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ABSTRACT

The human fibroblast activation protein (FAP), defined by monoclonal

antibody F19, is expressed in vivo in reactive stromal fibroblasts of epi

thelial cancers, subsets of bone and soft tissue sarcomas, and granulation

tissue of healing wounds. FAP is generally absent from the stroma of

benign epithelial tumors and normal adult tissues. In vitro FAP induction

is observed in proliferating cultured fibroblasts and in melanocytes grown

with fibroblast growth factor and phorbol ester. In the present study, we

show that fibroblast and melanocyte FAP is a cell surface protein com

prising noncovalently linked M, 95,000 (p95) and M,. 105,000 (plOS) sub-

units. In contrast, cultured sarcoma and melanoma cell lines express only

p95 or are FAP negative. Immunoblot experiments show that p95, but not

plOS, carries the epitope defined by monoclonal antibody F19. Further

more, peptide maps of purified p95 and plOS differ, suggesting that they

may be distinct gene products. Loss of FAP or a change from p95/pl05 to

p95 expression accompanies the acquisition of growth factor independence

and tumorigenicity in several in vitro test systems, including simian virus

40 transformation of normal fibroblasts, ila-ras transformation of normal

melanocytes, supertransformation of osteosarcoma cells, and enhanced

N-MYC expression in variant neuroblastoma cells, whereas serum-starved

normal fibroblasts continue to express p95/pl05. Thus, FAP expression
appears to be linked to the growth factor-dependent proliferativi' capacity

of normal cells and is not merely a secondary event in proliferating cells;

furthermore, FAP expression is inversely correlated with growth factor

independence and tumorigenicity in transformed cell lines. This distribu

tion pattern is consistent with a role for p95/pl05 in mediating extrinsic,

growth regulatory signals in normal cells, possibly as a heteromeric cell

surface receptor. Such a physiological function may be obviated when

oncogenes with cytoplasmic or nuclear sites of action are activated, reduc

ing extrinsic growth factor dependence and permitting down-regulation of

FAP in certain transformed cells.

INTRODUCTION

The invasive growth of malignant tumors and normal wound heal
ing are distinct processes but show a number of histological and
biochemical similarities (1^1), including the recruitment of reactive
stromal fibroblasts, lymphoid and phagocytic infiltrates, neovascular-

ization, release of peptide mediators and proteolytic enzymes, and
induction of an altered ECM.3 A highly consistent molecular trait

shared by tumor stroma and granulation tissue of healing wounds in
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humans is induction of the FAP, a cell surface molecule of reactive
stromal fibroblasts (5, 6) recognized by the mAb F19 (7). Immuno-

histochemical analysis of normal human tissues has shown that FAP is
expressed in some fetal mesenchymal cells but not in adult mesen-
chyme (5) and that epithelial, lymphoid, and neural cells are FAP".

This contrasts with other stromal markers, such as tenascin/
neuronectin, which show a wider normal tissue distribution (4, 6).

Immunopathological studies have demonstrated FAP expression in
a large proportion of bone and soft tissue sarcomas (5). Neoplastic
epithelial, neural, and lymphoid cells are FAP~, but prominent FAP

induction is observed in the reactive stromal fibroblasts of many
epithelial cancers, including >90% of breast, lung, colorectal, and

pancreatic carcinomas (6). Benign and premalignant epithelial tumors,
including fibroadenomas and phylloides tumors of the breast and
colorectal adenomas, generally lack FAP+ stromal cells (6). This

difference in FAP expression in the stroma of malignant versus benign
epithelial tumors may be due to the release of FAP-inducing factors
from malignant epithelial cells or from tumor-infiltrating lymphocytes

or macrophages.
The restricted distribution of FAP in normal tissues and its abundant

expression in the stroma of a large proportion of epithelial cancers
provide the rationale for developing imaging and immunotherapy
strategies aimed at tumor stroma rather than surface molecules of the
malignant cells (6). This approach has several potential advantages:
(a) FAP+ reactive stromal fibroblasts are very abundant in a large

proportion of epithelial cancers, with the stromal compartment mak
ing up as much as 90% of the tumor mass in some cases; (b) FAP+

reactive fibroblasts are generally found in close association with tu
mor capillaries,4 suggesting that they may be highly accessible to

circulating mAbs; (c) the same target antigens may be expressed in the
stroma of diverse histological types of cancer; and (d) outgrowth of
antigen-loss variants or mutants is less likely to occur for nontrans-

formed, reactive stromal cells than for malignant tumor cells. As a first
step toward defining the targeting potential of mAbs against reactive
stromal antigens in vivo, Welt et al. (8) have shown that "'I-labeled

mAb F19 can be used to image hepatic mÃ©tastasesin patients with
colorectal carcinomas, due to the induction of FAP+ stromal fibro

blasts in the secondary tumor sites.
Since tumor stroma is a complex, ECM-rich tissue that is not

readily dispersed into single-cell suspension, it has been difficult to
isolate FAP+ reactive stromal fibroblasts for direct biochemical and

functional analyses. However, short-term cultures of normal fibro
blasts, which show in vitro FAP induction (5), and several FAP+

tumor cell lines (5, 7, 9) provide alternative test systems to examine
FAP structure, function, and regulation. The present study was de
signed to characterize the relationship among FAP expression, prolif-

erative activity, and oncogenic transformation in mesenchymal and
neuroectodermal cells and to characterize the biochemical nature of
FAP.

4 P. Garin-Chesa and W. J. Rettig, unpublished observations.
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FIBROBLAST ACTIVATION PROTEIN FAR

MATERIALS AND METHODS

Cell Lines and Tissue Culture. Cells were grown in MEM or RPMI 1640

supplemented with 1% nonessential amino acids, 2 HIML-glutamine, antibiot
ics, and 10-15% FBS. Serum-starved fibroblast cultures were maintained in
MEM-0.5% FBS (10). TPA (10 ng/ml; Sigma Chemical Co., St. Louis, MO)

and basic FGF (5 ng/ml; R&D Systems, Minneapolis, MN) were used for
melanocyte cultures (11). Neuroblastoma variant lines Exp-II and WAC-2 (12)

were grown in the presence of G-418 (Geneticin, 400 /xg/ml; Sigma). Tumor
cell line TE-85, TE-85 subclones (13, 14), and fibroblast strains Hs27 and

Hs68 were obtained from the American Type Culture Collection (Rockville,
MD). GM series fibroblasts were from the National Institute of General Med
ical Sciences Cell Repository (Camden, NJ). HAL and AR5, two cloned and
immortalized derivatives of fetal diploid bone marrow fibroblasts transformed
by SVtsA58, an origin-defective SV40 genome encoding a heat-labile large
T-antigen, were previously described (15, 16). Other tumor cell lines and
normal fibroblast cultures were from the cell line bank at the Sloan-Kettering

Institute or newly established as part of this study.
Monoclonal Antibodies. MAbs F19 (7), AJ2 (17), and TA99 (18) have

been described previously. Hybridoma W6/32, producing a mAb against a

monomorphic determinant of class I major histocompatibility antigens
(HLA-A, -B, -C antigens in humans), was obtained from the American Type

Culture Collection. Negative control mAbs were produced in our laboratory.
Serological Procedures. Cells grown in MicroWell plates (Nunc, Roskilde,

Denmark) were tested by MHA rosetting assays as described previously (19).
For indirect radiobinding assays, cells were grown in Falcon 3047 multiwell
plates (1 X IO5 cells/well; Becton Dickinson, Lincoln Park, NJ) for 18-24 h,
incubated with mAbs for 1 h, washed, and reacted with I25l-labeled goat

anti-mouse immunoglobulin (New England Nuclear, Boston, MA) for 30 min.
Cells were washed, lysed in SDS-buffer (2% SDS-O.OI MTris-HCl, pH 7.2),

and assayed in a gamma counter.
Immunochemical Procedures. Cells were labeled for 18-24 h with a

mixture of [35S]methionine and [35S]cysteine (Tran35S-label, 40 piCi/ml; ICN,

Costa Mesa CA) or [3H]glucosamine (40 /ig/ml; New England Nuclear) as

described before (20) or surface labeled with I25I (500 /iCi/25-cm2 flask; ICN)

by the lactoperoxidase method (21). Cell extracts prepared in lysis buffer (0.01
MTris-HCl-0.15 M NaCl-0.01 MMgCl2-0.5% NP40-20 pig/ml aprotinin-2 HIM

phenylmethylsulfonyl fluoride, pH 8.0) were used for immunoprecipitation
assays, followed by SDS-PAGE and fluorography or autoradiography (19). In

some assays, additional protease inhibitors (0.5 HIMEDTA, 0.5 /xg/ml soybean
trypsin inhibitor, 1 fig/ml pepstatin, 3 /xg/ml ethyleneglycol bis(ÃŸ-aminoethyl
ether)-/V,/V,/V",JV"-tetraacetic acid, 0.12 units/ml a2-macroglobulin; Sigma)

were added to the cell lysis buffer. Immunopurified proteins were analyzed by
SDS-PAGE under reducing (sample buffer with 12 mg/ml dithiothreitol; Sig

ma) or nonreducing conditions (14 mg/ml iodoacetamide; Sigma). For some
experiments, extracts of confluent cell cultures were 125I-Iabeled by the

chloramine T method (22, 23), using 100 /uCi I25l/100-fÂ¿lcell lysate; free I25I

was removed on a Sephadex-G25 column (Sigma). Lectin chromatography

with Con A-Sepharose (Pharmacia) and Triticum vulgaris (wheat germ agglu-
tinin)-Sepharose (Sigma) was carried out as described previously (20). In some

tests, proteins were digested with neuraminidase (Vibrio cholerae; Calbio-
chem, San Diego CA), endoglycosidase H (25 mIU/ml), /V-glycanase (10
units/ml), or O-glycanase (0.1 units/ml; Genzyme, Cambridge MA) prior to
SDS-PAGE analysis (24). For peptide mapping (25), immunopurified 125I-

labeled proteins were separated by SDS-PAGE, and specific protein bands

were identified by autoradiography, excised, and digested with Staphylococcus
Ã¡ureas V8 protease (Sigma). The derived peptides were analyzed by SDS-

PAGE and autoradiography.

For immunoblot experiments, NP40 extracts of cultured cells were resolved
on SDS-gels, transferred to nitrocellulose (Schleicher & Schuell, Keene NH),

and reacted with mAbs; bound mAbs were detected by the alkaline phos-

phatase procedure (20, 26).
Immunohistochemical Procedures. Tissues were obtained through the

Tumor Procurement Service of the Department of Pathology, Memorial Hos
pital, embedded in OCT compound (Miles, Naperville, IL), snap frozen in
isopentane precooled in liquid N2, and stored at -70Â°C. Sections (5-/xm thick)

were cut, mounted on poly-L-lysine-coated slides, air dried, and fixed in

Table 1 FAP cell surface expression on cultured fibroblasts, sarcomas, and melanocytes determined b\ MHA rosetting assays with mAb F19

DerivationNormal

tissue-derivedfibroblastsFetal

lungFetal
skinFetal
kidneyFetal

bonemarrowEmbryonic
lungNewborn
foreskinAdult
lungAdult
skinAdult
kidneyAdult
breastAdult

bonemarrowTumor-derived

fibroblastsBreast

cancerRenal
cancerSarcoma

celllinesLiposarcomaFibrosarcomaRhabdomyosarcomaOsteosarcomaFibrosarcomaRhabdomyosarcomaNormal

melanocytesFetal
foreskinNewborn
foreskinAduli

foreskinTarget

cellsDesignation"GM5387

(p 5-8), GM5389 (p 7-10), F135-35-18 (p5)GM5386
(p 5-8), GM5388 (p 8-10), F135-60-86 (p14)F

135-72-29 (p 6), O-20-69 (p12)Hs74WI-38

(p20-25)Hs27
(p 12-16), Hs68 (p16-26)LUI

(p 4), LU-PA (p 3), LU-RU (p7)SK-AH
(p 2-4), SK-MA (p 2), SK-HO (p2-3)KID1

(p 3), KID2 (p 3), KID3 (p4)BRI
(p 1-3), BR2 (p 2-3), BR3 (p1)BR4

(p 2), BR5 (p 2), BR6 (p1)BR5
(p 2), BR6 (p2)BM8
(p 1-3), BM9 (p1-3)BC1

(p 2), BC2 (p 2), BC3 (p 4), BC4 (p3)RCC1
(p3-4), RCC2 (p4)SW872Hs913THs729TE-85,

HOS,A2394HT-
1080.8387RDFSI

(p10)FS234
(p 13-15), FS257 (p7-10)FST

(p 2)Cell

surface reactivity(titer1)mAb

F19 ControlIgGI12501Â«1250125012501250125012501250250-1250250-1250250-12501250250250-1250250-1250125025025050_-1250250-12501250

" For short-term cultures of normal cells, the passage numbers (p) of the test cultures are listed in parentheses. BRI/BC1, BR2/BC2, BR3/BC3, and BR4/BC4 are paired fibroblast

cultures derived from histologically normal breast and breast cancer tissues, respectively, of the same four patients.
h Serial 5-fold dilutions of F19 hybridoma tissue culture supernatant (starting dilution, 1:2) or unrelated negative control mouse IgGI (stoning concentration, 5 (Â¿g/ml)were tested

by MHA assay on viable target cells. Numbers in the body of the table refer to the highest mAb dilutions giving positive reactions (i.e., rosette formation) with the target cells; -, no

reactivity at the highest concentration of mAb tested.
' For all mAb F19 reactive cell types listed, antigen expression was detected on >95% of cells within the test cultures as determined microscopically by the fraction of target cells

showing rosette formation with MHA indicator cells (19).
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FIBROBLAST ACTIVATION PROTEIN FAP

acetone (4Â°C,10 min). MAbs were used at 10-20 fig/ml, and the avidin-biotin

immunoperoxidase procedure was performed as described before (4, 6, 20).

RESULTS

FAP Expression in Cultured Normal Fibroblasts

Short-term cultures of normal human fibroblasts derived from adult

(skin, breast, kidney, bone marrow), newborn (foreskin), fetal (skin,
lung, kidney, bone marrow), or embryonic tissues (lung) or from the
stroma of epithelial cancers (breast, kidney) express cell surface FAP
as determined by MHA (Table 1) and radiobinding assays (Fig. 1). No
discernible differences in FAP levels distinguished fibroblasts derived
from FAP" (adult skin, breast, kidney) and FAP+ tissues (breast

cancer stroma) or fibroblasts of fetal and adult origin. Additional
radiobinding assays showed that Hs27 and Hs68 normal foreskin
fibroblasts, grown to confluence and maintained in low-serum media

for up to 10 days to achieve growth arrest, continued to express
significant levels of FAP (>75% of binding in serum-supplemented

cultures). Similarly, immunoprecipitation tests with metabolically la
beled, growth-arrested normal Hs27 fibroblasts showed continued

FAP synthesis (see below). Unlike cultured normal fibroblasts, epi
thelial cancer cell lines are FAP~, and melanoma cell lines show

variable FAP expression (Fig. 1).

FAP Expression in Transformed Mesenchymal Cells

SV40-transformed Fibroblasts. The effect of SV40 transforma

tion and immortalization on FAP expression was studied in several
cell lines (Fig. 2). We found that the SV40-transformed and immor
talized W18-VA2 fibroblasts express far lower levels of FAP than the
parental normal WI-38 fibroblasts. Similarly, HAL and AR5, two

immortalized lines derived from normal bone marrow fibroblasts
transformed with SVtsA58, an origin-defective SV40 genome encod
ing a heat-labile large T-antigen, express lower levels of FAP than the
nontransformed bone marrow fibroblasts. When temperature-sensi
tive, transformed HAL and AR5 cells were grown for 24-72 h at the
nonpermissive temperature for large T-antigen function, FAP expres

sion remained unchanged at the same low level.
Sarcoma Cell Lines. We used MHA (Table 1) and radiobinding

assays to identify FAP+ and FAP" sarcoma cell lines, including the

FAP high-expressor line SW872, osteosarcomas TE-85 and HOS,
which express moderate levels of the antigen, and HT-1080, which is

125

100 -

Eo.u
M

e
C

e
3
o
m

Normal fibroblasts
SV40-transformed

fibroblasts

25 -

WI-38 W18 Hs27 Hs68
-VA2

35Â° 39Â°

HAL

35Â° 39Â°

Iâ€”AR5â€”I

Fig. 2. FAP cell surface expression on cultured normal fibroblasts and SV40-trans-

formed, immortalized fibroblast cell lines determined by radiobinding assays with mAb
FI 9. Assays were carried out as described in Fig. 1, except that parallel cultures of HAL
and AR5 were grown either at the permissive temperature (35Â°C)for large T-antigen
function or at the nonpermissive temperature (72 h at 39Â°C)prior to binding assays.

FAP". Further tests were carried out with subclones of HOS that differ

in their growth characteristics (13, 14). The parental HOS cells show
low saturation density in vitro and are not tumorigenic in nude mice.
In contrast, the subclone KHOS/NP. derived from HOS by transfor
mation with the v-Ki-ros oncogene, and subclone MNNG/HOS, de

rived from HOS by mutagenesis with MNNG, grow to high densities
in vitro and are highly tumorigenic in mice; two nontumorigenic
revenants of KHOS/NP, designated KHOS/240S and KHOS/312H,
have also been derived. Radiobinding assays showed that the tumor
igenic lines KHOS/NP and MNNG/HOS are FAP", whereas the non

tumorigenic revenants KHOS/240S and KHOS/312H reexpress FAP
at levels similar to the parental HOS cells.

Biochemical Characterization of FAP in Normal and

Transformed Mesenchymal Cells

Fibroblasts. FAP expression in the Hs27 and GM5387 normal

fibroblasts was examined by immunoprecipitation tests with NP40
extracts of cultures metabolically labeled with Trans35S-label or [3H]-

Fibroblasts

Fig. I. Cell surface expression of FAP on cul
tured fibroblasts, carcinoma, and melanoma cell
lines determined by radiobinding assays with mAb
F19. Fibroblasts were obtained from normal adult
skin (strains SK-AH. SK-MA, SK-HO), adult

breast (BRI, BR2), adult kidney (KID1), adult
bone marrow (BM8, BM9). fetal skin (GM5386.
GM5388). fetal lung (Fl 35-35-18, GM5387). fetal
kidney (F135-72-29. O-20-69). breast cancers

(BC1, BC2), or kidney cancer (RCC1). Cells plated
in Falcon 3047 multiwell plates (1 X 10* cells/
well) and cultured for 24 h at 37Â°Cin a humidified

chamber (95% air/5% CO2) were tested with
mAb FI 9 or negative control mouse IgGl, fol
lowed by I23l-rabbil anti-mouse immunoglobulin
( ' 25I-amIg). After extensive washing, bound radio
activity was removed with SDS buffer (2% SDS-
Tris-HCI 10 mm. pH 7.2) and assayed in a gamma

counter. Specific binding data [cpm bound in F19
wells minus cpm bound in negative control wells
(Bound I25l-a:mlg)) are shown for representative
experiments; nonspecific binding was <2 X 10^ in

all assays.

Normal adult Fetal Can Epithelial cells Melanomas

IB PQ 2 WOTSOJOTIOTOTI S

CO CO CO

U U U U U i

rloo-oXe

75^a "Â»â€¢¿�uDOe0_i_

50 -
nMâ€¢oCo

25-mn

-Ih..
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FIBROBLAST ACTIVATION PROTEIN FAP

Fig. 3. Immunoprecipitation analysis of FAP in
cultured fibroblasts derived from normal and can
cer tissues. Cell extracts or cell-free culture super-

natants (SN) were tested with mAb F19 ( + ) or
negative control mouse IgGl (-). A. lanes 1 and 2,

tests with Hs27 newborn foreskin fibroblasts,
which were grown in MEM-0.5%FBS for 7 days
prior to metabolic labeling with Tran-"S-label;

lanes 3-12, tests with GM5387 fetal lung fibro
blasts. either metabolically labeled with Tran35S-
label (Tran-"S), surface Â¡odinatedby the lactoper-
oxidase method (12?I-surface), or metabolically
labeled with ['H]glucosamine I'H-GlcNHi); in ad
dition, the Con A-bound fraction of Tran-vsS-la-

beled GM5387 cultures was tested. B, comparison
of FAP proteins immunoprecipitated from cultured
fibroblasts derived from paired samples of normal
and cancerous tissues of the same patient. Immu-
noprecipitates were separated on SDS-gels under

reducing conditions, except for one experiment run
under nonreducing (non-red) conditions. Far right
lane, size of FAP proteins as determined with mo
lecular size markers.

A. Fetal/newborn fibroblasts
Tran35S 3H-GlcNH2

1251

Hs27

l '"l i l
GM5387 surface reduced non-red

SN
ConA*

mAb F19: -+ â€”¿�+â€” + â€”¿�+ - + - +

Z - Â£ i
-p105
-p95
-p81

B. Breast
fibroblasts

r
normal cancer

glucosamine (Fig. 3/4). These assays revealed two major protein spe
cies of M, 95,000 (p95) and M, 105,000 (pl05), respectively, with an
additional band of Mr 81,000 (p81 ) seen in some experiments; the
same protein species were also obtained from i^I-labeled NP40 ex

tracts. The p95 and p 105 protein species, but not p81, were observed
when intact fibroblasts were surface labeled with 125Iprior to extrac

tion, indicating that only p95 and p 105 are exposed on the cell surface.
SDS-gels run under reducing and nonreducing conditions produced

identical protein patterns, with no evidence for intermolecular or
intramolecular disulfide bonds. FAP was not detected in the spent
media of metabolically labeled fibroblast cultures, even when highly
concentrated, Con A-bound fractions were tested. Immunoprecipita
tion tests with additional normal fibroblast strains (GM series, WI-38,
Hs68, F-SK-AH; Table 1) showed uniform p95/pl05 expression in

these cells. Tests with paired fibroblast cultures derived from normal
breast tissues (FAP" in vivo) and cancerous breast tissues (FAP+ in

vivo) of three individuals showed comparable levels of p95 and p 105
expression (Table 1, Fig. 3B), consistent with in vitro FAP induction
in the normal breast-derived fibroblast cultures.

SV40-transformed Fibroblasts. The SVtsA58-transformed fibro
blast clones HAL and AR5 grow as immortalized cell lines at 35Â°C,

the permissive temperature for large T-antigen function, but stop pro
liferating at 39Â°C,the nonpermissive temperature. Radiobinding as

says showed low levels of cell surface FAP expression on these cells
at either temperature (Fig. 2). Metabolic labeling and immunoprecip-

HAL

35Â°C 39Â°C

VLA

p95-

mAb: -

F19 AJ2 F19 AJ2

Fig. 4. Immunoprecipitation analysis of FAP and VLAÃŸl-integrin expression in SVt-
sA58-transformed HAL cells grown at either the permissive (35Â°C)or nonpermissive
temperature (39Â°C)for large T-antigen function (39Â°C),respectively. Cells were grown at
the indicated temperatures for 48 h prior to metabolic labeling with Tran"S-label for 24
h. Extracts were tested with ( + ) or without mAb F19 (-) or with mAb AJ2 (anti-VLAÃŸl),
and immunoprecipitates were separated on SDS-gels under reducing conditions. The

positions of FAPa (p95) and the VLAÃŸlproteins are indicated.

itation tests confirmed these findings, showing low levels of p95 and
lack of p 105 expression at the permissive and nonpermissive temper
atures (Fig. 4).

Sarcomas. Extracts of metabolically labeled sarcoma cell lines
SW872, HOS, A2394, and Hs913T, which are FAP+ in MHA and

radiobinding assays, were used for immunoprecipitation tests with
mAb F19. The p95 subunit of FAP was detected in each of these cell
lines, with no evidence of p 105, as illustrated in Fig. 5 for SW872
cells. No FAP was found in SW872 culture supernatants. When intact
SW872 cells were surface labeled with 125Iprior to extraction, only

p95 was detected; however, when SW872 cells were first solubilized
with detergent and the extracted proteins labeled with 125I, both p95

and p81 were identified. This pattern suggests that only p95 is exposed
on the cell surface. Since p81 carries the epitope defined by mAb F19
(see below) and is labeled with [3H]glucosamine, it may be a partially

glycosylated precursor of p95.
Lectin chromatography showed that FAP derived from fibroblasts

or SW872 sarcoma cells binds to Con A (Fig. 5A) and wheat germ
agglutinin. Digestion of p95 derived from SW872 with endoglycosi-

dase H, an enzyme that catalyzes the hydrolysis of the chitobiose core
of high mannose and certain hybrid oligosaccharides, yielded an M,
92,000 protein species, and neuraminidase digestion produced an M,
89,000 species. W-Glycanase, which cleaves all N-linked oligosaccha-

ride side chains, produced an Mr 75,000 species, p75 (Fig. 5fi).
O-Glycanase, which cleaves all O-linked oligosaccharides, had no
effect on the electrophoretic mobility of p95 on SDS-gels. These

results suggest that p95 comprises a p75 polypeptide, with sialylated,
N-linked carbohydrate side chains but no evidence of O-glycans.

p95 and p 105 Subunits of FAP Are Antigenically and

Biochemically Distinct

Immunoblot analysis of cultured fibroblasts and SW872 was used
to determine which FAP subunits are recognized by mAb F19. As
shown in Fig. 6, mAb F19 reacts with p95 and p81 in fibroblast and
sarcoma cell extracts but not with the p 105 subunit present in fibro
blast extracts. To define the relationship between p95 and pl05, we
purified p95 and p 105 from 125I-labeled fibroblast extracts by immu

noprecipitation with mAb F19 and excision of specific bands from
SDS-gels. Isolated p95 and p 105 proteins were digested with Staphy-

lococcus aureus V8 protease, and the resulting peptides were sepa
rated on a 15% SDS-gel and detected by autoradiography. These

experiments showed that p95 and p 105 have unique peptide maps
(Fig. 7). Taken together with the fact that only p95 is recognized by
mAb F19 in immunoblot experiments, these observations suggest that

3330

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/5

3
/1

4
/3

3
2
7
/2

4
5
1
0
9
7
/c

r0
5
3
0
1
4
3
3
2
7
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



FIBROBLAST ACTIVATION PROTEIN FAP

A. SW872 Sarcoma B.

Fig. 5. Immunoprecipitation analysis of FAP in
SW872 liposarcoma cells. Cell extracts were tested
with mAb F19 ( + ) or negative control mouse IgG 1
(-). A, SW872 cells labeled by one of the following
methods: surface labeling of intact cells by the lac-
toperoxidase method (I25I surface). '"I labeling of

NP40-solubilized cell extracts by the chloramine T
method (I25l-lysate), or metabolic labeling with
Tran35S-label (Tran"S) or [3H]glucosamine (3H
GlcNH2). For Tran15S-labeled extracts, unfraction-
ated (total). Con A-bound (Con A+), and Con A-
unbound (Con A~) fractions were tested. B. FAP

proteins immunopurified from Tran"S-labeled

cells digested with endoglycosidase H (EndoH) or
N-glycanase (N-glc) prior to SDS-gel electrophore-

sis.

125Isurfacei

u
mAbF19: - +:

:.) ||lysate

totaluTran35S|

3H
Con A- ConA+GlcNH2II

II II I

Enzyme

-p95
-p81

p95 and p 105 are distinct proteins, possibly encoded by separate
genes, which associate on the surface of certain cell types through
noncovalent, non-disulfide bonds.

FAP Expression in Cultured Melanocytic and Neural Cells

Melanocytic Cells. Four independently derived cultures of normal

skin melanocytes were tested by MHA assays for FAP cell surface
expression (Table 1). FAP was detected on fetal (FSI), newborn
(FS234, FS257), and adult (FST) melanocytes. Immunoprecipitation
tests with metabolically labeled FS234 and FS257 cultures revealed
the presence of p95 and p 105 (Fig. 8). To determine the effect of
oncogenic transformation on FAP expression in melanocytic cells, we
examined normal melanocytes infected with a retrovirus containing
the viral Ha-ras oncogene (11). The derived cell line, lOWras/early,

shows reduced growth factor dependence, forms colonies in soft agar,
but is nontumorigenic in mice. These cells express reduced levels of
FAP in MHA assays and, in immunoprecipitation tests, show p95 but
no pl05 expression (Fig. 8). The 1OWras/early cells, after serial
passaging in culture for several months, have given rise to a fully
transformed melanocyte line, lOWrai/late. 1OWrai/later cells are
characterized by aneuploidy, specific chromosome abnormalities,
growth factor-independent growth in vitro, and tumorigenic potential

in nude mice. These cells show no detectable FAP in either MHA or
immunoprecipitation assays (Fig. 8). This stepwise loss of p 105 and

nl fib SW872
n

+ - + -

-p95

-p81

p95 during experimental melanocyte transformation in vitro is antigen
specific since lOWras/early and lOWras/late cells continue to express
melanocyte antigens such as VLAÃŸland HLA class I and have been
shown previously to express elevated levels of other proteins and
glycolipid antigens (11).

MHA, radiobinding, and immunoprecipitation assays were used to
examine FAP expression in nine melanoma cell lines. One melanoma
line was strongly FAP+, five lines showed moderate or low levels of
expression, and three lines were FAP~. In immunoprecipitation tests

with the FAP+ lines, only p95 was detected (Fig. 8ÃŸ).

Variant Neuroblastoma Cells. Typical neuroblastoma cells with

neuroblastic features lack FAP expression. However, some neuroblas
toma cell lines transdifferentiate into glial/melanocytic or ectomesen-
chymal, S-type cells in vitro (9, 27). These S-type cells commonly

show reduced proliferative potential and low tumorigenicity and may
express FAP (9), as illustrated in Fig. 9 for SH-EP, a cloned derivative
of the FAP- neuroblastoma cell line SK-N-SH. SH-EP expresses low

levels of the endogenous N-MKC protooncogene, but Schweigerer et
al. (12) have generated SH-EP subclones with enhanced expression of
an exogenous N-MYC gene (12), WAC2 and EXPII, which are less

dependent on exogenous growth factors and show increased tumori
genicity in nu/nu mice. Immunoprecipitation tests showed that WAC2
(Fig. 9) and EXPII cells lose FAP expression but continue to express

F135-35-18 Fibroblasts

p105 p95

V8 protease (ng) Mr (kD)

0 5 25 35 50 0 5 25 35 50 200
, ^97.4
I- 68
I-43

Fig. 6. Immunoblot analysis of FAP proteins in extracts of cultured normal fibroblasts
(nl fib) and SW872 sarcoma cells. Cell extracts were separated on SDS-gels. transferred

to nitrocellulose sheets, and tested with mAb FI9 ( + ) or unrelated negative control mouse
IgGl (-) using the alkaline phosphatase detection assay.

3331

Fig. 7. One-dimensional peptide maps of '"[-labeled, immunopurified p 105 (left) and

p95 subunits (right) of FAP. Aliquots of p 105 and p95 were digested with different
amounts of 5. aureus V8 protease as indicated, separated on a 15% SDS-gel. and detected

by autoradiography. Far right lane, positions of molecular size markers run on the same
gel.
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FIBROBLAST ACTIVATION PROTEIN FAP

Fig. 8. Immunoprecipitation analysis of FAP in
normal and transformed melanocylic cells. A. short-

term culture of normal melanocyte strain FS257
(passage 8), early-passage Ha-ras-transformed
melanocytes (lOWras/early, passage 33), and late-

passage, fully transformed melanocytes UOWras/
late, passage 134) tested with mAb F19 ( + ), neg
ative control mouse IgGl (-), or mAb AJ2 (anti-

VLAÃŸl). ÃŸ.immunoprecipitation tests with four
melanoma cell lines showing FAP expression in
radiobinding assays.

A. Melanocytes

10Wras

FS257 early late

p105 -

p95 -

I'
ll)
CM
CO

mAb: , â€”¿�+ â€”¿�+

B. Melanomas
to

MEL-187 MEL-198 MEL-173 MEL-178
"l T ~|

F19

VLA

p95-

AJ2 F19

several other cell surface proteins of S-type cells (9), such as HLA
class I and VLAÃŸl-integrins.

FAP Expression in Vivo

Immunohistochemical methods were used to detect FAP expression
in paired samples of normal and neoplastic breast tissues obtained
from five patients, in normal skin, and in melanocytic tumors. We
confirmed that normal breast tissues are FAP~ and that breast cancer

stroma shows abundant FAP' reactive fibroblasts (Fig. 10A-O); in

cluded in this analysis were two of the paired samples of normal and
neoplastic breast tissues used to establish the fibroblast cultures de
scribed above. Tests with a large number of fetal (8 weeks gestational

SH-EP WAC2

01

O LL

CM
CO

CO CM

Ãœ

O)

LL

CM
CO

CO CM

i VLA

- p95

HLA
class I

Fig. 9. Immunoprecipitation analysis of FAP, HLA class I, and VLAÃŸl-integrin ex
pression in S-type neuroblastoma cell line SH-EP and in the SH-EP subclone, WAC2,
expressing elevated levels of N-AÃ•YCprotooncogene. Tests were carried out with negative
control mouse IgGl (C). mAb F19, mAb W6/32 (anti-HLA class I), and mAb AJ2
(anti-VLAÃŸl).

age to full term) and adult skin samples obtained from multiple body
sites failed to detect FAP in either normal melanocytes or dermal
fibroblasts, whereas positive control experiments with mAb TA99
(18) showed the expected melanocytes labeling. (A detailed account
of these studies will be presented elsewhere.) We examined three nevi
for FAP expression, including one intradermal nevus and two com
pound nevi, and the intradermal nevus showed homogeneous FAP
immunoreactivity (Fig. 10E). Work is in progress to determine the
frequency of FAP expression in a larger series of benign and prema-

lignant melanocytic lesions. Of 20 malignant melanomas tested, none
showed FAP immunoreactivity (Fig. 10F).

DISCUSSION

FAP induction in reactive fibroblasts of healing wounds and cancer
stroma in vivo (5, 6) suggests that the molecule may be part of a
proliferative program of fibroblastic cells, and FAP induction in pro
liferating, cultured fibroblasts derived from FAP~ normal tissues is

consistent with this idea. However, the present study clearly shows
that FAP expression is not merely a secondary phenomenon in pro
liferating fibroblasts. For example, growth arrest of FAP+ normal

fibroblasts in low-serum media does not lead to loss of FAP expres
sion, and rapid growth of SV40-transformed fibroblasts is accompa

nied by decreased rather than increased FAP levels. Furthermore,
normal fibroblasts transformed and immortalized with SVtsA58, an
origin-defective SV40 genome encoding a temperature-sensitive large
T-antigen (15, 16), show low levels of FAP at both the permissive
temperature for large T-antigen function, when the cells divide rapidly,

and the nonpermissive temperature, when the cells are no longer
capacitated for growth in serum-supplemented media and stop prolif

erating.
The analysis of established sarcoma cell lines confirmed that FAP

expression in transformed mesenchymal cells is not uniformly high, as
might be expected for a secondarily growth-regulated molecule (10,

28); instead, antigen levels range from high (e.g., liposarcoma
SW872) or intermediate (e.g., osteosarcoma TE-85) to undetectable
(e.g., fibrosarcoma HT-1080). Furthermore, TE-85 subclones super-
transformed with v-Ki-ras or MNNG (13, 14) and revenants of v-Ki-
rai-transformed TE-85 cells revealed reciprocal changes for FAP ex

pression and in vitro growth or tumorigenicity in athymic nu/nu mice.
Thus, parental TE-85 cells are FAP+, grow to low saturation density

in vitro, and are nontumorigenic. In contrast, TE-85 cells transformed
with \-K\-ras or MNNG are FAP~, grow to high density in vitro, and

are highly tumorigenic; FAP is reexpressed in slow-growing, nontu
morigenic revenants of the v-Ki-ras-transformed TE-85 subclones.
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FIBROBLAST ACTIVATION PROTEIN FAP
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Fig. 10. Immunohistochemical detection of FAP in normal and neoplastic tissues. A, normal breast tissue tested with mAb F19; no immunostaining. B, primary breast cancer tested
with mAb F19; immunostaining of reactive stromal fibroblasts but not malignant epithelial cells. C and D, invasive breast cancer infiltrating the dermal layer of breast skin (C) and
adjacent area of normal skin (D) showing prominent induction of FAP immunoreactivity in the reactive stromal fibroblasts of the malignant lesion. E, intradermal nevus with uniform
FAP immunostaining of the nevus cells. Avidin-biotin immunoperoxidase staining with hematoxylin counterstaining. Negative control experiments with unrelated mAbs were included

in all assays (not shown) and did not produce immunostaining. Original magnifications: A. B, and D, X 100; C, E, and F, X 200.

Confirming this reciprocal pattern, the fibrosarcoma line HT-1080 is
FAP", grows to high density in vitro, and is highly tumorigenic (29),

whereas the liposarcoma line SW872 is FAP+, attains low density in

vitro, and is poorly tumorigenic.
The present study identifies two biochemically distinct forms of

FAP expressed in disparate cell types. Normal fibroblast FAP com
prises two subunits, p95 (referred to as a-subunit, FAPa) and p 105
(ÃŸ-subunit,FAPÃŸ),which are linked by noncovalent, non-disulfide

bonds. We show that FAPa is the subunit recognized by mAb F19.
FAPÃŸis not recognized by this mAb but, instead, is detected by virtue
of its association with FAPa. The a-subunit was found to comprise a

Mr 75,000 polypeptide and a significant amount of sialylated, fl
unked oligosaccharides, with no evidence of O-glycans. FAPÃŸis
glycosylated, as shown by [3H]glucosamine labeling, but its carbo

hydrate content has not yet been determined. Both FAPa and FAPÃŸ
can be labeled with 125I on intact cells, indicating that they are

exposed on the cell surface. In contrast, the p81 species, which is seen
in immunoprecipitation and immunoblot experiments with mAb F19,
is not labeled on intact cells, suggesting that it is a partially glycosy
lated, intracellular precursor of FAPa. Since FAPa and FAPÃŸare
antigenically distinct and show different peptide maps, they are prob
ably distinct proteins, possibly encoded by separate genes. Unlike
cultured normal fibroblasts, SV40-transformed fibroblasts and FAP+

tumor cell lines express only FAPa, without detectable FAPÃŸ.

We have previously reported that a subset of cultured melanoma
and neural tumor cell lines and cultured leptomeningeal cells, all of
which originate from the neural crest, express FAP but that the cor
responding tissues are FAP~ in vivo (5-7, 9). The present study ex

tends these observations by showing that normal skin melanocytes
cultured in the presence of FGF and TPA express FAP and by iden
tifying FAP+ melanocytic cells in an intradermal nevus. Thus, FAP

expression in melanoma cell lines may not be a simple tissue culture
artifact or related to their transformed phenotype. Instead, FAP may be
part of a physiological, adaptive program of normal melanocytes that
is induced by tissue culture factors. A similar adaptive response may
be induced in some, but not all, melanomas grown in tissue culture.
Whether FAP is expressed in vivo during specific stages of normal
neural crest development, e.g., in fetal melanoblasts or melanocyte
precursors migrating from the neural crest to the skin, remains to be
determined, and identification of FAP homologues in species with
well-studied neural crest pathways (30, 31 ) may open up this line of

investigation.
Similar to our findings for normal and transformed mesenchymal

cells, we show that cultured normal melanocytes express FAPa/ÃŸ,
whereas malignant melanoma cell lines are FAP" or express only the

a-subunit. Furthermore, in a two-step, in vitro model of melanoma
pathogenesis in which v-Ha-ras transformation of normal cultured

melanocytes leads to partial growth factor independence (32), and
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HBROBLAST ACTIVATION PROTEIN FAP

subsequent chromosomal abnormalities lead to a fully transformed
phenotype (11, 32), we observed successive stages of FAP loss. The
early-passage, v-Ha-raj-transformed melanocytes, which grow as
long-term cell lines but remain TPA dependent and are nontumori-

genic in nu/nu mice, retain expression of FAPa but lose the associated
ÃŸ-subunit.Upon long-term culture, these cells acquire chromosomal

abnormalities typical for malignant melanoma, become TPA indepen
dent and tumorigenic. and lose FAPa expression. Loss of FAP is not
the only surface antigenic change observed during melanocyte trans
formation. For example, previous studies with human and murine
melanocytes have demonstrated the loss of adenosine deaminase-
binding protein and reduced expression of the c-kit product following
transformation (11, 32-34). Conversely, transformed melanocytes

show enhanced expression of antigens such as GD1 ganglioside, MHC
class II, and epidermal growth factor receptors (11, 32).

The physiological role of FAP in melanocytes or reactive fibroblasts
is still unknown, but it can be compared to other known fibroblast and
melanocyte antigens. For example, a large number of cell surface
receptors for soluble ligands, ECM proteins, and cell adhesion mol
ecules are expressed in cultured fibroblasts and melanocytes, includ
ing several integrin-type ECM receptors (35), and receptors for plate
let-derived growth factor (36), transferrin (28), epidermal growth

factor (37), fibroblast growth factors (38), hepatocyte growth factor
(39). Several of these receptors show a multisubunit structure, but they
clearly differ from FAP biochemically and in tissue specificity.

Findings for the high-affinity IL-2R of T-lymphocytes (40) may
provide a precedent for certain properties of FAP. Like FAP, IL-2R
was first described as an activation antigen, namely, the T-cell acti
vation antigen Tac. Resting T-cells are IL-2R but become IL-2R4

after specific antigen binding or T-cell antigen receptor cross-linking;
IL-2R on these cells comprises distinct a- and ÃŸ-subunitsencoded by
separate genes. Activated IL-2R+ T-cells fail to proliferate unless

stimulated by a second signal, which is provided by exogenous IL-2.
While the IL-2/IL-2R system is essential for normal T-cell prolifera
tion, only a subset of T-cell leukemias and lymphomas is IL-2 depen
dent, and neoplastic T-cells may express high levels of IL-2Ra/ÃŸ,or
lack IL-2R, or express individual receptor subunits (40, 41). It is

tempting to speculate that the conversion of resting fibrocytes to
activated, proliferating fibroblasts also occurs in discrete steps, each
triggered by distinct signals. The first signal may cause FAP~ fibro

cytes to enter a program of activation that includes de novo synthesis
of FAPa/ÃŸ but does not by itself cause proliferation. While these
FAP4 fibroblasts may be capacitated for cell growth, they will only

divide in response to a second signal, which may be provided by
known mitogenic peptides or by as yet undefined factors. Conceiv
ably, FAP itself may act as a receptor for such a putative second signal.
This model could explain why fibroblasts retain their FAPa+/ÃŸ+

phenotype in the absence of cell proliferation, since growth arrest in
serum-depleted media or at confluence is reversible and does not alter
the growth-capacitated state of the cells. Conversely, FAP expression
may be down-regulated if its normal function is obviated by activation

of cytoplasmic or nuclear oncogene products that render the malignant
cells independent of extrinsic, growth regulatory signals.
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