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"INTRODUCTION

- This work was undertaken to elucidate the role of p120ctn in E-cadherin-mediated cell-cell adhesion. E-
cadherin is the epithelial-specific member of a large class of transmembrane, cell-cell adhesion molecules. Loss
of E-cadherin is widely regarded as a transitional event leading to metastasis in the tumor progression of
epithelial tissues. As 90% of all cancers are epithelial in origin, understanding E-cadherin-mediated cell-cell
adhesion and E-cadherin loss is of considerable importance. p120ctn is one of several proteins that bind E-
caderin’s cytoplasmic domain, and evidence suggests that it may be a key regulator of E-cadherin function. We
have mutated the cytoplasmic domain of E-cadherin to map the specific binding domain of p120 and to generate
mutant E-cadherin molecules which are unable to bind p120. Expression of these mutants indicates that p120
binding to E-cadherin is necessary for the tight adhesion typical of epithelial cells. Furthermore, using p120-
specific siRNA we show that p120 is critical for the stability of the E-cadherin protein. Surprisingly, p120
knockdown results in loss of E-cadherin, and near complete loss of cell-cell adhesion. We conclude that p120
regulates cadherin turnover, and that p120 loss in tumors is likely to contribute to tumor progression.

STATEMENT OF WORK
This “STATEMENT OF WORK” has been provided as a reference for the susequent “BODY”.

Task 1: To generate the MDA231 model system for uncoupling E-cadherin and p120 function (months 1-12).
A. Subclone E-cadherin AAA mutants from yeast pGad vector to pLKpac1 expression vector.
B. Transfect E-cadherin mutants into MDA231 cells and establish stable cell lines expressing these
mutants.
C. Screen cell lines for E-cadherin expression by immunoﬂuorescence, and western blotting.

Task 2: To characterize stably transfected cell lines and identify minimal E-cadherin JMD mutants that
effectively uncouple E-cadherin from p120 (months 6-18).
A. Characterize binding of wild-type and mutant E-cadherin to p120 and o- and f-catenin by co-

immunoprecipitation.
Determine final mapping of p120 binding site on E-cadherin’s JMD.
Perform subcellular fractionation of transfected cells to address p120/E-cadherin stiochiometry.
. Phosphatase-treat p120 immunoprecipitates and blot for p-tyr, ser and thr to assess phosphorylation

state of p120 when bound to or uncoupled from E-cadherin.

oaow

Task 3: To determine the impact of uncoupling p120 and E-cadherin on adhesion, motility, and invasion by
performing functional assays in vitro. (months 12-36).

A. Perform aggregation assays using established protocols for cadherin function.

B. Examine motility using an in vitro wound healing assay.

C. Perform invasion assays in soft agar.

Task 4: To analyze the effects of uncoupling p120 and E-cadherin on metastasis utilizing a mouse model for
metastasis of breast cancer to bone (months 24-36)

A. Inject 24 female Balb/c-nu/nu (nude) mice with MDA231 cells transfected with vector alone, wild-
type E-cadherin, or two different mutants of E-cadherin which do not bind p120 (6 mice in each
group).

B. Assess tumor size (radiographically) and number in animals.

C. Test ability of tumors to metastasis to bone using histological examination.

D. Measure growth rate and tumorigenicity of cells by injection into the mammary fat pad of nude mice.




BODY

We have completed Tasks 1, 2, and 3 and most of these results are published in the first reference in the
appendix (Thoreson et. al., 2000). For the remainder of this discussion, I will refer to figures in the three
papers included in the appendix.

For task 1, stable cell clones were generated from cells transfected with p120-uncoupled mutants of E-cadherin
(Fig.s 4, 6, and 9). We demonstrate that unlike the other catenins binding E-cadherin, p120 is stable when
uncoupled from E-cadherin (Fig. 1B). Futhermore, we show that E-cadherin is required for p120 localization at
the membrane in these cells, and without E-cadherin, p120 localizes to the cytoplasm (Fig. 1A and 1B,
Thoreson et. al., 2000).

For Task 2, we characterized the cell lines obtained in Task 1 by performing co-immunoprecipitations of p120
with the E-cadherin mutants. We found that p120 does not bind to these E-cadherin mutants and that the
binding of o-catenin and B-catenin to these mutant is no different from their binding to wild type E-cadherin
(Fig. 5). Subcellular fractionation suggests that over 90% of p120 associates with E-cadherin, demonstrating a
high stoichiometric interaction (Fig. 7). Phosphatase treatment of cells confirmed that p120 is phosphorylated
when bound to cadherin, but not phosphorylated while cytoplasmic (Fig. 8).

Task 3 was completed by performing several assays for cadherin function. Cells containing mutant E-cadherin
had loose junctions and were unable to form tight colonies on tissue culture plates (Fig. 9B). Actin staining
revealed disorganized actin filaments in cells containing mutant E-cadherin, and circumferential actin cables
were absent from mutant cells, even though cadherins were able to concentrate at junctions Fig. 9A).
Aggregation assays revealed a selective inability of the mutant E-cadherin to promote strong adhesion (Fig.
9B). These observations suggest a defect in cadherin clustering due to lack of p120 binding.

Due to the instability of E-cadherin expression in generated cell lines, we were unable to complete Task 4 as
described within the “STATEMENT OF WORK”. However, consistent with the goals of this project, we were
able to take a different approach to show that p120 is required for stabilization of E-cadherin at the cell surface
(see appendix: Davis et.al., Journal of Cell Biology, In Press, 2003). We knocked down p120 in A431 cells
using siRNA methods (Fig. 1a) and showed that E-cadherin levels decreased dramatically Fig. 1c), resulting in
loss of cell-cell adhesion (Fig. 1b). p120 apparently controls the levels of all cadherins, not just E-cadherin
(Fig. 2). Moreover, p120 family members are redundant for this function (Fig. 3). This work reveals for the
first time a core function of p120 in the cadherin complex. P120 essentially regulates cadherin turnover at the
cell surface, thereby controlling cell-cell adhesion (Fig.’s 5, 6, and 7). Recent evidence indicates frequent loss
of p120 in various tumor types, including breast (see appendix, Thoreson et. al., 2002). We suggest that
cadherin — loss in some tumors may be preceded by, and indeed caused by loss of p120. Overall, the data
indicate that p120 regulates cadherin turnover, and in some circumstance may act as a tumor suppressor (Davis
et. al., In Press; Thoreson and Reynolds, 2002).

KEY RESEARCH ACCOMPLISHMENTS
= Showed that p120ctn localizes to the cytoplasm in cadherin deficient cells, where it is stable but unable
to be phosphorylated, and demonstrated that cadherin expression is necessary and sufficient for p120

localization to cell junctions.

= Uncoupled p120 from E-cadherin through mutations in the juxtamembrane domain of E-cadherin and
showed that p120ctn is necessary for strong adhesion and possibly cadherin clustering.
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» Knocked down p120ctn with siRNA, and showed that a core function for p120ctn in cadherin complexes
is to regulate cadherin turnover. '
, ® Provided evidence that p120 is a tumor suppressor.

REPORTABLE OUTCOMES

» Publications:
o Ireton RC, Davis MA, van Hengel J, Mariner DJ, Barnes K, Thoreson MA, Anastasiadis PZ,
Matrisian L, Bundy LM, Sealy L, Gilbert B, van Roy, F, and Reynolds AB. (2002) A novel

role for p120 catenin in E-cadherin function. Journal of Cell Biology, 159: 465-476.
o Thoreson MA and Reynolds AB. Altered Expression of the Catenin p120 in Human Cancer:

Implications for Tumor Progression. Differentiation. 2002 Dec; 70(9-10):583-9

O Davis MA, Ireton RC, and Reynolds AB. A core function for p120:catenin in cadherin
turnover. (2002) Journal of Cell Biology, 163: 525-534.

»  Molly Thoreson Recieved her Ph.D. from the Department of Cancer Biology at Vanderbilt University
in May 2002. She accepted a short-term post-doctoral position in the lab of Al Reynolds, and was
subsequently hired by Amgen, Inc. as an Oncology Medical Liason.

CONCLUSIONS

Through this research, we have taken enormous strides in understanding p120ctn’s role in regulating cadherin
function. Specifically, we show that p120ctn is necessary for strong adhesion of the cadherin complex and
show that E-cadherin is rapidly degraded in the absence of p120. The data reveal for the first time, a core
function of p120 in regulating cadherin turnover. Moreover, based on these data, and evidence that p120 is
frequently turned off in tumors, it appears that p120 may have an essential role as a tumor suppressor. We have
generated conditional knockout mice, and seek to determine the consequences of p120 knockout in the breast,
and whether it indeed functions as a tumor suppressor.
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APPENDIX 1

A novel role for p120 catenin in E-cadherin function

Reneé C. Ireton,' Michael A. Davis,' Jolanda van Hengel,? Deborah J. Mariner,' Kirk Bamnes,! Molly A. Thoreson,!
Panos Z. Anastasiadis,’ Linsey Matrisian,' Linda M. Bundy;’ Linda Sealy;? Barbara Gilbert,? Frans van Roy;?

and Albert B. Reynolds’

'Department of Cancer Biology and *Department of Molecular Physiology and Biophysics, Vanderbile University School of Medicine,

Nashville, TN 37232

3Molecular Cell Biology Unit, Department of Molecular Biology,

University of Gent, B-9000 Gent, Belgium

both positively and negatively affect cadherin adhesiveness.

Here we show that the p120 gene is mutated in SW48
cells, and that the cadherin adhesion system is impaired as a
direct consequence of p120 insufficiency. Restoring normal
levels of p120 caused a striking reversion from poorly differ-
entiated to cobblestone-like epithelial morphology, indicating
a crucial role for p120 in reactivation of E-cadherin function,
The rescue efficiency was enhanced by increased levels of
p120, and reduced by the presence of the phosphorylation
domain, a region previously postulated to confer negative
regulation. Surprisingly, the rescue was associated with sub-
stantially increased levels of E-cadherin. E-cadherin mRNA

Indirect evidence suggests that p120-catenin (p120) can

Flanders Interuniversity Institute for Biotechnology,

levels were unaffected by p120 expression, but E-cadherin
half-life was more than doubled. Direct p120-E-cadherin
interaction was crucial, as p120 deletion analysis revealed
a perfect correlation between E-cadherin binding and rescue
of epithelial morphology. Interestingly, the epithelial mor-
phology could also be rescued by forced expression of either
WT E-cadherin or a p120-uncoupled mutant. Thus, the effects
of uncoupling p120 from E-cadherin can be at least partially
overcome by artificially maintaining high levels of cadherin
expression. These data reveal a cooperative interaction
between p120 and E-cadherin and a novel role for p120
that is likely indispensable in normal cells.

Introduction

p120-catenin (p120)* is a member of the Armadillo (ARM)/
[B-catenin gene family (Reynolds et al., 1992; Peifer et al.,
1994), and the prototypical member of the p120 subfamily
(for review see Anastasiadis and Reynolds, 2000). Originally
described as a substrate for the Stc oncoprotein (Reynolds
et al,, 1989, 1992) and various receptor tyrosine kinases
(Downing and Reynolds, 1991; Kanner et al., 1991), p120
interacts with the cytoplasmic domain of classical cadherins
(Reynolds, 1994; Shibamoto et al., 1995; Staddon et al., 1995).
Cadherins are both necessary and sufficient for the targeting
of p120 to cell-cell junctions, indicating that cadherins are
the only cellular proteins capable of recruiting p120 to
membranes (Thoreson et al., 2000). The p120 binding site
in the juxtamembrane domain (JMD) of cadherins is the
most highly conserved region among members of the cadherin

Address correspondence to Albert B. Reynolds, Dept. Cancer Biology,
Vandetbile University, 771 PRB, Nashville, TN 37232-6840. Tel.- (615)
343-9532, Fax: (615) 936-6399. E-mail: al.reynolds@vanderbilt.edu
*Abbreviations used in this paper: ARM, armadillo; IRES, internal ribosomal
entry site; JMD, juxtamembrane domain; neo, neomycin resistance gene;
p120, p120-catenin; PS, presenilin,

Key words: p120ctn; p120; cadherin; catenin; SW48

© The Rockefeller University Press, 0021-9525/2002/11/465/12 $5.00

superfamily (Nollet et al., 2000), suggesting a general and
indispensable role for the cadherin-p120 interaction.

Cadherins comprise a superfamily of transmembrane cell—cell
adhesion receptors involved in many aspects of development,
morphogenesis, and tumor malignancy (for reviews see Nollet
et al., 1999; Takeichi, 1995; Yap, 1998). Extracellular domains
of identical cadherins interact in a homophilic, Ca?*-dependent
fashion to form adherens junctions between adjacent cells.
The cytoplasmic domains interact with the catenins, which
physically connect and/or regulate the interaction of the
cadherin complex with the actin cytoskeleton. B-Catenin and
P120 bind through their Armadillo repeat domains to the
catenin binding domain and JMD of cadherins, respectively
(Abetle et al., 1994; Hulsken et al., 1994; Funayama et al.,
1995; Jou et al., 1995; Navarro et al., 1998; Yap et al,
1998). Compared with B-catenin, p120 is rather loosely
associated with the cadherin complex (Thoreson et al,,
2000), a property that may be important for its mechanism
of action (Anastasiadis and Reynolds, 2001).

The role of p120 is controversial. Evidence suggests that
P120 can both positively and negatively regulate cadherin
activity, probably depending on signaling events that have yet
to be dlearly identified. J]MD-deleted cadherins have been

The Journal of Cell Biology, Volume 159, Number 3, November 1 1, 2002 465476
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used to assay cadherin function in the absence of pl20
binding. These studies suggest roles for the cadherin JMD,
and by implication p120, in developmental events (Kintner,
1992; Horikawa and Takeichi, 2001), neuronal outgrowth
(Richl et al., 1996; Lilien et al., 1999), exclusion of one cad-
herin from junctions by another (Navarro et al., 1998), sup-
pression of cell motility (Chen et al., 1997), cadherin clus-
tering (Yap et al., 1998), and cadherin adhesiveness (Yap et
al., 1998; Thoreson et al., 2000). Minimal p120-uncou-
pling mutations (e.g., triple alanine substitutions) have been
used to minimize the risk of affecting non-p120 interac-
tions (Thoreson et al., 2000). Nonetheless, novel JMD
binding partners have been identified which are uncoupled
by the same mutations that eliminate p120 binding. Both
Hakai (Fujita et al., 2002) and presenilin (PS)-1 associate
with the JMD (Baki et al., 2001; Marambaud et al., 2002),
and have been implicated in mechanisms that down-regu-
late cadherin levels. The latter observations complicate the
interpretation of p120’s contribution to the results of JMD-
deletion experiments.

p120 function has been more directly addressed in other
systems. For example, in Colo205 cells, E-cadherin func-
tion is severely impaired despite the cells having normal
levels of E-cadherin and catenins. Adhesion can be restored
by p120 mutants lacking most of the NH,-terminal region,
but not by full-length p120 (Aono et al., 1999). This result
implies an aberrant signaling pathway in Colo205 cells that
acts constitutively through an NH,-terminal region of
p120 to block E-cadherin function. Although aspects of
these data have been questioned recently (Horikawa and
Takeichi, 2001), the ability of NH,-terminally truncated
p120 to restore adhesiveness in these cells is clear. Thus,
full-length p120 appears to negatively regulate adhesion in
Colo205 cells.

p120 contains a 350-aa NH,-terminal region, followed by
the ARM domain (i.e., ten ARM repeats), and a short

COOH terminus. The NH,-terminal region immediately
adjacent to the ARM domain encompasses the 100-aa phos-
phorylation domain which contains the majority of the
P120 tyrosine phosphorylation sites (Mariner et al., 2001)
and is probably an important regulator of p120 function.
Most cells simultaneously express multiple p120 isoforms
derived from alternative splicing. Splicing in the NH,-termi-
nal region gives rise to four alternative start codons (Keirse-
bilck et al., 1998). Isoforms using start codons 1 (p120ctnl)
and 3 (p120ctn3) are observed most frequently (Mo and
Reynolds, 1996; Keirsebilck et al., 1998) and retain both the
phosphorylation domain and the ARM domain. The fourth
start codon gives rise to isoform 4 (p120ctn4), which retains
the ARM domain but eliminates the NH,-terminal region,
along with its phosphorylation domain. In contrast to other
isoforms, p120ctn4 mRNA has been detected, bur is rarely
expressed as a protein. It is used in our study as a p120 mu-
tant lacking the NH, terminus.

E-cadherin is well established as a tumor and metastasis
suppressor. Expression of E-cadherin is frequently down-
regulated or extinguished in malignancy, an event strongly
correlated with poor prognosis (for review see Birchmeier
and Behrens, 1994; Nollet et al., 1999). Evidence both in
vivo (Perl ¢t al,, 1998) and in vitro (Frixen et al., 1991;
Vieminckx et al., 1991), link E-cadherin loss with the transi-
tion to metastasis during tumor progression (for review see
Yap, 1998). Interestingly, a number of recent studies indi-
cate p120 expression is also frequently lost in tumors of the
breast, prostate, colon, stomach, and bladder (for review see
Thoreson and Reynolds, 2002). In many cases, p120 loss is
associated with poor prognosis, suggesting that alterations in
p120 expression may be important in cancer.

Despite observations of p120 loss in tumors, mutation or
loss of p120 in carcinoma cell lines has not been reported.
Here, we show that the p120 gene is mutated in SW48 cells
and that the cadherin adhesion system is impaired as a direct
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Figure 1. ~ Characterization of the E-cadherin complex in SW48 carcinoma cells. (A) Members of the cadherin complex were localized in
SW48 cells by immunofluorescence. SW48 cells organize aberrantly into linear arrays and do not form compact epithelial colonies. p120
was localized with mAb pp120, which binds a COOH-terminal epitope present in all known p120 isoforms. (B) Cadherin complex proteins
were analyzed by Western blotting of NP-40 cell lysates derived from the colon carcinoma cell lines HCT11 6, HCA?7, and SW48. p120 is not
detected in SW48 cells by mAb pp120, indicating that the COOH terminus is absent.




consequence of p120 insufficiency. p120 is apparently essen-
tial in normal epithelial cells to directly or indirectly stabilize
E-cadherin, thereby explaining its positive role in regulating
E-cadherin adhesiveness.

Results

Characterization of the cadherin complex in colorectal
SW48 cells

SW48 colon carcinoma cells have lost the ability to establish
normal epithelial morphology. The cells form junctions, but
line up end to end in loosely organized arrays that are unable
to pull together into compact epithelial colonies (Fig. 1). To
determine the cause of the defect, we examined the major
components of the E-cadherin complex by immunofluores-
cence (Fig. 1 A) and by Western blotting (Fig. 1 B). Immu-
nofluorescent analysis revealed E-cadherin staining that
colocalized with - and B-catenins at cell—cell contacts (Fig.
1 A, b—d). We initially attempted to localize p120 using well
characterized monoclonal antibodies directed against the
COOH-terminal epitopes (e.g., mAb’s pp120, 15D2, 12F4)
found on all known p120 isoforms (Wu et al., 1998). Inter-
estingly, p120 staining was completely absent (Fig. 1 B, a).
To date, this is the first observation of an adhesive cell line
that does not stain with these antibodies. Consistent with
these observations, analysis of SW48 cells by Western blot-
ting showed normal levels of a-, B-, and y-catenins (Fig. 1
B). E-cadherin levels were reduced, but significantly, p120
was not detected by mAb pp120. Although B-catenin levels

are normally reduced in cells where E-cadherin expression is
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low, the B-catenin in SW48 cells contains a stabilizing mu-
tation at codon 33 (Ilyas et al., 1997). This alteration proba-
bly accounts for the unexpectedly high B-catenin levels and
the relatively high levels of cytoplasmic staining for both a-
and B-catenins.

Mutations and splicing defects of p120 alleles

in SW48 cells

The failure to detect p120 with mAb pp120 suggested pos-
sible mutations in the p120 gene. However, no alterations
in the genomic organization of pl120 were detected by
Southern blotting. To determine if mutations were present,
p120 genomic DNA from SW48 cells was sequenced by a
previously established method (Keirsebilck et al., 1998). In
addition, p120 cDNA clones were generated by RT-PCR
from SW48 RNA. Both genomic and cloned cDNA se-
quences revealed a heterozygous nonsense mutation in exon
7 at nucleotide 1908 (Fig. 2 C). This C to T mutation
yields a premature stop codon that truncates the protein in
the third ARM repeat.

An exact molecular defect associated with the other allele
could not be identified. However, RT-PCR analysis of
SW48 mRNA using p120-specific ofigonucleotide primers
(Fig. 2 B) revealed several cDNA abnormalities, including
deletion of exon 17, retention of intron 19, or retention of
both introns 19 and 20 (Fig. 2 D). Long-range RT-PCR in-
dicated that these COOH-terminal changes existed in both
the 1908 C/T and the 1908 WT alleles. All of these alter-
ations result in premature stop codons that eliminate the

normal p120 COOH terminus.

A (3 :5and 3 UTR M : ubiquitous part of ORF

[R] : Armadilio repeat

Figure2.  Characterization of mutated
p120 alleles in SW48 cells. (A) Schematic
diagram of human p120 protein and
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Individual ARM repeats are numbered.
Note the phosphorylation domain
between N3 and N4, immediately
NH_-terminal to the ARM domain.
Approximate epitopes of mAbs are
indicated. (B) Primer sets used for RT-PCR
and genomic DNA analysis. (C) A
nonsense mutation CGA to TGA in exon
7 is indicated by the C to T mutation
detected in genomic DNA and cDNA
clones. The normal ATG and TAG
codons are indicated. (D) Aberrant
mRNA forms detected by RT-PCR. The
exon structure of p120 cDNA COOH-
terminal end is shown across the top.
Aberrant mRNAs, each resulting in
premature stop codons, are located
below. Aberrant splicing in the 3'-terminal
part of p120 mRNA results in the indicated
gene products, which include retention
of intron 19, retention of both introns 19
and 20, or exclusion of exon 17.
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Figure 3.  Antibodies against the NH, terminus of p120 detect
extremely low levels of p120 in SW48 cells. (A) p120 localization
with NH-terminally directed p120 mAbs. SW48 cells were costained
with p120 mAb’s 5A7 or 6H11 (a and c), and E-cadherin mAb
C-20820 (b and d). (B) Quantitative analysis of p120 expression was
performed by immunoprecipitating p120 from RIPA cell lysates with either NH;-terminally directed mAbs 5A7 or 6H11, or the COOH-terminally
directed mAb pp120 (top). The immunoprecipitates were split and Western blotted with mAb 5A7 {lanes 1-6) or mAb pp120 (lanes 7-12).
HCA? cells expressing normal levels of p120 were used for comparison. The blots are overexposed to visualize the extreme low levels of p120.

We then reevaluated p120 expression in the SW48 cells
using monoclonal antibodies 5A7 and 6H11, which recog-
nize different NHj-terminal epitopes (Fig. 3). Compared
with other cell lines, these antibodies revealed weak and ex-
tremely punctate junctional staining (Fig. 3 A), indicating
that p120 was not completely absent in SW48 cells. Immu-
noprecipitation and Western blotting with mAbs SA7 and
6H11 revealed a near full-length pl120 protein, and no
other bands (Fig. 3 B, lanes 1 and 3). However, the very
long exposure times required to detect the mutated p120 in
these experiments indicate that it is grossly underexpressed.
p120 remained undetectable by mAb pp120 (Fig. 3 B, lanes

7 and 9), confirming that the normal COOH terminus of
p120 is absent.

Thus, in SW48 cells, one allele of the p120 gene contains a
stop codon in exon 7 (ARM repeat 3), which predicts a short
product that we have not been able to detect. In addition,
long-range RT-PCR experiments indicate that both alleles
appear to be sensitive to abnormal alternative splicing events
that eliminate the normal COOH terminus. The data ex-
plain the inirial failure to detect p120 in the parental SW48
cells by several p120 mAbs directed against the COOH-ter-
minal end. We do not yet have an explanation for the very
low expression level of p120 generated from the second allele.

LZRS LZRS-p120

A

pi20

GFP

Figure 4. p120 expression in SW48 cells rescues epithelial colony morphology. (A and B) SW48 cells were infected with either LZRS-
MS-IRES-GFP (LZRS; a, b, e, and f), or LZRS-p120-IRES-GFP (LZRS-p120; c, d, g, and h). Infected cells were sparsely plated and cultured
until individual colonies appeared. (A) Rescue of epithelial morphology by p120. To visualize GFP, cells were fixed with paraformaldehyde
to preserve the GFP signal (a-d). p120 was visualized with mAb 15D2 (a and ¢) and GFP with direct UV microscopy (b and d). GFP expression
alone (b) had no effect on SW48 cell morphology. (B) Colocalization of p120 and E-cadherin in infected SW48 cells. To use the green

wavelength for E-cadherin staining, cells were fixed in methanol to eli

E-cadherin (f and h). (C) Organization of the LZRS-p120-GFP retrov

minate the GFP signal and then costained for p120 (e and g) and
iral vector. An IRES is sandwiched between p120 and GFP cDNAs to

allow for translation of both genes from a single MRNA transcript. Thus, the levels of GFP and p120 in infected cells are linked. Key functional

elements of the vector are indicated.
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Restoring WT p120 induces normal

epithelial morphology

To determine whether the p120 loss or dysfunction was di-
rectly responsible for the aberrant SW48 morphology, WT-
p120 expression was restored by infection with the retroviral
vector pLZRS-p120-internal ribosomal entry site (IRES)-
GFP. The structure of the vector is illustrated in Fig. 4 C.
An IRES allows both p120 and GFP to be translated sepa-
rately off the same mRNA transcript. p120 and GFP expres-
sion levels from this construct are directly proportional; cells
containing high levels of GFP contain high levels of p120,
and vice versa (Fig. 5 A).

Interestingly, forced expression of WT-p120 (p120ctn3A)
induced a striking rescue of normal epithelial morphology.
The loose organization of the parental cells (Fig. 4, A and B,
b and f) gave way to compacted epithelial colonies with
strong staining of p120 at cell—cell juncrions (Fig. 4, A and
B, c and g). Infection with pLZRS-IRES-GFP, which ex-
presses GFP but not p120, had no effect on morphology
(Fig. 4 A, aand b). These data indicate that p120 expression
by itself is sufficient to restore normal epithelial morphology
in these cells. Unexpectedly, p120 expression was consis-
tently associated with significantly brighter E-cadherin stain-
ing (Fig. 4 B, compare panels f and h).

p120 epithelial rescue is dose dependent

and isoform specific

Observation of individual SW48 clones after p120 retroviral
infection revealed significant heterogeneity in the degree of
epithelial rescue. Cells containing high levels of GFP fluores-
cence were consistently epithelial, whereas low levels were
generally associated with the parental SW48 phenotype.
Moreover, initial characterization of various p120 isoforms
suggested that isoforms might vary in their ability to rescue
E-cadherin function. To quantify these effects, we used gated
GEFP FACS 1o isolate polyclonal cell lines expressing low or
high levels of p120 isoforms 1A, 3A, and 4A (Fig. 5). Fig. 5A
shows that the low and high GFP sorted cells express low and
high levels of p120, respectively. Moreover, the different
p120 isoforms in each group were expressed at similar levels,
enabling accurate comparisons between isoforms.

The effects of low and high p120 expression levels on the
efficiency of epithelial rescue are shown in Fig. 5 B. For each
of the isoforms tested, epithelial rescue was significantly more
efficient in colonies expressing high levels of p120. Interest-
ingly, epithelial rescue by isoform 4A was much more efficient
than isoforms 1A and 3A. Isoform 4A lacks the NH,-terminal
end, a region that contains the phosphorylation domain.
Therefore, the sequences NH,-terminal to the ARM domain
are not required for epithelial rescue, but confer a significant
negative regulatory effect on the efficiency of this process.

SW48 adhesion defect results primarily from
insufficient levels of p120

Because SW48 p120 is both mutated and underexpressed, it
was initially unclear which alteration was the primary cause
of the phenotypic aberrations. Therefore, we asked whether
the putative endogenous mutant proteins in SW48 cells
could rescue epithelial morphology if we forced their expres-
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Figure 5.  Epithelial rescue by p120 is both expression level and
isoform dependent. (A) Isolation by GFP FACS of cell populations
expressing low or high levels of p120 isoforms. Cells were infected
with viruses containing GFP alone (lanes 1 and 5) or GFP linked by
an IRES to p120 isoforms 1A (fanes 2 and 6), 3A (lanes 3 and 7), or
4A (lanes 4 and 8). Cells were sorted by FACS for low (lanes 1-4)
and high (lanes 5-8) GFP expression. Protein normalization was
confirmed by Western blotting with GM130 antibody. Note the
tight correlation between GFP and p120 levels. Each isoform
expression level is roughly equivalent within low and high level
groups. (B) Quantification of the potency of p120 rescue as a function
of expression level and isoform. Cells sorted as described above
were plated at low density, grown into clonal colonies, and the
colonies scored as compact or loose. The data reflect the ratio of
compacted (rescued) colonies divided by the total number of colonies.
Compacted colonies occurred more frequently when p120 is
expressed at high levels. p120ctn4, which lacks the NH,-terminal
phosphorylation domain, is more efficient at inducing compaction
than p120ctn1 and 3, which retain this domain.

sion at significantly higher levels (Fig. 6). Mutant p120
cDNAs were expressed from the LZRS-p120-IRES-GFP virus,
and high expressing cell populations were isolated by FACS
as described previously. The constructs tested are illustrated
in Fig. 6 A. The p120 cDNA containing the C/T mutation
at nucleotide 1908 was directly cloned from SW48 cells. As
expected from the fact that it lacks most of the ARM do-
main, the product of this cDNA was inactive (Fig. 6 B, ¢).
We also overexpressed a murine p120 mutant lacking the
COOH-terminal end (AC), a construct very similar to the
three SW48 cDNAs containing COOH-terminal splicing
defects. This mutant effectively rescued compaction (Fig. 6
B, g), indicating that the COOH terminus of p120 is dis-
pensable, provided that the cDNA is adequately expressed.
Previous work shows that high level p120 overexpression
induces extensive branching of cellular processes, an effect ap-
parently induced by inhibition of RhoA, and/or activation of
Rac and Cdc42 (Anastasiadis and Reynolds, 2001). The pl20
deletion mutant A622—628 climinates this effect, possibly by
uncoupling p120 from Rho GTPases (Anastasiadis et al.,
2000). Surprisingly, expression of this mutant in SWA48 cells
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Figure 6.  The p120 COOH terminus is dispensable for epithelial rescue. (A) Schematic of WT-p120 and p120 variants representing the
mutants found in SW48 cells. Alternative ATG start sites are indicated. Light gray boxes represent ARM repeats. mp120-1A A622-628
contains a six-aa deletion in ARM 6 postulated to uncouple p120 from RhoA. (B) Effects of overexpression of p120 mutants in SW48 cells.
Mutant constructs were cloned into pLZRS-p120-IRES-GFP and expressed in SW48 cells by retroviral infection. Infected cells were collected
by gated GFP FACS, plated at low density, and colonies were photographed 1 wk later. Top panels are phase contrast images of colonies and
bottom panels show GFP fluorescent images of the same cells. hp120-3A 1908 C/T does not affect the morphology (e and f), but both
mp120-1A AC and mp120-1A A622-628 efficiently induce compaction (gj).

resulted in an efficient rescue of epithelial morphology (Fig. 6
B, i), suggesting that the p120 activity required for a branch-
ing morphology is not required for epithelial compaction.

Finally, the effect of human p120ctn3A was essentially
identical to that of murine p120ctn3A (Fig. 6 B, a), thus
eliminating the remote possibility that the murine p120-
induced phenotype was the result of species specific effects.

Together, these data indicate that the aberrant SW48 phe-
notype results from insufficient p120 expression rather than
loss of functional information in the p120 COOH termi-
nus. Thus, the p120-deficiency makes SW48 cells an excel-
lent model system for p120 structure~function analysis.

Epithelial colony rescue requires p120 binding

to E-cadherin

Apparently the sequences flanking the ARM repeat domain
of p120 are dispensable for SW48 rescue, suggesting that the
ARM domain likely contains the key functional informa-
tion. To identify the critical sequences, we individually de-
leted the ten ARM repeats in the mouse p120ctn3A isoform
and tested the constructs in SW48 cells. Infected cells were
GFP sorted as described above to collect high expressing cell
lines. Each of these lines expressed similar levels of p120
(Fig. 7 A, bottom). The mutant proteins were then assayed
for both the ability to bind E-cadherin (Fig. 7 A) and the
ability to restore epithelial morphology (Fig. 7 B). To assay

the E-cadherin-p120 interaction, E-cadherin immunopre-
cipitates were split and Western blotted for p120 (Fig. 7 A,
top) or E-cadherin (Fig. 7 A, middle). Deletion of ARM do-
mains 1-5 and 7 disrupted the p120-E-cadherin interaction.
Deletion of ARM domains 8, 9, and 10 showed a slight dis-
ruption, whereas deletion of ARM 6 had little effect.

The ability of p120 to rescue epithelial morphology corre-
lated precisely with its ability to bind E-cadherin (Fig. 7 B).
Immunofluorescent staining revealed that p120-mediated res-
cue was abrogated by loss of ARM repeats 1-5 and 7, bu re-
peat 6 and repeats 8-10 were dispensable. Thus, p120 ARM
repeats required for E-cadherin interaction (Fig. 7 A) are also
required for rescue of epithelial morphology (Fig. 7 B).

Expression of WT p120 increases E-cadherin levels in

SW48 cells by posttranscriptionally stabilizing E-cadherin
The data suggest a rescue mechanism whereby p120 stabi-
lizes or increases E-cadherin levels in SW48 cells. To further
characterize this effect, we replaced the GFP gene in LZRS-
p120-IRES-GFP with the neomycin resistance gene (neo;
LZRS-p120-IRES-neo) and generated clonal cell lines by
G418 selection (Fig. 8 A). Lines expressing p120 levels
cquivalent to the control cell line HCT116 (Fig. 8 A, lane 6)
were strongly compacted (unpublished data) and expressed
levels of E-cadherin that were at least five fold higher than
control cells (Fig. 8 A, compare lanes 4 and 5 to lanes 1-3).
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Figure 7. p120-induced compaction is dependent on direct interaction between p120 and E-cadherin. (A) Structure-function analysis of
P120 sequences necessary for interaction with E-cadherin. Each of the ten p120 ARM repeats was individually deleted, expressed in SW48
cells, and polyclonal cell lines derived by GFP FACS. E-cadherin immunoprecipitates were isolated, divided in half, and Western blotted for
E-cadherin (middle) or p120 (top). p120 immunoprecipitation and Western blot with mAb p120 controlled for the exogenous expression of
P120 mutants (bottom). (*) denotes p120 degradation products. Controls include cells expressing WT-p120 (lane 12), cells infected with
empty vector (lane 11), and cells immunoprecipitated with an irrelevant nonspecific antibody (NS). (B) Effects of above constructs in SW48
cells assayed by immunofluorescence for p120 (top) and E-cadherin (bottom). Deletion of ARM repeats 1-5 and 7 block rescue of compaction.
ARM repeats 6 and 8-10 are dispensable. E-cadherin binding (A) correlates perfectly with the ability to rescue epithelial morphology (B).

Thus, p120 expression significantly increases the expression
or stability of E-cadherin in SW48 cells.

To determine whether increased levels of E-cadherin re-
sulted from effects of p120 on E-cadherin transcription, we
assayed E-cadherin mRNA levels by Northern blotting sam-
ples obtained from parental SW48 cells and the same cells
after rescue by p120 expression. Fig. 8 B shows that E-cad-
herin mRNA levels are unaltered by ectopic p120 expres-
sion, suggesting that p120 increases E-cadherin levels by a
posttranscriptional mechanism. Interestingly, E-cadherin
mRNA levels were relatively high in SW48 cells, suggesting

a negative feedback loop to compensate for the low levels of
E-cadherin protein. However, the increased E-cadherin lev-
els associated with p120 overexpression did not reduce the
levels of E-cadherin mRNA (Fig 8 B, lanes 2 and 3).

The effect of p120 on E-cadherin protein stability was as-
sessed by pulse chase analysis. In clonal cell fines, ectopic ex-
pression of p120 increased the E-cadherin halflife dramari-
cally from roughly 6 to more than 12 h (Fig. 8 C). In
addition, a polyclonal population of SW48 cells, generated
by LZRS-p120-IRES-neo infection and G418 selection, be-
haved similarly, although the stabilization was somewhat re-
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Figure 8.  p120 expression stabilizes E-cadherin by a
post-transcriptional mechanism. (A) SW48 cells were infected
with LZRS-p120-IRES-neo, and stable cell lines isolated. Levels
of E-cadherin were assayed by Western blotting RIPA cell lysates.
Parental (lane 1) or cell lines expressing neo only (lanes 2 and
3) were compared with two separately derived p120 expressing
cell lines (lanes 4 and 5) and to HCT116 cells (which express
normal levels of p120 and E-cadherin). GM130 blotting
{bottom) was used as a loading control. p120 expression
increased E-cadherin levels by more than fivefold in SW48
cells. (B) E-cadherin mRNA levels are unchanged by p120
expression. Total RNA was isolated and compared by Northern
analysis using a human E-cadherin cDNA probe. To control for
loading, the blot was stripped and reprobed with GAPDH
c¢DNA. MDA-MB-231 cells (lane 1) do not express E-cadherin
mMRNA. SW48 cells stably expressing p120-4A (lane 2), p120-3A
(lane 3), or neo alone (lane 4), are compared with SW48 parental
(lane 5), HCA? (lane 6), and HCT116 cells (lane 7). (C) Analysis
of E-cadherin stability in p120-expressing cells. Clonal (p120
3A/neo-15) or polyclonal (p120-3A/neo) cell lines were generated
by infection. E-cadherin half life was ascertained by pulse-chase

analysis and compared with control clonal (neo-18) and polyclonal (neo) cell lines. Chase times are indicated across the top. Densitometric
analyses are located below each lane and represent a normalized value where the 4 h chase lane (top) or the 2 h chase lane (bottom) represent
the value 1.0. p120 expression essentially doubles the half life of E-cadherin.

duced relative to the clonal cell line, probably because the
average pl120 expression level in the population is lower.
Thus, p120 expression in SW48 cells substantially increases
the endogenous E-cadherin half life,

Forced E-cadherin expression induces

epithelial colony morphology

If p120 is acting essentially to stabilize or elevate E-cadherin
levels, then forcing increased E-cadherin expression might
also rescue epithelial morphology, even in the absence of
p120. To test this hypothesis, we expressed WT-E-cadherin
or p120-uncoupled E-cadherin (E-cad/764AAA) by infec-
tion of SW48 cells with LZRS-E-cad-IRES-neo or LZRS-E-
cad/764AAA-IRES-neo followed by selection in G418 (Fig.
9). Both WT and p120 uncoupled E-cadherin rescued epi-
thelial morphology. The rescue by E-cad-764AAA is partic-
ularly significant because the inability of this mutant to re-
cruit p120 implies that p120 is not essential if E-cadherin
levels are artificially maintained ac high levels. Taken to-
gether, the data suggest that a crucial role of p120 is to regu-
late, stabilize, or maintain E-cadherin at levels that are high
enough to generate strong adhesion.

Discussion

We describe a novel role for p120 in regulating epithelial
morphology. SW48 cells ate the first example of p120 muta-
tion in cancer. More importantly, p120 is grossly underex-
pressed in these cells, providing the first opportunity to ex-
amine the effects of p120 loss and reconstitution in vitro.
The striking rescue of SW48 epithelial morphology by ex-
pression of WT-p120 argues strongly that p120 deficiency is
the critical factor limiting adhesiveness and epithelial mor-
phology in these cells. The ability of the endogenous E-cad-
herin to function efficiently in the presence of ectopic p120
indicates that the endogenous E-cadherin itself is fully func-
tional, albeit underrepresented in the absence of p120.
Thus, the low levels of E-cadherin in SW48 cells are likely
secondaty to the root problem of p120 insufficiency. A key
observation is that E-cadherin levels increased substantially
upon reconstitution of p120 due to a doubling of the E-cad-
herin half life. Moreover, the specific p120 ARM repeats re-
quired for interaction with E-cadherin were also necessary
for reactivation of the cadherin system. Thus, p120 stabilizes
E-cadherin and rescues its function via a mechanism depen-
dent on their direct interaction.
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Epithelial rescue by overexpression of WT or p120-uncoupled E-cadherin in SW48 cells. SW48 cells were infected with
LZRS-neo viruses containing p120, E-cadherin, or p120-uncoupled E-cadherin (E-cadherin-764), and colonies generated by G418 selection.
Cells are stained for immunofluorescence using E-cadherin mAb C-20820. Expression of neo alone (a) had no effect on the parental SW48
phenotype (b). However, WT-E-cadherin (panel d) and p120-uncoupled E-cadherin (e) induced an epithelial morphology similar to that
induced by p120 expression (c).

The observations reported here are based on SW48 cells
but are probably generally applicable. For example, signifi-
cantly increased E-cadherin staining is observed in MDCK
cells overexpressing either p120 (unpublished data), or §-cate-
nin (Lu et al., 1999), a close structural and functional rela-
tive of p120. However, in normal cells such as MDCK, the
significance of this effect is not obvious because the cells al-
ready possess epithelial morphology and high levels of p120
and E-cadherin. In contrast, the effects of p120 overexpres-
sion in SW48 cells are striking due to the initial condition
of p120 deficiency, the resulting low levels of endogenous
E-cadberin, and the diffuse cellular morphology.

Evidence in the literature supports several possible explana-
tions for these observations. The simplest is that the p120 in-
teraction with E-cadherin is sufficient to physically stabilize
the E-cadherin complex. Crystallographic studies indicate
that the cadherin cytoplasmic domain is essentially unordered
in the absence of binding partners (Huber et al., 2001). Alter-
natively, p120 may competitively block interactions of E-cad-
herin with other factors that promote E-cadherin recycling or
degradation. Endocytosis has been proposed as a mechanism
for down-regulating or recycling cadherins (Le et al., 1999)
and is postulated to play a crucial role in the dynamic regula-
tion of adhesiveness. The E3 ubiquitin-ligase Hakai inter-
acts with the E-cadherin JMD in a tyrosine phosphoryla-
tion-dependent manner, thereby promoting ubiquitination
and endocytosis of the complex (Fujita et al., 2002). Because
multiple tyrosine kinases and phosphatases have been directly
or indirectly linked with the cadherin complex (for review, see
Daniel and Reynolds, 1997), the loss of p120 in SW48 cells
may leave the E-cadherin JMD exposed to increased tyrosine
phosphorylation resulting in Hakai-mediated endocytosis.
PS1 also competes with p120 for binding the cadherin JMD
(Baki et al., 2001), and although one report suggests that PS1
stabilizes the cadherin complex (Baki et al., 2001), a follow-
up study suggests that PS1 may promote E-cadherin degrada-
tion by specific proteolytic cleavage events (Marambaud et al.,
2002). Thus, p120 binding may block such interactions, and
in the absence of p120, these proteins might act constitutively
in SW48 cells to reduce the amount of E-cadherin.

Another possibility is that p120 may possess an activity
that promotes stability of the cadherin complex. For exam-
ple, recent evidence indicates that p120 can inhibit RhoA
and activate Rac and Cdc42, known modulators of the actin
cytoskeleton (for review see Anastasiadis and Reynolds,

2001). Although these reports focus on the regulation of
GTPases by a soluble pool