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Abstract

Stable E-cadherin-based adherens junctions are pivotal in maintaining epithelial tissue integrity
and are the major barrier for epithelial cancer metastasis. Proteins of the p120°™" subfamily have
emerged recently as critical players for supporting this stability. The identification of the unique
juxtamembrane domain (JMD) in E-cadherin that binds directly to 3-catenin/NPRAP/Neurojungin
(CTNND2) and p120°™" (CTNND1) provides a common motif for their interactions. Recently,
crystallographic resolution of the IMD of p120°™" further highlighted possibilities of intervening
between interactions of p120¢t" subfamily proteins and E-cadherin for designing anti-cancer
therapeutics. For most epithelial cancers, studies have demonstrated a reduction of p120°t"
expression or alteration of its subcellular distribution. On the other hand, 5-catenin, a primarily
neural-enriched protein in the brain of healthy individuals is upregulated in all cancer types that
have been studied to date. Two research articles in this issue of Journal of Pathology increase our
understanding of the involvement of these proteins in lung cancer. One reports the identification of
rare p120°™ (CTNND1) gene amplification in lung cancer. One mechanism by which §-catenin
and p120°™" may play a role in carcinogenesis is their competitive binding to E-cadherin through
the JMD. The other presents the first vigorous characterization of §-catenin overexpression in lung
cancer. Unexpectedly, the authors observed that 5-catenin promotes malignant phenotypes of non-
small cell lung cancer by non-competitive binding to E-cadherin with p120°™" in the cytoplasm.
Looking towards the future, the understanding of 3-catenin and p120°™" beyond their localization
at the cell-cell junction should provide further insight into their roles in cancer pathogenesis.
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E-cadherin-based adherens junctions are one of the most recognized structures in
maintaining epithelial tissue integrity and play crucial roles in both embryonic development
and cancer [1,2]. The stabilization of E-cadherin is believed to be controlled by interactions
with its associated cytoplasmic proteins called catenins (e.g. a-, B-, y-, and 3-catenin, APC,
and p120°t),
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Initially identified as a prominent substrate for non-receptor tyrosine kinase Src, p120¢t"
(with the gene designation CTNND1) is now widely known as an important E-cadherin-
associated protein that is involved in the regulation of E-cadherin stability and cell adhesion
[3], gene expression through complex formation with Kaiso [4], and cell motility by
modulating Rho family small GTPases [5]. p120°™" is considered as the prototype of
subgroup proteins within the B-catenin/armadillo superfamily [6]. While all proteins in this
superfamily display distinct 42—-43 amino acid repeating sequences called armadillo
domains, p120°™" subgroup proteins carry 10 armadillo repeating sequences instead of 13
such repeating units in B-catenin (Fig 1A). Up to now, there are four well-known members
in the p120¢t" subgroup, i.e. p120¢™", ARVCF (Armadillo Repeat gene deleted in Velo-
Cardio-Facial syndrome), 5-catenin (Neuroplakofilin-Related Armadillo Protein [NPRAP]/
Neurojungin), and p0071 (plakophilin-4) [7].

While ARVCF and p0071 are clearly distinguished from p120¢t™", the designation of &-
catenin has been somewhat confusing. When a partial sequence of 6-catenin was first
cloned, it was assigned gene symbol as CTNND2 [8]. CTNND, or the delta subfamily of the
catenins, now contains two genes, p120¢™" (CTNND1) located on chromosome 11 (q12.1)
and 6-catenin (CTNNDZ2) located on chromosome 5 (p15.2). Although they share over 30%
amino acid identity in their armadillo domain, the amino- and carboxyl- terminal sequences
flanking the armadillo domains are very different from each other. In fact, 3-catenin shares
much closer amino acid similarity to p0071 than to p120™" in mammalian cells.

In epithelial cancers, E-cadherin is often down-regulated with few exceptions (e.g. ovarian
cancer) [9]. While many studies attributed the loss of E-cadherin to genetic inactivation or
epigenetic silencing, evidence that p120°™" plays important roles in stabilizing E-cadherin at
the cell-cell junction is mounting [3]. Therefore, it is not surprising that for most epithelial
cancers, studies have demonstrated a concomitant reduction of p120°™" expression or
alteration of its subcellular distribution with E-cadherin [10]. Studies of cell cultures as well
as animal tissues also support that p120°™" plays tumour suppressive roles. However, in this
issue of The Journal of Pathology, Castillo et al [11] investigated gene amplification of two
chromosomal regions in lung tumours and identified TFDP1 and CTNND1 as potential
oncogenes. The TFDP1 gene, located in 13934, showed at least 100 times higher
overexpression in 3% of the tumours tested. Depletion of TFDP1 expression, by small
interfering RNA in lung cancer cell lines carrying TFDP1 amplification, reduced cell
viability supporting the E2F-associated transcription factor DP1 [12] as the candidate
oncogene at 13934.

Identification of CTNND1 amplification has important implications for its functions in
cancer progression as well. Although the gene copy numbers are not as high as TFDP1,
immunohistochemistry to detect p120°™" expression correlated very well with its gene
amplification in the 3% tumours that showed the amplification. No evidence was presented
that supported the idea that different p120°t" isoforms are the underlying cause for protein
overexpression, nor that the overexpressed p120¢t" showed predominantly non-membranous,
cytoplasmic subcellular distribution in the lung tumours with gene amplification. These
observations implied that overexpressed p120°™" might still be able to interact with E-
cadherin at the cell-cell junction.

Accumulating evidence indicates that p120¢™ could play the role of a tumour suppressor or
metastasis promoter, depending on whether it is down-regulated before or after E-cadherin is
down-regulated and lost from the cell-cell junction [10]. It was postulated that if E-cadherin
loss precedes p120°t" loss, p120¢t" could remain stranded in the cytoplasm and promote cell
invasion and metastasis through regulation of Rho family small GTPases. Thus, p120¢™" may
function as a metastasis promoter under these conditions. If p120°t" loss precedes E-
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cadherin loss, then it may become the initial event leading ultimately to the inactivation of
cadherin complex. This is strongly suggested by the observations that the loss of p120°t"
destabilizes E-cadherin, which in turn is predicted to reduce levels of a- and p-catenin at the
cell-cell junction. Hence, p120°t" acts as a tumour suppressor under this condition.

To account for the unexpected CTNND1 gene amplification reported by Castillo et al [11],
one possibility would be that in some cancers where p120°t" is amplified, E-cadherin might
already be inactivated or switched for other cadherins that favour metastasis; in that case,
amplified p120°™ may actually promote metastasis. It would be interesting to determine the
status of E-cadherin and other cadherins and catenins in the lung tumours that showed
p120¢t" gene amplification. An alternative possibility could be that, in these cancer cells,
some mechanisms have developed where cells bypass p120°t™s tumour suppressive
functions. Additional questions remain as to whether p120¢t" gene amplification occurs in
other cancer types as well. Clearly, further studies would be needed to reveal what the
molecular changes are in non-small cell lung cancers with amplified p120°t" gene.

Previous studies have characterized -catenin in great detail in the context of Wnt signalling,
cell adhesion, and cancer [13,14], although the delta subfamily of the catenin proteins such
as 5-catenin and p120°™" has received increasing attention only in recent years. As
exemplified by several studies that identified 3-catenin gene mutations [15], overexpression
in prostate cancer [16,17], and the effects of its overexpression on the increase in cell
survival gene profiles [18]. Additional mechanistic studies highlighted p120¢t" functions in
mediating inflammatory response in the skin and skin cancer [19,20] as well as in
coordinating antagonism between Rac and Rho with p190RhoGAP interactions in cell-cell
adhesion [21]. The progress in this field reached an exciting step when Ishiyama et al [22]
reported the determination of the crystal structure of p120¢™" in complex with the cadherin
juxtamembrane domain (JMD) core peptide at 2.4 A resolution. The authors proposed that
p120¢t" regulates the stability of cadherin-mediated cell-cell adhesion by associating with
the majority of the E-cadherin JMD, including the endocytic LL motif and tyrosine-
phosphorylation sites, through discrete “dynamic” and “static” binding sites. With the
identification of the amino acid involvement in the JMD-120¢™" complexes, strategies can be
applied to design molecular therapeutics that strengthen or interfere with cadherin-p120°t
interactions.

Through the armadillo repeat sequences, p120°™" binds to this unique JMD on E-cadherin
[23-25]. This binding site is in contrast to the distal cytoplasmic tail domain of E-cadherin
that B-catenin interacts with. The JMD has been implicated in a variety of cellular processes,
including cadherin clustering and adhesive strengthening [23], promotion of axon outgrowth
[26], and suppression of cell motility [27]. The significance of the p120“"-JMD interaction
is underscored by the fact that the JMD is highly conserved among classical (type 1), type Il,
and certain invertebrate cadherins [28] as well as the binding of other p120°™" subgroup
proteins, such as &-catenin, to E-cadherin through the same JMD domain [29].

So far, at least one study has reported that 3-catenin affects the localization and stability of
p120°¢t" by competitively interacting with E-cadherin [30]. In xenografted prostate cancer
CWR22Rv-1 cells, it was found that the cells overexpressing 3-catenin contain less p120¢t
at the cell-cell junction than do control cells, and that this causes the relocalization of
p120¢t" from the plasma membrane to the cytosol. Thus, for §-catenin and p120°t",
successful binding by one to E-cadherin adversely affects the stability of the other.
However, in this issue of The Journal of Pathology, Zhang et al [31] showed that 5-catenin
promotes a malignant phenotype in non-small cell lung cancer by non-competitive binding
to E-cadherin with p120°™ in the cytoplasm.
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While the article of Zhang et al [31] was under review, a study by DeBusk et al indicated
that the level of 6-catenin (albeit with a spurious molecular weight designation) was elevated
in lung cancer [32]. In the current issue of The Journal of Pathology, Zhang et al [31]
examined the expression of 8-catenin by immunohistochemistry in 115 cases of non-small
cell lung cancer (NSCLC) specimens (including 65 cases with follow-up records and 50
cases with paired lymph node metastases lesions). These more vigorous studies allowed the
authors to reach several important conclusions: a. 5-catenin is overexpressed in lung cancer,
and the positive expression rate of -catenin was significantly increased in adenocarcinoma,
stage 111-1V, paired lymph node metastasis lesions, and primary tumours with lymph node
metastasis, and b. postoperative survival period of patients with 3-catenin positive
expression was shorter than the negative ones.

Surprisingly, these authors found no competition between §-catenin and p120¢™ for binding
to E-cadherin in two lung cancer cell lines. These observations raised some interesting
questions. Do §-catenin and p120°™ show competitive binding to E-cadherin only in certain
cancer cell types? The authors argued that the reason §-catenin and p120¢™" compete for
binding to E-cadherin in CWR22Rv-1 prostate cancer cells reported by Yang et al [30] may
be due to the membrane expression of E-cadherin, p120°™", and &-catenin in these cell lines.
This interpretation suggests that this competition may become lost because these proteins
are primarily in the cytoplasm of the lung cancer cell lines they studied. Although this
scenario is possible, 6-catenin overexpressed in CWR22Rv-1 cells as well as in some lung
cancer cell lines, such as NCI-H1299, also showed both membrane and cytoplasmic
distributions ([17]. See also Fig 1B). In addition, although E-cadherin distribution in NCI-
H1299 is not junctional, it is not entirely cytosolic either, because the strong
immunoreactivity is observed at the perinuclear region, indicating a Golgi and endoplasmic
reticulum (ER) distribution. As E-cadherin is a transmembrane protein, this localization is
not unreasonable unless E-cadherin is processed in such a way that the JMD is cleaved and
only the carboxyl terminal sequences are retained inside the cell. However, the data from
Zhang et al [31] is not consistent with this notion because the Western blots showed a full-
length E-cadherin expressed in these cell lines. Another possibility is that there are perhaps
different pools of E-cadherin, and that this protein is localized to different compartments of
the cells due to differential distribution of p120¢t" and §-catenin. This hypothesis implies
that p120¢™" and §-catenin play non-overlapping roles in cancer. Indeed, p120¢™ does not
contain the PDZ binding domain at its carboxyl terminus like that of 5-catenin, and the
majority of amino- and carboxyl sequences flanking the armadillo domains are very
different between the two proteins [7].

There are indications that p120°" and §-catenin are involved in similar as well as different
cellular functions and some of their modulatory roles are not directly related to the cell-cell
junction. Regarding JMD, p120°™" and §-catenin utilize part of the armadillo domains to
achieve the binding to cadherins. It is worthy of note that these domains are also important
for their interactions with the presenilin protein, which is part of the y-secretase complex
involved in Alzheimer's disease [8,33-35]. Presenilin appears to compete with p120°t" for
E-cadherin binding through JMD [36]. Clearly, further investigation into the JIMD
interactions with p120°¢t", 5-catenin, and perhaps presenilin will facilitate research
progresses in both Alzheimer's disease and cancer mechanisms.

Finally, studies have suggested non-overlapping functions between p120°™" and §-catenin.
For example, mutant 3-catenin mice show cognitive and synaptic dysfunction [37]. &-
Catenin interacts with sphingosine-kinase 1 [38] and Wnt-glycogen synthase kinase (GSK)
axis [39,40], modulates angiogenesis under pathological condition [32], and influences cell
survival through modulating Pax6-caspase-PARP axis, Bcl-XL, and survivin expression
[18,41]. 5-Catenin is enriched in the postsynaptic dendrites of neurons [42—44], excreted
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into extracellular milieu [45], and predicted to localize in both cytoplasmic and nuclear
compartments [29]. Given its potentially significant involvements in several neurologic
disorders and cancers [16,17,31,46,47], exploitation into &-catenin as well as its comparison
to p120°™" promises to provide important insights into their regulation and functions in cell

signalling and cancer.
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Figure 1. 8-Catenin and its potential interactions with E-cadherin in cancer

A. Schematic illustration of 3-catenin in comparison to other armadillo-domain containing
proteins. While B-catenin and y-catenin display 13 armadillo repeating units and
Adenomatous Polyposis Coli (APC) shows 6 such repeating units, 3-catenin, p120¢t",
ARVCF, and p0071 carry 10 repeating units. B. Immunofluorescent light microscopy
showing partial co-distribution of 5-catenin with E-cadherin in lung cancer cell line NCI-
H1299. a. Anti-E-cadherin. b. Hoechst staining to show nuclear morphology. ¢. EGFP-5-
catenin. d. Merged image of a, b, and c. Stable NCI-H1299 cells expressing EGFP-3-catenin
were transiently transfected with human E-cadherin plasmid and immunostained using
mouse anti-E-cadherin. Asterisks indicate the cell transfected with E-cadherin. Arrows point
to the cell-cell junctions that can be observed in some cells. Note: ectopic expressed E-
cadherin fails to localize to plasma membrane and remains in the cytoplasm. Bar: 10 um.
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