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We review the role of cadherins and cadherin-related proteins in human cancer. Cellular and
animal models for human cancer are also dealt with whenever appropriate. E-cadherin is the
prototype of the large cadherin superfamily and is renowned for its potent malignancy sup-
pressing activity. Different mechanisms for inactivating E-cadherin/CDH1 have been iden-
tified in human cancers: inherited and somatic mutations, aberrant protein processing,
increased promoter methylation, and induction of transcriptional repressors such as Snail
and ZEB family members. The latter induce epithelial mesenchymal transition, which is
alsoassociatedwith inductionof “mesenchymal”cadherins, ahallmarkof tumorprogression.
VE-cadherin/CDH5 plays a role in tumor-associated angiogenesis. The atypical T-cadherin/
CDH13 is often silenced in cancer cells but up-regulated in tumor vasculature. The review
also covers the status of protocadherins and several other cadherin-related molecules in
human cancer. Perspectives for emerging cadherin-related anticancer therapies are given.

INTRODUCTION—DYSREGULATION OF
CADHERIN FAMILY MEMBERS IN CANCER

C
ell–cell adhesion determines cell polarity
and participates in cell differentiation and

in establishment and maintenance of tissue

homeostasis. During oncogenesis, this orga-
nized adhesion is disturbed by genetic and

epigenetic changes, resulting in changes in

signaling, loss of contact inhibition, and
altered cell migration and stromal interactions.

A major class of cell–cell adhesion molecules

is the cadherin superfamily. Its prototypic
member, E-cadherin, was characterized as a

potent suppressor of invasion and metastasis

in seminal studies dating back to the 1990s

(reviewed by van Roy and Berx 2008). Since
then, many more cadherins and cadherin-

related proteins have been identified (Fig. 1)

(reviewed by Hulpiau and van Roy 2009), and
an increasing number has been implicated in

cancer as putative tumor suppressors or as

proto-oncogenic proteins. Here we discuss
the structural and functional aberrations of

cadherin family members in cancer and their

roles in cancer initiation and progression.

E-CADHERIN

Most human tumors are carcinomas derived
from epithelial tissues, in which E-cadherin is
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the prototypic cadherin. Epithelial tumors
often lose E-cadherin partially or completely

as they progress toward malignancy (reviewed

by Birchmeier and Behrens 1994; Christofori
and Semb 1999; Strumane et al. 2004). Epi-

thelial ovarian cancers are exceptional because

expression of E-cadherin in inclusion cysts,
derived from ovarian surface epithelium with

little or no E-cadherin, appears to be essential

for tumorigenesis in this organ (Sundfeldt
2003; Naora andMontell 2005). Another excep-

tion is inflammatory breast cancer, a distinct

and aggressive form of breast cancer in which
the expression of E-cadherin is consistently

elevated regardless of the histologic type or mo-

lecular profile of the tumor (Table 1) (Alpaugh
et al. 1999; Kleer et al. 2001). However, most

studies have shown both strong anti-invasive

and antimetastatic roles for E-cadherin
(Frixen et al. 1991; Vleminckx et al. 1991;

Perl et al. 1998). The possible functional

implications, which were reviewed recently
(Jeanes et al. 2008), include the sequestering

of b-catenin in an E-cadherin-catenin adhesion
complex (Fig. 3), leading to inhibition of

its function in the canonical Wnt pathway

(Fig. 4), besides inhibition of EGF receptor
signaling and contribution to epithelial apico-

basal polarization. We focus here on the differ-

ent mechanisms for E-cadherin inactivation in
malignant tumors, which include mutations,

epigenetic silencing, and increased endocytosis

and proteolysis (Fig. 2; Table 1).

Loss of Heterozygosity and Inactivating
Mutations in Cancer

Studies on loss of heterozygosity (LOH) of

chromosome 16q21-22 hinted at a role for
E-cadherin in human cancer (Fig. 2; Table 1).

Following the mapping of the human E-

cadherin gene CDH1 to chromosome 16q22.1
(Natt et al. 1989; Berx et al. 1995b), several

studies showed frequent LOH of 16q in

gastric, prostate, hepatocellular and esophageal
carcinomas (reviewed by Strathdee 2002;
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Members of the Cadherin Superfamily with Involvement in Human Cancer

Figure 1. Schematic overview of representative human members of the cadherin superfamily with reported
involvement in cancer (modified after Hulpiau and van Roy 2009). All proteins are drawn to scale and
aligned at their transmembrane domain (TM). Their total sizes are indicated on the right (number of amino
acid residues). The following protein domains are shown: CBD, (conserved cadherin-specific) catenin
binding domain; CD, unique cytoplasmic domain; CE, Cysteine-rich EGF repeat-like domain; CM1 to
CM3, conserved motifs in the CDs of d-protocadherins; EC, extracellular cadherin repeat; GPI,
glycosylphosphatidylinositol anchor; JMD, (conserved cadherin-specific) juxtamembrane domain; LAG,
laminin A globular domain; Pro-d, prodomain; TK, tyrosine kinase domain. On the basis of a phylogenetic
analysis (Hulpiau and van Roy 2009), it was proposed that protocadherin LKC (PC-LKC or
protocadherin-24) should be renamed (CDHR24).
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Table 1. Representative abnormalities of cadherin superfamily members in cancer

Protein Human gene

Tumor-associated

abnormalities Tumor type1 Clinical correlates2 Selected references

E-cadherin CDH1 LOH Numerous Malignant progression (Reviewed in Strumane et al.

2004)

Promoter methylation Numerous Malignant progression (Reviewed in Strumane et al.

2004)

Germline mutations Gastric (DGC)

Breast (ILC)

Hereditary diffuse gastric

cancer (HDGC) syndrome

(Guilford et al. 1998)

Somatic mutations Breast (ILC)

Gastric (DGC)

Pancreas

Highly invasive growth pattern (Berx et al. 1998)

Up-regulated expression Epithelial ovarian

cancer

Tumorigenesis (Reviewed in Sundfeldt 2003;

Naora and Montell 2005)

Overexpression Breast (IBC) Promotes tumor emboli

formation

(Kleer et al. 2001)

N-cadherin CDH2 Up-regulation (cadherin

switching)

Breast

Pancreatic

Prostate

Melanoma

Enhanced migration and

invasion, increased

metastasis; poor prognosis

(Reviewed in Hazan et al. 2004;

Wheelock et al. 2008)

P-cadherin CDH3 Up-regulation (cadherin

switching)

Breast

Gastric

Pancreatic (PDAC)

Enhanced migration and

invasion, poor prognosis

(Paredes et al. 2005;

Taniuchi et al. 2005)

Down-regulation Melanoma Increased invasion and

metastasis

(Sanders et al. 1999)

R-cadherin CDH4 Promoter methylation Colorectal

Gastric

Early event (Miotto et al. 2004)

Cadherin-11 ¼

OB-cadherin

CDH11 Up-regulation (cadherin

switching)

Breast

Prostate

High grade cancer; prostate

cancer metastasis to bone

(Bussemakers et al. 2000;

Tomita et al. 2000; Chu

et al. 2008)

VE-cadherin CDH5 Overexpression Melanoma Vasculogenic mimicry;

malignant progression

(Hendrix et al. 2001)

(Continued)
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Table 1. Continued

Protein Human gene

Tumor-associated

abnormalities Tumor type1 Clinical correlates2 Selected references

T-cadherin CDH13 Decreased expression Breast Increased tumorigenesis (Lee 1996)

Promoter methylation Breast

Lung (NSCLC)

Prostate

Colon (adenomas and

CRC)

Pancreas

Gastric

HCC

Esophageal

adenocarcinoma

Bladder

Chronic myeloid

leukemia

Increased tumorigenesis;

malignant progression; early

recurrence; poor prognosis

(Sato et al. 1998; Maruyama

et al. 2001; Toyooka et al.

2001; Toyooka et al. 2002;

Roman-Gomez et al. 2003;

Hibi et al. 2004; Sakai et al.

2004; Kim et al. 2005; Wang

et al. 2007; Brock et al. 2008;

Jin et al. 2008; Yan et al. 2008)

LOH and promoter

methylation

Ovary

Skin (BCC and SCC)

Diffuse large B cell

lymphoma

HCC

Tumor invasion; increased

cell proliferation and

resistance to apoptosis

(Kawakami et al. 1999; Takeuchi

et al. 2002a; Takeuchi et al.

2002b; Ogama et al. 2004;

Chan et al. 2008)

Expression in

intratumoral

endothelium

Tumor models

HCC

Adiponectin-(co)receptor;

increased angiogenesis and

tumor progression

(Wyder et al. 2000; Adachi et al.

2006; Philippova et al. 2006;

Riou et al. 2006; Hebbard

et al. 2008)

Cadherin 24 CDH24 Nonsense mutation Acute myeloid

leukemia

NA (Ley et al. 2008)

LKC-protocadherin¼

cadherin-related

protein 24

PCDH24¼PCLKC Reduced expression Colon

Liver

Kidney

NA (Okazaki et al. 2002)
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Clustered

protocadherins

PCDHBx,

PCDHGx

Mutations (mostly

missense)

Pancreas NA (Jones et al. 2008)

PCDGGx Promoter methylation Astrocytomas

Breast

NA (Waha et al. 2005)

(Miyamoto et al. 2005)

Protocadherin-1 PCDH1 Decreased expression Medulloblastoma Unfavorable survival;

independent prognosticator

(Neben et al. 2004)

Protocadherin-8 PCDH8 Reduced transcription,

somatic missense,

LOH, homozygous

deletion, promoter

methylation

Breast (tumors and

cancer cell lines)

Reduced estrogen receptor and

progesterone receptor

(Yu et al. 2008)

Protocadherin-9 PCDH9 Missense mutation Pancreas NA (Jones et al. 2008)

Protocadherin-10 ¼

OL-protocadherin

PCDH10 Frequent promoter

methylation

Nasopharyngeal

Esophageal

Breast

Gastric

HCC

Hematological

(multiple)

Decreased overall survival in

stage I-III gastric cancer

patients

(Miyamoto et al. 2005; Ying

et al. 2006; Ying et al. 2007;

Yu et al. 2009)

Protocadherin-17 PCDH17 Nonsense and missense

mutations

Pancreas NA (Jones et al. 2008)

Protocadherin-18 PCDH18 Missense mutations Pancreas NA (Jones et al. 2008)

Protocadherin-20 PCDH20 Promoter methylation Lung (NSCLC) Shorter overall survival;

stage-independent

prognosticator

(Imoto et al. 2006)

Protocadherin-11Y¼

PC-protocadherin

PCDH11Y Increased expression Prostate Androgen-resistance;

apoptosis-resistance

(Chen et al. 2002;

Terry et al. 2006)

FAT4 FAT4 Promoter methylation Breast NA (Qi et al. 2009)

RET RET Constitutive activation Thyroid

Multiple endocrine

neoplasia

Causative (reviewed by Kondo et al. 2006;

Zbuk and Eng 2007)

1BCC, basal cell carcinoma; CRC, colorectal carcinoma; DGC, diffuse gastric carcinoma; HCC, hepatocellular carcinoma; IBC, inflammatory breast carcinoma; ILC, invasive lobular

carcinoma; NSCLC, nonsmall cell lung carcinoma; PDAC, pancreatic ductal adenocarcinoma; SCC, squamous cell carcinoma.
2NA: not analyzed in this study.
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Strumane et al. 2004). LOH at 16q is frequent

particularly in breast cancer, where it occurs
in �50% of all ductal carcinomas (Cleton-

Jansen et al. 2001), and even more frequently

in lobular breast cancer (Berx et al. 1996).
E-cadherin-inactivating mutations were

first described in diffuse gastric cancer (Becker

et al. 1993). In sporadic diffuse gastric cancer,

somatic mutations preferentially cause skip-

ping of exon 7 or 9, which results in in-frame
deletions. Several truncations have also been

reported in this histological subtype of tumors

(Becker et al. 1994; Berx et al. 1998). Promoter
hypermethylation, rather than LOH, accounts

here for biallelic CDH1 silencing (Machado

et al. 2001). In contrast to these mutation
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Figure 2. Various levels at which E-cadherin expression is regulated in human tumors (modified, with
permission, from van Roy and Berx 2008). The E-cadherin gene CDH1 is on chromosome 16q22.1 (depicted
at the bottom). This region frequently shows loss of heterozygosity (LOH) in different human carcinoma
types. Specific inactivating mutations are scattered throughout the whole coding region and are particularly
abundant in sporadic lobular breast cancer and diffuse gastric cancer. Germline mutations can also occur;
they cause the hereditary diffuse gastric cancer syndrome. Furthermore, post-translational modifications,
such as phosphorylation and glycosylation, and proteolytic processing can affect E-cadherin protein
functionality. Epigenetic silencing has been associated with CpG methylation in the CDH1 promoter region
or with direct binding of specific transcriptional repressors to E-box sequences in this region. The
transcriptional repressors ZEB1/dEF1 and ZEB2/SIP1 are repressed in epithelia by the miRNAs of the
miR-200 family. In turn, the ZEB transcription factors down-regulate transcription of the miR-200 genes.
Thus, a biphasic regulatory system controls the balance between the epithelial and mesenchymal status in
response to incoming signals. TGF-b in the tumor microenvironment can induce the expression of ZEB
proteins, at least in part by down-regulating the miR-200 family members. This results in a self-enhancing
loop that leads to epithelial dedifferentiation and invasion. See text for more details and references. AA,
amino acid position; C, carboxy-terminal end; CD, cytoplasmic domain; EC, extracellular cadherin repeat;
N, amino-terminal end; PRO, propeptide; S, signal peptide; TM, transmembrane region. The arrows point to
the transcriptional initiation start.
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hotspots, E-cadherin inactivating mutations

tend to be scattered along the CDH1 gene in
sporadic lobular breast carcinomas (Berx et al.

1995a; Berx et al. 1996). In this highly infiltrat-

ing cancer type, most CDH1mutations are out-
of-frame mutations predicted to yield secreted

truncated E-cadherin fragments or no stable

protein. E-cadherin expression is silenced
because the mutations are accompanied by

CDH1 promoter methylation or LOH (Berx

et al. 1996; Berx et al. 1998; Droufakou et al.
2001). Missense mutations are infrequent in

these two subtypes of cancer but frequent in

monophasic synovial sarcomas (Saito et al.
2001). E-cadherin mutations are rare in carci-

nomas of bladder, colon, endometrium, lung,

esophagus, ovary, and thyroid, and in intra-

hepatic cholangiocarcinoma (Risinger et al.
1994; Soares et al. 1997; Wijnhoven et al. 1999;

Taddei et al. 2000; Endo et al. 2001; Vecsey-

Semjen et al. 2002).
Familial aggregation of gastric cancer is well

known. These familial cancers can be classified

histopathologically into hereditary diffuse
gastric cancer (HDGC), familial diffuse gastric

cancer (FDGC), and familial intestinal gastric

cancer. The International Gastric Cancer
Linkage Consortium (IGCLC) established cri-

teria for identifying HDGC families based on

the incidence and onset of diffuse gastric
cancer (Caldas et al. 1999). Gastric cancers

with high incidence and with an index case of
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Figure 3. Schematic overview of the E-cadherin-catenin complex and of d1-protocadherins at the junction
between two adjacent cells (modified, with permission, from Redies et al. 2005; van Roy and Berx 2008). Top:
The armadillo catenins p120ctn and b-catenin/plakoglobin bind to, respectively, membrane-proximal and
carboxy-terminal halves of the cytoplasmic domain of E-cadherin. This increases junction strength and
stability. As extensively described in the literature, both b-catenin and p120ctn also have cancer-related roles
in the cytoplasm and in the nucleus. Monomeric a-catenin binds to the E-cadherin cytoplasmic domain via
b-catenin, whereas dimeric a-catenin can bind and cross-link filamentous actin (F-actin). Moreover, dimeric
EPLIN forms a link between the E-cadherin-catenin complex and F-actin. See text for more details and
references. Bottom: The evidence for the depicted d1-protocadherins structure is circumstantial, but the
following features are typical: seven extracellular cadherin repeats (EC) instead of five and a completely
different cytoplasmic domain with conserved motifs (CM). The CM3 or RVTF motif has been shown to
interact with phosphatase PP1a, probably resulting in its inactivation (reviewed in Redies et al. 2005).
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Figure 4. Selection of expression patterns and activities of members of the cadherin superfamily in cancer. Three
cell types are partly depicted: a cancer cell, an endothelial cell, and another type of stromal cell. Protein domains
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substantially in structure and function. Black dots represent Ca2þ ions. Arrows with minus sign symbols refer to
direct or indirect inhibitory influences. Cadherins shown at the cancer cell surface are expressed at the apical
membrane (T-cadherin/CDH13 above the tight junction, TJ), or at lateral membranes (E-cadherin/CDH1,
N-cadherin/CDH2, cadherin-11/CDH11). The latter three probably occur as cis-homodimers. CDH1 is
frequently inactivated in cancer cells, whereas the “mesenchymal” cadherins CDH2 and CDH11 are often
up-regulated. CDH2 can interact with fibroblast growth factor receptor (FGFR), potentiating its signaling
through the enzymes MAPK, PLCg, and PI3K. Cadherins are prone to proteolytic processing (scissors
symbols), which releases either the ectodomain or a carboxy-terminal fragment (CTF). In the case of CDH2,
this CTF has been shown to enter the nucleus and inhibit the CREB binding protein (CBP). On neural
activation, CDH2 and CDH11 associate with protocadherin-8 (PCDH8 or Arcadlin), which results in
activation of the MAPKKK TAO2b, eventually leading to endocytosis of the cadherins. PCDH8 is often
silenced in cancer cells, but it is unclear whether this is causally linked to up-regulation of mesenchymal
cadherins. The transcriptional activity of b-catenin (b-ctn) in a nuclear complex with LEF/TCF, leads,
amongst other effects, to androgen receptor (AR)-independent prostate cancer growth. This phenomenon is
inhibited by sequestration of b-ctn by E-cadherin or by degradation of b-ctn after phosphorylation (-P) by
GSK3b. Degradation of b-ctn occurs in a cytoplasmic degradation complex with APC (adenomatous
polyposis coli protein), Axin, and Disheveled (DSH). However, nuclear b-ctn-LEF/TCF activity is stimulated
by an unknown mechanism by a cytoplasmic variant of protocadherin-11Y (PCDH11Y) lacking a signal
peptide because of a truncated aminoterminus (DN). Tumor-associated endothelial cells express VE-cadherin/
CDH5, CDH2, and T-cadherin/CDH13. The latter is linked to the PM via a glycosylphosphatidylinositol
(GPI) anchor and signals via secreted Grp78/BiP to an anti-apoptotic PI3K-AKT pathway. Dachsous-1
(DCHS1) and FAT4 are both huge cadherin-related proteins, interacting with each other in heterophilic (differ-
ent protein types) and heterotypic (different cell types) ways. Silencing of human FAT4 is seen in breast cancer
and its activation is linked in an unresolved way to the Hippo-YAP pathway, which controls organ size in
Drosophila and is affected in several human cancers. See text for details and references. (a.o.) Amongst
others; (EC) extracellular cadherin repeat; (PM) plasma membrane; (TK) tyrosine kinase domain.
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diffuse gastric cancer but not fulfilling the

IGCLC criteria for HDGC are classified as

FDGC (Oliveira et al. 2006).
Germline mutations in the E-cadherin gene

were first described in 1998 by Guilford et al.

(1998), who identified CDH1-inactivating mu-
tations in three Maori families with early-onset

diffuse gastric cancer. Since then, 68 families

carrying germline CDH1 mutations have been
identified worldwide (Carneiro et al. 2008).

CDH1 mutations were found in 30.5% of

HDGC families and 13.8% of FDGC families
(reviewed in Oliveira et al. 2006). These mu-

tations resemble sporadic mutations in that

most of them are predicted to cause premature
stop codons caused by nonsense, splice-site,

or frameshift mutations. Only some of them

were missense mutations (Pereira et al. 2006).
Some of these E-cadherin missense mutants

are subjected to ER quality control followed by

ER-associated degradation (Simoes-Correia
et al. 2008). Germline mutations are scattered

along the entire gene.

Multiple cases of lobular breast cancer
(including mixed ductal and lobular histology)

have been reported in families with HDGC

(Caldas et al. 1999; Pharoah et al. 2001;
Brooks-Wilson et al. 2004; Suriano et al. 2005).

The estimated cumulative lifetime risk of

breast cancer in women from HDGC families
with germline CDH1 mutations is 39%

(Pharoah et al. 2001). Remarkably,CDH1 germ-

line mutations can be associated with invasive
lobular breast cancer in the absence of diffuse

gastric cancer (Masciari et al. 2007). Most

of these hereditary tumors are E-cadherin-
negative, pointing to a double inactivating

mechanism.

Predisposition to diffuse gastric cancer and
lobular cancer in patients carrying germline

mutations in the E-cadherin gene identify E-

cadherin as a tumor suppressor (Dunbier and
Guilford 2001). An in vivo role of E-cadherin

in cancer progressionwas supported by demon-

strating that expression of a dominant-negative
E-cadherin mutant in a mouse pancreatic

b-cell tumor model accelerated conversion of

adenomas into carcinomas (Perl et al. 1998).
In contrast, in mouse models specific loss

of E-cadherin in the skin and the mammary

gland is not sufficient for tumorigenesis

(Boussadia et al. 2002; Tinkle et al. 2004;
Tunggal et al. 2005). This ablation caused exten-

sive cell death in the mammary gland, which

indicates that the frequent loss of E-cadherin
in epithelial cancers, including breast carci-

nomas, must be accompanied by oncogenic

antideathmechanisms. This was shownby com-
bining a floxed Cdh1 gene with the K14-Cre

gene, which is expressed at low, stochastic

levels in mammary epithelium (Derksen et al.
2006). No abnormalities were seen in these

mice, but combined loss of E-cadherin and

p53 resulted in accelerated development of
malignant mammary carcinomas resembling

human infiltrative lobular carcinomas.

Ablating both tumor suppressors induced
more metastatic spreading, anoikis resistance,

and vascularization than loss of p53 alone.

Epigenetic Silencing of the E-cadherin
Locus in Cancer

Promoter hypermethylation is an important

epigenetic event associated with loss of

E-cadherin gene expression during cancer pro-
gression (Fig. 2; Table 1). A large CpG island

in the 50 proximal promoter region of the

E-cadherin gene (Berx et al. 1995b) shows aber-
rant DNA methylation in at least eight human

carcinoma types and correlates with reduced

E-cadherin protein expression (Graff et al.
1995; Yoshiura et al. 1995; Chang et al. 2002;

Kanazawa et al. 2002). In cancer cell lines, pro-

moter methylation of the E-cadherin gene is
heterogeneous, dynamic, unstable, and associ-

ated with allele to allele variability (Graff et al.

1995; Graff et al. 1998; Graff et al. 2000). This
is compatible with heterogeneous loss of

E-cadherin protein expression, which might

be influenced by the tumor microenvironment.
CpG island methylation in the CDH1 gene see-

mingly increases during malignant progression

of breast and hepatocellular carcinomas (Kanai
et al. 2000; Nass et al. 2000).

Causal involvement of hypermethylation

in E-cadherin repression is supported by the
reactivation of functional E-cadherin in
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certain cancer cell lines on treatment with the

demethylating agent 5-aza-20-deoxycytidine

(5AzaC) (Graff et al. 1995; Yoshiura et al.
1995; Nam et al. 2004). Binding of the

methyl-CpG binding proteins MeCP2 and

MBP2 to the methylated CpG island of the
repressed E-cadherin promoter results in

recruitment of HDACs to the promoter area,

leading to histone-3 (H3) deacetylation, which
is essential for suppressing the methylated

E-cadherin gene (Koizume et al. 2002).

Interestingly, the methylated CDH1 promoter
status in breast cancer cell lines seems to be

part of a general transcriptional program that

conforms with EMTand increased invasiveness,
but diverges from the specific consequence of

E-cadherin mutational inactivation

(Lombaerts et al. 2006).

Transcriptional Silencing, EMT, and Cancer

Different repressors of E-cadherin transcription

have been associated with the progression of

multiple cancer types (Fig. 2). Increased Snail
expression, common in ductal breast carci-

nomas, is strongly associated with reduced

E-cadherin gene expression (Cheng et al.
2001). High-grade breast tumors and lymph-

node positive tumors consistently show strong

Snail expression (Blanco et al. 2002). A new
role for Snail in tumor recurrence has been

inferred from a reversible HER-2/neu-induced
breast cancer mouse model (Moody et al.
2005). Also, abnormal expression of Slug has

been associated with disease aggressiveness

in metastatic ovarian and breast carcinoma
(Elloul et al. 2005). Twist, another EMT-

regulating transcription factor, is involved in

breast tumor metastasis (Yang et al. 2004), and
its expression rises as nodal involvement

increases (Martin et al. 2005). Strong expression

of SIP1/ZEB2, which is associated with loss of
E-cadherin expression, was reported in gastric

cancer of the intestinal type, but Snail does not

seem to be involved in these tumors (Rosivatz
et al. 2002). In contrast, Snail is up-regulated

in diffuse gastric cancer, a tumor subtype fre-

quently affected by E-cadherin inactivating
mutations (Rosivatz et al. 2002). The

transcription factor deltaEF1/ZEB1 seems to

be downstream of Snail expression (Guaita

et al. 2002). Knock-down of deltaEF1/ZEB1 in
dedifferentiated human epithelial colon and

breast cancer cell lines results in re-expression

of E-cadherin and other epithelial differen-
tiation markers (Eger et al. 2005; Spaderna

et al. 2006; Spaderna et al. 2008). Though exten-

sive data show that expression of E-cadherin
repressors is inversely correlatedwith expression

of E-cadherin, these results should be inter-

preted carefully because many data are based
on RT-PCR and on the use of antibodies with

poorly defined specificity.

Recently, induction of expression of
E-cadherin transcriptional repressors has been

inversely linked with the expression status of

the vonHippel-Lindeau (VHL) tumor suppres-
sor (reviewed in Russell and Ohh 2007). Loss of

VHL is an early, requisite step in the pathogen-

esis of clear-cell renal cell carcinoma (CC-RCC)
(Lubensky et al. 1996). Activation of HIFa

proteins in cells devoid of VHL, including

CC-RCC cells, induces transactivation of
several E-cadherin repressors, e.g., SIP1/ZEB2
and Snail, which contributes to the particularly

malignant character of this tumor type (Esteban
et al. 2006; Krishnamachary et al. 2006; Evans

et al. 2007).

Regulatory cross-modulation exists between
different E-cadherin-repressing transcription

factors and specific microRNAs (Fig. 2).

Members of the miR-200 family and miR-205
directly target ZEB1/deltaEF1 and ZEB2/SIP1
mRNAs, thereby repressing ZEB1 and ZEB2

protein translation and hence increasing
E-cadherin expression (Christoffersen et al.

2007; Hurteau et al. 2007; Burk et al. 2008;

Gregory et al. 2008; Korpal et al. 2008; Park
et al. 2008). Expression analysis of miRNAs

in normal human tissues showed that the

miRNAs targeting ZEB family members are
particularly abundant in epithelial tissues

(Liang et al. 2007). Experimental up-regulation

of miR-200c in dedifferentiated metastatic
breast cancer cells suppresses their invasive be-

havior (Burk et al. 2008). Alternatively, ZEB1/
deltaEF1 represses transcription of miR-200
family members by binding to E-box elements
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in the promoter regions of polycistronic

primary miRNAs encoding these miRNAs

(Bracken et al. 2008; Burk et al. 2008). These
different miRNAs are repressed both by TGF-b

and by overexpression of the tyrosine phospha-

tase Pez, which results in EMT with loss of
E-cadherin expression (Gregory et al. 2008). In

turn, the EMT activator TGF-b2 is also down-

regulated by these miRNAs, indicating that
ZEB1/deltaEF1 induces a microRNA-mediated

feed-forward loop, which can re-enforce EMT

(Lopez and Hanahan 2002; Burk et al. 2008).
Increasing evidence shows that diverse solid

tumors are hierarchically organized and sus-

tained by a distinct subpopulation of cancer
stem cells (CSCs). For breast cancer, Al-Haij

et al. (2003) described a CD44high/CD24low

cell population that had greater tumor-initiat-
ing capacity. Surprisingly, normal mammary

epithelial cells could be induced to adopt the

stem-cell like CD44high/CD24low expression
profile when exposed to TGF-b or on condi-

tional overexpression of the EMT inducing

transcription factor Snail or Twist. The resulting
population displayed mesenchymal and stem

cell markers and acquired stem-cell like prop-

erties, including enhanced growth in mam-
mosphere cultures and increased formation

of soft agar colonies (Mani et al. 2008).

Moreover, activation of the Ras/MAPK signal-
ing pathway in primary human mammary

epithelial cells appeared to be crucial for facili-

tating the emergence of CD44high/CD24low

cells (Morel et al. 2008).

Endocytosis and Proteolytic Processing of
E-cadherin in Cancer

Multiple mechanisms other than genetic and
epigenetic silencing of E-cadherin could serve

as alternative ways for disturbing or inhibiting

normal E-cadherin function under pathological
conditions. As reviewed (van Roy and Berx

2008), E-cadherin is removed from the plasma

membrane by endocytosis and recycled to sites
of new cell–cell contacts. Abnormal activation

of proto-oncogenes, such as c-Met, Src, and

EGFR, results in increased phosphorylation of
tyrosine residues in the cytoplasmic domain

of E-cadherin, which leads to recruitment of

the E3-ubiquitin ligase Hakai and subsequently

mediates internalization and ubiquitin-depen-
dent degradation of E-cadherin (Fujita et al.

2002; Shen et al. 2008).

Because p120ctn participates in stabilizing
the cadherin–catenin complex, many cancer

types are characterized by loss or dislocalization

of p120ctn (reviewed in van Hengel and van
Roy 2007). We recently showed that p120ctn

interacts with hNanos1, the human ortholog

of the Drosophila zinc-finger protein, Nanos
(Strumane et al. 2006). Transcription of

hNanos1 mRNA is often suppressed on

E-cadherin expression. Conditional expression
of hNanos1 in human colon DLD1 cancer

cells induces cytoplasmic translocation of

p120ctn, up-regulates expression of membrane
type 1-matrix metalloproteinase (MT1-MMP)

at the mRNA and protein levels, and increases

migratory and invasive abilities (Strumane
et al. 2006; Bonnomet et al. 2008).

Moreover, matrix metalloproteinases,

including stromelysin-1 (MMP3), matrilysin
(MMP7), MMP9, and MT1-MMP (MMP14),

cleave the E-cadherin ectodomain near the

plasma membrane (Fig. 4) (Lochter et al.
1997; Davies et al. 2001; Noë et al. 2001;

Covington et al. 2006; Symowicz et al. 2007).

Several other proteases, such as the serine pro-
tease kallikrein 6 (Klk6), are up-regulated in

human squamous skin carcinomas. Ectopic

expression of Klk6 in keratinocytes induces
E-cadherin ectodomain shedding in parallel

with increased levels of mature ADAM10 pro-

teinase (Klucky et al. 2007). Pancreatic adeno-
carcinomas often overexpress kallikrein-7,

which can also generate soluble E-cadherin

fragments that may function as pseudoligands
to block normal E-cadherin interactions and

promote invasion (Johnson et al. 2007). In epi-

thelial ovarian carcinomas, the tumor cells
maintain direct contact with ascites, which

accumulates high concentrations of the solubil-

ized E-cadherin ectodomain, and thereby pro-
motes disruption of cell–cell junctions and

metastatic dissemination (Symowicz et al.

2007). ADAM15, which is associated with pro-
gression of breast and prostate cancers, also
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generates a soluble E-cadherin ectodomain

(Najy et al. 2008). This E-cadherin fragment

appeared to stabilize heterodimerization of the
HER2 (ErbB2) receptor tyrosine kinase with

HER3, thus leading to Erk signaling, which

stimulates both cell proliferation andmigration.
The ectodomain of E-cadherin is also a sub-

strate of secreted cathepsins B, L, and S, but not

cathepsin C (Gocheva et al. 2006). This corre-
lates with impaired malignant invasion on

ablation of any of these three cathepsins in

the mouse pancreatic islet cell carcinogenesis
model, RIP1-Tag2, whereas tissue-specific cath-

epsin C knockout had no effect on either tumor

formation or progression. Cathepsins are often
secreted by various cells in the tumor micro-

environment (Mohamed and Sloane 2006).

MESENCHYMAL CADHERINS AND
P-CADHERIN

Loss of expression of E-cadherin (CDH1),

P-cadherin (CDH3), or both in invasive tumor

cell lines and malignant tissues from breast
cancers, prostate cancers, and melanomas is

often associated with induced expression of

the mesenchymal N-cadherin (CDH2), gener-
ally referred to as cadherin switching (reviewed

by Tomita et al. 2000; Hazan et al. 2004;

Wheelock et al. 2008) (Table 1). E-cadherin
down-regulation together with de novo

N-cadherin expression is also observed in a

Rip1-Tag2 mouse tumor model, in which
tumor progression is accelerated by overexpres-

sion of IGF1R in the pancreatic b-cells (Lopez

and Hanahan 2002). Normally, cadherin-11
(OB-cadherin or CDH11) (Fig. 1) is constitu-

tively expressed in stromal and osteoblastic

cells. Its misexpression in carcinoma cell lines
and malignant breast and prostate tissues

coincides with greater invasiveness and poor

prognosis (Table 1) (Pishvaian et al. 1999;
Bussemakers et al. 2000; Tomita et al. 2000).

Manipulation of cadherin-11 expression in

experimental metastasis models for breast and
prostate cancers suggests that it promotes

homing and migration to bone (Chu et al.

2008; Tamura et al. 2008). In human prostate
cancers, cadherin-11 expression increases with

progression from primary to metastatic disease

in lymph nodes and particularly in bone (Chu

et al. 2008).
E-cadherin repressors, such as Snail, ZEB2/

SIP1, and Slug, can induce N-cadherin and

cadherin-11 expression during EMT, suggesting
that this cadherin switch is part of a tran-

scriptional reprogramming of dedifferentiating

epithelial cells (Cano et al. 2000; Vandewalle
et al. 2005; Sarrio et al. 2008). Overexpression

of N-cadherin in epithelial breast tumor cells

induces a scattered morphology even when
E-cadherin is present, and increases their

motility, invasiveness, and metastatic capacity

(Nieman et al. 1999; Hazan et al. 2000). This
enhanced malignancy can be partly explained:

Tumor cells, which express N-cadherin, are

more able to interact with N-cadherin-positive
tissues, including stroma and endothelium,

potentially promoting their access to the vascu-

lature and penetration and survival in second-
ary organs (Fig. 4) (Hazan et al. 1997; Hazan

et al. 2000).

In contrast to themalignant contribution of
N-cadherin overexpression in breast tumor cell

models, mammary gland tumors arising in

a bi-transgenic mouse model overexpressing
both N-cadherin and ErbB2/HER-2/neu in a

tissue-specific manner are not pathologically

different from the tumors in single ErbB2/
HER-2/neu transgenic mice (Knudsen et al.

2005). However, coexpression of N-cadherin

with polyomavirus middle-T antigen in the
mammary epithelium produces breast cancers

with greater potential for metastasis to the

lung (Hulit et al. 2007). N-cadherin did not
enhance tumor onset but affected tumor pro-

gression by potentiating oncogenic ERK signal-

ing, leading to MMP-9 up-regulation. These
studies suggest that the effects of cadherin

switching could occur late in tumor progression

and that the impact of abnormal cadherin
expression can depend on the cellular context.

The concerted action of additional events,

such as overexpression of FGF(R), loss of
E-cadherin, or up-regulation of MMPs might

be required together with N-cadherin up-regu-

lation to promote mammary tumor invasion
and metastasis in vivo. In breast cancer cells,
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N-cadherin and FGF2 synergistically increase

migration, invasion, and secretion of extracellu-

lar proteases (Hazan et al. 2004).
Mechanistically, N-cadherin is believed to

functionally interact with the FGF receptor,

causing sustained downstream signaling by
phospholipase Cg, PI(3)K, and MAPK-ERK

to promote cell survival, migration, and inva-

sion (Fig. 4) (Suyama et al. 2002). Shedding
of N-cadherin by proteases might stimulate

FGFR signaling in neighboring cells. Further-

more, presenilin 1 (PS1)/g-secretase cleaves
N-cadherin in the cytoplasmic part to release

a free carboxy-terminal 35-kDa fragment,

which translocates to the nucleus and binds
the transcriptional coactivator CBP (CREB

binding protein) (Fig. 4) (Marambaud et al.

2003). This targets CBP for degradation and
represses CBP/CREB-mediated transcription.

P-cadherin (CDH3) is expressed abnor-

mally in basal-like breast carcinomas and
in most pancreatic ductal adenocarcinomas

(Table 1) (Paredes et al. 2005; Taniuchi et al.

2005). The p120-catenin binding juxtamem-
brane domain (JMD) of P-cadherin could be

crucial for the enhancement of invasion and

migration caused by P-cadherin overexpression
in these cancers (Paredes et al. 2004). The

underlying mechanism is unclear, but small

sequence differences between the JMDs of
E-cadherin and P-cadherin might result in

differential binding of interacting proteins and

modulation of p120ctn functionality in case of
association with P-cadherin (Paredes et al.

2007). In melanoma cell lines P-cadherin can

counteract invasion (Van Marck et al. 2005),
which appears to agree with the shift in

human melanoma from active, membranous

to cytoplasmic P-cadherin (Sanders et al. 1999).

VE-CADHERIN (CADHERIN-5) AND OTHER
TYPE-II CADHERINS

The endothelial specific expression of

VE-cadherin (cadherin-5) plays a key role in
regulating vascular morphology and stability

(Fig. 4) (Dejana 2004; reviewed by Cavallaro

et al. 2006). Microarray studies revealed that
VE-cadherin is overexpressed in aggressive

human cutaneous and uveal melanoma cells,

but not in nonaggressive or poorly aggressive

melanoma (Table 1) (Bittner et al. 2000). On
the other hand, formation of patterned net-

works of matrix-rich tubular structures in

three-dimensional culture is characteristic of
highly aggressive but not poorly aggressive mel-

anoma cells (Maniotis et al. 1999). This vascular

mimicry is clinically significant and increases
the risk of metastatic disease (Warso et al.

2001). Aggressive melanoma cells in which

VE-cadherin was repressed could not form
vasculogenic-like networks (Hendrix et al.

2001), suggesting that tumor-associated misex-

pression of VE-cadherin (observed in mela-
noma cells) is instrumental in mimicking

endothelial cells to formvasculogenic networks.

Recently, VE-cadherin was found to be targeted
to proteasome-mediated degradation by a trans-

membrane ubiquitin ligase of the Kaposi’s

sarcoma-associated herpesvirus (Mansouri
et al. 2008). This resulted in a reduction of the

steady-state levels of interacting catenins and in

rearrangement of the actin cytoskeleton. This
reprogramming and differentiation of endo-

thelial cells accompanies loss of endothelial

barrier function and vascular leakage, which
could be relevant during Kaposi’s sarcoma

tumor formation (Mansouri et al. 2008).

Antiangiogenic tumor therapy is lately
receiving much attention in the form of

anti-VEGF therapy (Loges et al. 2008). Also

VE-cadherin has become a target for inhibition
of pathological angiogenesis. Monoclonal anti-

bodies directed against VE-cadherin could

inhibit angiogenesis and reduce tumor growth
of experimental hemangiomas and gliomas

(Corada et al. 2002; Cavallaro et al. 2006).

Specificity for angiogenic tumor vasculature
was further enhanced by targeting a VE-

cadherin epitope that is at least partly engaged

in trans-dimer formation, and thus is masked
on established vessels (May et al. 2005). This

therapy is antiangiogenic during neovascu-

larization because de novo adherens junction
formation is inhibited. The potential value of

anti-VE-cadherin therapy was further shown

by using a cyclic peptide directed against VE-
cadherin to inhibit oxygen-induced retinal
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neovascularization (Navaratna et al. 2008).

Regarding angiogenesis, it is worth mentioning

that endothelial cells also express N-cadherin,
R-cadherin (CDH4), and T-cadherin (cadherin-

13; see the following discussion). N-cadherin is

involved in recruitment (or binding) of peric-
ytes, which stabilizes blood vessel formation

(Cavallaro et al. 2006). The functions of

T-cadherin and R-cadherin in endothelial cells
are unclear. In gastrointestinal cancer, the

CDH4 promoter is often methylated early in

tumor progression, indicating that R-cadherin
might be a tumor suppressor (Miotto et al. 2004).

Recently, the cytogenetically normal

genome of a typical acute myeloid leukemia
sample was fully sequenced and compared with

the genome of normal skin cells of the same

patient (Ley et al. 2008). Only ten genes with
acquired mutations were identified, including

a nonsense mutation in the ectodomain of

cadherin-24 (CDH24). This type-II cadherin
(Fig. 1) (HulpiauandvanRoy2009)has received

little attention. It is widely expressed in human

tissues, binds p120 and b-catenin, and can
mediate strong cell–cell adhesion (Katafiasz

et al. 2003).

CADHERIN-13 (T-CADHERIN)

Cadherin-13 (CDH13), also called T(runcated)-
or H(eart)-cadherin, is most peculiar. It is

the only known cadherin that is membrane-

anchored via a glycosylphosphatidylinositol
(GPI) anchor instead of transmembrane

domains (Figs. 1 and 4). This explains its

unusual location at apical instead of baso-
lateral membranes in polarized epithelial cells

(Ranscht and Dours-Zimmermann 1991).

Nevertheless, the extracellular domain of
CDH13 shows significant homology with the

ectodomain of classical cadherins (Hulpiau

and van Roy 2009), and its binding is indeed
homophilic though relatively weak because of

structural peculiarities (Vestal and Ranscht

1992; Dames et al. 2008). This bindingweakness
suggests that CDH13 functions mainly in

signaling.

The human CDH13 gene is located on
chromosome 16q24, and because it is frequently

silenced in many different cancers, it has long

been considered to be a tumor suppressor

(Table 1) (Lee 1996; reviewed by Takeuchi and
Ohtsuki 2001). Also, CDH13 LOH is frequently

observed in major cancer types. In several of

these studies, treatment of tumor cell lines
with a demethylating agent or a histone deace-

tylase inhibitor reactivated CDH13 expression.

Methylation of the CDH13 promoter was
associated with recurrence of nonsmall-cell

lung cancers after surgery (Brock et al. 2008).

A genome-wide study of association of
single-nucleotide polymorphisms (SNPs) with

prostate cancer revealed four candidate suscep-

tibility genes, including CDH13 (Thomas et al.
2008). Cdh13 expression was up-regulated in

castrated mice but was down-regulated follow-

ing androgen replacement, which is in line
with androgen-responsive elements in its pro-

moter region (Wang et al. 2007). Exogenous

expression of CDH13 in DU145, a cell line
derived from a prostate cancer metastasis,

reduced tumorigenicity, whereas knockdown

of CDH13 transcripts in BPH1, derived from
benign prostate hyperplasia, facilitated tumori-

genesis (Wang et al. 2007).

Other experiments point to several growth
inhibitory effects of CDH13 (Lee 1996; Huang

et al. 2003; Mukoyama et al. 2005; Yan et al.

2008), but the underlying mechanism is
unclear. Overexpression of CDH13 in carci-

noma or glioma cells causes G2/M cell cycle

arrest (Huang et al. 2003). In the glioma
study, arrest depended on expression of the

CDK inhibitor p21CIP1 but not on expression

of p53. Another study reported that CDH13
interferes with c-Jun oncogenic activity (Chan

et al. 2008). Moreover, in vitro invasiveness of

breast cancer cells was inhibited by exogenous
expression of CDH13 (Lee et al. 1998).

However, exceptions do occur: One highly inva-

sive hepatoma cell line autonomously produces
high levels of CDH13, and knockdown of this

expression reduced invasion and migration

activity (Riou et al. 2006).
The recently reported Cdh13 knockout

mouse did not show spontaneous tumors or

other overt phenotypic abnormality, but cross-
ing it with the MMTV-polyomavirus-middle-T
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(MMTV-PyV-MT) transgenic mouse resulted

in offspring with CDH13-deficient mammary

tumors that were growth restricted and less vas-
cularized (Hebbard et al. 2008). Nevertheless,

these CDH3-deficient tumors had greatermeta-

static potential than wild-type MMTV-PyV-
MT tumors, which might be explained by

hypoxia-driven EMT (see also previous discus-

sion). The discrepancy of these in vivo findings
with the proposed tumor suppressor function

of CDH13 could be partly because of the contri-

bution of tumor vasculature.
Indeed, CDH13 was found to be induced in

microvessels associated with tumors andmetas-

tases, whereas in normal tissues it was expressed
only in larger vessels (Wyder et al. 2000). In

hepatocellular carcinoma (HCC), CDH13 is

silenced in the cancer cells but overexpressed in
the intratumoral endothelial cells (Adachi et al.

2006; Riou et al. 2006; Chan et al. 2008). In a

two-chamber system, angiogenic factor FGF-2
derived from HCC cells induced CDH13 ex-

pression in sinusoidal endothelial cells (Adachi

et al. 2006). Overexpression of CDH13 in a
human microvascular endothelial cell line

stimulated invasion of these nontumoral cells

into multicellular spheroids of undifferentiated
melanoma cells lacking CDH13 expression

(Ghosh et al. 2007). Overexpression and homo-

philic ligation of CDH13 in endothelial cells
stimulates their proliferation and migration,

enhances their protection against oxidative

stress, and stimulates angiogenesis under patho-
logical conditions, apparently by potentiating

factors such as VEGF (Philippova et al. 2006).

Growth of CDH13-expressing MMTV-PyV-
MT tumors transplanted in mammary fat pads

of Cdh13-null recipient mice was slower than

in wild-type mice, consolidating the nonau-
tonomous effect of CDH13 on tumor growth

(Hebbard et al. 2008).

How does CDH13 act as a stromal factor
favoring tumor growth whereas the tumor

cells themselves tend to silence its expression?

On homophilic ligation of CDH13 on surfaces
of endothelial cells it becomes linked to differ-

ent interacting proteins, including Grp78/BiP
(Philippova et al. 2008). The latter is normally
retained within the ER but becomes surface

exposed under pathological conditions. Endo-

thelial cell survival is apparently promoted

by surface exposed Grp78 via the phos-
phatidylinositol 3-kinase and Akt kinase

pathway (Fig. 4). Another interesting CDH13

partner in endothelial cells is avb3 integrin.
CDH13 colocalizes with this integrin mostly

at the leading edge of migrating cells, which

agrees with a proangiogenic CDH13 effect
(Philippova et al. 2008).

CDH13 was also identified as a “third

adiponectin receptor” (reviewed by Takeuchi
et al. 2007). Adiponectin, secreted by adipo-

cytes, is a hormone with insulin-sensitizing

effects. In serum it exists as trimers, hexamers,
or high molecular weight oligomers. CDH13

probably serves as coreceptor with the more

classic adiponectin-receptor-1 and -2 for
binding hexameric and larger adiponectin

forms (Hug et al. 2004). The possible relevance

of this coreceptor function of CDH13 to cancer
is supported by evidence from theMMTV-PyV-

MT mammary tumor system (Hebbard et al.

2008). When Cdh13 was ablated, adiponectin
was no longer associated with the tumor vascu-

lature and its serum levels increased. As adipo-

nectin can sequester various growth factors, its
CDH13-dependent accumulation in a tumoral

microenvironment may favor both tumor-

associated neoangiogenesis and tumor growth.

PROTOCADHERINS AND CANCER

As recently reviewed (Hulpiau and van Roy

2009), protocadherins differ in many aspects

from classic cadherins (Figs. 1 and 3). They
can be subdivided into clustered and nonclus-

tered protocadherins, reflecting the localization

of their genes in vertebrate genomes. Transcripts
of clustered protocadherins are composed

of one of many variable exons combined with

a few constant exons. Three subfamilies of
clustered protocadherins are discerned in

mammals: a-, b-, and g-protocadherins. Evi-

dence for the involvement of clustered proto-
cadherins in cancer is limited. In a global

genomic analysis of pancreatic cancers, more

than 23,000 pancreatic cancer-derived tran-
scripts were sequenced (Jones et al. 2008)
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(Table 1). This revealed cancer-associated so-

matic missense mutations in some members

of the clustered protocadherin subfamilies, but
their functional relevance remains unclear.

Other studies pointed at the involvement of

methylation of the PCDHGA11 or PCDHGB6
promoter region in the development of astrocy-

tomas or breast cancer (Miyamoto et al. 2005;

Waha et al. 2005).
Considerably more information is available

about the nonclustered protocadherins, a

family comprising 10 members in man and
other mammals (Hulpiau and van Roy 2009).

In the same large-scale analysis of pancreatic

cancers (Jones et al. 2008), missense mutations
were found in protocadherin-9, -17, and -18.

Expression of protocadherin-1 (PCDH1) in

medulloblastoma patients predicted survival
(Table 1) (Neben et al. 2004).

In breast cancer, protocadherin-8 (PCDH8)

was proposed as a candidate tumor suppressor
(Table 1) (Yu et al. 2008), as several somatic

missense mutations affecting the ectodomain

or a conserved motif in the cytoplasmic
domain were found in tumor samples and cell

lines (Yu et al. 2008). Proliferation and mi-

gration of breast cancer cell lines was inhibited
by forced expression of wild type PCDH8 but

not by two of the ectodomain missense muta-

tions. Moreover, the E146K mutation, as-
sumed to affect a calcium-coordinating amino

acid in PCDH8, conferred a transformed phe-

notype on “normal” MCF10A cells (Yu et al.
2008). Contrary to common descriptions,

PCDH8 is not the homolog but the close

paralog of the paraxial protocadherin (PAPC)
of Xenopus laevis (Hulpiau and van Roy

2009). So one should be careful when interpret-

ing PCDH8 functions based on the numerous
reported findings on Xenopus PAPC (e.g.,

Unterseher et al. 2004). Interestingly, neural

stimulation induces a short isoform of
Arcadlin (¼ rat Pcdh8) in hippocampal

synapses, where it associates with N-cadherin

and cadherin-11 (Fig. 4) (Yasuda et al. 2007).
Induction of this isoform activated a

MAPKKK, TAO2b, triggering a signaling

pathway leading to endocytosis of N-cadherin.
Whether the putative tumor suppressor activity

of PCDH8 is based on a similar phenomenon

is unknown.

Within the same protocadherin subfamily,
protocadherin-10 (PCDH10 or OL-protocad-

herin) and protocadherin-20 (PCDH20) were

also proposed as tumor suppressors (Table 1).
First, strong evidence was reported for frequent

epigenetic inactivation of PCDH10 in various

human cancers but not in matched normal
tissues (Miyamoto et al. 2005; Ying et al. 2006;

Ying et al. 2007; Yu et al. 2009). For gastric

cancer, PCDH10 methylation was detected at
early stages of carcinogenesis andwas associated

with poor prognosis (Yu et al. 2009). Ectopic

PCDH10 expression in nasopharyngeal and
esophageal carcinoma cell lines reduced clo-

nogenicity, anchorage-independent growth,

migration potential, and in vitro invasion into
Matrigel (Ying et al. 2006). Re-expression of

PCDH10 in gastric cancer cells inhibited

tumor growth in mice, induced cell apoptosis,
and inhibited cell invasion (Yu et al. 2009).

Also, the promoter of the PCDH20 gene is fre-

quently methylated in human tumors, specifi-
cally in nonsmall-cell lung cancers (Imoto

et al. 2006). Again, ectopic expression in a car-

cinoma cell line reduced clonogenicity and
anchorage-independent growth. The molecular

mechanisms underlying these tumor suppres-

sive functions of protocadherins are unknown.
In contrast to thepreviouslymentionedpro-

tocadherins, protocadherin-11Y (PCDH11Y,

also named protocadherin-PC) is a candidate
proto-oncogene. Human PCDH11X and

PCDH11Y are highly homologous and are

located in the hominid-specific nonpseudoau-
tosomal homologous region Xq21.3/Yp11.2,
which had undergone duplication by transposi-

tion from the X to the Y chromosome after the
divergence of the hominid and chimpanzee

lineages. In other words, PCDH11Y is found

exclusively in man (Blanco et al. 2000). Tran-
scription occurs mainly in the brain. The

encoded PCDH11 proteins belong to the d1-

protocadherin subfamily (Vanhalst et al. 2005).
The start codon in the PCDH11X transcript

is absent from the PCDH11Y transcript because

of a short genomic deletion. Use of an AUG
further downstream results in a PCDH11Y

G. Berx and F. van Roy

16 Cite this article as Cold Spring Harb Perspect Biol 2009;1:a003129

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


protein lacking the signal peptide and therefore

remaining cytoplasmic (Fig. 4) (Chen et al.

2002). Transcription of PCDH11Y is up-
regulated in apoptosis-resistant cell variants

compared with the parental prostate carcinoma

cell line LNCaP. PCDH11Y mRNA levels
are increased in androgen-refractory prostate

cancers, and its ectopic expression in human

prostate cancer cell lines induced anchorage-
independent growth in hormone-deprived

medium and tumorigenicity in castrated nude

mice (Terry et al. 2006). Its expression corre-
lated with occurrence of nuclear b-catenin

and with increased TCF/Lef transcriptional

activity (Yang et al. 2005; Terry et al. 2006).
Recently, an interesting link was established

between Wnt/b-catenin signaling and andro-

gen independence during prostate cancer pro-
gression (Placencio et al. 2008; Schweizer et al.

2008; Wang et al. 2008). Although b-catenin

coimmunoprecipitated with PCDH11Y (Chen
et al. 2002), the interaction between the two

proteins is not direct (our unpublished data).

OTHER CADHERIN-RELATED MOLECULES
AND CANCER

Expression of the mRNA and protein of a

cadherin-related protein, named protocadherin

LKC or PC-LKC and later renamed protocad-
herin-24 (Fig. 1), was reported to be reduced

in carcinomas derived from the colon, liver,

and kidney (Table 1) (Okazaki et al. 2002).
Ectopic expression of this cadherin-related

protein in human colorectal carcinoma cells

(HCT116) reduced tumorigenicity in nude
mice by an unknown mechanism.

Another interesting cadherin-related

protein is Fat4, which has 34 cadherin repeats
and is the homologue of Drosophila Fat

(Fig. 1) (Hulpiau and van Roy 2009). In the

fly, Fat modulates cell contact inhibition
and organ size by functioning upstream of

the (Hippo/Salvador)-(Warts/Mats)-Yorkie-

Scalloped signaling pathway (reviewed in
Harvey and Tapon 2007; Zeng and Hong

2008; Zhao et al. 2008). Several components

of this pathway are protein kinases or adaptors,
whereas Yorkie is a transcriptional coactivator

that is inactivated by cytoplasmic retention on

Hippo activation, and Scalloped belongs to

the TEAD transcription factor family. Fat
appears to be upstream in this pathway and

to signal through Expanded, a Merlin-like pro-

tein, or through inhibition of Dachs (not to be
confused with Dachsous or Ds), an atypical

myosin that inhibits Warts. The mechanism by

which Expanded activates the Hippo/Salvador
complex is unknown. Anyhow, removal of Fat

induces overgrowth of imaginal disc tissues.

Also, Fat functions in planar cell polarity pro-
cesses. There is no evidence for homophilic

binding in trans between cells expressing Fat

(Matakatsu and Blair 2006). In contrast, the
ectodomain of Fat can interact with the ectodo-

main of another huge cadherin-related protein,

Dachsous (Ds), on juxtaposed cell surfaces
(Figs. 1 and 4). The Fat-Ds interaction can be

compared with ligand-receptor binding rather

than to cell–cell adhesion, and it might func-
tion mainly to activate the intracellular

domain of Fat. The intracellular domain of Ds

seems to contribute to growth control also inde-
pendently of the Fat intracellular domain

(Matakatsu and Blair 2006).

Each of the Hippo pathway components
mentioned above is conserved in mammals,

in which the pathway can be abbreviated

as (Mst1/Mst2)-(LATS/Mob/WW45)-(YAP/
TAZ)-TEAD (Fig. 4). Several of these proteins

or their corresponding genes are mutated, si-

lenced, or overexpressed in human tumors
and mouse cancer models (reviewed in Harvey

and Tapon 2007). A putative role for mam-

malian Fat4 as tumor suppressor remained un-
proven until recently, when Qi et al. (2009)

reported that biallelic Fat4 inactivation con-

ferred tumorigenicity to a mouse mammary
epithelial cell line (Table 1). Re-expression of

Fat4 in Fat4-deficient tumor cells suppressed

their tumorigenicity. Moreover, Fat4 expression
was lost in many human breast tumor cell lines

and primary tumors, and this silencing was

associated with human Fat4 promoter methyl-
ation. Nonetheless, loss of Fat4 by itself is in-

sufficient to generate tumors, as Fat4 knockout

mice show various defects, explainable by defec-
tive planar cell polarity signaling, but no tumors
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(Saburi et al. 2008). No association with cancer

has been reported for mammalian Dachsous

homologs.
The human RET protein is a proto-

oncogenic receptor tyrosine kinase with

cadherin-like domains in the ectodomain.
Bioinformatic analysis andmolecular modeling

revealed thepresenceof 4 cadherin-likedomains

in vertebrate Ret proteins (Fig. 1) (Anders et al.
2001). It was suggested that Ret resulted from

recombination of a tyrosine kinase receptor

gene and an ancestral cadherin gene during
early metazoan evolution. Whether RET can

be considered a cell adhesion receptor is unde-

termined, but its involvement in cancer is
beyond doubt (reviewed by Kondo et al. 2006;

Zbuk and Eng 2007). Glial cell derived neuro-

trophic factor (GDNF) ligands and GNDF
receptor-a bind the extracellular domain of

RET, leading to RET dimerization and auto-

phosphorylation. Constitutive activation can
result from missense mutations in Cys residues

in the ectodomain or from fusion to PTC in a

chimeric oncoprotein. The resulting cancers
are various sporadic thyroid carcinomas as

well as familial cancers such as the multiple

endocrine neoplasias MEN2A and MEN2B
(Table 1). The role of the cadherin domains in

the RETectodomain is unknown.

CONCLUSIONS AND PERSPECTIVES

The effectiveness of conventional anticancer
treatment is often limited by serious toxicity.

Even after 30 years of conventional therapies

(surgery, irradiation, chemotherapy, and com-
binations thereof ), overall survival from meta-

static cancer has not improved much. Among

the causes of therapeutic failure are the lack of
adequate tumor specificity and thedevelopment

of drug resistance. Future anticancer drugs

should be made more effective and more selec-
tive: They should act on or somehow exploit

the specific molecular abnormalities driving

malignant progression.
Research during the past 20 years has shown

that dysregulation of cadherins contributes to

different aspects of cancer progression, includ-
ing drug resistance, angiogenesis, cancer cell

invasion, and metastasis. Thus, cadherins and

their regulators can become valuable diagnostic

and prognostic indicators, as well as potential
therapeutic targets.

The most compelling data for the involve-

ment of the cadherin family in cancer pro-
gression are available for E-cadherin. The

causal relationship between E-cadherin dys-

function and cancer progression has been
convincingly shown both in vitro and in vivo.

Furthermore, the clinical relevance of E-

cadherin deficiency has been confirmed by
immunohistochemical evidence of changes in

E-cadherin expression and localization in most

human cancers (reviewed in Strumane et al.
2004). Consequently, circulating cadherin frag-

ments received as much attention as potential

cancer markers (reviewed in De Wever et al.
2007). Indeed, multiple cadherins are targets

for ectodomain shedding because of elevated

protease activity in the tumoral microenviron-
ment. However, current experimental data

support the use only of soluble N-cadherin as

a circulation tumor marker for prostate and
pancreas cancers. Expression of N-cadherin

and cadherin-11 might be used as indicators of

unfavorable diagnosis or poor prognosis
because they are normally not expressed in

epithelia but are frequently up-regulated in

invading cancer cells. A cyclic pentapeptide,
ADH-1, has been developed as an extracellular

N-cadherin antagonist for use as a systemic

anticancer agent (reviewed by De Wever et al.
2007; Mariotti et al. 2007). ADH-1 has entered

clinical testing, andhas been reported tohave sig-

nificant antitumor activity in a mouse model for
pancreatic cancer (Shintani et al. 2008) and to

strongly potentiate chemotherapy of human

melanoma xenografts (Augustine et al. 2008).
Various aberrations that negatively affect

E-cadherin can occur during cancer pro-

gression, such as mutations, promoter methyl-
ation, and transcriptional repression. In

sporadic diffuse gastric cancer and possibly in

HDGC, CDH1 mutations are accompanied
by epigenetic silencing of the second allele

(Grady et al. 2000). This opens the way for

future E-cadherin-directed epigenetic therapy
by using DNA methylation inhibitors (e.g.,
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5AzaC) and histone deacytelase inhibitors (e.g.,

trichostatin A; Wu et al. 2007), both of which

have been shown to reactivate E-cadherin
expression in vitro. It is noteworthy that

several protocadherins were recently reported

to be silenced by promoter methylation in
cancers. Nonetheless, one has to consider that

reactivating expression of cell–cell adhesion

molecules in cancer cells may trigger intrinsic
or acquired resistance to anticancer drug-

induced apoptosis (St Croix and Kerbel 1997).

Further, transcriptional deregulation of epi-
thelial differentiation has been much explored

lately (Peinado et al. 2007). As pointed out pre-

viously, different transcriptional repressors of
E-cadherin have been identified, such as Twist,

Snail, and ZEB family members and their

respective miRNA regulators. Because of the
central role of these transcription factors in

EMTand their possible contribution to tumor-

igenesis, they can be regarded as candidates
for molecular targeting (Berx et al. 2007).

Specifically inhibiting them by small interfering

RNA (siRNA) or by chemical compounds could
improve the management of malignant cancer

by enhancing E-cadherin expression. Expres-

sion of these EMT-driving transcriptional
repressors has also been associated with anti-

apoptotic functions, poor response to pharma-

cological treatments, and chemoresistance
(Yauch et al. 2005; Shah and Gallick 2007).

Identification of an EMT signature in tumors

could therefore be instrumental to developing
more effective therapeutics. For this, we

should carefully investigate the aberrations in

signaling pathways driving EMT in different
tumor types to enable use of pathway-specific

inhibitors as anti-invasive cancer therapies. For

instance, TGF-b is a strong inducer of EMT: It
stabilizes and induces the expression of different

E-cadherin repressors and can enhance the

cancer stem cell phenotype (Mani et al. 2008).
Long-term use of TGF-b antagonists has been

shown to be effective in reducing metastasis in

experimental mouse models (Akhurst 2002)
and could therefore be a means to block

pathological EMT in cancer.

In conclusion, it is most important to inves-
tigate further the pleiotropic effects of different

cadherins, protocadherins, and other cadherin-

related molecules during cancer progression.

This implies unraveling complex regulatory
pathways, includingmolecular inducers, signal-

ing pathways, and molecular effectors, under

both physiological and pathological conditions.
This is well advanced for classic cadherins, but

for numerous other members of the cadherin

superfamily, it is still in its infancy. Such scru-
tiny might eventually lead to development of

better tailored anticancer therapies based on

cadherin-targeting strategies.
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