tumors (n = 5 animals per group). Results 
are expressed as mean ± SEM. (C) PT630 treatment 
inhibited CT26 tumor growth. Mice were treated by oral 
gavage with vehicle control, LAF237, or PT630 twice 
daily, starting on day 2, after tumor cell inoculation. 
Data represent mean ± SEM (n = 11 animals per group 
in 2 independent experiments). ***P < 0.0001 ver-
sus vehicle control. (D and E) Treatment of mice with 
PT630 inhibited tumor-associated FAP enzymatic activ-
ity measured ex vivo (D), but not protein levels (E), as 
shown by immunoblotting (top panel) and correspond-
ing densitometry (bottom panel). Results are expressed 
as mean ± SEM (n = 10). IOD, image optical density.
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control–treated mice showed an increase in phospho-FAKTyr397 
and phospho-ERK (p44/42) (Figure 6 and Supplemental Figure 7). 
Although phosphorylation of MAPK usually correlates with cell 
proliferation, it can also increase the expression of the cell cycle 
inhibitor p21WAF1 protein, causing cell cycle arrest (44, 45). We 
found that p21WAF1 was indeed increased in FAP-null and PT630-
treated tumors (P = 0.04; Figure 6 and Supplemental Figure 7). 
These data suggested that FAP may regulate cell proliferation, at 
least in part, via ECM/integrin-mediated signaling. These effects 
of FAP depletion and inhibition were fully recapitulated in the 
endogenous lung tumor model (Supplemental Figure 8).

FAP regulates tumor stromagenesis and angiogenesis. As deficiency 
in FAP expression or activity inhibited tumor cell growth indi-
rectly and altered integrin-mediated signaling, we investigated 
its role in stromagenesis and, in particular, the content of myo-
fibroblasts, which are an important source of ECM components 
and required for angiogenesis. We used immunohistochemistry 
to compare the density of myofibroblasts, which were identi-
fied using the conventional criteria of αSma-expressing cells 
that were not in physical proximity to CD34+ endothelial cells 

(46). We found that myofibroblasts were markedly less prevalent  
(5 fold) in tumors from PT630-treated mice than in tumors from 
control mice (Figure 7, A and B). We therefore conclude that FAP 
enzymatic activity regulates recruitment, proliferation, survival, 
or differentiation of myofibroblasts.

As angiogenesis, a key event in tumor progression, is dependent 
on ECM remodeling, proteases, and on the cell types that express 
FAP, fibroblasts, and pericytes (47, 48), we tested whether PT630 had 
an effect on CT26 tumor vascularization. Quantification of CD34+ 
vessels demonstrated that treatment with PT630 resulted in a 3-fold 
decrease in tumor vascularization compared with tumors from vehi-
cle control– and LAF237-treated mice (Figure 7, A and B). These data 
indicate that FAP plays an important role in angiogenesis.

FAP activity regulates stromal collagen in vivo. The presence of col-
lagen structures radially aligned with tumor cells has been sug-
gested to promote tumor progression and invasion (49). Given 
the deficit in myofibroblasts we observed in tumors from mice 
treated with PT630 and, on the other hand, the reported in vitro 
collagenase activity of FAP, we investigated the net impact of 
inhibiting FAP on collagen organization and content in CT26 

Figure 5
PT630 attenuates tumor cell proliferation and 
alters tumor morphology. (A and B) Sections of 
CT26 (A, top row) and endogenous lung tumors 
(B) isolated from mice, treated with either vehi-
cle, LAF237, or PT630, were stained with Ki67 
and H&E. The morphology of CT26 tumors from 
the same groups of CT26 tumor-bearing mice 
was assessed based on H&E staining (A, bottom 
row). Solid lines in B show representative tumor 
regions used to quantify cell proliferation in each 
group. Original magnification, ×40. Scale bars: 
100 μm. (C and D) Proliferative indices were 
calculated as percentage of Ki67-positive cells 
in CT26 (C; n = 10 per group) and endogenous 
lung tumors (D; n = 5 per group), respectively. 
Results are expressed as mean ± SEM.
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tumors. CT26 tumors harvested at similar size (40–50 mm2) from 
animals treated with saline, LAF237, or PT630 were stained with 
Picro-Sirius red, and collagen content of total tumor extracts was 
assessed by hydroxyproline assay. Picro-Sirius red, an elongated 
dye molecule, reacts with collagen and enhances its normal bire-
fringence due to the fact that many dye molecules are aligned 
parallel to the long axis of each collagen molecule. The collagen 
fibers, in order of decreasing thickness corresponding to molecu-
lar disorganization, appear as red, orange, yellow, or green (50). 
When visualized under polarized light, collagenous structures 
with distinct birefringence were observed in both models. CT26 
tumors in FapLacZ/LacZ mice exhibited dramatically increased bire-
fringence (orange and yellow-green) and higher collagen content 
(~2 fold) than those from Fap+/+ mice (Figure 8, A and B). Simi-
larly, inhibition of FAP activity by treatment with PT630 resulted 
in an orange birefringence, suggesting a decrease in the organiza-
tion of collagen when compared with the extent of birefringence 
observed in tumors from LAF237-treated mice and, even more 
so, when compared with the extent of birefringence observed in 
the tumors from vehicle control–treated mice (red birefringence; 
Supplemental Figure 9A). Furthermore, quantification of total 
collagen as determined by hydroxyproline content, demonstrated 
that collagen content was increased by 62% (P < 0.01) in CT26 
tumors from mice treated with PT630 (Supplemental Figure 9B), 
while LAF237 had no effect on collagen content when compared 
with tumors from mice treated with vehicle control.

Although tumor disorganization was not as obvious in H&E-
stained lung tumors as it was in H&E-stained CT26 tumors 
(Figure 1), the impact of FAP on collagen content in the lungs 
of endogenous tumor-bearing mice was comparable to that 
seen in the CT26 tumors, based on Picro-Sirius red birefrin-
gence microscopy and quantification of hydroxyproline content. 
LSL–K-rasG12D;Fap+/+ mice predominantly exhibited a red-orange 
birefringence, with some green birefringence, whereas tumors in 
LSL–K-rasG12D;FapLacZ/LacZ mice exhibited a decrease in orange bire-
fringence and a predominance of yellow-green birefringence (data 
not shown). Quantification of total collagen content revealed 
that although there was no difference in basal levels of collagen 
among the lungs of LSL–K-rasG12D;Fap+/+, LSL–K-rasG12D;Fap+/LacZ, 
and LSL–K-rasG12D;FapLacZ/LacZ mice (–Ad-Cre; Figure 8C), the levels 
of collagen that accumulated in tumor-bearing lungs from Ad-
Cre–infected LSL–K-rasG12D;Fap+/LacZ and LSL–K-rasG12D;FapLacZ/LacZ 
mice were significantly increased compared with Ad-Cre–infected  

Figure 6
Deletion of FAP increases p21WAF1 via ECM-mediated 
signaling through FAK and ERK. FAK and ERK1/2 
were immunoprecipitated from total extracts of CT26 
tumors isolated from Fap+/+ and FapLacZ/LacZ mice, and 
the immune complexes were resolved by SDS-PAGE 
and immunoblotted for (A) phospho-FAKY397 and total 
FAK and (B) ERK and phospho-ERK. (C) p21WAF1 
immunoblot of total CT26 extracts from Fap+/+ and 
FapLacZ/LacZ mice resolved by SDS-PAGE (2 represen-
tative samples from a total of 10 per group are shown 
for each immunoprecipitate/immunoblot). Lanes were 
run on the same gel but were noncontiguous (white 
lines). (D–F) Quantification by densitometry for all 10 
samples from each group for each immunoprecipitate/
immunoblot. Results are expressed as mean ± SEM.

Figure 7
PT630 inhibits angiogenesis and stromagenesis in CT26 tumors. (A) 
Sections of CT26 flank tumors were stained for CD34 (green), αSma 
(red), and nuclei (DAPI; blue) and analyzed by epifluorescence micros-
copy. Original magnification, ×60. Scale bar: 50 μm. (B) Blood vessels 
indicated by CD34+ endothelial cell and myofibroblasts (αSma+ cells 
not in the proximity of CD34+ cells) were quantified from 10 tumors 
per group in 2 independent experiments. Results are expressed as 
mean ± SEM.
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LSL–K-rasG12D;Fap+/+ mice (P < 0.001; Figure 8C). A similar increase 
in collagen accumulation was observed in tumor-bearing LSL–
K-rasG12D;Fap+/+ mice treated with PT630 compared with those 
treated with vehicle control (P < 0.05; Supplemental Figure 9C). 
Importantly, PT630 treatment had no effect on the collagen 
content of tumor-bearing lungs in LSL–K-rasG12D;FapLacZ/LacZ mice 
(Supplemental Figure 9C). Taken together, these data suggest 
that FAP endopeptidase activity enhances tumor growth, at least 
in part, by regulating stromal collagen content, leading to altered 
integrin-mediated signaling.

Discussion
Most epithelial-derived tumors are characterized by the generation 
of mesenchymal-derived stromal cells, including intratumoral and 
peritumoral TAFs and pericytes associated with the tumor vascu-
lature. These stromal cells as well as the multiple products they 
release, such as TGF-β, ECM components, and proteases (particu-
larly collagen and MMPs), have been implicated in tumor growth, 
angiogenesis, invasion, and metastasis. TAFs are phenotypically 
distinguishable from normal fibroblasts. Although their heteroge-
neity is yet to be fully explored, at least a subset of TAFs have been 
characterized as myofibroblasts based on expression of αSma. FAP 
has also emerged as a marker of reactive fibroblasts in tumors as 
well as granulation tissue and in fibrotic lesions. Further studies 
are required to fully reveal the relationship between the SMA and 
FAP expressing populations in tumors, but consistent with other 
recent reports (51), our unpublished results suggest that they are 
overlapping but not coincident populations both in human and 
in mouse tumors. Recent studies have also established that TAFs 

are unique in their capacity to markedly enhance tumor growth 
compared with normal fibroblasts (52). These properties, taken 
together with the fact that the stromal cells are likely to be more 
genetically stable than tumor cells and the fact that they are com-
mon across multiple tumor types, suggest that therapies designed 
to target the protumorigenic mechanisms mediated by stromal 
cells, used in combination, may enhance the efficacy of tumor 
cell-targeted therapies. Thus, it is imperative that the mechanisms 
involved in stromal cell–dependent tumorigenic processes be 
delineated. In this study, we provide proof of principle that target-
ing a cell surface protease, FAP, expressed selectively on TAFs and 
pericytes inhibits tumor growth in diverse tumor types and that, 
at least in lung tumors, inhibition of the related dipeptidyl pepti-
dase, DPPIV, also expressed on untransformed cells, can similarly 
inhibit tumor growth.

Recent interest in FAP stems from its tightly regulated expres-
sion, which is restricted to pericytes and fibroblasts induced to 
undergo differentiation within the microenvironment of tumors 
and in pathologic fibrosis (for example, in liver cirrhosis and idio-
pathic pulmonary fibrosis) (20, 21), and the potential of FAP to 
provide a common target in multiple tumor types. Two general 
approaches to targeting FAP have been taken in preclinical models 
and in patients. In antibody-based imaging studies, anti-FAP anti-
bodies exhibited highly specific tumor targeting in patients (40). 
However, although a humanized anti-FAP antibody (mAb F19; 
sibrotuzumab) was well tolerated, it showed no efficacy in a phase II  
trial for metastatic colorectal cancer (39, 53). It is important to 
note, however, that this particular antibody does not inhibit FAP 
activity or have direct cytotoxic activity. On the other hand, it was 

Figure 8
FAP regulates accumulation of col-
lagen in vivo. (A) Sections of CT26 
tumors were stained with Picro-Sirius 
red and visualized under polarized light 
(top row) and bright field (bottom row). 
The increase in orange birefringence in 
tumors from FapLacZ/LacZ mice reflects 
less organized collagen. Original mag-
nification, ×20. Scale bar: 100 μm. 
(B) Collagen content of CT26 tumors 
(100 mm2) from Fap+/+ and FapLacZ/LacZ 
mice. Data represent mean ± SEM of 
20 tumors per genotype. (C) Collagen 
content of lungs from uninfected (n = 3)  
mice and LSL–K-rasG12D;Fap+/+ (n = 6), 
LSL–K-rasG12D;Fap+/LacZ (n = 6), and 
LSL–K-rasG12D;FapLacZ/LacZ mice (n = 6) 
8 weeks after Ad-Cre infection. Results 
are expressed as mean ± SEM.
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recently reported that a monoclonal anti-FAP antibody conjugat-
ed to maytansinoid, FAP5-DM1, induced long-lasting inhibition 
of tumor growth and complete regressions in stroma-rich xeno-
graft models of lung, pancreatic, and head and neck cancers in 
immune-deficient mice, with no evidence of toxicity (11). The lat-
ter data indicate that targeting FAP-expressing cells can effectively 
inhibit tumor growth but do not address the role of FAP itself in 
promoting tumor growth. Interestingly, Cheng and colleagues 
demonstrated that antibodies that inhibit the proteolytic activity 
of FAP-inhibited tumor growth in a xenograft model, although the 
mechanism involved was not determined (31).

The importance of the enzymatic activity has been addressed 
more directly using a second approach, employing inhibitors of 
FAP enzymatic activity. Administration of Val-boro-Pro (PT-100; 
Talabostat) attenuated tumor growth in a variety of tumor models 
in mice (32, 54). However, this particular compound inhibits mul-
tiple intracellular and extracellular dipeptidyl peptidases (e.g., FAP, 
CD26/DPPIV, DPP7), so that its effects could not be directly attrib-
uted to FAP. Finally, all the studies to date have been conducted 
in xenograft models of human tumors in immune incompetent 
mice, and in only one of these studies was the role of endogenous 
FAP expressed on stromal cells, rather than on tumors cells forced 
to overexpress FAP (31). In this study, we interrogated the role of 
endogenous FAP in vivo, by using Fap-null mice and by employing 
selective inhibitors of FAP and/or DPPIV. Collectively, our results 
establish that the enzymatic activity of FAP itself promotes tumor 
growth of both endogenous and syngeneic transplanted tumors in 
immune competent mice. Depletion of FAP expression and even 
partial inhibition of FAP enzymatic activity was sufficient to indi-
rectly inhibit tumor cell proliferation. In addition, we demonstrate 
that FAP plays a critical role in tumor stromagenesis and angiogen-
esis. Furthermore, the excessive accumulation and disorganization 
of collagen we observed in FAP-deficient tumors indicates that 
FAP is an important source of collagenase activity and/or regulates 
other collagenases involved in modifying tumor-associated ECM, 
either directly or as the result of functioning in the recruitment or 
differentiation of critical collagenase-producing cells.

As an endogenous model, we chose to study lung tumors in LSL–
K-rasG12D mice. The progression of the tumorigenic processes that 
develop in LSL–K-rasG12D mice mimics that seen in human lung 
adenocarcinoma (34, 35, 37). Among the different types of lung 
cancer in humans, adenocarcinoma is the most common type in 
the US and activating mutations of the K-ras oncogene are found 
in approximately one-third of human lung adenocarcinoma (55). 
This model also offers an advantage over spontaneous models in 
that tumor development in this model is controlled by the admin-
istration of Ad-Cre, which allowed administration of the pharma-
cologic inhibitors at a defined time after induction of expression 
of the oncogenic K-rasG12D allele. Importantly, we found the devel-
opment of hyperplasia and adenoma in this model was associated 
with the generation of tumor-associated myofibroblasts. Genetic 
deletion of FAP resulted in a marked reduction of K-rasG12D–driven 
tumors but had no impact on the phenotype of the tumor cells 
(Figures 1 and 2). Despite the obvious advantages of the LSL– 
K-rasG12D model, there are also some limitations, including that, 
at least until mice expressing a conditional FAP allele are devel-
oped, the stage of tumorigenesis at which FAP is expressed cannot 
be controlled. Importantly, the protumorigenic role of FAP was 
also evident in CT26 colon tumors and Panc02 pancreatic tumors 
(data not shown) transplanted s.c. into immune competent syn-

geneic hosts. Our results in these tumor models indicate that FAP 
is indeed an important factor in multiple tumor types and dem-
onstrate that, even if FAP contributes to tumor initiation, it also 
plays a role in established tumors.

An important function of myofibroblasts is the deposition 
of ECM. Furthermore, studies have shown that collagen within 
tumors impacts tumor development (56, 57). More specifically, 
the presence of collagen structures radially aligned with tumor 
cells has been suggested to promote tumor progression and inva-
sion (49). Given the deficit in myofibroblasts we observed in 
tumors from mice treated with PT630 and the important contri-
bution of this cell type to ECM deposition, we expected we might 
find that tumors from these mice might also be depleted of ECM 
or that the organization of the ECM may be affected in these 
tumors. On the other hand, in view of the reported in vitro col-
lagenase activity of FAP, we thought we might find that inhibiting 
FAP activity could lead to an accumulation of collagen. Interest-
ingly, we found that the net impact of inhibiting or deleting FAP 
was to increase collagen accumulation.

The pharmacologic studies presented clearly establish that the 
enzymatic activity of FAP is critical to promotion of tumor growth 
by FAP in the K-ras–driven endogenous lung tumor model as well 
as in transplanted colon tumors. Furthermore, taken together 
with the results of the genetic approach, the inhibition of tumor 
growth by PT630 indicates that the inhibition of FAP enzymatic 
activity is sufficient to inhibit tumor growth. Interestingly, the 
results with the DPPIV-specific inhibitor, LAF237, indicate that 
this closely related member of the dipeptidyl peptidase family also 
promotes growth of endogenous lung tumors in LSL–K-rasG12D 
mice, whereas inhibition of DPPIV alone had no effect on the s.c. 
transplanted colon tumor cells. It will be of interest in future stud-
ies to determine whether the contribution of DPPIV to tumorigen-
esis is restricted to certain tumor types or whether this disparity 
reflects differences in the requirements for the growth of endog-
enous and transplanted tumors.

Our data indicate that the inhibition of tumor growth in Fap-
null and PT630-treated wild-type mice was due, at least in part, to 
reduction in tumor cell proliferation in both of the models that we 
studied. However, the fact that PT630 had no effect on the growth 
of cultured CT26 cells indicates that the effect in vivo was indirect, 
likely reflecting the impact we observed on the ECM, tumor stroma-
genesis, and/or angiogenesis, all of which are likely to be related.

Stromagenesis is a complex process that gives rise to an intricate 
network of TAFs, angiogenesis (both blood and lymphatic), and 
remodeling of the ECM. The TAFs in this “desmoplastic” stroma 
exhibit an altered phenotype, including higher proliferative index 
and, most notably, the enhanced production of collagens, hyaluro-
nate, and epithelial growth factors (2). Induction of FAP expres-
sion is a prominent feature of TAFs in the vast majority of carci-
nomas (13, 16). FAP is also expressed on blood vessel–associated 
pericytes in tumors, and tumor vascularization is dependent on 
fibroblasts and ECM remodeling, while pericytes are required for 
vessel stabilization (58, 59). Interestingly, high levels of VEGF may 
negatively regulate pericytes and prevent vessel maturation. In this 
regard, it will be interesting to investigate whether FAP or DPPIV 
play a role in regulating VEGF, as dipeptidyl peptidases are known 
to activate other cytokines/growth factors (60). The data presented 
in this study establish that FAP plays an important role in tumor 
stromagenesis, vascularization, and ECM remodeling. The effect 
on stromagenesis may reflect a direct role for FAP in the recruit-
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ment, proliferation, survival, or differentiation of TAFs. These pos-
sibilities will be investigated in future experiments. Alternatively, 
FAP may indirectly regulate stromagenesis through effects on the 
tumor cells that induce stromagenesis or through modification of 
the ECM. Indeed, we found an accumulation of disorganized col-
lagen fibrils in tumors from Fap-null mice and mice treated with 
PT630. TAFs and components of the matrix, including collagen, 
and more specifically, the presence of collagen structures radially 
aligned with tumor cells promote the growth of epithelial tumor 
cells and tumor progression and invasion (1, 49, 56, 57). Thus, the 
deficiency in TAFs and altered ECM evident in the tumors from 
Fap-null and PT630-treated mice likely contribute to the reduc-
tion in tumor growth. This is further evidenced by the increase we 
observed in the CDK inhibitor p21 levels in tumors from Fap-null 
and PT630-treated mice, as p21 is known to regulate the ECM-
mediated signaling pathway that activates cell cycle progression 
(44). The excess collagen accumulation, in the face of the reduction 
in SMA-expressing myofibroblasts in these tumors, may appear, 
at first glance, contradictory to the fact that myofibroblasts are 
believed to be a major source of collagen. But as discussed above, 
myofibroblasts may represent only a subset of TAFs and other 
TAFs may also be a major source of collagen. Furthermore, other 
cells, possibly the tumor cells themselves, may also contribute sig-
nificantly to matrix deposition. However, as FAP has been shown 
to have collagenase activity in vitro, an alternative explanation for 
the excess accumulation of collagen may be that FAP is an impor-
tant source or regulator of collagenase activity in tumors. In this 
case, the loss of FAP-dependent collagenase activity may prevent 
the expected cleavage and turnover of collagen produced by the 
residual TAFs. Another possibility is that FAP plays a role in the 
recruitment or differentiation of critical collagenase-producing 
cells. Finally, as FAP is not expressed on endothelial cells and vas-
cularization is known to be dependent on fibroblasts and ECM 
remodeling (47, 52), it is likely that the reduction in TAFs and peri-
cytes and/or the alterations in the ECM also underlie the reduced 
vascularization of tumors in FAP-null and PT630-treated mice.

In summary, this study provides proof of principle that target-
ing FAP can inhibit tumor growth in multiple tumor types, indi-
rectly through effects on stromagenesis, vascularization, and ECM 
remodeling. Human epithelial-derived solid tumors are rich in 
FAP-expressing cells; for example, this is the case in colon, pancre-
atic, and also lung cancer, which is the leading cause of cancer-relat-
ed deaths in both men and women worldwide (12, 15, 34). Thus, 
in addition to establishing the mechanisms by which a specific 
stromal cell surface protease promotes tumorigenesis, these stud-
ies indicate that further exploring tumor stroma and, in particular, 
FAP as a potential therapeutic target in patients is warranted.

Methods

Cell culture
CT26.WT, a BALB/c-derived murine colon carcinoma cell line, was 

obtained from ATCC and grown as monolayer cultures in RPMI 1640 sup-

plemented with 10% FCS, 10 mM HEPES, 1 mM sodium pyruvate, 2 mM 

L-glutamine, 50 μg/ml gentamycin, and 20 μg/ml penicillin-streptomycin. 

Cells were maintained in a humid 5% CO2 atmosphere at 37°C.

Animals
Six- to eight-week-old female BALB/c and C57BL/6 mice were purchased 

from Charles River Laboratories. LSL–K-rasG12D mice (34) were provided by 

T. Jacks (Massachusetts Institute of Technology, Cambridge, Massachu-

setts, USA). FAP-deficient mice (FapLacZ/LacZ; ref. 17) were obtained from W.J. 

Rettig and A. Schnapp (Boehringer Ingelheim Pharma KG, Ingelheim, Ger-

many) and backcrossed 12 generations to BALB/c. LSL–K-rasG12D mice were 

crossed with FAP-deficient mice to generate FapLacZ/LacZ, Fap+/LacZ, and litter-

mate Fap+/+LSL–K-rasG12D mice. Mice were genotyped as described in Supple-

mental Methods. All animal protocols used in this study were approved by 

The Wistar Institute’s Institutional Animal Care and Use Committee, and 

all the procedures were conducted according to The Wistar Institute’s ethi-

cal committee guidelines on animal welfare and the Guide for the care and use 

of laboratory animals (NIH publication no. 85-23. Revised 1985).

Tumor models
Endogenous lung tumor model. In the LSL–K-rasG12D model, lung adenocar-

cinoma is initiated by Cre-mediated recombination via infection with an 

adenovirus expressing Cre recombinase (Ad-Cre; University of Iowa Gene 

Transfer Vector Core) by intranasal instillation as previously described 

(33–35, 37). Eight weeks after Ad-Cre infection, mice were sacrificed and 

lung tissue was harvested and analyzed histologically. For drug treat-

ments, mice were randomized into 3 treatment groups, 4 weeks after 

infection. Saline solution (vehicle control), PT630 (75 μg/dose; patent 

application publication no. US 2007/0072830 A; PharmaForm LLC), 

or LAF237 (PharmaForm LLC) (100 μg/dose) was administered by oral 

gavage twice daily for an additional 4 weeks, at which time the lungs 

were harvested, processed, and analyzed histologically. The percentage of 

total lung area occupied by tumor in each of the 5 lobes was quantified 

by computer-assisted morphometry using Image-Pro 6.2 on H&E-stained 

sections. For modified-“survival” studies depicted in the Kaplan-Meier 

plots, LSL–K-rasG12D;Fap+/+ (n = 11), LSL–K-rasG12D;Fap+/LacZ (n = 17), and LSL– 

K-rasG12D;FapLacZ/LacZ (n = 16) mice were Ad-Cre infected and carefully moni-

tored. Animals were sacrificed according to the guidelines set forth in The 

Wistar Institute guide for the use of animals (>10% total body weight).

Syngeneic transplant tumor models. Six- to eight-week-old female FAP wild-

type (Fap+/+) and FAP-null (FapLacZ/LacZ) BALB/c mice (backcrossed 12 gen-

erations) were injected s.c. with 2 × 105 CT26.WT cells, in the right and left 

flanks. For drug treatment, 2 days after tumor cell inoculation, mice were 

randomized into 3 treatment groups. Animals were treated by oral gavage 

(200 μl) twice daily with saline solution (vehicle control), 100 μg/dose PT630 

(FAP and DPPIV inhibitor), or 100 μg/dose LAF237 (Novartis DPPIV-spe-

cific inhibitor). Inhibitors were provided by Point Therapeutics Inc. Tumor 

growth was monitored every 2–3 days by measuring 2 perpendicular diam-

eters using calipers. Experiments were performed with 7 mice per FAP geno-

type and in triplicates with 5–7 mice per drug treatment group.

Ex vivo assay of FAP enzymatic activity
FAP enzymatic activity in tumors was determined as previously described 

(32), using an immune-capture assay with Z-Gly-Pro-AMC (MP Biomedi-

cals LLC) as a substrate. Ninety-six–well plates (Fluoronunc MaxiSorb) 

were coated overnight at 4°C with 200 μl of 100 μg/ml rabbit polyclonal 

anti-FAP antibody (provided by J. Cheng, Fox Chase Cancer Center, 

Philadelphia, Pennsylvania, USA). Plates were then washed with PBS and 

blocked with 5% BSA for 1 hour at room temperature. Tumors were excised 

and homogenized in MPER (Pierce Biotechnology Inc.) at 10 ml/g tumor. 

Samples were centrifuged at 18,204 g for 10 minutes. One milligram total 

protein extract of tumor was added to the coated wells (in a final volume 

of 200 μl), incubated for 1 hour, and washed with PBS containing 0.1% 

Tween-20. Reactions were carried out with 200 μM Z-GlyProAMC (FAP, 

turnover number/Km [kcat/Km], 5.3 × 104–7.4 × 103 M–1s–1; DPPIV, kcat/Km, 

9–15 M–1s–1) (7, 24) for 1 hour at room temperature. Fluorescence was 

measured (excitation and emission wavelengths of 355 nm and 460 nm, 
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respectively) using a Wallac 1420 Multilabel Counter (Perkin Elmer) and 

normalized to a milligram of tumor weight. Activity was expressed as rela-

tive fluorescence per milligram of tumor tissue per reaction time.

Histology and immunohistochemical analyses
CT26 flank tumors were harvested and paraffin embedded after fixation 

in Prefer (Anatech LTD) overnight at 4°C followed by sucrose saturation. 

Lungs from LSL–K-rasG12D mice were inflated intratracheally with 10% normal 

buffered formalin, fixed overnight, and embedded in paraffin. Four-micron 

sections were cut and stained with H&E. For immunohistochemistry, paraf-

fin-embedded sections were dewaxed, and antigen retrieval was performed 

in 10 mM sodium citrate buffer, pH 7.4, for 20 minutes at 95°C. Slides were 

washed at room temperature and hydrated in PBS for 10 minutes. Endog-

enous peroxidase activity was then quenched with 3% hydrogen peroxidase 

for 10–20 minutes at room temperature. Sections were then blocked with 

10% normal goat serum in PBS containing 1% BSA and 0.1% Tween-20 for  

1 hour. Endogenous avidin and biotin were blocked using the avidin-biotin 

kit (Vector Labs), following the manufacturer’s instructions. Samples were 

then stained with antibodies against Ki67 (37 μg/ml; M7249; DAKO), active 

caspase-3 (4 μg/ml; ab2302; Abcam), total ERK1/2 (1:25; 9102; Cell Signaling 

Technology), phosphoERK (1:200; 4370; Cell Signaling Technology), total 

FAK (1:50; ab61113; Abcam) phospho-FAKY397 (1:50; 4462G; Invitrogen), 

p21 (20 μg/ml; ab2961; Abcam), FAP (20 μg/ml; ab53066; Abcam), and 

DPPIV (20 μg/ml; AF954; R&D Systems), and isotype-matched antibodies 

were used as negative controls. Incubations were done overnight at 4°C. Bio-

tinylated secondary antibodies were used at 4 μg/ml and were detected with 

horseradish peroxidase, using the Vectastain Elite ABC (Vector Laboratories) 

as per manufacturer’s instructions. The proliferative and apoptotic indices 

are expressed as the percentage of proliferative (Ki67-positive) and apoptotic 

(active caspase-3–positive) cells per total cells in the tumor sections. For CT26 

tumors, the proliferative indices were based on 30 fields (objective magnifica-

tion, ×40), including 10 fields from each of 3 distinct regions per tumor. Pro-

liferation indices of lung tumors were calculated based on 10 tumor nodules 

in each mouse (2 from each of 5 lobes), identified by morphology.

Immunofluorescence
Paraffin-embedded sections (4 μm) were dewaxed, followed by antigen 

retrieval in 10 mM sodium citrate buffer for 30 minutes at 95°C, with sec-

tions covered with 10 mM sodium citrate buffer. Clara cells and alveolar 

type II cells were stained as described previously (38), using the polyclonal 

antibody anti-CC10 (4 μg/ml; sc9772; Santa Cruz Biotechnology Inc.) and 

the polyclonal rabbit antibody anti-proSPC (1:200; AB3786; Chemicon), 

respectively. CT26 paraffin-embedded tumor sections were dewaxed, fol-

lowed by antigen retrieval as described above. To block mouse IgG, the 

M.O.M. kit (Vector Laboratories) was employed. The antibody against 

mouse Sma (0.4 μg/ml; clone 1A4; M0851; DAKO) in M.O.M. diluent and 

incubated for 1 hour at 37°C. After 3 washes with phosphate buffer at 

pH 7.2 containing Tween-20 (0.1%) (5 minutes), biotinylated mouse IgG 

was added and incubated for 30 minutes at 37°C. Following 3 washes, 

texas red-streptavidin (Vector Laboratories) was incubated for 1 hour at 

37°C. After washing, sections were incubated with CD34 (4 μg/ml; clone 

MEC14.7; Abcam) overnight at 4°C. Secondary antibody (Alexa Fluor 488; 

Invitrogen) was applied to sections for 1 hour at 37°C. Nuclei were coun-

terstained with DAPI for 5 minutes. SMA+ myofibroblasts and pericytes 

and CD34+ blood vessels were quantified (magnification, ×60) for 10 ani-

mals per group from 2 independent experiments as described above.

Immunoprecipitation and immunoblotting
CT26 tumors were dissected and lysed by homogenization in 25 mM 

HEPES, pH 7.5, containing 0.1% Triton X-100, 300 mM NaCl, 0.5 mM 

DTT, 0.2 mM EDTA, 1.5 mM MgCl2, containing 20 mM β-glycerophos-

phate, 1 mM Na3VO4, 10 mM NaF, 10 mM sodium pyrophosphate, 

and protease inhibitor cocktail (Roche) at 25 mg/ml. After incubation 

on ice for 20 minutes, samples were centrifuged at 13,000 g. Equivalent 

amounts (25 μg) of protein (assayed with BCA protein assay; Pierce 

Biotechnology Inc.) were resolved by SDS-PAGE, transferred to PVDF 

membranes (Millipore), and probed with indicated antibodies. Incuba-

tion with primary antibodies (anti-p21 clone C19 or anti-FAP; Santa 

Cruz Biotechnology Inc. and J. Cheng, respectively) and secondary anti-

bodies in 5% milk in phosphate buffer containing 0.1 % Tween-20, with 

washes in phosphate buffer containing 0.1% Tween-20 between steps. 

For immunoprecipitation, equal amounts of protein (1 mg) were pre-

cleared using anti-rabbit antibody for 90 minutes at 4°C, followed by 

incubation with protein A-agarose (Pierce Biotechnology Inc.). Precleared 

lysates were subjected to immunoprecipitation at 4°C overnight with 

indicated antibodies. Immune complexes were recovered using protein 

A-agarose. Products were fractionated as above and blots were probed 

with anti-phosphoFAKpY397 or anti-phosphoERK antibody. Primary and 

secondary antibodies were diluted in blocking buffer (4% BSA in 30 mM 

Tris-HCl, pH 7.6, 75 mM NaCl, 0.05% Tween-20), with washes in 30 mM 

Tris-HCl, pH 7.6, 75 mM NaCl, 0.05% Tween-20. Blots were washed and 

incubated in stripping buffer (2% SDS, 62.5 mM Tris, pH 6.8, 100 mM  

β-mercaptoethanol) at 50°C for 30 minutes or run in parallel and rep-

robed with primary antibodies against FAK or ERK1/2. Detection was con-

ducted using ECL (GE Healthcare). Protein levels (expressed as the image 

optical density) were determined by densitometry using ImagePro. ERK 

activity and active FAK were expressed as ratio of phosphorylated form 

relative to the total fraction.

Analyses of collagen content of tumors
Picro-Sirius red staining. Serial sections of CT26 tumors were dewaxed as 

described above. Slides were incubated in picric acid–saturated solution 

containing 0.01% Sirius red (Sigma-Aldrich) for 1 hour in a humidified 

chamber at room temperature. After washing with 1% acetic acid (15 min-

utes) and water (1 minute), slides were alcohol dehydrated, mounted, and 

visualized on a Leica Microscope under 90-degree polarized light.

Hydroxyproline assay. CT26 tumors (50 mg) were cut and digested over-

night at 110°C in 1 ml of 6 N HCl. After neutralization with 6 N NaCl, the 

pH was adjusted (6.0<pH<10.0). Samples (100 μl) were mixed with 1 ml 

chloramine T solution (1.4% chloramine T, 10% isopropanol, 0.5 M sodium 

acetate, pH 6.0) for 20 minutes at room temperature, followed by 1 ml 

Erlich’s solution (14.9% p-dimethylaminobenzaldehyde, 70% isopropanol, 

20% perchloric acid; Sigma-Aldrich) and incubation at 65°C for 15 min-

utes. Aliquots (200 μl) were transferred to 96-well plates, and absorbance 

was measured at 570 nm. Collagen content was calculated by comparison 

with a standard curve generated with cis-4 hydroxy-L-proline (0.01–110 μg/

ml; Sigma-Aldrich), using the conversion factor of 1 μg hydroxyproline, 

corresponding to 6.94 μg collagen (61). Total collagen was expressed as μg 

collagen mg–1 wet tissue.

Statistics
All results are expressed as mean ± SEM. Statistical analysis was performed 

using 1-way ANOVA with the Tukey’s multiple comparison test and  

2-tailed Student’s t test (GraphPad Prism). P values of less than 0.05 were 

considered statistically significant.
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