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INTRODUCTION 

Progress has been limited by the difficulties in hiring a suitable person to carry out the main experimental 
procedures. Happily, I have now appointed Dr Min Li who will start work here at the end of July. He is well 
qualified for the work and at his interview had some ideas about how Cripto might act on cells. 

I have confidence that we can catch up with the program summarized in the Statement of Work in due course. 
However, according to the length of the delay, we will inevitably be behind schedule by one year. Therefore, I 
expect to request, at the end of the project in June 2004, that we be allowed to extend the time by one full year, 
without further funds. It is important work and important to me that we can produce what we set out to do. 

BODY OF REPORT 

Cripto is a growth factor that is important in breast cancer, leading to increases in cell proliferation and to 
increased survival of cells. Specific receptors for this factor have not been defined for breast cells but there is 
evidence from published work that Cripto acts as a co-factor for the Nodal factor, previously thought to be 
present and active only in early embryonic development. This work will define the importance of this route of 
Cripto signaling in breast cells compared with the other known route involving Ras and the MAPK/Erk 
pathway. A number of possible ways that Cripto could effect a proliferative signal to breast cells has been 
described by the PI in the following review article: Eileen D. Adamson, Gabriella Minchiotti, and David. S. 
Salomon, (2002) CRIPTO: ATumor Growth Factor and More, J Cell Physiol. 190, 267-278. The experimental 
studies for exploring the mechanism of activation of breast cancer cells by Cripto is underway with the aim of 
making peptides that block the activity of Cripto and its tumorigenic effects. 

KEY RESEARCH ACCOMPLISHMENTS 

• Written a review of the current knowledge on the effects and mechanisms of action of Cripto as a growth 
factor in embryonic and breast cancer cells. A copy is attached in the Appendix. 

• Despite the delay in hiring a post-doctoral Fellow to work on this project, a suitable person has now been 
hired, his biosketch is attached in the Appendix. 

REPORTABLE OUTCOMES 

A Review Article. 

Eileen D. Adamson, Gabriella Minchiotti, and David. S. Salomon, (2002) CRIPTO: A Tumor Growth Factor 
and More, J Cell Physiol. 190, 267-278. 

APPENDIX 

1. Review Article 
2. Biosketch for Dr Min Li 
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Appendix E 

Biographical Sketches 

Provide the following information for the key personnel listed on page 1 of the Detailed Cost Estimate form (see Appendix 
F) for the initial budget period. 

NAME  MlN Li POSITION TITLE POSTDOCTORAL ASSOCIATE 

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, and include postdoctoral training.) 

INSTITUTION AND LOCATION 
DEGREE 

(IF APPLICABLE) YEAR(S) FIELD OF STUDY 

Harbin Medical University, Harbin, China 

Harbin Medical University, Harbin, China 

Toyoma Medical Pharmaceutical University, Toyoma, 
Japan 

Peking University, Beijing, China 

Bachelor of 
Medicine 

Master of 
Medicine 

Exchange 
Student 

Ph.D. 

1987-1992 

1992-1995 

1999-2000 

1998-2001 

medicine 

medicine 

molecular 
toxicology 

RESEARCH AND PROFESSIONAL EXPERIENCE: Concluding with present position, list, in chronological order, previous 
employment, experience, and honors.  Include present membership on any Federal Government public advisory committee.  List, in 
chronological order, the titles, all authors, and complete references to all publications during the past 
3 years and representative earlier publications pertinent to this application. PAGE LIMITATIONS APPLY. DO NOT EXCEED THREE 
PAGES FOR THE ENTIRE BIOGRAPHICAL SKETCH PER INVESTIGATOR. 

PROFESSIONAL EXPERIENCE 
1995-1998    Clinical Pharmacological Base Of Health Ministry Of China, Harbin Medical University, 

Harbin, China 
Pharmacist in charge. Research in clinical pharmacology and toxicology, pharmacokinetics 

2001-2002     Department Of Toxicology, Health Science Center, Peking University Beijing, China 
Lecturer 

2002-present Molecular and Enviromental Toxicology Center in University Of Wisconsin, Madison, U.S.A. 
Post-Doctor 

AWARDS AND HONORS 
1. Excellent graduate in Peking University, July 2001. 
2. Excellent paper award in Peking University, 2001. 
3. Excellent student scholarship granted by National Education Ministry, Nov. 2000. 
4. Nishiyama Award for excellent young scientist provided by Toyama Medical and Pharmaceutical 

University. Japan, May 2000. 

PUBLICATIONS 
1. Min Li, Takashi Kondo, Qing-Li Zhao, Fu-Jun Li, Kiyoshi Tanabe, Yoko Arai, Zong-Can Zhou, and 

E-l 
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Minoru Kasuya. Cadmium induces apoptosis of U937 cell lines through Ca2+-calpain dependent and 
mitochondria-caspase dependent pathways.  J. Biol. Chem. 2000; 275: 39702-39709. 

2. Min li. Hui-Fang Gan. Spindle checkpoint and carcinogenesis. Carcinogenesis, Teratogenesis and 
Mutagenesis (Chinese) 1999; 11:145-147. 

3. Min Li, Zong-Can Zhoul. Protein-chip. Science of Life (Chinese) 2001, 21: 156-157 
4. Min Li. Tian Xia, Chun-Sun Jiang, Lin-Jiang Li, Juan-Ling Fu and Zong-Can Zhou. Cadmium directly 

induced the opening of membrane permeability pore of mitochondria which possibly involved in 
cadmium-triggered apoptosis.  Toxicology (In Press, 2002) 

5. Fu-Jun Li, Takashi Kondo, Qing-Li Zhao, Kiyoshi Tanabe, Ryohei Ogawa, Min Li. Yoko Arai. 
Enhancement of hyperthermia-induced apoptosis by a free radical initiator, 2,2'-azobis (2- 
amidinopropane) dihydrochloride, in human histiocytic lymphoma U937 cells. Free Radic Res. 2001, 
35:281-99. 

6. Yoko Arai, Takashi Kondo, Kiyoshi Tanabe, Qing-Li Zhao, Fu-Jun Li, Ryohei Ogawa, Min Li. and 
Minoru Kasuya. Enhancement of hyperthermia-induced apoptosis by local anesthetics on human 
hystiocytic Lymphoma U937 cells. J. Biol. Chem. (in Press: published February 22, 2002) 
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REVIEW ARTICLES 

Cripto: A Tumor Growth Factor and More 
EILEEN D. ADAMSON,1* GABRIELLA MINCHIOTTI,2 AND DAVID S. SALOMON3 

'/.a Jolla Cancer Research Center, The Burnham Institute, La Jolla, California 
2International Institute of Genetics and Biophysics, CNR, Via Pietro Castellino, 

Naples, Italy 
3Tumor Growth Factor Section, Basic Research Laboratory, National Cancer Institute, 

NIH, Bldg 10, Rockville Pike, Bethesda, Maryland 

Cripto, a growth factor with an EGF-like domain, and the first member of the EGF- 
CFC family of genes to be sequenced and characterized, contributes to 
deregulated growth of cancer cells. A role for Cripto in tumor development has 
been described in the human and the mouse. Members oftheEGF-CFC family are 
found only in vertebrates: CFC proteins in zebrafish, Xenopus, chick, mouse and 
human have been characterized and indicate some common general functions in 
development. Cripto expression was first found in human and mouse embryonal 
carcinoma cells and male teratocarcinomas, and was demonstrated to be over- 
expressed in breast, cervical, ovarian, gastric, lung, colon, and pancreatic 
carcinomas in contrast to normal tissues where Cripto expression was invariably 
low or absent. Cripto may play a role in mammary tumorigenesis, since in vitro, 
Cripto induces mammary cell proliferation, reduces apoptosis, increases cell 
migration, and inhibits milk protein expression. This prediction is strengthened by 
observations of Cripto expression in 80% of human and mouse mammary tumors. 
At least three important roles for Cripto in development have created considerable 
interest, and each activity may be distinct in its mechanism of receptor signaling. 
One role is in the patterning of the anterior-posterior axis of the early embryo, a 
second is a crucial role in the development of the heart, and a third is in 
potentiating branching morphogenesis and modulating differentiation in the 
developing mammary gland. Whether these properties are functions of different 
forms of Cripto, different Cripto receptors or the distinct domains within this 15- 
38 kDa glycoprotein are examined here, but much remains to be revealed about 
this evolutionary conserved gene product. Since all Cripto receptors have not yet 
been determined with certainty, future possible uses as therapeutic targets remain 
to be developed. Cripto is released or shed from expressing cells and may serve as 
an accessible marker gene in the early to mid-progressive stages of breast and 
other cancers. Meanwhile some speculations on possible receptor complexes for 
Cripto signaling in mammary cells are offered here as a spur to further 
discoveries.     J. Cell. Physiol. 190: 267-278, 2002. © 2002 Wiley-Liss, Inc. 

 TO„,^ ,„ „,„„ „m_„, „„„„„„„„ „„ . n„m„ Frl-l(Kinoshita et al., 1995), Zebrafish one-eyed pin- 
CR^i^SoBS^^^S^™AMILY head <oep) (Zhang et al., 1998), and chick-Cripto (Colas 

OF GENES NOW NAMED EGF-CFC and Schoenwolf, 2000). The name CFC for the second 
The Cripto gene (CR1), first cloned from a cDNA conserved domain is derived from the combination 

library derived from a human teratocarcinoma cell line Cripto/Frl/Cryptic.   The   sequence,   alignments,   and 
was named accordingly as teratocarcinoma-derived functions of the EGF-CFC gene family have been 
growth factor-1 (TDGF1 and maps to human chromo- reviewed recently (Salomon et al., 1999, 2000). 
some 3p21.3 (Dono et al., 1991; Saccone et al., 1995). 
MouseTdgfl (encoding Cripto protein) has been isolated 
and characterized (Dono et al., 1993; Liguori et al., 
1996). Mouse Cripto has 92% similarity to its human 
counterpart in the EGF-like domain, which is the most 
conserved of the domains. There is 83% homology in Cont™ct &™}JP°™°f Department of Defense; Contract grant 
the EGF-like domains between the members of this number: DAMD17-01-1-0165. 
family and 40% homology in the CFC domain. In all, "Correspondence  to:  Eileen  D.  Adamson,  La Jolla  Cancer 
seven   related   genes   have   been   cloned,   including Research Center, The Burnham Institute, 10901, N. Torrey Pines 
mouse and human Cryptic (Ciccodicola et al, 1989; Rd., La Jolla, CA 92037. E-mail: eadamson@burnham.org 
Shen et al,  1997; Bamford et al, 2000), Xenopus Received 2 October 2001; Accepted 9 November 2001 

© 2002 WILEY-LISS, INC. 
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STRUCTURE OF CRIPTO PROTEIN 
Mouse Cripto protein (Cr 1) consists of 171 amino acids 

and unlike the human CR1 (188 amino acids) has a 
signal sequence, but both proteins can be secreted, #187 
(Brandt et al, 1994) and #2384 (Normanno et al, 1995) 
(Ciccodicola et al., 1989; Dono et al., 1991; Normanno 
et al., 1994). The protein product of the TDGF-1 gene in 
mouse and human will be denoted as Cripto here. The 
EGF-CFC family of proteins contain several domains 
(Fig. 1). The signal sequence allows the polypeptide to be 
processed through the Golgi body and secreted into the 
medium. In human Cripto, the hydrophobic domain is 
not large enough to act as a secretory signal, secretion 
does occur in human cells by an unknown mechanism. 
The core peptide is ~20 kDa and glycosylation and other 
post-translational modifications results in a product of 
Mr = 28-36 kDa. The Cripto produced by vector expres- 
sion in Chinese hamster ovary (CHO) cells is secreted as 
a 24-28 kDa protein (Brandt et al., 1994). The pattern of 
six cysteine residues of the EGF-like domain in Cripto is 
recognizable, but of the three disulfide loops in EGF, 
loop A is missing and loop B is truncated resulting in a 
structure that does not bind to the EGFR family of 
receptors (Bianco et al, 1999). The six cysteine residues 
of the EGF-like domain form similar disulfide bridges as 
in EGF, that is 2-4, 1-3, and 5-6 (Lohmeyer et al., 
1997). Within the EGF-like domain, the sequence 
similarity between the seven members is is 60-70%. 
Next to the EGF-like domain of Cripto, an additional six- 
cysteine CFC domain is conserved in the analogous 
proteins at 35-48%. The CFC domain has unspecified, 
but crucial functions. It also has three disulfide bridges, 
whose exact disposition is currently unknown but the 
spacing of the cysteine residues bears some resemblance 
to the EGF-like domains found in laminin (Abe et al., 
1998). The EGF-CFC proteins range from 171 to 202 
amino acids with a core protein of 18-21 kDa and an 
overall sequence identity between these proteins of only 
22-32%. Nevertheless, a high level of overlap has been 
observed in the interspecies developmental activities of 
family members, as described later. All the members of 
the EGF-CFC family, except for Oep in Zebrafish, are 
glycoproteins that contain a single iV-glycosylation 
site and potential O-glycosylation sites. Recently, a 
single O-linked fucosylation site has been found 
between the second and third cysteines in the EGF-like 
domain of all the EGF-CFC proteins (human T88, mouse 
T72). Loss of this fucosyl residue by mutation of T88 to G, 
inhibited the ability of Cripto to interact with its 
cofactor, Nodal, to signal via Smad2 (Schiffer et al., 
2001). This rare modification is also present in the EGF- 

Cripto domains 

\ ^bi 
Signal EGF-like     CFC   GPl-link 

Fig. 1.   Cripto protein domains: signal, EGF-like, CFC, and GPI 
linkage domains. 

modules of secreted proteins involved in blood coagula- 
tion, thus adding to the importance of glycosylation in 
the functionality of Cripto. 

The hydrophobic domain of Cripto near the carboxy 
terminus, like other members of the family, has con- 
sensus sequences to form a glycerolphosphatidylinositol 
(GPI) linkage with the cell membrane (Minchiotti et al., 
2000). This linkage ensures that secreted Cripto is 
inserted into the lipids of the plasma membrane peri- 
meter of the cell to form a membrane-anchored extra- 
cellular polypeptide, where it could affect cell-cell and 
cell-matrix interactions. Here, it is likely also to 
interact with cofactors and receptor polypeptides as 
well as intracellular linking molecules in lipid rafts, 
where GPI-linked proteins tend to cluster to effect 
signaling to the nucleus. A soluble form of Cripto 
produced by experimental truncation of the carboxy- 
terminal 16 amino acids to remove the GPI-linkage, is 
active in growth assays and in null mutation rescue 
studies in zebrafish embryos (Minchiotti et al., 2001). 
Human tumors secrete a shortened form of Cripto with 
an amino-terrninal deletion of 42 amino acids by 
translation from an alternative in frame CUG codon. 
This protein product likely has activity since it retains 
the EGF-like and the CFC motif (see below). (For more 
details on the sequences and roles of the EGF-CFC 
family of genes, see these reviews: Salomon et al., 1999, 
2000.) 

EXPRESSION OF CRIPTO IS RESTRICTED 
Cripto is expressed early in development 

Cripto is expressed early in development in the inner 
cell mass and the trophoblast cells of the mouse 
blastocyst (Johnson et al., 1994), in human NTERA2 
embryonal carcinoma (EC) cells (Dono et al., 1991; 
Saccone et al., 1995), in mouse F9 EC cells (Dono et al., 
1993; Liguori et al., 1996), and in mouse embryo stem 
(ES) cells (Xu et al., 1998), but is down-regulated in the 
first cell types to differentiate from ES cells, namely, 
visceral and parietal endoderm cells. In the embryo, 
Cripto is expressed in the E6.5 embryo in the epiblast, 
primitive streak and ectoplacental cone (Dono et al., 
1993; Ding et al., 1998). At E8.5, Cripto is expressed in 
myocardium of the developing heart tube and in the 
conotruncus heart outflow region (Dono et al., 1993). 
Cripto(_/_) embryos die at this stage in utero, by failure 
to form the anterior-posterior axis and to make 
sufficient mesoderm, failure to form the primitive streak 
and to regulate the many genes that center on the 
activities of the Nodal gene (Ding et al., 1998; Xu et al., 
1999; Reissmann et al., 2001; Schier, 2001; Yeo and 
Whitman, 2001), and see below. Cripto continues to be 
expressed in the myocardium and outflow region of 
normal embryos until E10 and then is no longer detected 
in development. This suggests that Cripto is involved in 
heart development, but this could not be determined 
in the Cripto null mouse, because heart-specific Cripto 
ablation is required for this, a study that awaits 
completion. 

Expression of cripto is restricted after birth 
Cripto mRNA is detected at low levels in spleen, testis, 

heart, lung, and brain (Dono et al., 1991) of the adult 
mouse, but no function has been described in any normal 
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tissue except for the mammary gland. Three weeks after 
birth, the mammary glands of the female mouse start 
to proliferate from the short ducts at the nipples 
that developed prenatally. Growth of the ducts be- 
comes active under the influence of pubertal steroid 
hormones, estrogen, and progesterone. The mammary 
tree grows rapidly in the virgin into a multi-branched 
epithelial ductile system to fill the mammary fat pad 
that limits its further expansion. Cripto is expressed in 
all epithelial cells at increasing levels during this period. 
Upon pregnancy, terminal endbuds develop into ductal- 
alveolar lobules that synthesize milk proteins that enter 
the duct lumen together with Cripto itself (Bianco et al., 
2001). Cripto expression increases during all these 
stages (Kenney et al., 1995), and starts to decline at 
the late lactation stage (De Santis et al., 1997) in keeping 
with the effect of Cripto on mammary epithelial cells 
described below. When Cripto was experimentally over- 
expressed in mammary epithelial cells, similar branch- 
ing structures were formed in vitro and this turned 
into ductal hyperplasia when Cripto-transduced mam- 
mary epithelial cells were transferred to the mouse 
(Salomon et al., 1999; Wechselberger et al., 2001). It is 
possible that other tissues such as lung, kidney, and 
salivary gland form branching structures when stimu- 
lated by Cripto expression, but to date none have been 
reported. 

ACTIVITIES OF CRIPTO 
Cripto is a growth factor 

The growth stimulatory properties of Cripto have 
been demonstrated on tumor cells of many kinds, 
pancreatic, ovarian, endometrial, intestinal, and mam- 
mary tumor cells. Normal human and mouse mammary 
epithelial cells also respond to Cripto and are good 
resources for receptor analysis (see below). The growth 
responses have been reviewed extensively (Salomon 
et al., 1999, 2000). 

Cripto commonly supports cell survival 
The intensity or duration of the Cripto signal or the 

conditions of treatment (i.e., growing vs. confluent static 
cells) may account for reports that Cripto stimulates 
either survival or apoptosis in related cell types CID-9 
and HC-11, both derived from mouse mammary 
COMMA-D cells. These cells have characteristics typi- 
cal of mid-pregnant mouse mammary gland cells from 
which they were derived (Medina et al., 1986). When 
Cripto was expressed constitutively in moderate 
amounts in CID-9 cells, increased survival was observ- 
ed. Conversely, cells expressing an antisense (AS) 
Cripto version of the retroviral vector were retarded in 
growth and demonstrated increased levels of apoptosis 
(Niemeyer et al., 1998). Similarly, recombinant Cripto 
added to growing HC-11 cells stimulated survival 
(De Santis et al., 1997). However, recombinant Cripto 
can also induce apoptosis in confluent HC-11 mouse 
mammary epithelial cells under certain conditions. 
Culture of confluent cells for two days in the absence of 
the survival factors, EGF, and insulin, followed by 
exposure to Cripto caused maximal apoptosis at 3 days 
(De Santis et al., 2000). These conditions may mimic the 
regressing or involuting mammary gland, which under- 
goes apoptosis when lactation must be terminated and 

the gland returns to a resting condition with reduced 
size (see below). 

Cripto inhibits the differentiation 
of mammary cells in culture 

The synthesis of several milk proteins is stimulated by 
the culture of cells on a matrix and in the presence of a 
lactogenic hormone mixture consisting of prolactin, 
insulin, and dexamethasone (DIP). Using this system, 
the production of beta-casein and whey acidic protein 
was inhibited by the over-expression of endogenous 
Cripto or by the addition of exogenous Cripto to CID-9, 
HC-11 cells, or primary cultures of mouse mammary 
epithelial cells established from mid-pregnant mice (De 
Santis et al., 1997; Niemeyer et al., 1998). These 
responses agree with the rising expression levels of 
Cripto in the normal mammary gland during pregnancy 
and lactation, in parallel with rapid growth of the 
mammary ductal epithelium and later with milk protein 
production. 

Cripto increases the migration of expressing cells 
and has a chemotactic effect on other cells 

Cripto is over-expressed in cancer cells, and may 
contribute to metastatic progression by its effect on the 
shape, adhesivity, and migratory activity of cell. This 
was shown in CID-9 cells over- or under-expressing 
Cripto (Niemeyer et al., 1998) and in mouse embryo 
fibroblasts (MEFs) that were derived from knockout 
mice. The Cripto null cells attached poorly to fibronectin 
and collagen, but better to laminin than wild-type 
MEFs, suggesting that this population of cells could be 
more epithelial in type. Wild-type MEFs migrated 
through a porous membrane at a higher rate than 
Cr(~ cells, indicating that the expression of Cripto 
stimulates cell motility. Conditioned medium from 
Cripto-secreting cells also attracted higher rates of 
migration of cells towards it than medium lacking 
Cripto (Xu et al., 1999). Undoubtedly, these effects 
contributed to the early lethality (E8-9) of the develop- 
ing embryo. When cervical carcinoma cells were experi- 
mentally induced to over-express Cripto, an increase in 
cell migration was observed, which correlated with an 
increase in the expression of vimentin compared to 
control cells, detected using microarray analyses of 
mRNA populations in the two cell types (Ebert et al., 
2000). Therefore, like many other growth factors, Cripto 
can affect cell shape and cell migration by secondary 
effects on the cytoskeleton, as well as by increasing cell 
proliferation. In embryo cells, the induction of vimentin 
is indicative of mesodermalization of the epithelial layer 
and the migration of cells for morphogenesis. In cancer 
cells, vimentin expression similarly indicates the for- 
mation of more mesodermal-like cells with increased 
migratory activity. Likewise, overexpression of mouse 
Cripto in mouse mammary EpH4, NOG-8, NMuMG, and 
TAC-2 epithelial cells showed elevated migration and 
scattering (Wechselberger et al., 2001). 

Cripto is essential for early 
embryonic development 

Homologous recombination of the Cripto gene in ES 
cells produced normal heterozygous Crl(+/^ animals. 
Crl(~'-) embryos were abnormal on the seventh day of 
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gestation (E7) and failed to develop further than E9. 
Embryos failed to form the anterior-posterior axis and 
while embryonic mesoderm was sparse, extraembryonic 
mesoderm was present (Ding et al., 1998; Xu et al., 
1999). Importantly, chimeric animals made by the 
injection of Crl<-/^ ES cells into normal blastocysts 
were normal and had 50% incorporation of the Cripto 
null ES cells into all the tissues. Therefore, the wild-type 
cells were able to rescue the null cells, probably by a 
combination of juxtacrine and paracrine effects of 
the anchored and soluble forms of Cripto from the 
wild-type cells, respectively. This is a good illustration of 
the effectiveness of soluble Cripto even in embryos 
where tightly controlled morphogens must be orche- 
strated. 

Cripto is required for cardiogenesis 
in culture 

The development of the heart was shown to require 
Cripto at an early stage, using ES cells in which Cripto 
was inactivated by two rounds of targeting to produce 
Crl("/_) ES cells. ES cells normally differentiate as 
aggregates (embryoid bodies, EBs) to form cardiomyo- 
cytes that contract visibly starting at 7 days after the 
removal of leukemia inhibitory factor (LIF) from the 
culture medium. Cripto null EBs did not produce contr- 
acting cardiomyocytes even during extended culture 
periods. In these cultures, no cardiac muscle proteins 
were transcriptionally activated while the transcription 
factors (Gata4, Nkx2.5, and MEF2) that are known 
to be required for heart formation were expressed. 
The re-expression of Cripto sense, but not AS in the 
Cripto null ES cells rescued the ability of the cells 
to differentiate into cardiomyocytes, indicating that 
Cripto is required to activate a set of cardiac genes 
(Xu et al., 1998). The mechanism of the activity of 
Cripto in pre-cardiomyocytes is unknown, but these 
cells will be a good source to explore, for receptors that 
are specific to this stage of development and for the 
signaling mechanism. 

Cripto plays a role in mammary 
gland development 

Cripto is expressed in the developing mouse mam- 
mary gland at increasing levels from 3 weeks of age, 
under the influence of pubertal hormones. Both mRNA 
and protein have been observed and immunocytochem- 
ical staining showed Cripto protein in all epithelial 
cell types (Kenney et al., 1995; Niemeyer et al., 1998). 
Terminal end buds, ductal, and lobular-alveolar 
cells were all positive and expressed about four-fold 
higher levels during pregnancy and lactation com- 
pared to mature non-pregnant mammary glands. 
Cripto is released into the milk in the human (Bianco 
et al., 2001), where it may have some functions as 
a growth factor. Cripto expression declines rapidly at 
the end of lactation, and reverts to very low or no 
expression during involution of the mammary gland. 
However, in Balb/c mice that reach 2 years of age, 
the mammary glands re-express Cripto and can 
develop spontaneous adenocarcinomas (Herrington 
et al., 1997). 

CRIPTO IS AN AUTOCRINE GROWTH FACTOR 
IN MAMMARY, COLON, PANCREATIC, 

AND OTHER TUMORS 
As indicated above, mouse or human mammary cells 

over-expressing Cripto exhibit increased proliferation 
and transformed growth in vitro (Ciardello et al., 1991; 
Niemeyer et al., 1998). Cripto was detected in human 
breast cancers, accompanied by members of the EGF 
ligand family (Panico et al., 1996) and in the early 
invasive stage of cervical carcinoma (Ertoy et al., 2000). 
A recent review analyzes the incidence of immunoreac- 
tive Cripto in breast, colon, stomach, pancreas, lung, 
ovary, endometrium, testis, bladder, and prostate 
tumors (Salomon et al., 2000). The highest significant 
increase in expression of Cripto compared to non- 
involved epithelium was in colon, stomach, pancreas, 
breast, lung, and bladder carcinoma. It was noted that 
the level of expression increases with degree of dysplasia 
from pre-malignant to metastatic disease in gastric 
cancer. Given the common finding of the over-expression 
of several EGF-related growth factors simultaneously, 
together with receptor proteins, EGFR (HERD and 
ErbB2 (HER2), the additive or synergistic effect 
may play a significant role in tumorigenesis. Cripto 
over-expression was shown to repress the expression 
of E-cadherin and other epithelial markers such 
that epithelial integrity was compromised. This indi- 
cates that Cripto over-expression could be tumorigenic 
in vivo. 

Animal models have been useful in defining molecular 
interactions in the mammary glands of transgenic 
mice by over-expressing a transgene from a mammary- 
specific promoter such as the mouse mammary tumor 
virus-LTR (MMTV). To determine if Cripto over-ex- 
pression alone can cause tumor formation, MMTV-CR-1 
transgenic mice have been developed (Wechselberger 
et al., unpublished communications). The results so 
far show that mammary hyperplasias occur in multi- 
parous females and about 35% of multiparous females 
develop papillary adenocarcinomas of the mammary 
gland. In virgin females, there is a dramatic increase in 
ductal morphogenesis (lateral side branching) and 
intraductal hyperplasia. 

SIMILARITIES OF CRIPTO TO THE FD3ROBLAST 
GROWTH FACTOR (FGF) FAMDLY 

The similarity of Cripto to FGF is not immediately 
obvious, but several features are shared. First, the frog 
Xenopus laevis EGF-CFC protein homologue, Frl-1, was 
cloned from its binding to the Xenopus FGF receptor 
using a functional screen in yeast (Kinoshita et al., 
1995). Secondly, both have essential functions in 
mesoderm and axis formation and patterning in devel- 
oping embryos. Thirdly, although Cripto does not bind to 
the FGFR-1 directly, it does have a common docking 
protein, FGFR substrate-2 (FRS2). FRS2 binds to 
activated FGFR1 via its phosphotyrosine-binding 
(PTB) domain, and activates Grb2 and Sos to signal 
through the RAS/MAPK pathway (Kouhara et al., 1997; 
Ong et al., 2000). FRS2 is able to attach to the plasma 
membrane through myristylation, thus bringing it (and 
the FGFR) close to lipid rafts where Cripto is anchored. 
Finally, a remarkable finding using three-dimensional 
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Fig. 2. Molecular structures. A: View of a model for Cripto superimposed onto the basic FGF structure 
(2bfh). The Ca traces are shown, Cripto in magenta; FGF in cyan. B: Cripto model with EGF-like domain 
in red and the CFC domain in blue. Disulfide bonds are shown in yellow. Reproduced from Minchiotti et al. 
(2001) by permission of the publisher. 

protein structure searches produced a very distinct 
match between the folded structure of Cripto and the ß- 
trefoil structure of FGF2 (Ponting and Russell, 2000; 
Minchiotti et al., 2001). The overlap in these structures 
is reproduced in Figure 2A, the resulting predicted 
structure of Cripto is shown in Figure 2B. 

The ß-trefoil structure is not restricted to the FGF 
family, but occurs widely in other factors such as the 
lymphokine, interleukin 1. A binding domain within 
this structure may contribute to the ability of FGFs and 
Cripto to bind to heparin sulfate proteoglycans (HSPG) 
on the cell surface and in the matrix of the basal lamina. 
Binding to matrix is thought to enhance the affinity of 
cell receptors for growth factors held within. These are 
important clues in predicting how Cripto could have 
distinct types of receptors for each type of activity 
(see below). 

MECHANISMS UNDERLYING THE 
ACTIVITIES OF CRIPTO 

Signaling pathway 
See recent reviews for details of the developmental 

signaling pathways operating for the EGF-CFC family 
of ligands (Schier and Shen, 2000; Shen and Schier, 
2000; Schier, 2001). Cripto was first assigned to the 
Epidermal Growth Factor (EGF)-like family of ligands, 
but the EGF-like domain is unable to bind to any of the 
EGFR family of receptors. However, it does cross-talk 
with the ErbB4 receptor and the FGFR-1 indirectly, 
stimulating the tyrosine phosphorylation of these 
receptors and contributing to the subsequent stimula- 
tion of growth (Bianco et al., 1999; Salomon et al., 1999). 
The first studies of the receptor in mammary epithelial 
and A431 cells using recombinant [125I]-Cripto, found no 
binding to any ErbB receptors. ErbB4 was shown to be 
activated and tyrosine phosphorylated by Cripto, but 
not by binding directly. The activation occurred through 
crosstalk via unknown receptor/adapters, such as c-Src 
to the ErbB4 receptor. c-Src can activate She which then 
complexes with Grb2 and Sos, for subsequent activation 

of the Ras/Raf/MEK/MAPK pathway to stimulate 
transcription factor activity in the nucleus (Kannan 
et al., 1997). This pathway may explain the proliferative 
effect of Cripto, but how the signals are generated is still 
unclear. A further clue to the receptor moieties is that 
Cripto stimulates the rapid appearance of phosphory- 
lated proteins of 185 kDa (likely ErbB4) and 120,80, and 
60 kDa and recently the possible identity of these 
intermediaries has been suggested (see below) In addi- 
tion, PI3 kinase was shown to be activated by Cripto 
because treatment with the PI3Kinase inhibitor, 
LY294002 blocked PI3Kinase activation and the inhibi- 
tory effect of Cripto on ß-casein protein synthesis in HC- 
11 cells. The data suggest that human Cripto can 
function as a survival factor through a PI3K-dependent 
signaling pathway involving AKT and GSK-3ß. This 
pathway could also explain the effects of Cripto on 
differentiation (De Santis et al., 1997; Ebert et al., 1999). 

The interactions of the EGF-CFC proteins in Xenopus 
and Zebrafish have produced good evidence for the 
receptors that are vital for developmental signaling. In 
these species, Cripto is required for A/P axis and 
mesodermal patterning, while Cryptic regulates left- 
right asymmetry in the heart and other organs. Cripto 
and Cryptic are represented by one member of the 
family, Frl-1 inXenopus and Oep in the Zebrafish, Danio 
rerio and they regulate both axis/mesoderm formation 
and left-right asymmetry. The embryos of these species 
are readily manipulated to express exogenous mRNA 
and in some studies, heterologous soluble EGF-CFC 
proteins have been injected to test their effects on 
subsequent development. In Zebrafish, strong genetic 
evidence has indicated that EGF-CFC proteins render 
cells competent to respond to an instructive signal such 
as Nodal, or another TGFß ligand. The receptor for the 
Oep+Nodal ligands is an Activin-type RUB that 
requires an Activin RIB partner to activate the Smad2/ 
Smad3 signaling pathway (Gritsman et al., 1999). For 
example, recombinant Nodal protein was able to induce 
Smad2 activation by this pathway in mouse EC (P19) 
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cells, but only when Cripto was expressed (Kumar et al., 
2001). 

Receptor reconstitution experiments, have shown 
that Cripto interacts with ALK4, an Activin Type RIB 
receptor to permit Nodal binding to the ALK4/Act-IIRB 
complex, leading to Smad phosphorylation (Yeo and 
Whitman, 2001). The effect of mutations of single codons 
in Cripto were tested for their effects as measured by 
phospho-Smad analysis. Injection of synthetic C-termi- 
nus tagged mouse Cripto mRNA into Xenopus embryos 
confirmed the requirement for both the EGF-like and 
the CFC domains. The Activin receptor ALK4 is able to 
mediate Nodal signaling, but only in the presence to 
Cripto; accordingly, recombinant Cripto protein binds 
directly both Nodal and Alk4 receptor (Reissmann et al., 
2001). In Xenopus embryo animal caps, the orphan type 
I serine/threonine kinase receptor ALK7 can also act as 
a receptor for mouse Nodal and Xenopus Nodal-related 1 
(Xnrl) in receptor reconstitution experiments, indicat- 
ing that ALK7 can also interact with ActRIIB to confer 
responsiveness to Xnrl and Nodal. Both ALK4 and 
ALK7 receptors can independently bind Xnrl. In 
addition, Cripto is implicated in Nodal signaling via 
ALK7, since its expression enhances the ability of ALK7 
and ActRIIB to respond to Nodal ligands and it binds 
directly Alk7 in co-immunoprecipitation assays (Reiss- 
mann et al., 2001). Cripto was found to be required for 
Nodal signaling to Smad2, but not for Nodal to inhibit 
Bone Morphogenetic Protein (BMP) signaling (Yeo and 
Whitman, 2001). 

The Zebrafish maternal-zygotic one-eyed pinhead 
(Mzoep mutant that lacks EGF-CFC gene expression 
has defects in anterior—posterior axis, defective trunk 
formation, as well as L/R asymmetry defects and the 
presence of a single midline eye. Studies using the 
mutant animal can be informative by the injection of 
recombinant protein or mRNA into embryos to deter- 
mine the degree of rescue of the mutant phenotype. In 
spite of the species and sequence difference, wild-type 
mouse Cripto or Xenopus Frl-1 proteins can fully rescue 
the trunk defects of oep mutants and the soluble protein 
lacking the last 16 amino acids is also active (Gritsman 
etal., 1999;Minchiottietal., 2001). Of several mutations 
in single amino acids in mouse Cripto that were tested, 
two in the EGF-like domain (G71 and F78) lead to loss of 
rescue function, defining these residues as essential for 
Cripto function, at least in this assay. A further four 
mutations in the EGF-like domain and four more in the 
CFC-domain gave intermediate rescue in a dose- 
dependent manner. A structural model that predicts in 
silico, the molecular shape of Cripto was built (Fig. 2) 
and shows that the most critical residues are grouped at 
one side of the molecule. Important residues in the EGF- 
like (N67, S77, R88, and E91) and CFC domain (H104, 
LI 14, L122, and R116) are required, indicating the 
cooperation of both these motifs in forming an active site 
(Minchiotti et al., 2001). These data will be useful in 
testing how Cripto interacts with its putative receptors 
and whether different receptors are utilized in different 
tissues. 

The question of receptor usage was posed for the 
effects of Cripto in mammary epithelial cells. Is Nodal, a 
molecule thought to be restricted to the early embryo, 
expressed in this tissue? Surprisingly, the answer was 

affirmative as tested by Bianco et al. (2002). A human 
brain phage-display library with human recombinant 
Cripto as bait, was used to detect and identify a receptor 
in mammary epithelial cells. Phage inserts with identity 
to the Type I Activin receptor RIB/ALK4, were detected, 
and shown to bind to and immunoprecipitate with 
Cripto. No Activin Type II partner for normal Activin 
receptor activity was found on the surface of mouse 
mammary cells. However, Nodal was found to be 
expressed after embryogenesis in the mammary gland 
and to be required together with ALK4 for Cripto 
signaling via Smad2 phosphorylation in epithelial cells 
(Bianco et al., 2002). When recombinant extracellular 
domains of these Activin receptors were tested in an 
ELISA binding assay, soluble Cripto bound specifically 
and with high affinity to the extracellular domain (ECD) 
of ALK4, but not the ECDs of Activin RIIA or 
ActivinRIIB. In this in vitro assay, Cripto bound to 
ALK4 in the absence of any co-receptor. The levels of 
mRNA expressed in the developing mammary gland 
measured by RT-PCR, show that the pattern of expres- 
sion levels of Cripto and Nodal are parallel while ALK4 
expression remains unchanged through puberty, preg- 
nancy, and lactation. ActRIIB is also expressed through- 
out development of the mammary gland with an 
increase during lactation. Therefore, in the mouse, 
mammary cells do express the Activin receptor partner 
to ALK4, even though it does not seem to be required for 
Cripto binding and signaling by Nodal. Only Nodal, 
Cripto, and ALK4 are required to generate a signal in 
a mammary cell line, to activate Smad2. Independent 
of this signaling pathway, Cripto can also activate 
the MAPK and the Akt pathways in the same mammary 
epithelial cells and this does not require Nodal or 
ALK4. Therefore, the morphogenesis signaling path- 
way may be generated via Nodal, ALK4, and Smad2, but 
the proliferative (transforming?) pathway activates 
MAPK and Akt. This leads to the question of how 
Cripto finds a receptor without Nodal as a cofactor and 
of the nature of the receptor. (For a recent review 
on Activins in organ development, see Ball and Ris- 
bridger, 2001.) 

CRIPTO RECEPTOR(S) 
We hypothesize that the GPI-anchored extracellular 

form of the Cripto molecule is a crucial characteristic for 
some of its biological functions based on autocrine 
effects, ligand recognition, ligand-receptor binding 
strength and/or efficiency, and possibly also to generate 
the signals and graded responses by the receptor 
into the selection of specific signaling pathways. How- 
ever, the soluble monomer form is also active and must 
bind to a receptor or a co-receptor at the membrane. The 
type of Cripto receptor and the affinity of binding are 
hypothesized to play a large role in the specific signaling 
pathway used and in the specific response produced in a 
target cell. There is no evidence that Cripto needs to be 
activated by dimerization, although this cannot be ruled 
out once it has bound to a receptor. In general, the more 
intense the stimulus, the more variable the response 
may be. For instance, some growth factors including 
Cripto, can affect cell shape and cell migration by 
secondary effects on the cytoskeleton, as well as stimul- 
ating cell proliferation. This may involve interactions 
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with the extracellular matrix and these are included in 
the following models. 

There are at least five cellular responses that Cripto 
can stimulate. They are morphogenesis/differentiation, 
survival, proliferation, deregulated or transformed 
growth, and increased motility. The scheme illustrated 
in Figure 3A offers the simplest combination of mole- 
cular components of a small class of proteins that can be 
assembled at the membrane through the special proper- 
ties of lipid rafts. Lipid rafts are structures that 
interrupt the lipid bilayer at the surface of cells by their 
disordered composition consisting of high levels of 
cholesterol and sphingolipids. Lipid rafts can form the 
anchorage for extracellular molecules that have GPI 
linkages and for intracellular signaling molecules such 
as c-Src and FRS2, that have myristylated or acylated 
extensions that enter the lipid raft from inside the cell. 
The assumption is that once in the raft, they can interact 
without requiring the protein backbone to be in contact. 
Model A depicts that Cripto could interact with c-Src, 
the most common of the non-receptor tyrosine kinases 
that attach in this way to the membrane. There is good 
reason to think that c-Src is a partner in this and other 
schemes, because when Src-like kinases are treated 
with the inhibitors, PP1 or PP2, downstream activation 
(i.e., tyrosine transphosphorylation) of ErbB4 and 
MAPK is blocked in a number of mouse and human 
mammary epithelial cell lines (Salomon et al., 2000). 
The data suggest that c-Src is the upstream activator 
that is directly coupled to Cripto through an ALK-4 and 
Nodal-independent signaling pathway because ErbB-4 
transphosphorylation and MAPK activation are not 
blocked by a DN-ALK4 in cells that are also null for 
Nodal expression. Alternatively, in Model B, an uni- 
dentified receptor kinase is also inserted into or adjacent 
to the lipid raft where Cripto can interact without bind- 
ing directly. Possibly this is how ErbB4 might become 
phosphorylated. The importance of ErbB4 to signaling 
in transformed mammary epithelial cells was shown 
using a ribozyme vector to reduce ErbB4 expression in 
T47-D human breast cancer cells. MAPK activation by 
Cripto was severely attenuated in these cells. Whether 
this is also true for other breast cancer cell lines or other 
non-transformed mouse or human mammary epithelial 
cells that also respond to Cripto with respect to MAPK 
activation is not known. 

The signaling pathway utilized by Cripto in the 
embryo and possibly in the developing mammary gland 
is probably best represented by Model C in Figure 3. In 
these tissues, Cripto binds to and requires Nodal, which 
binds to the Activin Type IB/ALK4 Receptor; probably 
the p60 kDa protein shown to bind to Cripto (Bianco 
et al., 1999). In the embryo and mammary gland, the 
ALK4 receptor partner is ActllB. The activation of 
ALK4 leads to the phosphorylation of Smad2 and 3 
leading to the activation of Smad4, which then carries 
the signal to the nucleus for cellular responses by target 
gene regulation. Model D is a variant of model B, 
wherein GPI-anchored Cripto, in lipid rafts can interact 
with myristylated c-Src and with myr-FRS2 that can 
bind to the FGFR1 when activated. The FGF/FGFR/ 
FRS2 pathway operates in embryos in response to FGF 
(Ong et al., 2000; Kusakabe et al., 2001) and in the 
development of the mammary gland. FGFR2 has been 

shown to play a role in ductal morphogenesis in the 
virgin mammary gland and in alveolar-lobular devel- 
opment during pregnancy (Jackson et al., 1997) and 
FGFs and FGFR1 are expressed on breast cancer cells 
(Yoshimura et al., 1998). Activated FRS2 can bind to 
Grb2 and to the phosphatase Shp2 to crosstalk with 
pathways leading to growth and motility. This indirect 
binding via the FGF signaling pathway is another 
possible effect of Cripto. 

The cytokine receptor gpl30 and its partner LIFR are 
expressed in breast cancer cells (Douglas et al., 1997). 
LIF, the ligand for this receptor is also expressed in 
breast cancer cells (Chiu et al., 1996) and has been 
shown to stimulate the growth of breast cancer cell lines, 
but with less effect on normal mammary cells (Estrov 
et al, 1995). It is possible that breast cell growth is, in 
part, regulated by Cripto interaction with this cytokine 
system (model E in Fig. 3). Note that the molecular size 
of gpl30 is similar to the size of one of the proteins that is 
detected after cross-linking to Cripto (Bianco et al., 
1999). LIF inhibits the differentiation of ES cells and 
also induces branching tubulogenesis in the developing 
kidney (Sariola, 2001), although a similar effect has not 
been tested in the mammary gland. There is also 
evidence for a role for LIF and other members of the 
IL6 family of cytokines in cardiomyocyte growth and 
function. In ES cell aggregates or EBs differentiating to 
cardiomyocytes as described earlier, LIF has to be 
removed for differentiation to start. Since ES cells 
express Cripto, we speculate that Cripto could bind 
and replace LIF on the receptor pair, LIFR/gpl30 
heterodimer depicted in Figure 3E activate the Jak/Stat 
pathway for differentiation of cardiomyocytes. Consider 
also that this receptor pair is known to play a role in 
cardiomyocyte function, for instance, in stress responses 
leading to cardiomyocyte enlargement and heart failure 
(Hirota et al., 1999). Another cytokine, cardiotrophinl, 
also rapidly activates the LIFR/gpl30 receptor hetero- 
dimer on ES cells and leads to the tyrosine phosphoryla- 
tion of gpl30 in developing cardiomyocytes (Wollert and 
Chien, 1997). Similarly LIF or IL6 additions to cardio- 
myocyte cultures cause the cells to stimulate myosin 
light chain protein (MLC-2) by signaling via the Jak/ 
Stat pathway to increase cardiomyocyte size (Kodama 
et al., 1997). It is possible, therefore, that Cripto inter- 
acts with this receptor system to regulate the develop- 
ment of the cardiomyocyte during embryogenesis. In 
cancer cells the Stat pathway becomes readüy unregu- 
lated. Constitutive activation of Stat3 has been detected 
in a large range of human breast cancer cells and was 
shown to be maintained by upstream Src and Jak acti- 
vation and probably generated via activated tyrosine 
kinase receptors. The application of a dominant nega- 
tive Stat3 induced apoptosis (Garcia et al., 2001) 
indicating the importance of the Stat transcription 
factors in tumorigenesis. Perhaps the activation of the 
Cripto receptor exacerbates this effect in mammary 
cancer cells. 

Many different cell surface and matrix proteoglycan 
core proteins are expressed in the mammary gland and 
in mammary cells in culture. Heparan sulfate proteo- 
glycans at the cell surface modulate the activities of a 
large number of extracellular ligands such as TGFß, 
VEGF, FGF, HGF, and Wnts (Bernfield et al., 1999). 
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Fig. 3. Putative Cripto receptors and some signaling factors that 
may operate in the mammary gland. A: The simplest mode for Cripto 
interaction with the intracellular signaling component c-Src, to 
activate growth, survival, and metastatic pathways. This is possible 
through the location of the partners in lipid rafts that can bring factors 
together by their concentration there. B: Cripto is known to activate 
the ErbB4 receptor, but only indirectly. This is known to be important 
for proliferative responses. C: Cripto acts as a cofactor with Nodal to 
activate the ALK4 (Act-RIB). The involvement of an Act-RIIB does not 
appear to be necessary as described by Bianco et al. (unpublished 
communications). D: Cripto is known to activate the FGF Receptor-I 
through the intermediary FRS2, to activate the MAPK pathway. 
E: Cripto could also interact with the gpl30/LIFR cytokine receptor 
complex that is found on ES cells and mammary carcinoma cells, but 
there is as yet no evidence for this. F: Cripto is likely to find another 
component in lipid rafts, the proteoglycan glypican, whose GAG 
moieties can bind a number of growth factors. Thus glypican may act 
as a receptor or co-receptor. G: The mucin family of glycoproteins are 
over-expressed in mammary carcinoma cells and the membrane 
inserted component of MUC4 could also act as an adapter for crosstalk 
with the ErbB family. 

A molecule of Mrl30 kDa is a good candidate for 
performing a role as a Cripto receptor or co-receptor if 
it is known to be expressed in a manner that parallels the 
levels and activities of Cripto. Glypican is a candidate 
because it is an extracellular proteoglycan of 130 kDa 
that is GPI inserted into lipid rafts in the membrane 
(Delehedde et al., 2001) and is known to act as a cofactor 
in FGF and TGFß signaling. Glypican is known to bind 
to some isoforms of VEGF to potentiate binding to the 
Flkl receptor and to stimulate angiogenesis (Robinson 
and Stringer, 2001). Proteoglycans can bind multiple 
proteins simultaneously and bring them together. 
Therefore glypican could serve as a cofactor to bind 
soluble Cripto to promote synergy with other growth 
factors and their receptors (Fig. 3F) and this could be 
readily tested. A similar format could operate for the 
sialomucins (see Fig. 3G for a model). Mucins are a 

large group of proteins that contain O-linked sacchar- 
ides of which the larger molecules are viscous and 
generally have a protective function for the cell. Some 
mucins are membrane inserted and some are soluble. 
For example, Muc4/Smc is formed from a single poly- 
peptide chain that is proteolytically cleaved into a 
heterodimer. One subunit, ASGP-2 (sialoglycoprotein) 
is a membrane inserted protein with two EGF-like 
domains and is a partner to the larger polypeptide, 
ASPG-1 of 120-140 kDa, that is heavily decorated with 
proteoglycan chains (Sherblom and Carraway, 1980). 
FGF-like proteins such as Cripto can bind to HSPG 
moieties and potentially generate a signal through the 
EGF domains in the ASPG-2 chain, which have con- 
sensus binding sequences for the ErbB receptors. In this 
respect, ASGP-2 was shown to co-immunoprecipitate 
with ErbB2 (Sheng et al., 1992). Interestingly, the 
expression of Muc4 during mammary development 
parallels that of Cripto and Muc4, like Cripto, is secreted 
into the milk. In general Muc4 is over-expressed in 
cancer cells and inhibits cell-cell interaction, thus 
contributing to invasiveness and metastatic behavior 
of cells. A different proteoglycan, DC3/Mucl is also 
associated with breast cancer and is able to bind to c-Src 
after its phosphorylation by the activated EGF receptor 
(Li et al., 2001). This may also serve to crosstalk with 
Cripto. (For more details on proteoglycan roles in breast 
cancer see a recent review Carraway et al., 2001). These 
suggestions for possible new types of receptors for the 
Cripto growth factor have some credence and could 
provide some avenues to explore. 

CONCLUSIONS AND POSSIBILITIES 
FOR CANCER THERAPEUTICS 

Cripto as a marker 
Cripto could be an important indicator of the initiation 

of transformation and degree of progression of the 
tumorigenic process, in carcinoma of the breast, colon, 
lung, pancreas, stomach, and bladder. Cripto is cer- 
tainly synthesized at increasing levels with the progres- 
sion of mammary tumor development in animal models 
(Kenney et al., 1996; Niemeyer et al., 1999). Cripto has 
also been shown to cause mammary adenocarcinoma in 
transgenic mice over-expressing Cripto in mammary 
tissue. 

Cripto activates a number 
of signaling pathways 

Cripto activates a number of signaling pathways of 
which the most defined is during development. In this 
case Cripto functions as a cofactor for Nodal, an 
important morphogen, binding Activin receptor hetero- 
dimers and signaling through the Smad transcription 
factor pathway. Cripto may perform several roles in the 
mammary gland by stimulating ductal morphogenesis 
in the virgin animal; by regulating the proliferation of 
lobular-alveolar epithelial cells during pregnancy; and 
in the inhibition of the production of milk after lactation 
and possibly by contributing to apoptosis of the epithe- 
lial cells at the end of lactation. High levels of Cripto fall 
to undetectable levels in the resting gland and only rise 
again in the event of inappropriate conditions leading to 
hyperplasia and tumorigenic progression. During the 
development of the mammary gland, Nodal may be 
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required with Cripto to interact with the Activin 
receptors ALK4 or ALK7, to signal via the Smad 
transcription factors. 

Cripto can activate the ErbB4 
receptor indirectly 

Cripto can activate the ErbB4 receptor indirectly by as 
yet unknown mechanism(s) and this maybe an essential 
signal during lactation where ErbB4 performs an 
obligatory role in regulating milk protein expression 
(Jones et al., 1999), and where c-Src is a required effector 
in this situation. What is needed now is a search for 
other receptors that may act through specific mechan- 
isms in specific cell types to mediate Cripto functions. 

Other receptors or co-receptors 
Receptors that have been found to be over-expressed 

in tumor cell lines, especially mammary tumor cells and 
mammary tumors, include ErbB receptors, FGF recep- 
tors, the cytokine receptors, proteoglycans glypican 
and the sialomucins. These components of the normal 
cell become elevated in breast cancer tissues and could 
lead to one or all of the putative signaling programs 
outlined here. In addition, ligands for the ErbB and 
FGF receptors also become over-expressed to create 
positive feedback loops. All of these may contribute to 
increasing progression of growth rates that increase 
the chances of genetic changes and to inappropriate 
survival of transformed cells and to the loss of cell 
adhesion leading to metastases. Each of these avenues is 
worthy of study. 

Attention to some candidate receptors 
This review draws attention to some candidate 

receptors, but more study is needed. Cripto itself or its 
receptor(s) may be appropriate therapeutic targets in 
cancer, or more usefully, the prevention of Cripto re- 
expression or action. In one approach, a ribozyme-based 
vector was designed that inhibited Cripto translation 
(Kintner and Hosick, 1998). Likewise, the use of AS 
oligonucleotides against Cripto have shown activity 
in inhibiting breast, colon, and ovarian cell growth 
(Normanno et al., 2001). 

Over-expressed growth factors 
It should be kept in mind that many other growth 

factors when over-expressed, are tumorigenic in the 
mammary gland. Therefore, it is likely that no single 
growth factor will hold the masterkey to therapy. In this 
respect a mixture of AS oligonucleotides to Amphiregu- 
lin, Cripto and TGFoc was shown to inhibit the growth of 
a human breast carcinoma cell line in vitro, when 
individually applied at 0.7 jiM each (De Luca et al., 
1999). The combination of different AS oligos signifi- 
cantly reduced xenograft tumor growth in nude mice 
treated in vivo, suggesting a possible therapeutic 
approach (De Luca et al., 2000). 

Structure of cripto 
Knowledge of the structure of Cripto and its receptors 

will be a first goal towards intercepting the binding of 
Cripto and blocking the generation of transforming 
signals. Since this does not require the agent to enter 
cells, it is a desirable approach to therapy. Ultimately, 

only understanding the signal pathway may provide a 
common therapeutic target that may be a more general 
focus for intervention. If the hypothesis is correct that 
Cripto operates through several signaling pathways, 
each leading to a distinct response, then it will be 
possible to target tumor cells specifically. 
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