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Abstract
In the context of cancer, E-cadherin has traditionally been categorized as a tumor suppressor,
given its essential role in the formation of proper intercellular junctions, and its downregulation in
the process of epithelial-mesenchymal transition (EMT) in epithelial tumor progression. Germline
or somatic mutations in the E-cadherin gene (CDH1) or downregulation by epigenetic
mechanisms have been described in a small subset of epithelial cancers. However, recent evidence
also points toward a promoting role of E-cadherin in several aspects of tumor progression. This
includes preserved (or increased) E-cadherin expression in microemboli of inflammatory breast
carcinoma, a possible “mesenchymal to epithelial transition” (MET) in ovarian carcinoma,
collective cell invasion in some epithelial cancers, a recent association of E-cadherin expression
with a more aggressive brain tumor subset, as well as the intriguing possibility of E-cadherin
involvement in specific signaling networks in the cytoplasm and/or nucleus. In this review we
address a lesser-known, positive role for E-cadherin in cancer.
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1. Introduction
Cadherins are a family of cell surface glycoproteins that play a prominent role in cell-cell
adhesion. Classical cadherins were the first members of the cadherin superfamily to be
identified and are key structural components of the adherens junctions[1]. Cadherins
mediate Ca2+ dependent, homophilic cell-cell adhesion via their extracellular domains[2]. In
addition, they link the extracellular environment to the cytoskeleton and participate in cell
signaling through the interaction of their conserved cytoplasmic domains with the catenins,
in particular p120-, α- and β-catenin (reviewed in [3, 4]). E-cadherin, a type I classical
cadherin, is a key component in the formation of cell-cell adherens-type junctions in
epithelial tissues[3, 4].
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Studies in a variety of cancers have documented E-cadherin’s role as a tumor suppressor; the
evidence for this is covered briefly here, as it has been extensively reviewed elsewhere[5–8].
At the experimental level, suppression of E-cadherin function or expression leads to
mesenchymal morphology and increased cell migration and invasion[9, 10] as well as
metastasis[11–13]. Loss of E-cadherin facilitates the initial invasive behavior of certain
epithelial-derived cancers[11, 14] which may allow basement membrane transgression and
spread[10]. Conversely, re-introduction of E-cadherin in cell lines lacking expression leads
to reversal of poorly differentiated carcinoma phenotypes (i.e. fibroblastic, highly invasive,
poorly cell-cell adherent) back to a well-differentiated, minimally invasive epithelioid
phenotype with well developed cell-cell junctions [15–18]. Loss of E-cadherin leads to
activation of known oncogenic signaling pathways, including mitogen activated kinase
(MAPK), rat sarcoma viral oncogene (Ras) and ras-related C3 botulinum toxin substrate
(Rac1)[19, 20], as well as loss of Hippo signaling[21].

At the physiological level, the tumor suppressor role of E-cadherin has been particularly
studied in breast cancer (reviewed in [7, 22]), where loss of heterozygosity in chromosome
region 16q22.1, the gene region encoding E-cadherin (CDH1), is frequent[22]. In fact, loss
of E-cadherin is one of the main phenotypic traits of lobular carcinoma, a breast carcinoma
subtype characterized by prominent single cell infiltration, which has been colorfully
referred to in classic pathology teaching as “indian filing”. A tumor suppressor role for E-
cadherin has also been established or suggested in a variety of additional epithelial
malignancies, including hepatocellular carcinoma[23], squamous cell carcinomas of the
skin, head and neck[24, 25], and esophagus[26], as well as melanoma[27]. Many of these
cancers do not show a high frequency of somatic mutations in CDH1; however E-cadherin
expression can also be downregulated by promoter hypermethylation[28]. Inherited
germline mutations in CDH1 are also a feature of hereditary gastric cancer[29].

The experimental and physiological observations regarding the tumor suppressor role of E-
cadherin are often interpreted in the context of the epithelial-mesenchymal transition (EMT).
This developmentally-important process includes a spectrum of changes that lead to the
transient downregulation of epithelial cell traits such as apical-basal polarization and
organized cell-cell adhesion and the acquisition of a mesenchymal cellular phenotype that is
less adherent and more migratory (the process of EMT has been reviewed in [30, 31]).
Together, these changes facilitate tissue reorganization and morphogenesis during
development. It is increasingly apparent that facets of EMT underlie the progression of
carcinomas (tumors of epithelial origin) toward increasingly malignant states (reviewed in
[32–35]). One component of the EMT process is the cadherin “switch” whereby the
expression of epithelial cadherins (e.g. E-cadherin) is downregulated and conversely
mesenchymal cadherins (N-cadherin) are expressed (reviewed in [6, 36, 37]). Such changes
in cadherin expression have been reported for a variety of cancers[37], and, as described
above, are experimentally linked to increased cell motility and the ability to invade and/or
metastasize. It is in this context that E-cadherin’s tumor suppressor role in cancer is most
often viewed. In the most simplified model, E-cadherin’s presence prevents cell motility,
invasion, and metastasis.

Although E-cadherin’s role as a tumor suppressor is established by agreed upon criteria with
firm supporting experimental evidence, in recent years alternative roles for E-cadherin in
tumor progression have become apparent. Particularly, in tumors from the ovary, a classical
epithelial-mesenchymal transition does not occur, and to the contrary E-cadherin is
consistently upregulated[38]. Similarly, although an EMT operates in breast carcinoma,
evidence supports an important role for E-cadherin in tumor intravasation, which itself is a
critical step required for metastasis([39], reviewed by [40]). For example, most breast ductal
carcinomas, both primary and metastatic, consistently express E-cadherin[41], and E-
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cadherin plays an important role in maintaining intravasated microemboli in inflammatory
breast carcinoma models, as described below. E-cadherin may also be important in stem cell
biology, increasingly recognized as an important facet of tumor progression[42]; for
example, in some studies E-cadherin upregulation increases the clonogenic activity of
human embryonic stem cells in the absence of an effect on cell motility[43].

These observations suggest that E-cadherin not only acts as a tumor suppressor, but may
also have a promoting role in tumor progression. A variety of proteins function as tumor
suppressors or promoters, depending on the specific context; TGF-β is one example[44].
While compelling, the positive functions of E-cadherin in tumor progression have not yet
been explored in a systematic fashion. In the remainder of this review we consider E-
cadherin’s alternative, non-tumor suppressive roles, using specific tumor types as examples.

2. Positive role for E-cadherin in neoplastic progression
2.1 Support of intravasation and tumor cell survival in inflammatory breast carcinoma

Carcinoma of the breast is a tumor type in which the epithelial-mesenchymal transition with
associated down regulation of E-cadherin has been studied extensively. Lobular carcinoma
is a morphologic subtype, the hallmark of which is absence of E-cadherin expression[45], a
diagnostically useful marker. However, the role of E-cadherin in breast cancer biology
might be more complex, and a simple downregulation of E-cadherin may not accurately
describe the whole process. In fact, invasive ductal carcinoma, the predominant histologic
subtype of breast cancer, consistently expresses E-cadherin. A study of E-cadherin
expression in primary breast carcinomas and their distant metastases demonstrated E-
cadherin expression in all metastatic tumors of the ductal type (but not in the lobular tumors
examined), with the same intensity or even stronger than their respective primaries[41].

Indeed, an unexpected role for E-cadherin in tumor progression has started to emerge in
breast cancer. Intravasation, the process whereby tumor cells gain access to vascular
channels, is rate-limiting in the formation of metastases[39], which is the predominant cause
of death in breast and other epithelial cancers. This phenomenon is exaggerated in the
clinical form of breast cancer known as inflammatory carcinoma, which usually displays
extensive lymphovascular invasion and is associated with a dismal prognosis, i.e. a 2-fold
greater mortality than for locally advanced breast cancer patients[46]. E-cadherin is
overexpessed in this specific breast carcinoma subset at the protein level, both in cell lines
and clinical tissues[47, 48], as is RhoC GTPase, another possible mediator of the
inflammatory breast carcinoma phenotype[49, 50]. Functional in vitro experiments using
introduction of dominant negative mutant E-cadherin into IBC cell lines leads to decreased
invasion and downregulation of MAPK pathway signaling[51], suggesting a positive role for
E-cadherin in IBC progression.

The histologic hallmark of inflammatory breast cancer is the production of numerous,
cohesive tumor microemboli within the lymphatics. The biology of these microemboli is
more complex than previously thought, as they seem to be curiously resistant to
therapeutics, probably due in part to the cohesive nature of these emboli secondary to
increased E-cadherin mediated homotypic interactions[52]. Experimental work using the
“MARY-X” xenograft model of inflammatory breast carcinoma has demonstrated E-
cadherin to be overexpressed in intravascular tumor emboli, resulting in compact, cohesive
spheroid structures[47, 53–55]. These structures are unable to interact with endothelial cells
due to the increased expression of sialyl-Lewis X/A-deficient-MUC1, which is unable to
bind to the endothelial adhesion molecule E-selectin[55]. The combination of E-cadherin-
mediated cell-cell adhesion and resistance to endothelial cell interaction facilitates the
passive dissemination of tumor emboli in this model. Furthermore, expression of putative
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stem cell markers, such as stellar, rex-1, nestin, oct-4 and nanog, among others, has been
observed[56]. In addition, IBC microemboli seem to have a molecular signature, at the
mRNA and protein levels, that mediates adaptation to hypoxia and an increase in
angiogenesis[57–60]; this occurs even during normoxic conditions. Taken together, these
observations suggest that IBC microemboli are efficient structures for tumor cell survival.
As increased E-cadherin levels promote microemboli formation, in this particular context E-
cadherin plays a pro-survival, tumor-promoting role[61]. (Figure 1a)

The upregulation of E-cadherin in tumor microemboli may be related to increased
expression of p120 catenin[62] rather than changes in E-cadherin transcription[61](Figure
1b). In an elegant study, Silvera et al. demonstrated that the translation initiator eIF4GI is
overexpressed in IBC, which leads to a pro-survival, protein synthesis program that favors
emboli formation[62]. Silencing of eIF4GI resulted in a minor decrease in overall protein
synthesis, but seemed to impair IBC growth in vivo, leading to small tumor size and reduced
tumor emboli formation in xenograft models. The decreased tumor growth was not related to
decreased viability, but rather to a destabilization of E-cadherin protein in the absence of
changes to E-cadherin mRNA levels. Interestingly, the translation of p120 catenin, a known
component of cell junctions that directly stabilizes E-cadherin, was impaired in tumors with
silenced eIF4GI. Tumor emboli formation could be rescued by overexpression of p120 in
eIF4GI deficient tumor cells.

Understanding the mechanisms of E-cadherin’s role in tumor microemboli genesis may
prove useful in the future for understanding the effects of specific therapies. For example, in
a recent in vitro study using IBC cell lines (SUM190, SUM149) and primary cultures,
treatment with the histone deacetylase inhibitor SAHA was demonstrated to be an effective
inhibitor of tumor spheroid self renewal[63]. SAHA treatment was also associated with a
redistribution of E-cadherin from cell surface to cytoplasm, thus interfering with homotypic
cell aggregation despite preserving total E-cadherin levels.

2.2 Ovarian cancer, mesenchymal-epithelial transition and AKT signaling
Among epithelial cancers, ovarian carcinoma is a prominent exception to the EMT rule: E-
cadherin is expressed in the vast majority of ovarian carcinomas, irrespective of histologic
type and degree of differentiation, but is low to absent in normal ovarian tissues[64–67].
(Figure 2a) High levels of E-cadherin are ubiquitous in primary ovarian carcinomas, and are
also maintained when ovarian carcinoma metastasizes to the peritoneum and omentum[68],
a hallmark of this tumor. Interestingly, E-cadherin expression in ovarian surface epithelium
has been noted in patients with a family history of ovarian cancer, suggesting an additional
possible role in tumor initiation and/or progression[69].

Functional, in vitro experiments performed using ovarian surface epithelium cell lines have
identified phenotypic changes associated with malignancy and increased proliferation after
E-cadherin transfection[70], including features of a mesenchymal to epithelial transition[38].
Indeed ovarian carcinoma appears to be an excellent model of mesenchymal to epithelial
transition [71]. Interestingly, although the EMT mediators Snail, Slug and SIP1 are
upregulated at the mRNA level in malignant effusions of ovarian carcinoma[72], Snail and
Slug protein levels are lower in these effusions compared to their primary tumors of
origin[73], while membranous E-cadherin and α-, β- and γ-catenin proteins are
upregulated[74]. Furthermore, Snail protein appears to localize to the cytoplasm in primary
effusion cells, suggesting that it may not be active[73]. The variation in EMT proteins and
E-cadherin levels in ovarian carcinoma appears to be a site-dependent and dynamic process.
For example, as mentioned above, in carcinoma cells present in effusions Snail may be
present in the cytoplasm, allowing increased transcription of E-cadherin, a process that may
be mediated in part by lower Pak1 levels[71]. This increase in E-cadherin in free-floating
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effusion tumor aggregates may confer a survival advantage, reminiscent of the inflammatory
breast carcinoma microemboli discussed above. Conversely, E-cadherin protein may be
lower in solid metastases, with preservation of N-cadherin[75], and a more conventional
EMT may be operative in this context.

Some investigators have suggested that these observations have mechanistic implications for
ovarian carcinoma tumorigenesis. One study demonstrated an association between E-
cadherin mediated intercellular junction formation and activation of the AKT and MAPK
signaling pathways, a phenomenon related to ligand-independent activation of the EGF
receptor (EGFR, also known as ErbB1 or HER1)[76]. Interestingly, adhesion-mediated
ligand-independent activation of EGFR has also been implicated in oral squamous cell
carcinoma[77]. Normally, E-cadherin interacts with EGFR[78, 79] and inhibits its function
via the action of the neurofibromatosis type 2 (NF2) tumor suppressor merlin[80]. However,
E-cadherin also associates with the p85 regulatory subunit of PI3K[81, 82], bringing it in
close proximity to EGFR. When EGFR is activated, this close proximity contributes to
PI3K/AKT activation[83]. It is therefore possible that under certain conditions and in the
absence of a negative regulator, E-cadherin promotes EGFR-mediated PI3K activation
instead of inhibiting it (Figure 2b).

Of course, cancer is a disease known for its heterogeneity of genotype and phenotype, and
there appear to be subtypes of ovarian cancer that do not follow the altered pattern of E-
cadherin and EMT mediator expression described above. For example, recent evidence
suggests that changes associated with EMT and E-cadherin downregulation play a role in the
progression and invasion of low grade serous carcinomas arising from borderline serous
tumors[84, 85]. In particular, increased expression of key mediators of EMT (e.g. Snail,
Slug, Twist1, SIP1), and decreased membranous E-cadherin in ovarian serous and clear cell
carcinomas in particular, as opposed to surface epithelium and borderline tumors was
reported by one group[86]. However, in the same study E-cadherin protein expression was
increased, while Twist1 and Snail levels were decreased, in disseminated peritoneal lesions
compared to the primary tumors, further supporting dynamic protein level alterations for
these proteins in ovarian cancer as described above. In addition, some immunohistochemical
studies have shown weak to absent E-cadherin staining in poorly differentiated subtypes
compared to better differentiated/lower grade tumor types [87–89]. Finally, a recent study
by Burkalter et al. suggests that integrin recruitment/activation caused by binding to
collagen on the peritoneal surface and submesothelial matrix, leads to destabilization of cell
junctions, and increased beta-catenin/WNT pathway signaling[90].

2.3 Growth and migration in glioblastoma
Although glial tumors (gliomas) are frequently viewed as “epithelial” in origin, the nervous
tissue from which they arise is not classically epithelial in structure, and these tumors are
more accurately described as “neuroepithelial”. The difference in terms can be partly
understood by examination of cadherin expression in normal nervous tissue as compared to
epithelial tissue. In the adult central nervous system cadherin expression is stable,
mesenchymal cadherin (e.g. N-cadherin, cadherin 11) expression is the norm[92], and E-
cadherin expression, in particular, is rare. A notable exception is expression of E-cadherin in
arachnoid cells[93]. As with ovarian tumors, these observations make it conceptually
difficult to apply the typical EMT cadherin-switching process to glial tumorigenesis.
However the broader cadherin-switching concept, in which cells downregulate the cadherin
they would normally express and upregulate an inappropriate cadherin, resulting in altered
cell behavior, can still apply[37] (Figure 2a).

One of the main functional properties of gliomas is a marked tendency for infiltration of
underlying parenchyma. This behavior provides a rationale to study cell-cell adhesion in
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glial tumorigenesis. Prior studies of cadherin expression in gliomas concluded that N-
cadherin expression is frequent, while E-cadherin is rare to absent[94–100]. Studies of E-
cadherin in astrocytomas in particular are scant and generally argue that E-cadherin is
largely absent at the protein level[97]. Studies on the role of N-cadherin in glioma cell
invasion have been inconclusive[94, 95, 97, 98], however, leading to the hypothesis that
alterations in cell junction organization rather than differences in cadherin expression may
be more important in the invasive properties of gliomas[96].

In this context, it is noteworthy that 73% of a subset of glioblastomas with epithelial and
pseudoepithelial differentiation expresses E-cadherin, particularly in areas of epithelial
differentiation[101]. Although this subset of tumors is rare (representing <2% of
glioblastomas), E-cadherin expression was associated with decreased overall survival in
these patients[102]. Further investigation revealed that while E-cadherin expression is rare
in a panel of human high grade astrocytoma cell lines, it correlates with increased
invasiveness in vivo, using orthotopic glioblastoma mouse xenografts[102]. Additionally, in
a conventional glioma cell line (SF767), non-mutated endogenous E-cadherin was
mislocalized throughout the cell membrane, rather than localizing predominantly at sites of
cell-cell contact. Functional experiments using shRNA-mediated E-cadherin knockdown
resulted in dose-dependent decreases in SF767 cell proliferation and migration. While the
underlying mechanism needs to be established, these findings suggest that E-cadherin may
have an important, positive role in the malignant progression of a subset of highly
aggressive astrocytomas. The data lend additional support to the idea that E-cadherin is not
limited to a tumor suppressor role in tumor progression.

3. Positive role of E-cadherin in tumor progression: possible mechanisms
As the previous discussion emphasizes, tumor conditions exist in which E-cadherin is
present, and its presence makes tumor progression worse. Much remains to be learned about
this positive role for E-cadherin in tumor-progression, in particular with respect to tumor
context and specific mechanisms. In some cases, like the formation of tumor emboli that is
seen in inflammatory breast carcinoma, cadherin-based cell-cell contacts may promote
tumor cell survival, growth and invasion. In other cases, e.g. ovarian cancer, tumor-
promoting signal cascades may be induced by dynamic E-cadherin complexes through
mechanisms that need further exploration. The process of collective cell migration, which is
also important in epithelial cancers, requires intact E-cadherin and proper intercellular
junctions. Intact E-cadherin function may also be important in cell migration and motility,
for example by providing anchoring points for cell movement and aiding in cytoskeletal
contraction. These mechanisms are discussed here in more depth.

3.1 E-cadherin signal cascades that promote tumor cell survival
The ability of cells to survive and even proliferate in the absence of cell-extracellular matrix
interactions is known as anchorage-independent growth, and is a feature of transformed
cells. During this type of growth, signaling from cell-cell adhesions suppresses detachment-
induced apoptosis (anoikis). Experimentally, E-cadherin has been shown to mediate the
anchorage independent growth that occurs in multi-cellular spheres of epithelial HSC-3 oral
squamous cell carcinoma cells[103] and nonepithelial Ewing tumor sarcoma cells[104].
Interestingly, in the latter example, E-cadherin expression was upregulated when the cells
where grown under conditions of anchorage-independence. These experimental observations
provide mechanistic insight into the importance of the previously discussed tumor
microemboli seen in inflammatory breast carcinoma (Figure 1).

The molecular signaling that occurs downstream of E-cadherin engagement in the context of
anchorage-independent growth could be pro-survival (anti-apoptotic), pro-growth

Rodriguez et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(proliferation), or both. In the case of Ewing tumor sarcoma cells, investigation of
anchorage-independent growth revealed reduced caspase-3 activation that was E-cadherin-
dependent and downstream of ErbB4 receptor tyrosine kinase and PI3K activation[104];
thus, in these cells, pro-survival signaling results from E-cadherin engagement. Similarly, in
the case of HSC-3 cells, anti-apoptotic mechanisms are clearly present, as E-cadherin
engagement results in elevated levels of the anti-apoptotic proteins Bcl-2 and Bcl-xL
downstream of EGFR and MAPK activation[77]. The MAPK path may also stimulate
proliferative signaling in these cells, as HSC-3 cells growing under anchorage-independent
conditions in which MAPK is activated do increase in number with time[77, 103].

In both of these experimental examples, E-cadherin is associated with receptor tyrosine
kinase activation (Figure 2b). The E-cadherin protein itself does not have any intrinsic
enzymatic activity[4]; therefore activation of the downstream effectors of receptor tyrosine
kinases must be mediated by other proteins associated with the E-cadherin-catenin complex.
It has been demonstrated that the E-cadherin-catenin complex can interact with EGFR in
both tumor and non-tumorigenic cells, either by direct interaction of the E-cadherin
extracellular domain with EGFR or possibly via β-catenin[76–79, 105, 106]. Depending on
the cell context, this interaction can lead either to inhibition of EGFR signaling[79] or to
ligand-independent EGFR activation and activation of MAPK signaling[76, 77, 105, 106],
which is known to activate survival and proliferation mechanisms.

It is currently unclear why E-cadherin inhibits EGFR signaling in some cells, but activates
ligand-independent EGFR signaling in others. Mechanisms related to the relative adhesion
of normal vs. tumor cells can not completely explain the difference, as multi-cellular spheres
growing under anchorage-independent conditions require cell-cell adhesion just as normal
cells in an epithelial tissue do. However, unlike normal cells in a monolayer, cells growing
as compact spheres exhibit loss of apical-basal polarity, a condition that may impact
cadherin-mediated signaling events. In normal epithelial cells, E-cadherin-mediated cell-cell
contact results in, among other mechanisms, NF2/Merlin-dependent inhibition of EGFR
signaling[80]. It is possible that some E-cadherin positive tumors are NF2 mutated/deleted,
allowing EGFR signaling to continue despite the formation of E-cadherin mediated cell-cell
contacts. Another possibility is that NF2/Merlin function is impacted by changes in cell
polarity. Importantly, ligand-stimulated and ligand-independent EGFR signaling have
different outcomes. Ligand-independent EGFR signaling results in attenuated but sustained
MAPK activation that is different from the high amplitude, transient MAPK signaling that
results from EGF-induced EGFR activation([77], see also [107]). E-cadherin engagement in
the context of tumor progression seems to more commonly induce ligand-independent
EGFR activation. The resulting difference in MAPK signaling is likely important in
interpreting the significance of E-cadherin-dependent EGFR activation.

In addition to EGFR, the E-cadherin-catenin complex can interact with the p85 subunit of
PI3K[76, 81, 108], in both normal (MDCK) and tumor (OVCAR-3) cell lines, often leading
to activation of PI3K and AKT-mediated pro-survival and pro-migratory signaling. As the
E-cadherin-catenin complex is usually associated with decreased cell motility, mechanisms
must exist to regulate pro-migratory PI3K signaling. In this respect, a report describing
recruitment of the PI3K inhibitor PTEN to E-cadherin-catenin complexes by the β-catenin/
MAGI-1b complex is important[109]. In the context of the MDCKts-src model of Src-
induced invasiveness, recruitment of PTEN to cell-cell contacts by E-cadherin/β-catenin/
MAGI-1b, and the resulting local down-regulation of PI3K/AKT signaling, is able to inhibit
MDCKts-src cell invasion. These results suggest that, in the absence of locally recruited
PTEN, the E-cadherin-catenin complex could facilitate PI3K/AKT activation, leading to
pro-survival and pro-migratory signaling that could underlie tumor progression.
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3.2 E-cadherin and cell migration
As the previous discussion suggests, the presence of E-cadherin does not preclude tumor cell
migration/invasion during tumor progression. Rather, the molecular and signaling context
within a cell determines its survival, proliferative, migratory, and invasive capabilities.
Epithelial properties are not always lost in tumors, and invasion in the form of aggregates
that remain closely together, i.e. “collective cell migration” [110], may enable spread of
specific tumor types, including well-differentiated carcinomas, melanomas and
rhabdomyosarcomas[110]. Preservation of cell-cell cohesion may, in fact, facilitate invasion
of well-differentiated tumors by enabling passive migration and collective cell invasion of
tumor cells (Figure 3).

Collective cell migration can rely on E-cadherin in two ways. E-cadherin stabilizes
interactions between cells such that traction forces generated by a leading cell or cells are
able to pull adherent, following cells along (passive migration). Such a mechanism has been
demonstrated experimentally: the collective invasion of vulvar squamous cell carcinoma
A431 cells in 3D culture is dependent on intact E-cadherin/cell junctions and p120
catenin[111]. Furthermore, the creation of stromal “tracks” by non-neoplastic fibroblasts in
the tumor microenvironment may facilitate collective cell invasion. It has been demonstrated
that squamous cell carcinoma (SCC) cells alone are unable to invade a matrix composed of
extracellular matrix protein, but can do so readily when co-cultured with stromal fibroblasts,
or when exposed to matrix that had previously been cultured with stromal fibroblasts[112].
Such a mechanism obviates the need for an epithelial-mesenchymal transition that includes
downregulated E-cadherin expression in the spread of certain tumor types.

Alternatively, E-cadherin could be directly responsible for generating the traction forces that
allow tumor cells to move. At least one morphogenetic example of E-cadherin-mediated
collective cell migration exists: in Drosophila oogenesis DE-cadherin is required for
migration of clustered border cells on the surface of germline cells[113]. At the anterior end
of the follicle, the border cells form a distinct group of two centrally-located, polarized cells
surrounded by 6 additional, partially polarized cells; this group of cells migrates in between
adjacent nurse cells, through the center of the follicle, until it reaches the oocyte. DE-
cadherin is required for this process, specifically for the ability of the cells to migrate and
not for adhesion between the border cells during migration. It is important to note that this
migration occurs on the surface of other cells, as opposed to on/through extracellular matrix.
The latter migration would depend on integrin signaling to generate the required traction.

In addition to E-cadherin-dependent collective cell migration, single cell migration can also
occur in an E-cadherin dependent manner. In the developing zebrafish embryo, E-cadherin
homophilic interactions provide crucial anchoring points that promote single cell migration
of chemokine-guided germ cells[114]. These cells respond to the chemokine CXCL12a by
forming protrusions (blebs) that are responsible for motility. F-actin brush structures form at
the front of these protrusions in a Rac1-dependent manner, active RhoA controls the
retrograde flow of actin, and the actin brushes are coupled to neighboring cells via E-
cadherin, resulting in the generation of traction forces that move the cell forward.
Interestingly, the level of E-cadherin in these cells is critical to their ability to move: cells
that expressed abnormally high levels of E-cadherin migrated more slowly than normal
germ cells, and cells that had been artificially knocked down for E-cadherin were unable to
move[114]. Whether the mechanisms of E-cadherin-mediated motility described here occur
in tumors in vivo remains to be demonstrated.
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3.3 Functional significance of E-cadherin proteolytic cleavage fragments
In addition to roles for E-cadherin in intracellular signaling and migration, the effect on
tumor progression of E-cadherin cleavage products resulting from proteolysis has also been
explored. Recent evidence supports a role for soluble E-cadherin cleavage fragments in
numerous cell roles, including junction disruption, migration and invasion, and initiation of
signaling (reviewed in [115]). (Figure 4) It is important to note that in normal cells,
degradation of E-cadherin does not occur via proteolytic cleavage at the cell membrane, but
rather by endocytic internalization followed by targeting to the proteosome or lysosome
(reviewed in [4]). In contrast, proteolytic cleavage of E-cadherin does occur in cells
undergoing apoptosis[116]. There are two main cleavage sites adjacent to the E-cadherin
transmembrane domain: proteolysis by metalloproteinases (e.g. ADAM10, ADAM15,
others)[117, 118] (reviewed in [115]) or γ-secretases (e.g. Presenilin 1)[119] results in N-
terminal (80-kDa) soluble (ecto-domain) or C-terminal intracellular fragments, respectively.
The expression of metalloproteinases, in particular, is upregulated in a variety of
cancers[120], making biological effects of the soluble and C-terminal E-cadherin fragments
potentially important to tumor progression.

Extracellular N-terminal E-cadherin ectodomain “shedding” has been implicated in a variety
of tumor-promoting activities, including loss of cell adhesion and facilitation of tumorigenic
signaling, and its role in cancer and other disease has been recently comprehensively
reviewed[115]. Purified E-cadherin fragments obtained from MCF-7 cells have been
demonstrated to disrupt proper cell junctions in mice[121], while the E-cadherin ectodomain
leads to disruption of cell junctions in ovarian carcinoma cells[122]. Furthermore, E-
cadherin fragments may also interfere with re-formation of pancreatic carcinoma cell
aggregates[123]. As mentioned previously, disruption of cell-cell junctions is widely viewed
as a necessary step toward cell migration. That soluble E-cadherin fragments can actually
stimulate migration was demonstrated in MCF7 cells[118], while stimulation of cell
invasion was demonstrated with ovarian carcinoma[124], MCDK [125, 126], pancreatic
cancer [123], and lung cancer cells[127]. Interestingly, the mechanism for stimulating
MCF7 cell migration was shown to be dependent on ErbB receptor (Her2 and Her3)
activation by the soluble E-cadherin fragment, leading to signaling via the Erk
pathway[118]. This adds yet another dimension to the previous discussion of ligand-
independent activation of EGFR by E-cadherin. Likewise, the stimulation of lung cancer cell
invasion was shown to be due to soluble E-cadherin fragment-dependent upregulation of
MMP-2, MMP-9, and MT1-MMP expression[127]. These MMPs are known for their ability
to degrade basement membranes, leading to an interesting model in which tumor-derived
metalloproteinases such as MMP-3, MMP-7, or ADAM15 could cleave E-cadherin,
generating the soluble fragment, which then stimulates production of basement-membrane-
degrading MMPs that facilitate tumor cell invasion[127]. How the soluble fragment of E-
cadherin is able to regulate MMP gene expression is not known, but might involve signaling
downstream of growth factor receptor activation as described above for EGFR.

Less is known about the effects of the E-cadherin C-terminus cleavage fragment on tumor
progression. In a model proposed by Marambaud et al.[119], metalloproteinases cleave E-
cadherin’s extracellular domain resulting in a 38kDa C-terminal E-cadherin domain (CTF1).
This event is followed by cleavage of CTF1 by presenilin 1/γ-secretase activity at the
membrane/cytosol junction, leading to a 33kDa cytoplasmic fragment (CTF2), which can
still bind to β-catenin and may regulate Wnt-related β-catenin signaling[119]. Alternatively,
CTF2 complexed with p120 catenin has been demonstrated to translocate to the nucleus in
non-neoplastic cells, where it can regulate p120-Kaiso-dependent transcription[128].
Nuclear translocation of the C-terminal fragment has also been observed with N-
cadherin[129] and γ-protocadherin[130] and associated with transcriptional activation in
neural crest and cortical neurons, respectively. The transcriptional activation induced by the

Rodriguez et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N-cadherin C-terminus may be mediated in part by increased β-catenin transcription[129].
Nuclear localization of E-cadherin has been reported in several tumor types, including
Merkel cell carcinoma[131], stomach[132], colorectal[132, 133], renal[134],
esophageal[135], and solid pseudopapillary tumor of the pancreas[136], and in some studies
is also associated with increased nuclear β-catenin staining[132]. One study of esophageal
squamous cell carcinoma demonstrated increased expression of the cytoplasmic C-terminus
domain of E-cadherin, which was present in 60% of tumors examined[135]. Follow-up
functional experiments using the cytoplasmic domain of E-cadherin demonstrated increased
AP-1 and cyclin D1 promoter activity, but not β-catenin/Tcf transcription activity, consistent
with transcriptional activation by E-cadherin fragments independent of β-catenin. It should
be noted that most reports of nuclear localization of E-cadherin in cancer have utilized
immunohistochemistry only, which must be interpreted with caution[137].

Whether biological effects of the soluble and CTF2 E-cadherin fragments occur in addition
to or in place of the E-cadherin/junctional signaling described in the previous sections of this
review is unclear. Some investigators have described a disruption of E-cadherin/junctional
function due to the soluble E-cadherin fragment that results in increased cell motility/
invasiveness[125]. Many others did not examine the state of the adherens junctions in the
context of their studies (for example [118, 127]). It is important to note that, at least in some
cell types, E-cadherin-dependent suppression of cell motility occurs due to signaling that is
separate from its adhesive function[17, 18, 138]. The transcriptional effects of the CTF2
fragment are particularly poorly understood at this point. Although much work remains to be
done to clarify these issues, it is clear that this is yet another mechanism by which E-
cadherin expression in tumor cells can result in tumor progression rather than suppression.

4. Conclusion
Conventional interpretation of the key mediators of tumor promotion/progression has
emphasized the presence of tumor suppressors and oncoproteins, roles that are discussed in
sharply separated contexts. However, as we dissect the complex molecular mechanisms of
cancer, it becomes evident that genes and proteins may have opposing roles depending on
the specific context. E-cadherin has been well established as an important tumor suppressor
in a variety of tumor types by a strong body of experimental evidence. A less well known,
positive role in various aspects of tumor promotion/progression has also surfaced. The
specific mechanisms operating in this context still need to be described, but may involve
stabilization of cell contacts, or cooperative aberrant cytoplasmic and nuclear signaling.
Therefore, aberrant as well as typical E-cadherin properties may play important roles in
tumor progression according to tumor context, possibilities that still require testing in
rigorous, experimental settings. Further studies focusing on specific tumor types may
provide insights into these mechanisms, and may be of help in the identification of novel
therapeutic strategies.
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Figure 1. Tumor-promoting functions of E-cadherin
Support of tumor cell survival, growth, and chemoresistance in the vasculature. a. In
inflammatory breast carcinoma (IBC) models, E-cadherin is associated with the formation of
intravascular tumor emboli. Experimentally, the increased cohesion mediated by E-cadherin
leads to anchorage-independent survival of HSC-3 oral squamous cell carcinoma and
nonepithelial Ewing tumor sarcoma cells and also promotes chemoresistance in Ewing
tumor sarcoma and IBC cells. b. Experimental evidence from Silvera et al.[62] could explain
the increased E-cadherin expression in IBC. Their data supports a model of IBC in which
increased expression of the eIF4GI translation initiator leads to IRES-mediated translation of
a specific mRNA molecular program that includes p120 catenin. The resulting increased
expression of p120 catenin leads to stabilization of E-cadherin at cell junctions, formation
and stabilization of tumor microemboli, and tumor dissemination in the lymphatics. H&E
staining shows an IBC microembolus within the vasculature; E-cadherin staining shows its
intense expression in the IBC microembolus.
Blue cells represent normal cells; pink cells represent tumor cells; orange cells represent
endothelial cells; gray bars represent E-cadherin; white bars represent any other type of
cadherin.
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Figure 2. Tumor-promoting functions of E-cadherin
Abnormal E-cadherin expression produces anomalous, E-cadherin-dependent activation of
pro-survival, proliferative, and pro-migratory signaling. a. Aberrant expression of E-
cadherin in cells that do not normally have it is a hallmark of ovarian carcinomas. This
feature is also correlated with the increased proliferation and migration of a subset of
glioblastoma tumor cells. b. Ligand-independent activation of the EGF receptor (EGFR) by
E-cadherin has been demonstrated in ovarian and oral squamous cell carcinoma.
Investigations with ovarian carcinoma indicate that the E-cadherin-catenin complex can
coordinate the activation of PI3K, leading to localized pro-survival, pro-migratory AKT
signaling. The E-cadherin-catenin complex can also coordinate the ErbB-family receptor
tyrosine kinase-dependent activation of MAPK signaling, leading to proliferation. The
precise molecular details of these interactions are not yet clear.
Blue cells represent normal cells; pink cells represent tumor cells; orange cells represent
endothelial cells; gray bars represent E-cadherin; white bars represent any other type of
cadherin.
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Figure 3. Tumor-promoting functions of E-cadherin
Facilitation of collective cell migration. Collective cell migration allows squamous cell
carcinoma cells with intact E-cadherin-based junctions to move passively through a tissue
by being pulled along by an actively migrating tumor cell.
Blue cells represent normal cells; pink cells represent tumor cells; orange cells represent
endothelial cells; gray bars represent E-cadherin; white bars represent any other type of
cadherin.
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Figure 4. Tumor-promoting functions of E-cadherin
Aberrant signaling due to proteolytic cleavage fragments of E-cadherin. (Green crescent =
β-catenin; orange crescent = p120 catenin; blue rectangle = Lef-1/Tcf transcription factors;
red rectangle = Kaiso transcription regulator.) Proteolytic cleavage of E-cadherin by either
γ-secretases or metalloproteinases produces cleavage fragments that influence cell-cell
adhesion as well as, respectively, gene transcription events or adhesion-related or growth
factor receptor signaling. For example, the cytoplasmic portion of E-cadherin may serve on
the one hand as a source/sink for β-catenin, thereby regulating β-catenin/Lef-1/Tcf
transcriptional events, or on the other hand as a co-regulator with p120 catenin of Kaiso-
mediated transcriptional repression. Likewise, the soluble extracellular fragment of E-
cadherin may alter existing adherens junctions, or may stimulate signaling through EGFR or
other growth factor receptors.
Blue cells represent normal cells; pink cells represent tumor cells; orange cells represent
endothelial cells; gray bars represent E-cadherin; white bars represent any other type of
cadherin.
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