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Introduction
Perturbations of signaling pathways controlling cell
proliferation, such as pathways regulated by the EGF
and TGF-β ligand superfamilies, are often associated
with cell transformation and malignant tumors. Many
components of these two pathways, which include src,
ras, EGFR, HER-2, Smad2, Alk4, TGF-βRII, and
PDGFR, have been identified as oncogenes and/or

tumor suppressors and have been actively pursued as
drug targets (1). Success in the clinic with therapeutics
that modulate cell signaling pathways has been docu-
mented with mAb’s against HER-2 (trastuzumab, Her-
ceptin; Genentech Inc., South San Francsico, Califor-
nia, USA) and EGFR (IMC-C225) (for review see ref. 2),
as well as with small-molecule inhibitors of PDGFR
tyrosine kinase activity (3). These successes highlight
the importance of studying signaling molecules
known to be perturbed in cancer and evaluating them
as therapeutic intervention points.

Cripto, a glycosylphosphatidylinositol-linked (GPI-
linked) membrane protein, is overexpressed in 75–80%
of human breast, colon, and lung cancers, as well as
50–60% of testicular, stomach, pancreatic, and ovarian
cancers (4). In addition, the level of Cripto expression
increases with the degree of dysplasia in several of
these cancers. In vitro, Cripto exhibits many properties
of an oncogene, including transformation of immor-
talized cells, induction of cell migration, and stimula-
tion of branching morphogenesis (4). Furthermore,
antisense inhibition of Cripto expression in colon can-
cer cells inhibits their growth in soft agar and their
tumor-forming potential (5). Evidence in vivo that
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Cripto overexpression induces tumor formation
comes from studies of MMTV-Cripto transgenic mice
that overexpress Cripto in the mammary gland. Hyper-
plasias are seen in these mice, and papillary carcino-
mas develop in aged, multiparous animals (C. Wech-
selberger and D. Salomon, unpublished observations).

Genetic experiments in mice and zebrafish defined
Cripto as a coreceptor for Nodal, a TGF-β family lig-
and (6–10). Cripto-dependent Nodal signaling is
required for early embryogenesis, and signaling
depends on the Activin type II serine/threonine kinase
receptor (ActRII) and the Activin type I serine/threo-
nine kinase receptor (Alk4), which, once activated,
phosphorylate the downstream transcriptional coac-
tivator Smad2 (11–13). Human Cripto is the original
member of the EGF-CFC family of proteins defined
by two conserved adjacent functional motifs: a variant
EGF (“EGF-like”) domain and a unique cysteine-rich
domain, the CFC domain (named for Cripto, FRL-1,
and Cryptic). Site-directed mutagenesis experiments
demonstrated that Cripto binds to Alk4 through its
CFC domain to facilitate signaling through the Smad
pathway (12, 14). Our group has previously shown
that fucosylation of Cripto at a unique glycosylation
site within the EGF-like domain is essential for Nodal
signaling (15), and mutations in the EGF-like domain
have been shown to disrupt Cripto-Nodal interactions
(12). Although these experiments have characterized
Cripto-Nodal signaling in the embryo, they do not
necessarily predict Cripto’s function in cancer. Nodal
expression is predominantly embryonically restricted,
raising the question of whether Cripto could be mod-
ulating other TGF-β family members in adult tissues.

The role of TGF-β family members as tumor sup-
pressors and promoters in cancer is well documented
(16–19). In normal tissue, TGF-β plays a tumor-sup-
pressive role, but during tumorigenesis, TGF-β pro-
motes tumor progression as changes in its expression
and decreased cellular response to TGF-β favor its
oncogenic properties (19). Furthermore, recent
reports have shown positive effects of blocking the
TGF-β pathway as a potential therapeutic approach
for the treatment of breast cancer (20, 21). Like TGF-β,
Activins, which consist of dimers of β subunits (βA or
βB), are reported to be tumor suppressive for breast,
liver, and kidney cells (18). In prostate cancer, reduced
ActRII expression is correlated with malignant pro-
gression (22), and in pancreatic cancer, mutations in
Alk4 have been reported (23). Resistance to Activin-
induced growth suppression in some breast epithelial
cell lines has been attributed to downregulation of
either ActRII or Alk4, or loss of Smad4 expression
(24). Thus, alterations in Activin receptor function
that result in loss of response to Activin may be an
important early step in tumorigenesis.

In the present study, we investigated Cripto’s role in
modulating signaling by TGF-β family ligands in cancer
cells using mAb’s specific to different domains of Crip-
to, and we investigated whether functional blockade of

Cripto could inhibit tumor cell growth in vivo. Because
Activin, like Nodal, utilizes ActRII and Alk4 to signal
through the Smad pathway, we examined whether Crip-
to could modulate Activin signaling via its interaction
with Alk4. We present evidence that Cripto can antago-
nize Activin B–induced growth suppression, but not
Activin A–induced growth suppression, in breast cancer
cells by directly interacting with Activin B. Furthermore,
Cripto’s antagonism of Activin B (Act B) can be reversed
by an anti–CFC domain Cripto antibody that blocks
Cripto-Alk4 binding. These data suggest a novel Cripto-
dependent mechanism for deregulating cell growth
homeostasis that could promote tumorigenesis. More-
over, we present evidence for Nodal expression in fully
transformed testicular and colon cancer cell lines, and
evidence that antibodies to both Cripto EGF and CFC
domains will block Nodal signaling in these cells. Final-
ly, we demonstrate that a Cripto anti–CFC domain anti-
body, which can disrupt both Cripto-Nodal signaling
and Cripto–Act B interactions, inhibits the growth of tes-
ticular and colon cancer xenograft models in vivo, and
we highlight blockade of Cripto function through its
CFC domain as a therapeutic intervention point.

Methods
Production and screening of anti–human Cripto mAb’s.
Experimental procedures involving the use of animals
were approved by the Biogen Institutional Animal Care
and Use Committee. Mice were immunized intraperi-
toneally with 25 µg of recombinant human Cripto (hCr)
expressed as a human IgG1 Fc fusion protein (Cr-hFc)
with incomplete Freund’s adjuvant (Invitrogen Life
Technologies, Carlsbad, California, USA) administered
intraperitoneally at a different site and boosted three
times. Mice were boosted intraperitoneally with 100 µg
Cr-hFc 3 days before fusion and boosted intravenously
with 100 µg Cr-hFc 1 day before fusion. Mouse spleen
cells were fused with FL653 myeloma cells at a ratio of
one spleen cell to six myeloma cells and plated into 96-
well plates in selection media. Hybridoma supernatants
were initially screened by flow cytometry for binding to
cell surface–expressed Cripto on human tumor cell
lines, including NTERA (embryonic carcinoma),
NCCIT (testicular), and SiHa (cervical). Classification
of mAb’s into distinct groups was based on their reac-
tivity in an ELISA assay to different domains of hCr
expressed as hFc fusion proteins: Cr-hFc (amino acids
1–169), CrEGF-hFc (amino acids 75–112), and CrCFC-
hFc (amino acids 112–169). Cripto proteins were coat-
ed on 96-well plates for 1 hour at 37°C in 0.1 M
NaHPO4 (pH 9.0) at 0.5 µg/ml, 100 µl/well, and blocked
with PBS/10% donor calf serum. Antibodies diluted in
PBS/0.05% Tween-20 were incubated for 1 hour at
37°C, washed with PBS/0.05% Tween-20, and probed
with anti-mouse HRP-conjugated antibody (Pierce
Chemical Co., Rockford, Illinois, USA). Bound anti-
bodies were detected by 3,3′-5,5′–tetramethylbenzidine,
stopped with 1N H2SO4, and read at 450 nm. None of
these mAb’s bound LTβR-hFc, which was used as a



negative control protein. The mAb’s were further char-
acterized for competition for binding Cr-hFc using Bia-
core technology (Biacore Inc., Piscataway, New Jersey,
USA), and binding to Cripto-specific peptides by ELISA.

Immunohistochemistry. Immunohistochemical local-
ization was performed with anti-Cripto mAb’s
A10.B2.18 (breast and NCCIT) or B3.F6.17 (colon and
GEO) using a VECTASTAIN Elite peroxidase kit (Vec-
tor Laboratories Inc., Burlingame, California, USA).
Mouse IgG was used as a negative control for all sam-
ples. Paraffin sections of colon tumor tissue (Imgenex,
San Diego, California, USA), breast tumor tissue
(Novagen, Madison, Wisconsin, USA), and NCCIT and
GEO tumor cells, passaged once in an athymic nude
mouse, were deparaffinized and rehydrated before
incubation in 1% H2O2/methanol to block endoge-
nous peroxidase. After blocking in 2% goat serum in
PBS, sections were incubated with 2 µg/ml primary
antibody in blocking solution overnight at 4°C. Sec-
tions were treated with biotinylated anti-mouse IgG
then avidin-biotinylated HRP complex. Color was
developed using Vector NovaRED or DAB substrate
kits (Vector Laboratories Inc.). Sections were counter-
stained with hematoxylin. Immunofluorescence was
performed essentially the same way, but using 1% BSA
in PBS as blocking reagent, 2 µg/ml A10.B2.18 or 1E6,
and Cy3-conjugated anti-mouse secondary antibody
at 1:300 (Jackson ImmunoResearch Laboratories Inc.,
West Grove, Pennsylvania, USA).

Protein expression and purification, FACS and signaling
assays. Cr-hFc, CrEGF-hFc, and CFC-hFc were expressed
and purified as described (15). Cripto CFC-hFc (amino
acids 112–169) was generated by PCR amplification and
subcloned as described before (15). FACS analysis was
performed essentially as described before (11). For Alk4
blocking studies, 293 cells were cotransfected with a
plasmid expressing Alk4 with a C-terminal hemagglu-
tinin (HA) epitope tag (Alk4-HA) (gift of M. Whitman,
Harvard Medical School, Boston, Massachusetts, USA)
and a puromycin expression plasmid at a 10:1 ratio to
generate a clonal cell line, as previously described (25).
For blocking, 10 µg/ml of Cr-hFc was preincubated on
ice with 20 µg/ml of mAb before addition to cells. Sig-
naling assays were performed essentially as described
previously (15). Briefly, NCCIT or T47D cells were trans-
fected with 15 ng/well (n2)7-luciferase, 100 ng/well fork-
head activin signal transducer (FAST) transcription fac-
tor, and/or 100 ng/well Nodal expression plasmid (gift
of E. Robertson, Harvard University, Cambridge, Mass-
achusetts, USA) on a 24-well plate. Alternatively, cells
were treated with 25 ng/ml Act B. Antibodies were
added on the first day of transfection and again 24
hours before luciferase reading.

Growth inhibition assays. T47D cells (American Type
Culture Collection, Manassas, Virginia, USA) were
transfected with an ecotropic receptor expression plas-
mid (EcoR; gift of B. Elenbaas, Biogen Inc., Cambridge,
Massachusetts, USA) and selected in RPMI/10% FCS/10
µg/ml insulin containing 100 µg/ml hygromycin. A

polyclonal line of T47D-EcoR that permitted infection
of pBABE-GFP murine leukemia virus (MLV) was
grown out, infected with pBABE-hCr-PURO MLV, and
selected in puromycin media. This oligoclonal line
(T47D-hCr) was analyzed by FACS for hCr expression
with specific anti-Cripto antibodies. Approximately
4,000 cells per well of T47D-EcoR or T47D-hCr were
plated in a 96-well plate in media containing 2% serum
with or without 10 ng/ml Activin A (Act A) or Act B
(R&D Systems Inc., Minneapolis, Minnesota, USA) or
10 µg/ml A8.G3.5. Medium with factors was replaced
daily for 7–8 days. The plate was harvested by addition
of 20 µl/well CellTiter AQueous One solution
(Promega Corp., Madison, Wisconsin, USA), incuba-
tion for 2 hours at 37°C, and reading at 490 nm.

Immunoprecipitations and immunoblots. Cr-hFc (1 µg)
was prebound to protein A-Sepharose in NP40 buffer
and then incubated with 1 µg of Act A or Act B (R&D
Systems Inc.) at 4°C overnight. Immunoprecipitated
protein was washed three times in ice-cold NP40 buffer,
and a portion of the sample was run on a polyacry-
lamide gel and then blotted with either anti–Act A or
anti–Act B mAb’s (R&D Systems Inc.). For antibody
blocking, 1 µg of Cr-hFc was incubated with the indi-
cated amount of antibody prior to binding to protein A-
Sepharose. For the CrEGFmt-hFc experiment, 100 µl of
unpurified cell supernatant from 293 cells expressing
the hFc proteins was prebound to protein A-Sepharose
for 1 hour at 4°C. Then 1 µg of Act B or 1.5 ml of 293
cell supernatant expressing Nodal was added and incu-
bated at 4°C overnight. Nodal was detected using a rab-
bit polyclonal antibody against a Nodal-specific peptide.

For phospho-Smad and MAPK analysis, T47D or
T47D-hCr cells were plated at 4 × 106 cells/ml in 100-
mm dishes. Cells were serum-starved overnight and
incubated with indicated amounts of Act A, Act B, or
EGF for the indicated time. Cells were lysed in NP40
buffer containing protease inhibitors, 1 mM sodium
orthovanadate, and 20 mM sodium fluoride, separated
on a polyacrylamide gel, and blotted onto nitrocellulose.
The membrane was immunoblotted with phospho-
Smad2 antibody or p44/42 MAPK antibody (Cell Sig-
naling Inc., Beverly, Massachusetts, USA) and bound
antibody was probed with peroxidase-conjugated don-
key anti-rabbit IgG antibody (Jackson ImmunoResearch
Laboratories Inc., West Grove, Pennsylvania, USA). For
Cripto analysis in tumor lines, cells were lysed in RIPA
buffer plus protease inhibitors, and 6, 15, and 30 µg of
total protein lysate (CHO, NCCIT, and GEO, respec-
tively) was separated on a10–20% SDS polyacrylamide
gel and transferred to nitrocellulose. The blot was
probed with 0.1 µg/ml A10.B2.18 and detected with
anti-mouse–HRP. Immunoreactivity was revealed using
SuperSignal West Dura Substrate (Pierce Chemical Co.).

Biacore studies. Cr-hFc and LTβR-hFc were immobi-
lized by standard amine coupling to CM5 sensor
chips (Pharmacia Biosensor AB) (26), and Act A or
B at 5 µg/ml was then captured in HBS buffer (10
mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.005%
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Biacore surfactant P20, pH 7.4; Biacore Inc.). Experi-
ments were performed at 25°C with a 10-µl/min flow
rate. For data analysis, nonspecific binding to the
blank-flow cell was subtracted from each sensorgram
to obtain specific-binding responses using BIAevalu-
ation 3.0 software (Biacore Inc.).

Human xenograft tumor models. NCCIT, a mediastinal
mixed germ cell human testicular carcinoma cell line
(American Type Culture Collection), was maintained in
RPMI 1640/10% FBS without antibiotics. GEO, a carci-
noma cell line (American Type Culture Collection), was
maintained in DMEM/10% FBS without antibiotics.
Male athymic nude mice, 6–8 weeks old (Harlan
Sprague Dawley Inc., Indianapolis, Indiana, USA), were
acclimated for 1 week before the study. The day before
tumor implantation, mice were numbered and ran-
domized into treatment (n = 10) and vehicle control 
(n = 30) groups, initial body weights were recorded, and
the first treatments were administered. Studies were run
as randomized, double-blinded trials. Antibodies were
administered intraperitoneally on a q14d treatment
schedule (dosing every 14 days). Clinical-grade Plati-
nol-AQ, cisplatin injection (Bristol-Myers Squibb Co.,
Seattle, Washington, USA), was the positive chemother-
apeutic control agent, administered subcutaneously on
a q2dx6 schedule (i.e., dosing every other day for a total
of 6 treatments). Animals were implanted (day 0) sub-
cutaneously with 5 × 106 cells (with 0.2 ml matrigel for
NCCIT cells). Tumors were measured every 3 or 4 days.
Tumor size (mm) was converted to volume (mg) using
the formula (length × width2)/2. Data are reported as
change in tumor weight with tumors normalized to
each animal’s first tumor measurement.

RT-PCR. Methods and primers for RT-PCR analysis
of hCripto and Alk4 were previously described (27,
28). Because the human homolog of murine Nodal
has not been confirmed, we used primers based on a
human Nodal–like cDNA sequence in the GenBank
database (accession no. AI050866): 5′-CATGAAAGC-
TATAGGTGACTTCATCC-3′ (Nodal-like foreword), 5′-
TGTAAATGAAGGGCTCAGTGGA-3′ (Nodal-like reverse)
(29) Human Act B primers are 5′-TGAAGCGGCA-
CATCTTGAGC-3′ (hAct B forward) and 5′-ACACT-
TTGACCCGCACCTTC-3′ (hAct B reverse). Murine Act
B primers were previously published (30). RT-PCR
from NCCIT and GEO cell lines was performed essen-
tially as described previously (28, 29). RNA and sub-
sequent cDNA were prepared from NCCIT xenograft
tumor using RNeasy Protect Kit (QIAGEN Inc., Valen-
cia, California, USA) and SuperScript First-Strand
Synthesis System (Invitrogen Corp., San Diego, Cal-
ifornia, USA) with random-hexamer priming. PCR
reactions were then performed with Advantage 2 PCR
kit (CLONTECH Laboratories Inc., Palo Alto, Cali-
fornia, USA) for 30 cycles at an annealing tempera-
ture of 62°C using the Nodal or murine Act B primer
sets. Resulting PCR products were subcloned into
pCRII-TOPO vector (Invitrogen Corp.), and the
sequences were confirmed.

Results
Generation of Cripto mAb’s that recognize functionally impor-
tant epitopes. A panel of murine mAb’s against recombi-
nant human Cripto (hCr) expressed as human IgG1 Fc
fusion protein (Cr-hFc) was generated (Table 1). Anti-
Cripto mAb’s were identified by their ability to bind to
human tumor cell lines known to express Cripto and
by their ability to bind to Cripto EGF and CFC
domains by ELISA (see Methods). Based on this analy-
sis, four classes of mAb’s were found: N-terminal “tip,”
N-terminal, EGF domain, and CFC domain (Table 1
and Figure 1a). These antibodies were tested for cross-
reactivity to human Cryptic, a closely related family
member, by binding in a flow cytometry assay to 293
cells expressing an HA-tagged human Cryptic expres-
sion plasmid. Although Cryptic expression was con-
firmed by Western blotting with an anti-HA polyclon-
al antibody, no cross-reactivity of these Cripto
antibodies to Cryptic was observed (see Supplemental
Figure 2; www.jci.org/cgi/content/full/112/4/575/
DC1). The ability of these mAb’s to recognize key sig-
naling domains of Cripto was examined by analysis of
binding to Cripto mutants. Mutations in the EGF
domain (N85G/T88A) prevent fucosylation of Cripto,
disrupting its ability to bind Nodal and signal through
Smad2 (12, 15, 31). Cripto mAb’s were tested for bind-
ing to hCr(N85G/T88A) expressed on human 293 cells
by flow cytometry, and no difference was observed in
binding to the fucosylation mutant compared with
wild-type hCr, with the exception of the anti-EGF
mAb’s (Table 1). Cripto mAb’s were also tested for bind-
ing to a Cripto CFC domain mutant, hCr(H120G/
W123G), which abrogates Cripto binding to Alk4 (12).
Only the anti-CFC mAb’s, A8.G3.5, A10.A10.30, and
A6.C12.11, failed to bind to this mutant (Table 1).
Thus, we have identified anti–EGF domain and
anti–CFC domain Cripto mAb’s that specifically rec-
ognize the epitopes defined by mutational analysis to
be necessary for Cripto-Nodal signaling.

Cripto mAb’s were further characterized by immuno-
histochemical and immunofluorescent staining of
Cripto expression on various tumor samples and
tumor cell lines with N-terminal mAb’s A10.B2.18 and
B3.F6.17. These two antibodies recognize the same 
N-terminal Cripto peptide sequence and cross-block
each other for binding to Cripto by Biacore analysis
(data not shown). Thus, A10.B2.18 and B3.F6.17 rec-
ognize indistinguishable epitopes. By Western blot,
A10.B2.18 recognizes two Cripto protein bands
between 15 and 18 kDa in both CHO cells expressing
recombinant Cripto protein and NCCIT and GEO
tumor cell lines expressing tumor-derived Cripto (Fig-
ure 1b). Similar results were obtained with B3.F6.17
(data not shown). We tested whether these antibodies
recognize cell surface–associated Cripto on human
breast tumor samples. Indeed, predominant cell sur-
face staining was observed with A10.B2.18 (Figure 1c)
or B3.F6.17 (data not shown), whereas the isotype con-
trol antibody, anti–human LFA3 1E6, did not stain the



tumor tissue. In agreement with previously published
data using a Cripto polyclonal antibody (32), some
Cripto expression is also seen in the cytoplasm. An
example of immunohistochemical staining of Cripto

overexpression in human breast and colon tumor tis-
sue and human NCCIT testicular cell and GEO colon
cell xenograft tumor samples is shown in Figure 1d.
Our results with these mAb’s in human breast and
colon tumor samples (n > 50) are in agreement with
published Cripto polyclonal antibody staining data in
which Cripto overexpression was detected in approxi-
mately 80% of breast and colon cancers (28, 32, 33).

Cripto antibodies inhibit Cripto-Nodal signaling in trans-
formed cells. Anti-Cripto mAb’s were analyzed for block-
ing known signaling functions of human Cripto. Crip-
to binds Nodal via its EGF-like domain (12), and we
previously showed that the EGF domain fucosylation
mutant (N85G/T88A) disrupts Cripto-Nodal signaling
in a FAST transcription factor–dependent (n2)7-
luciferase reporter assay (15). Therefore, we tested
whether anti–EGF domain mAb’s could inhibit Crip-
to-dependent Nodal signaling in this assay. Anti–EGF
domain mAb A27.F6.1, which does not recognize the
Cripto fucosylation mutant (Table 1), was tested for
inhibition of Cripto-dependent Nodal activation of
FAST/(n2)7-luciferase in NCCIT cells. At concentra-
tions of 1–30 µg/ml, A27.F6.1 decreased the luciferase
activity by 48–66% in the presence of Nodal (Figure 2a),
indicating that anti–EGF domain mAb A27.F6.1 could
inhibit Cripto-dependent Nodal signaling through the
Smad2/3 pathway in this transformed human cell line.
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Table 1
Anti-Cripto mAb’s map to different functional domains

ELISAA FACS (%)B

Antibody Cr CrEGF CrCFC N85G/T88A H120G/W123G
A8.H3.2 + + – 100 118
A19.E2.7 + + – ND ND
B3.F6.17 + – – 111 142
A10.B2.18 + – – 90 ND
A27.F6.1 + + – 15 121
A8.H3.1 + + – 3 149
A40.G12.8 + + – 16 176
B6.G7.10 + + – 41 166
A10.A10.30 + – + 83 29
A8.G3.5 + – + 45 1
A6.F8.6 + – + 109 87
A6.C12.11 + – + 84 21

ACr, CrEGF, and CrCFC correspond to the hFc fusion proteins coating the
ELISA plate, and plus symbols represent positive binding of the mAb’s to these
proteins. BFACS binding is represented as the mean fluorescence intensity of
the mAb binding to the hCr mutant expressed on 293 cells as a percentage of
the mAb binding to wild-type hCr in the same experiment. Color code of anti-
bodies corresponds to binding regions shown in Figure 1a. ND, not done.

Figure 1
(a) Diagram of mature hCr protein: N-terminal tip (black), N-terminal region (blue), EGF-like domain (red), and CFC domain (green).
Amino acid 169 is N-terminal to the GPI-linkage site. Asterisks indicate positions of mutants described in Table 1. (b) Western blot of
Cripto expressed in CHO cells (recombinant) or endogenously expressed in NCCIT and GEO tumor cell lines using A10.B2.18. (c)
Immunofluorescent staining of cell surface Cripto on human breast tumor tissue with A10.B2.18 (left) or control antibody 1E6 (right).
(d) Immunohistochemical staining of tumor sections with anti-Cripto mAb’s A10.B2.18 (breast and NCCIT) and B3.F6.17 (colon and
GEO) or mouse IgG as a negative control. Color variations result from the use of different substrates, either Vector NovaRED or DAB sub-
strate kits (Vector Laboratories Inc.).
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We obtained similar results with the anti–EGF domain
mAb’s A8.H3.1 and A40.G12.8 (data not shown).

Cripto-dependent Nodal signaling is also known to
be dependent on Cripto’s interaction with Alk4 via the
Cripto CFC domain (11, 12). Previously, we reported
that Cr-hFc binds to Alk4 expressed on 293 cells in a
flow cytometry assay (11). This assay was used to test
whether any of the Cripto mAb’s could block Cripto-
Alk4 interactions. Cr-hFc (10 µg/ml) preincubated with
the mAb’s (20 µg/ml) was added to 293-Alk4 cells and
assayed for binding by flow cytometry. Anti–CFC
domain antibodies A8.G3.5 and A6.F8.6 blocked this
interaction by over 90% (Figure 2b). Other CFC domain
mAb’s, A6.C12.11 and A10.A10.30, were able to block
Cripto-Alk4 interaction by about 30%, while N-termi-
nal mAb’s (e.g., A10.B2.18) or EGF domain mAb’s (e.g.,
A27.F6.1) were unable to block Cripto-Alk4 binding.
Notably, the mAb’s that blocked Cripto-Alk4 binding
most effectively are also the mAb’s that fail to bind the
CFC domain mutant (H120G/W123G) (Table 1).

Anti-CFC mAb’s were further tested for their ability to
block Cripto-dependent Nodal signaling by presumably
blocking Cripto-Alk4 interactions. Anti-CFC mAb
A8.G3.5, a potent blocker of Cripto-Alk4 binding, was
tested for inhibition of Nodal signaling in NCCIT cells.
At 10 and 30 µg/ml, A8.G3.5 reproducibly blocked
Nodal signaling by about 35% in this assay (Figure 2c).

No blocking effect was observed at lower concentra-
tions, but similar effects were observed with other
anti–CFC domain mAb’s (data not shown). These
results demonstrate that blocking both the EGF and the
CFC domains of Cripto will inhibit Nodal signaling.

Cripto disrupts Act B–induced growth suppression of breast
cancer cells. Activin, like Nodal, signals through Alk4,
which has been associated with functional alterations
and mutations in human cancer (18, 34). Therefore, we
examined whether Cripto could modulate Activin sig-
naling in cancer cells through its interaction with Alk4.
One biological consequence of Activin signaling is inhi-
bition of proliferation of several cell types (18).
Although NCCIT cells are responsive to Activin signal-
ing in a FAST/(n2)7-luciferase assay, they are not
growth-inhibited by Activin in vitro. Therefore, we chose
to use T47D cells, an estrogen receptor–positive human
breast cancer cell line that is known to be growth-inhib-
ited by Activin (35, 36). Because T47D cells express very
low levels of Cripto (data not shown), we generated an
oligoclonal T47D line expressing high levels of full-
length Cripto (T47D-hCr) using the pBABE retroviral
expression system (37), which contains full-length
human Cripto cDNA. Since T47D cells lose responsive-
ness to Activin through extensive passaging, the nearly
100% transduction efficiency with this system allowed
us to make a cell line with very few passages in culture.

Figure 2
Anti-CFC mAb’s block Nodal signaling and Cripto-Alk4 interactions. (a) NCCIT cells were transfected with plasmids expressing (n2)7-
luciferase and Nodal (column 1) or (n2)7-luciferase, FAST, and Nodal (columns 2–6). A27.F6.1 was added at 0, 1, 3, 10, or 30 µg/ml
for 16 hours before luciferase reading (P < 0.001 for each dose). (b) Human 293-Alk4 cells were incubated with Cr-hFc or Cr-hFc pre-
bound with mAb and assayed for binding by FACS using an anti-hFc PE-conjugated secondary mAb. The mean fluorescence intensity
of Cr-hFc/mAb bound to 293-Alk4 cells is represented as a percentage of Cr-hFc binding with no mAb. (c) NCCIT cells were assayed for
blocking of Cripto-Nodal signaling by A8.G3.5 at 10 µg/ml (P = 0.002) or 30 µg/ml (P = 0.05) as described in a.



Using flow cytometry and anti-Cripto antibodies, the
number of Cripto molecules on T47D-hCr cells was esti-
mated to be 16,000–22,000 per cell, which is compara-
ble to the number on human tumor cell lines that over-
express Cripto, such as NCCIT (10,000 per cell) and
GEO (40,000–60,000 per cell; data not shown).

For this study, T47D and T47D-hCr cells were grown
in low-serum conditions, with or without 25 ng/ml Act
A or Act B, and assayed for proliferating cells using a
nonradioactive modified MTT assay. Untreated T47D
and T47D-hCr cells did not differ in their proliferation
rates either in normal media or in low-serum condi-
tions. However, proliferation of parental T47D cells
was inhibited by Act A and Act B by approximately 40%
compared with that of untreated cells (Figure 3a). In
contrast, proliferation of T47D-hCr cells was not inhib-
ited by Act B, but, surprisingly, these Cripto-expressing
cells were sensitive to growth inhibition by Act A.
Therefore, Cripto’s inhibitory effect on Activin-induced
growth suppression of these cells is specific to Act B.

Next, we examined whether Cripto’s effect on Act B
signaling inhibits the Smad2 pathway by preventing
phosphorylation of the endogenous Smad2 expressed
in these cells. T47D and T47D-hCr cells were stimu-
lated with 25 ng/ml Act A or Act B for 0, 10, 30, and

60 minutes. Lysates were subject to SDS-PAGE and
immunoblotted with an anti–phospho-Smad2 poly-
clonal antibody. Act A stimulated Smad2 phosphory-
lation in both cell lines in a time-dependent manner,
with the highest increase at 60 minutes (Figure 3b).
T47D cells treated with Act B showed a similar
increase in Smad2 phosphorylation over this time
period. However, T47D-hCr cells did not have a sig-
nificant increase in Smad2 activation until 30 min-
utes, and the signal was dampened compared with
that in parental cells. A smaller, unregulated band was
detected by the anti–phospho-Smad2 antibody and
serves as a loading control. The decrease and delay in
Smad2 activation by Act B in the T47D-hCr cells indi-
cates that Cripto’s antagonism of Act B signaling
inhibits the downstream Smad2 pathway.

Cripto has been shown to stimulate p42 MAPK in
mammary epithelial cells (11, 38), so we examined
whether the MAPK pathway could be activated in
T47D-hCr cells and whether this pathway is modulat-
ed by Activin treatment. We observed no increase in
p42 MAPK phosphorylation in T47D-hCr cells com-
pared with the parental cells, and neither Act A nor Act
B stimulated p42 MAPK in either cell line (Figure 3c).
However, as a control, EGF was able to generate a

The Journal of Clinical Investigation | August 2003 | Volume 112 | Number 4 581

Figure 3
Overexpression of Cripto blocks Act B growth suppression of breast epithelial cells. (a) T47D or T47D-hCr cells were grown in media
alone (white bars) or media plus 25 ng/ml Act A (black bars) or Act B (gray bars). Proliferation was measured by an MTT assay after 8
days. n = 4; the experiment was repeated at least twice. (b) Lysates of T47D and T47D-hCr cells stimulated with 25 ng/ml of Act A (left
panel) or Act B (right panel) for 0, 10, 30, and 60 minutes were immunoblotted with anti–phospho-Smad2 polyclonal antibody. B, blank
sample of T47D untreated cells. The arrow points to the phospho-Smad2 band. (c) T47D and T47D-hCr cells were stimulated with 0, 5,
25, or 50 ng/ml Act A, Act B, or EGF for 1 hour and then lysed and probed for p44/42 MAPK.



582 The Journal of Clinical Investigation | August 2003 | Volume 112 | Number 4

on and off rates. Future studies will determine whe-
ther association with other components, such as Alk4,
can stabilize the Cripto–Act B interaction.

Cripto is known to interact with Nodal through its
EGF domain, and mutations (N85G/T88A) in the
fucosylation site of the EGF domain abrogate Nodal
binding (12, 31). Therefore, we investigated whether
these same residues that are important for Nodal bind-
ing would also be critical for Act B binding. A Cr-hFc
protein (CrEGFmt-hFc) containing the N85G/T88A
double mutations was generated and used to immuno-
precipitate Act B. Act B was able to bind equally well to
CrEGFmt-hFc as to the wild-type Cr-hFc in this assay
(Figure 4c). Due to the present difficulty in purifying
active Nodal protein, unpurified Nodal expressed in
supernatant of human 293 cells was used in an
immunoprecipitation experiment with CrEGFmt-hFc.
As expected, Nodal was unable to bind as well to
CrEGFmt-hFc protein as it bound to wild-type Cr-hFc
(Figure 4c). This result indicates that the critical
residues of Cripto for Act B binding are different from
those that interact with Nodal, and while the fucosy-
lation site of Cripto is necessary for Nodal binding
(Figure 4c and ref. 12), it does not affect Cripto–Act B
interactions significantly.

To identify which domain of Cripto is responsible for
interaction with Act B, we tested whether anti–N-termi-
nal B3.F6.17, anti–EGF domain A27.F6.1, or anti–CFC
domain A8.G3.5 could block Cripto’s association with
Act B in an immunoprecipitation assay. Purified Cr-hFc
was preincubated with different amounts of the mAb
prior to binding to protein A-Sepharose. Act B
immunoprecipitation and immunoblotting were then

robust p42 MAPK response in both cell lines. The lack
of observable MAPK stimulation in T47D-hCr cells
could be due to differences in cell lines, or to the use of
membrane-bound Cripto in this study versus a soluble
Cripto and/or Cripto peptides in previous reports.
However, this result supports the conclusion that
Cripto antagonizes Act B–induced growth suppression
by preventing Act B from signaling through Smad2.

Cripto binds directly to Act B, and binding is blocked by anti-
CFC mAb A8.G3.5. Because Cripto’s effect on the Activin
signaling pathway is specific to Act B, we examined
whether Cripto binds directly to Act B. Act A or Act B
was immunoprecipitated with purified Cr-hFc pre-
bound to protein A-Sepharose and then immunoblot-
ted with mAb’s specific for Act A or B. Indeed, Cr-hFc
bound specifically to Act B in this experiment (Figure
4a), indicating that Cripto binds to Act B independent-
ly of additional factors. We also analyzed Cripto bind-
ing to TGF-β family members Act A, Act B, TGF-β1,
TGF-β2, BMP2, BMP7, and GDNF by ELISA and found
that Cripto specifically interacted with Act B and not
other family members (see Supplemental Figure 1;
www.jci.org/cgi/content/full/112/4/575/DC1).

We also analyzed the Cripto–Act B interaction using
Biacore technology. Act B directly bound with high
intensity to Cr-hFc immobilized on a Biacore chip,
but not to a control LTβR-hFc protein (Figure 4b). In
contrast, the level of Act A binding to Cr-hFc was neg-
ligible. We estimated that the apparent affinity of
Cr-hFc binding to Act B in solution by a competition
format assay is about 1 nM (M. Jarpe, unpublished
observations). Our results show that Cripto can bind
directly to Act B with a high apparent affinity and fast

Figure 4
Cripto binds directly to Act B, and binding
is blocked by anti-CFC mAb A8.G3.5. (a)
Act A or Act B was immunoprecipitated
with Cr-hFc prebound to protein A-Seph-
arose. Immunoprecipitated protein was im-
munoblotted using anti–Act A (left panel)
or anti–Act B (right panel) mAb’s. Act A and
Act B (10 ng) were loaded on each gel for
comparison. (b) Act B binds to Cr-hFc in a
Biacore assay. Act A (left panels) or B (right
panels) was flowed over Biacore chips
immobilized with Cr-hFc (top panels) or
LTβR-hFc (bottom panels) and assayed for
binding by surface plasmon resonance
using a Biacore 2000 biosensor system (Bia-
core Inc.). Nonspecific binding to the blank-
flow cell was subtracted from each sensor-
gram to obtain the specific-binding
responses. RU, resonance units. (c) Purified
Act B or cell supernatant containing Nodal
was immunoprecipitated with Cr-hFc or
CrEGFmt-hFc as described in a. (d) For anti-
body blocking, Cr-hFc was preincubated
with 0.1–3 µg of B3.F6.17, A27.F6.1, or
A8.G3.5 prior to Act B binding.IP, intraperi-
toneal. WB, Western blot.



performed as described earlier. Only the anti-CFC mAb
A8.G3.5 inhibited Cripto’s ability to interact with Act B
(Figure 4d). These data suggest that the CFC domain of
Cripto, which interacts with Alk4, is also an important
domain for association with Act B and further support
the conclusion that Cripto’s interactions with Act B and
Nodal utilize different residues on Cripto.

Anti-CFC antibody A8.G3.5 restores Act B–induced growth
suppression in Cripto-overexpressing cells. Due to the obser-
vation that anti-CFC mAb A8.G3.5 can block Cripto–
Act B interactions, we tested this antibody for dis-
rupting Cripto’s inhibitory effect on Act B signaling in
T47D cells. Indeed, when T47D-hCr cells were treated
with Act B in the presence of the anti-CFC mAb
A8.G3.5, growth suppression was restored (Figure 5a).
Anti-EGF mAb A27.F6.1, by contrast, was unable to
restore Act B growth suppression of these cells (Figure
5b). Neither mAb had any effect on the response of the
parental T47D cells to Act B. To address whether
A8.G3.5 restores Act B signaling through the Smad
pathway, we tested whether A8.G3.5 could increase an
Act B–induced FAST/(n2)7-luciferase response in
T47D-hCr cells. T47D-hCr cells are weakly responsive
to Act B signaling, but in the presence of A8.G3.5,
there was an increase in signal in a dose-dependent
manner (Figure 5c). However, A27.F6.1, which does
not block Cripto–Act B interactions, was unable to
increase the Act B response. These results suggest that,
to deregulate Act B growth suppression, Cripto
sequesters Act B from its receptors, possibly by also
binding Alk4 and excluding ActRII, and prevents Act
B from sending growth control signals.

Cripto mAb’s that block Cripto signaling functions in vitro
inhibit tumor growth in vivo. To test whether Cripto acts
as a signaling molecule to promote tumor growth, we

examined the efficacy of Cripto anti-EGF mAb
A27.F6.1, which blocks Cripto-Nodal signaling (Fig-
ure 2a), and anti-CFC mAb A8.G3.5, which blocks
both Cripto-Nodal signaling and Cripto–Act B inter-
actions (Figures 2c, 4d, and 5a), in two tumor
xenograft models. These “blocking” mAb’s were com-
pared with anti–N-terminal mAb’s of the same isotype
class (IgG1) and similar affinity, A10.B2.18 or
B3.F6.18, which do not block these activities (“bind-
ing” mAb’s). Human NCCIT testicular and GEO
colon carcinoma cell lines, which express cell surface
Cripto (Figure 1) and readily form tumors in nude
mice, were chosen for these experiments.

In these studies, antibodies were administered to mice
implanted subcutaneously with NCCIT or GEO cells.
The experimental groups were compared with control
groups including vehicle, cisplatinum chemotherapy,
and control anti-myc mAb 9E10. In the NCCIT
xenograft experiments, anti-EGF mAb A27.F6.1 at 1 or
10 mg/kg concentration showed a modest reduction of
tumor growth, by about 30% (n = 10, P = 0.05) (Figure
6a). However, Cripto anti-CFC mAb A8.G3.5 at 10
mg/kg inhibited growth by 70% (n = 10, P < 0.001) (Fig-
ure 6b). Lower concentrations of A8.G3.5 (1 and 3
mg/kg) inhibited tumor growth by about 55% in other
independent studies (data not shown). By contrast,
binding mAb A10.B2.18, which does not block Cripto
function, did not inhibit NCCIT tumor growth (Figure
6c). The negative control anti-myc antibody 9E10 had
no effect on tumor size compared with vehicle (data not
shown). Each double-blinded, randomized study was
performed at least twice. ELISA analysis of tumor lysates
from control and therapeutic mAb groups indicated
that the Cripto antibodies localized to the tumor site,
whereas 9E10 did not (data not shown).
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Figure 5
Anti–CFC domain mAb A8.G3.5
restores Act B–induced growth inhi-
bition. (a) T47D or T47D-hCr cells
grown in media alone (white bars),
media with Act B (light gray bars), or
media with Act B plus 20 µg/ml
A8.G3.5 (black bars) or 10 µg/ml
A8.G3.5 (dark gray bars) were
assayed for proliferation after 8 days
by an MTT assay. n = 4; the experi-
ment was repeated at least twice. (b)
T47D or T47D-hCr cells grown in
media alone (white bars), media with
Act B (light gray bars), or media with
Act B plus 20 µg/ml A27.F6.1 (black
bars). n = 4; the experiment was
repeated at least twice. (c) T47D-hCr
cells were transfected with (n2)7-
luciferase and FAST, and then treated
with Act B with or without A8.G3.5
or A27.F6.1 at 0, 1, 3, 10, or 30
µg/ml for 16 hours before luciferase
reading (P < 0.005 for each dose).
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Anti-CFC mAb A8.G3.5 was tested in a second
xenograft model, GEO colon carcinoma cells expressing
high levels of Cripto, because Cripto overexpression has
been observed in 80% of colon carcinomas examined (4).
A8.G3.5 also exhibited anti-tumor-growth activity in
this model, with approximately 50% reduction in tumor
growth at 3 mg/kg (P = 0.05) (Figure 6d). Conversely, 
N-terminal binding mAb B3.F6.17 at 10 mg/kg had no
effect on GEO cell tumor growth (Figure 6e). These
results indicate that anti-CFC mAb A8.G3.5, which

blocks Cripto’s ability to modulate both the Act B and
the Nodal pathways, is more efficacious in inhibiting
tumor growth in vivo than anti-EGF mAb A27.F6.1,
which inhibits only the Cripto-Nodal pathway. Both
mAb’s have similar binding affinities and internaliza-
tion profiles (M. Jarpe, unpublished data); thus, the dif-
ference in activities is likely a result of differences in the
blocking of Cripto signaling functions.

To address the possible contributions of Nodal
and/or Act B to tumor growth in these two tumor

Figure 6
Anti–CFC domain mAb blocks NCCIT and GEO tumor growth in vivo. (a) Response of NCCIT xenograft to A27.F6.1: vehicle control (open
triangles), cis-platinum (cross-hatches), 1 mg/kg A27.F6.1 (filled squares), 10 mg/kg A27.F6.1 (open circles). (b) Response of NCCIT
xenograft to A8.G3.5: vehicle control (open triangles), cis-platinum (cross-hatches), 10 mg/kg A8.G3.5 (closed triangles). (c) Response
of NCCIT xenograft to A10.B2.18: vehicle control (open triangles), cis-platinum (cross-hatches), 1 mg/kg A10.B2.18 (filled squares), 3
mg/kg A10.B2.18 (filled circles). (d) Response of GEO xenograft to A8.G3.5: vehicle control (open triangles), cis-platinum (cross-hatch-
es), 1 mg/kg A8.G3.5 (filled squares), 3 mg/kg A8.G3.5 (open circles), 10 mg/kg A8.G3.5 (filled triangles). (e) Response of GEO cell
xenograft to B3.F6.17: vehicle control (filled squares), cis-platinum (cross-hatches), 10 mg/kg B3.F6.17 (open circles). (f) RT-PCR expres-
sion analysis of mRNA transcripts for Cripto, Alk4, Nodal, and Act B in GEO, NCCIT, or MCF-7 cells. Controls include samples without
reverse transcriptase (–RT) and samples in which template was replaced with H2O. (g) RT-PCR expression analysis of mRNA transcripts
for murine Act B or human Nodal in NCCIT xenograft tumor sample.



models, we examined the expression of human Nodal,
Act B, Cripto, and Alk4 expression by RT-PCR in
NCCIT and GEO cells. As expected, both cell lines
express Alk4 and Cripto (Figure 6f). We also observed
expression of a Nodal transcript in both cell lines, sug-
gesting that this embryonic gene can be re-expressed in
human tumors. This result is in agreement with our
studies documenting Nodal mRNA expression in a
number of human tumor cell lines (see Supplemental
Table 1; www.jci.org/cgi/content/full/112/4/575/DC1).
Act B expression was not detected in the NCCIT or
GEO cell lines by this method, whereas a faint band
was seen in the control MCF-7 breast cancer line (Fig-
ure 6f). However, Act B is known to be able to act in a
paracrine fashion either from a stromal source or in
circulation (18), so we analyzed NCCIT xenograft
tumors for the presence of murine Act B that could be
supplied by the host mouse. RNA was extracted from
the tumor sample and subjected to RT-PCR analysis
for murine Act B and human Nodal expression. Using
primers specific for murine Act B, an approximately
350-bp band was detected (Figure 6g). This DNA frag-
ment was isolated and sequenced to verify that it was
indeed a fragment of murine Act B. As expected, a
human Nodal PCR product was observed (Figure 6g),
and its sequence was confirmed since NCCIT cells
express Nodal (Figure 6f). Thus, both Nodal and Act B
are available to the tumor in vivo, so we cannot at this
time distinguish between the relative contributions of
these ligands to tumor growth.

Discussion
In the present study, we investigated the role of Crip-
to in mediating signaling by Nodal and Activin, two
TGF-β ligands that use Alk4 and ActRII to signal, and
blockade of these functions with anti-Cripto mAb’s tar-
geted to the EGF and CFC domains. We report, for the
first time to our knowledge, that Cripto can bind direct-
ly to Act B and antagonize its ability to elicit a growth-
inhibitory response. We show that Act B interacts with

a Cripto fucosylation mutant, whereas Nodal does not,
indicating that these ligands interact with different epi-
topes on Cripto. Both ligands were found to be present
in xenograft tumor samples, indicating that both could
play a role in promoting tumor cell growth. Further-
more, we demonstrate that an anti–EGF domain anti-
body, A27.F6.1, blocks Cripto-Nodal signaling and that
an anti–CFC domain antibody, A8.G3.5, blocks both
Cripto-Nodal signaling and Cripto–Act B interactions.
While both antibodies inhibited tumor growth in vivo,
A8.G3.5 was a more potent inhibitor, suggesting that
antibodies that block the signaling activities mediated
by Cripto’s CFC domain are the most important class
for therapeutic development.

Our data show that overexpression of Cripto antago-
nizes Act B growth suppression of breast cancer cells.
Activin, like TGF-β, has been proposed to play a tumor-
suppressive role in normal tissues (18). Because many
tumor cell lines lose responsiveness to Activin, loss of
growth suppression by Activin is probably an impor-
tant early step in tumorigenesis in some cell types.
Alterations in the Activin pathway have been noted in
many cancers, including reduced receptor expression in
prostate or breast cancer cells (23, 24) and Alk4 muta-
tions in pancreatic cancer (23). Therefore, overexpres-
sion of Cripto may represent yet another way to dereg-
ulate the Activin pathway, in addition to mutation or
loss of receptor expression. Addition of anti-CFC mAb
A8.G3.5 reversed the Cripto inhibition of Act B growth
suppression and prevented Act B from binding Cripto,
whereas an anti-EGF mAb had no effect. This result
indicates that Cripto inhibition of Activin signaling is
mediated by its CFC domain. In our model, we suggest
that Cripto blocks Act B signaling by binding and
sequestering Act B from the type II receptor and/or
forming nonproductive complexes with Alk4 (Figure
7). One could also envision that overexpression of Crip-
to could block Act A signaling by sequestering Alk4,
but we have not seen this activity in our experiments to
date. Both the Cripto–Act B and the Cripto-Alk4 bind-
ing activities can be blocked by A8.G3.5; however, the
specificity of Cripto for Act B would suggest that bind-
ing Act B is important. At this point, formation of a
trimeric “dead signaling complex” among Cripto, Alk4,
and Act B (Figure 7) cannot be ruled out and might be
confirmed by further experimentation.

While this paper was in review, Gray et al. (39) pub-
lished a study demonstrating Cripto antagonism of Act
A signaling. They show by cross-linking experiments
that Cripto can associate with Act A and ActRII when
these receptors are overexpressed in 293 cells. Unlike
our data, which demonstrate a direct interaction
between Cripto and Act B, but not Act A, Gray et al.
observe Act A cross-linking to Cripto only in the pres-
ence of ActRII. In addition, while they observe that
Cripto antagonizes Act A signaling in a luciferase assay,
we have never observed an effect of Cripto overexpres-
sion on Act A–induced growth suppression, an impor-
tant biological consequence of Activin signaling. These
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Figure 7
Model of Cripto’s inhibition of Act B signaling through the Smad2
pathway. Left: Activin (black) signaling via Alk4 (red), ActRII (blue),
and Smad2 leads to regulated cell proliferation in many tissues and
organs. Right: Cripto-dependent Nodal (yellow) signaling through
Smad2 leads to differentiation and patterning in the early embryo.
Cripto is represented in green. Center: Cripto inhibits Act B signal-
ing via binding to Alk4 and Act B, resulting in deregulated growth
and hyperproliferation. Three possible inhibitory complexes are
proposed: Cripto/Act B, Cripto/Alk4, and Cripto/Act B/Alk4.
Smad2-p, phospho-Smad2.
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discrepancies may reflect different sources of Act A or
different cell lines. Furthermore, Gray et al. show that
an EGF domain deletion mutant does not associate
with Act A and conclude that Act A and Nodal have
similar or overlapping sites of interaction on Cripto. In
contrast, we observe binding of Act B to a Cripto EGF
domain fucosylation mutant, hCr(N85G/T88A).
Nodal does bind hCr(N85G/T88A), indicating that
these residues are important for Nodal binding, but
not for Act B binding. Moreover, we show that only the
anti–CFC domain antibody is able to block Act B from
binding Cripto. Thus, while we cannot rule out possi-
ble contributions of the EGF domain to binding of Act
B, we conclude that the CFC domain residues are criti-
cal for Cripto–Act B interaction.

That Cripto can bind directly to Act B demon-
strates that Cripto can modulate other TGF-β lig-
ands besides Nodal. Thus, Cripto may be a more
general modulator of ligand access to cell surface
receptors than was previously known. Other exam-
ples of cell surface proteins shown to modulate
TGF-β family ligand access to receptors include
Inhibin-binding protein (40), β-glycan (41), and the
GDNF ligand coreceptors GFRα1–4 (42–44). While
this paper was in review, Cheng et al. (45) demon-
strated that Cripto interacts with Vg1/GDF1 as a
required coreceptor for signaling during embryoge-
nesis. Thus, it will be important to determine
whether GDF1 is re-expressed in cancer and how
Cripto’s interaction with GDF1, Nodal, and Act B is
regulated. Because we show that Act B can bind to a
Cripto fucosylation mutant, but Nodal binding to
this mutant is impaired, it is intriguing to speculate
that Cripto’s fucosylation state may play a role in
allowing differential articulation of Nodal and
Activin signals, similar to the way fucosylation of
Notch’s EGF-like repeat modifies its ligand sensi-
tivity to Delta and Serrate (46–49).

In vivo, A8.G3.5 is the most potent Cripto mAb,
inhibiting tumor volume by up to 70% in double-
blinded, randomized NCCIT xenograft studies.
While it is formally possible that the inhibition of
tumor growth results from a mechanism other than
blockade of Cripto’s function, nonblocking anti–
N-terminal Cripto mAb’s of the same isotype class
(IgG1) and similar affinity (A10.B2.18 and B3.F6.17)
had no effect on tumor growth in both NCCIT and
GEO xenograft models. In addition, preliminary
experiments with a nonblocking anti-CFC Cripto
mAb that did not interfere with Cripto-Nodal sig-
naling or Cripto-Alk4 interactions in vitro had no
effect on NCCIT tumor growth in vivo (see Supple-
mental Figure 3; www.jci.org/cgi/content/full/112/
4/575/DC1). In contrast, anti-EGF mAb A27.F6.1,
which blocks only the Cripto-Nodal signaling path-
way, but not Cripto’s antagonism of Act B, had mar-
ginal yet reproducible inhibition of tumor growth, by
about 30%. This result suggests that blockade of both
pathways by targeting of the CFC domain may be

important for efficacy in vivo. These results validate
the therapeutic hypothesis that functional blockade
of Cripto inhibits tumor growth and point to the
anti–CFC domain mAb’s as a potentially important
class of mAb’s for further development.

We propose that, like loss of TGF-β responsiveness,
loss of Activin responsiveness may be an important
early step in cell transformation, and Cripto overex-
pression may mediate the loss of Act B signaling in
some tissues by antagonizing Act B growth inhibition.
In fact, Cripto protein expression as an early indicator
of tumor progression has been cited as a possible
marker to track dysplasia to breast tumor formation
(4). Later in tumorigenesis, whether Cripto functions
by facilitating signaling from Nodal or antagonizes
Act B activity is not known. In the fully transformed
cell lines NCCIT and GEO, we detected Nodal RNA
expression, indicating that Cripto could be facilitat-
ing positive signals from Nodal to promote tumor
growth. We have also observed Nodal transcripts in a
variety of lung, colon, and breast carcinoma cell lines
(see Supplemental Table 1; www.jci.org/cgi/content/
full/112/4/575/DC1), suggesting that even though
Nodal is not known to be widely expressed in adult
tissue, it may be re-expressed in tumors. The lack of
active, purified Nodal protein in the field and the
absence of Nodal mAb’s have left the question of
whether Nodal protein is expressed in human tumor
samples unanswered for the present. We also detected
murine Act B RNA expression in the NCCIT xeno-
graft tumor, indicating that Act B is expressed from
stromal sources and is available to the tumor cells.
Thus, at this time we cannot distinguish between the
contributions of Nodal and Act B in stimulating
growth of these tumors, nor between the contribu-
tions of other TGF-β family members with which
Cripto may interact, such as GDF1 (45).
In summary, we generated Cripto antibodies that rec-
ognize epitopes critical for Cripto function and used
them to dissect Cripto’s ability to modulate Nodal
and Act B signaling in cancer cells. We demonstrated
that Cripto can bind and disrupt Act B growth inhi-
bition, highlighting a possible new mechanism by
which Cripto could promote cell transformation. We
also detected Nodal expression in human tumor cell
lines, suggesting that Cripto may facilitate positive
growth-promoting signals from Nodal in cancer. Fur-
thermore, we show that by targeting the CFC domain
of Cripto with mAb A8.G3.5, we can block both Crip-
to-Nodal signaling and Cripto–Act B antagonism. In
vivo, A8.G3.5 exhibited the greatest activity, inhibit-
ing tumor growth by up to 70%, suggesting that tar-
geting the multiple functions of Cripto’s CFC domain
could be important for achieving the greatest efficacy
in vivo. Thus, the ability of Cripto antibodies to inhib-
it tumor growth defines Cripto as an important onco-
gene and blocking of anti-CFC Cripto mAb’s as an
important new therapeutic approach for treatment of
human solid tumors.
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