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Abstract. The expression of the cell-cell adhesion
molecules E- and P-cadherin has been analyzed in
seven mouse epidermal keratinocyte cell lines repre-
sentative of different stages of epidermal carcinogene-
sis. An inverse correlation between the amount of
E-cadherin protein and tumorigenicity of the cell lines
has been found, together with a complete absence of
E-cadherin protein and mRNA expression in three car-
cinoma cell lines (the epithelioid HaCa4 and the
fibroblastoid CarB and CarC cells). A similar result
has been detected in tumors induced in nude mice by
the cell lines, where induction of E-cadherin expres-
sion takes place in moderately differentiated squamous
cell carcinomas induced by HaCa4 cells, although at
much lower levels than in well-differentiated tumors
induced by the epithelial PDV or PDVC57 cell lines.
Complete absence of E-cadherin expression has been

observed in spindle cell carcinomas induced by CarB
or CarC cells. P-cadherin protein was detected in all
cell lines that exhibit an epithelial (MCA3D, ATS, PDV,
and PDVCS57) or epithelioid (HaCa4) morphology, as
well as in nude mouse tumors, independent of their
tumorigenic capabilities. However, complete absence
of P-cadherin was observed in the fibroblast-like cells
(CarB and CarC) and in spindle cell carcinomas. The
introduction of an exogenous E-cadherin cDNA into
HaCa4 cells, or reactivation of the endogenous
E-cadherin gene, leads to a partial suppression of the
tumorigenicity of this highly malignant cell line. These
results suggest a role for E-cadherin in the progression
to malignancy of mouse epidermal carcinogenesis.
They also suggest that the loss of both E- and P-cad-
herin could be associated to the final stage of carcino-
genesis, the development of spindle cell carcinomas.

processes such as embryogenesis, tissue and organ

pattern formation and maintenance of specific tissue
architecture (Edelman, 1985; Thiery et al., 1982). Calcium-
dependent cell-cell adhesion molecules are one of the major
components involved in the various processes of intercellular
adhesion (Takeichi et al., 1985). In vertebrates, calcium-
dependent cell-cell adhesion molecules identified so far con-
stitute a family of transmembrane glycoproteins, of 119-135
kD, for which the general term cadherins has been proposed
(see Takeichi, 1988, 1990 for reviews).

The different members of the family, identified in various
tissues and species, can be grouped in three distinct catego-
ries, exemplified in the mouse by (a¢) N-cadherin (Hatta and
Takeichi, 1986; Hatta et al., 1985), present mostly in neural
tissues; (b) E-cadherin (identical to uvomorulin) (Yoshida-
Noroetal., 1984; Hyafil et al., 1980; Peyrieras et al., 1985),
expressed in epithelial tissues; and (c) P-cadherin, present
both in epithelial and nonepithelial tissues with major preva-
lence at the placenta (Nose and Takeichi, 1986). All mem-
bers of the family present strong homology at the amino acid
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level (Nose et al., 1987; Hatta et al., 1988; Ringwald et al.,
1987), but distinct immunological properties and binding
specificities (Nose et al., 1988; Miyatani et al., 1989). The
pattern of expression and binding specificities of the different
subfamilies are consistent with the proposed role of these
molecules in the segregation of differentiating tissues during
embryogenesis and in the morphogenetic processes involved
in the generation of an organism (Takeichi, 1988, 1990,
1991).

During tumorigenesis, profound alterations in intercellu-
lar and cell-to-substratum interactions take place (for re-
views, see Hynes, 1989; Parish et al., 1987). Such altera-
tions are particularly evident in tumorigenesis of epithelial
tissues, where the malignant cells have to pass through the
basement membrane barrier in order to invade and metasta-
size other tissues. Even before invading adjacent tissues, the
malignant cells loosen their adhesion to their original neigh-
bors. The molecular mechanisms underlying such altera-
tions are largely unknown and only recently have begun to
be investigated. Among them, changes in cell-cell interac-
tions mediated by the cadherin family of molecules in rela-
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tion to malignancy have received increasing interest in the
last few years. Studies on tissue sections of various human
carcinomas have shown that E-cadherin is expressed in both
differentiated and dedifferentiated tumors (Eidelman et al.,
1989; Shimoyama et al., 1989), although lower levels appear
to be present in poorly differentiated carcinomas (Shimo-
yama et al., 1989). A recent study on E-cadherin expression
in several human carcinoma cell lines indicates that acquisi-
tion of the invasion properties of dedifferentiated fibroblastoid
carcinoma cells is associated with the loss of E-cadherin ex-
pression (Frixen et al., 1991). These observations, together
with previous similar results with H-ras-transformed MDCK
cells (Behrens et al., 1989), support a role for E-cadherin
as an antiinvasive molecule, and as a marker of the differenti-
ation grade of epithelial carcinomas (Frixen et al., 1991).
The expression of P-cadherin has so far only been reported
in one study of human epithelial carcinomas (Shimoyama et
al., 1989).

Our laboratory is investigating the role of E- and P-cadherin
during the tumorigenic process of mouse epidermal carcino-
genesis. Both cadherins are the only members of the calcium
dependent cell-cell adhesion molecules expressed in normal
mouse skin with P-cadherin restricted to the proliferative
basal layer and E-cadherin expressed in the basal and supra-
basal layers (Nose and Takeichi, 1986). The model of two-
stage mouse skin carcinogenesis is based in the progressive
induction of premalignant papillomas and invasive carci-
nomas by treatment with initiating and promoting chemical
agents (Boutwell, 1974; Hecker, 1978; Hennings et al.,
1985). A variety of cell lines can be derived from tumors and
by in vitro transformation of primary epidermal cells,
providing the opportunity of an in vitro approach to the
mouse skin carcinogenesis system (for review, see Balmain
and Brown, 1988).

In this study, we have analyzed the expression of P- and
E-cadherin in seven mouse epidermal keratinocyte cell lines,
ranging from immortalized nontumorigenic to highly malig-
nant carcinoma-derived cells, which express morphological
phenotypes in culture of epithelial, epithelioid or fibro-
blastoid cells. All cell lines used in this study have been pre-
viously characterized in regard to their expression of normal
and mutant H-ras alleles (Quintanilla et al., 1986, 1991) and
to their differentiation pattern in relation to cytokeratin ex-
pression (Dfaz-Guerra, M., C. Bauluz, S. Haddow, J. L.
Jorcano, A. Cano, A. Balmain, and M. Quintanilla, manu-
script submitted for publication). An inverse correlation be-
tween the amount of E-cadherin protein present and the
tumorigenicity of the different cell lines has been found. This
correlation has been detected both in cell cultures and in
tumors induced by injection of the cell lines in nude mice.
Complete absence of both E- and P-cadherin has been de-
tected in cells and tumors of two spindle carcinoma fibro-
blastoid cell lines, whereas P-cadherin, but not E-cadherin,
was present in a squamous cell carcinoma line. Furthermore,
we show that a partial suppression of the tumorigenicity can
be obtained by transfection of E-cadherin cDNA into this lat-
ter, highly malignant epithelioid carcinoma cell line. Our
results suggest that, in mouse epidermal carcinogenesis, the
progressive loss of E-cadherin can contribute to the malig-
nancy of squamous cell carcinomas. On the other hand, the
complete loss of both E- and P-cadherin could also play a
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role in the further progression towards poorly differentiated
spindle cell carcinomas.

Materials and Methods

Cell Lines and Growth Conditions

The origin of the mouse epidermal keratinocyte cell lines used in the present
study (MCA3D, ATS, PDV, PDVC57, HaCad, CarB and CarC) is described
elsewhere (Difaz-Guerra, M., C. Bauluz, S. Haddow, J. L. Jorcano, A.
Cano, A. Balmain, and M. Quintanilla, manuscript submitted for publica-
tion) and is briefly summarized in Table I. All of the epidermal cell lines
were grown in HAM F-12 medium supplemented with a complete set of
amino acids (Gibco Ltd., Paisley, Scotland), 5 or 10% FCS and the anti-
biotics amphotericin B (2.5 pg/ml), ampicillin (100 xg/mi), and gentamicin
(32 pg/ml) (Sigma Chemical Co., St. Louis, MO). Mouse 10T1/2 fibro-
blasts were cultured in Dulbecco’s MEM supplemented with 10% FCS
and antibiotics. Cells were grown at 37°C in a humidified 5% CO; at-
mosphere.

Transfection Procedure

HaCa4 cells were cotransfected with the pPBATEM-2 (Nose etal., 1988) and
the pSV2neo vectors (Southern and Berg, 1982) by the calcium-phosphate
coprecipitation method essentially as described by Nose et al. (1988).
Transfection with 1 ug of pBATEM-2 and 0.1 ug of pSV2neo was carried
out in Dulbecco’s MEM supplemented with 10% FCS. After 18 h, the DNA-
containing medium was replaced by fresh HAM F-12 containing 10% FCS,
and 24 h later selection with 0.4 mg/ml G418 (Gibco Ltd.) was begun.
Resistant colonies were isolated and tested for E-cadherin expression by im-
munofluorescence staining and Western immunoblotting. Positive cells
were subcloned and used for further studies. The pBATEM-2 vector was
kindly provided by M Takeichi (University of Kyoto, Kyoto, Japan), and the
pSV2neo vector by J. L. Jorcano (CIEMAT, Madrid, Spain).

Tumorigenicity Assays in Nude Mice

For the tumorigenicity test, cells were collected and washed in PBS and sub-
cutaneously injected in male nu/nu mice, 8-10 wk old. 1 x 10° cells were
used for a single injection. In different experiments, mice were either indi-
vidually injected with the same cell line at three different sites (the two
flanks and the neck) or double injected with distinct cells on the left and
right flanks. Animals were observed for tumor formation and sacrificed
when tumors reached a size of ~2 cm.

Immunostaining and Histological Procedures

For immunofluorescent staining, cells were grown to confluence on glass
coverslips and, after washing in PBS containing 2.5 mM CaCl; (or 2 mM
EGTA), were fixed and permeabilized by the methanol-acetone method.
Coverslips were incubated with the mAb ECCD-2 (1/500) or PCD-1 (1/20)
as described (Shirayoshi, 1986; Nose and Takeichi, 1986). Goat anti-rat
IgG coupled to rhodamine or fluorescein compounds (Nordic Immunologi-
cals Lab., Tilburg, The Netherlands) were used as second antibodies.

Immunocytochemical staining of tumors with the mAb ECCD-2 (1/250)
and PCD-1(1/20) was carried out on frozen tissue. Fresh surgically excised
tumors were embedded in OCT compound, frozen in liquid nitrogen, and
stored at —=70°C. Cryostat sections of 5-6 um were immunostained by the
alkaline phosphatase method using biotinylated sheep anti-rat Ig (1/200,
Amersham International, Amersham, England) and extravidin-alkaline
phosphatase complex (1/250, BioMakor, Rehovot, Israel). The alkaline
phosphatase activity was developed using naphty! ASMX phosphate as sub-
strate and Fast-Red as the chromogen group (Sigma Chemical Co.). As
negative control, we used rat anti-mouse Ig as the primary antibody. Immu-
nocytochemical staining of normal mouse skin showing the specific staining
pattern of both antibodies was used as positive control.

Dilutions of anti-cadherin antibodies were made in 150 mM NaCl, 10
mM Hepes, pH 74, 10 mM CaCl; (HMF-Ca buffer), containing 1%
(wt/vol) BSA and secondary antibodies in PBS containing preimmune goat
serum (1:50 dilution). The mAb ECCD2 and PCD-1 were a generous gift
of M. Takeichi.

Histological analysis of tumors was carried out on 5-6-um sections of
paraffin embedded material.
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Table I. Relationship between E- and P-cadherin Levels and Tumorigenicity of Mouse Epidermal Cells in Nude Mice

E-cadherint P-cadherin Relativel

Cell lines Morphology* Origin levels levels tumorigenicity

MCA3D Ep Immortalized 100 30 -
mouse keratinocytes

ATS Ep MCA3D + Human ras 75 56 +

PDV Ep Transformed with 30 100 ++

DMBA in vitro

PDVC57 Ep Derived from PDV 151 10 +++
by transplantation

HaCad E HaMSV/TPA 0 82 ++++
carcinoma

CarB F DMBA/TPA 0 0 ++++
carcinoma

CarC F DMBA/TPA 0 0 ++++
carcinoma

* Morphology of the cell lines in culture indicated as: Ep, epithelial; E; epithelioid; and F, fibroblastoid.

t Levels of E-cadherin detected in whole cell extracts, quantified from densitometric scans of three different autoradiograms such as that shown in Fig. 4 B, are
indicated as the percentage of the level detected in MCA3D extracts.

§ Levels of P-cadherin in whole cell extracts, quantified from the densitometric scan of the autoradiogram shown in Fig. 4 C, are indicated as the percentage of
the level detected in PDV extracts.

Il Relative tumorigenicity, indicated as increasing + symbols, was estimated as a function of the latency period to obtain tumors of 1 ¢m diameter and of the num-
ber of tumors induced per injection site. —, no tumers; +, one tumor in three injection sites with a latency period of 3 mo; + + to + + + +, tumors at all injection
sites with latency periods of: ++, 3 wk, + ++, 2 wk, and + ++ +, 7-9 d. More details of tumorigenicity of the cell lines are given in Quintanilla et al., 1991,
and in Dfaz-Guerra, M., C. Bauluz, S. Haddow, J. L. Jorcano, A. Cano, A. Balmain, and M. Quintanilla, manuscript submitted for publication.

1 The levels of E-cadherin in PDV and PDVC57 whole cell extracts varied between 15 and 50% and 10 and 20%, respectively, of the level detected in MCD3D

extracts in the different experiments.

Preparation of Cell Extracts and Western Blotting

Whole-cell extracts, without trypsin treatment, were obtained as follows.
Cells grown to confluence on P-100 dishes were washed twice with HMF-Ca
buffer and lysed in 0.5 ml lysis buffer (100 mM NaCl, 50 mM Tris-HCl,
pH 7.4, 5 mM MgCl;, 1% Triton X-100, 0.1% SDS, 0.5% Na-deoxycho-
late, 005% NaN3) containing 10 mM CaCl, and a mixture of protease in-
hibitors (2 mM PMSF, 2 mM iodoacetic acid, 2 mM N-ethylmaleimide, and
1% trasylol; Sigma Chemical Co.). After centrifugation, supernatants were
collected, adjusted to 1xX Laemmli sample buffer and fractionated on 10%
PAGE-SDS gels, as described (Laemmli, 1970).

Trypsin treatment of cells, in the presence of 2.5 mM CaCl, or 2 mM
EGTA, was carried out as described (Yoshida-Noro et al., 1984). Cell
pellets were then resuspended in 100 ul lysis buffer containing 2.5 mM
CaCl, and the mixture of protease inhibitors and treated as described
above.

Western blot analyses of the various cell extracts were carried out essen-
tially as described (Towbin et al., 1979). Samples containing identical
amounts of total proteins were run on 10% PAGE-SDS gels and transferred
to nitrocellulose paper. After staining with Ponceau Red, the filters were
immunoblotted with the mAb ECCD-2 or PCD-1 as described previously
(Nose and Takeichi, 1986).

Northern and Southern Blot Analyses

Total RNA from the different cell lines were isolated by the guanidium-
thiocyanate procedure (Chomczynski and Sacchi, 1987). Denatured RNA
(10 pg) from each sample were fractionated on 1% agarose gels using
formaldehyde-phosphate buffer (Rave et al., 1979) and transferred to nylon
membranes (Zeta Probe; BioRad, Madrid, Spain) using 10X SSC as de-
scribed (Maniatis et al., 1982). Hybridization to ?P-labeled probes was
carried out in 4x SSC, 5 mM EDTA, 20 mM H;NaPO,, pH 70, 1% SDS,
10X Denhardt’s solution containing denatured salmon sperm DNA (200 ug/
ml) for 20 h at 65°C. Filters were then washed twice in 2% SSC, 0.1% SDS
at 65°C for 10 min and twice in 0.1x SSC, 0.1% SDS at 65°C for 20 min.
After hybridization to the E-cadherin cDNA probe, the filters were rehy-
bridized with the S-actin cDNA probe in the same conditions.

DNA from the different cell lines was obtained by conventional methods
(Maniatis et al., 1982). 10 ug of each DNA sample were digested with
BamHI or EcoRI restriction enzymes (Boehringer Mannheim S.A., Barce-
lona, Spain) and fractionated on 0.7% agarose gels. After blotting to nylon
membranes, hybridization to the 32P-labeled E-cadherin cDNA probe was
performed in a solution of 5x SSPE, 50 mM H,;NaPQ, pH 7.4, 10 mM
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sodium pyrophosphate, 0.1% SDS, 2X Denhardt’s solution, containing
denatured salmon sperm DNA (200 ug/ml) for 20 h at 65°C. Filters were
washed in 2x SSPE, 0.1% SDS for 10 min at room temperature, followed
by 30 min at 65°C in the same buffer (1x SSPE: 180 mM NaCl, 10 mM
H;NaPQ,, 1 mM EDTA, pH 70).

The probe used for E-cadherin detection was the 0.9-kb BamHI fragment
cut from the pBATEM-2 plasmid, containing coding sequences from
nucleotides 993 to 1920 (Nagafuchi et al., 1987); and for $S-actin, a 0.6-kb
EcoRI-HindIll fragment of rat S-actin cDNA kindly provided by J. G.
Castaiio (Department of Biochemistry, Universidad Auténoma de Madrid,
Madrid, Spain). Inserts were isolated from plasmids by electrophoresis in
agarose, purified by a Geneclean kit (Bio 101 Inc., La Jolla, CA) and labeled
by the random primer method (Feinberg and Vogelstein, 1983).

Results

Identification of E- and P-Cadherin in Mouse
Epidermal Keratinocytes

The mAbs ECCD-2 and PCD-1 have been shown to recog-
nize mouse E- and P-cadherin, respectively (Shirayoshi et
al., 1986; Nose and Takeichi, 1986). Using these antibodies,
we have studied the expression of both proteins in seven
mouse epidermal keratinocyte cell lines. These include im-
mortalized nontumorigenic keratinocytes (MCA3D, Kulesz-
Martin et al., 1983), a cell line derived by transfection of the
human T24 H-ras oncogene into MCA3D cell (AT5) (Quin-
tanilla et al., 1991), transformed keratinocytes obtained by
treatment of primary epidermal cells with the carcinogen
DMBA (PDV and PDVC57; Bremner and Balmain, 1990;
Quintanilla et al., 1991) and cell lines derived from carci-
nomas induced in vivo by the HaMSV retrovirus and TPA
(HaCa4; Brown et al., 1986) or by DMBA/TPA treatment
(CarB and CarC; Quintanilla et al., 1986).

The cell lines were selected for this study because of their
different tumorigenic capabilities in nude mice, ranging
from non-tumorigenic to highly malignant (see Table I), and
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Figure 1. Immunofluorescent staining of epidermal keratinocyte cell lines with the mAb ECCD-2. The different cell lines were grown to
confluence on glass coverslips and washed in PBS containing 2.5 mM CaCl, before and after fixation. Cell lines: (@) MCA3D, (b) ATS,
(c) PDV, (d) PDVC57, (e and f) HaCa4, (g and h) CarB. (f and h) Phase-contrast images of Haca4 and CarB cells, respectively. Neither
the epithelioid HaCa4 nor the fibroblastoid CarB cell lines are specifically stained by the anti-E-cadherin antibody. Bar, 30 um.
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Figure 2. Immunofiuorescent staining of epidermal keratinocyte cell lines with the monoclonal antibody PCD-1. Cells were grown to
confluence on glass coverslips and washed in PBS containing 2.5 mM CaCl, before and after fixation. Cell lines: (a-d) as in Fig. 1; (e
and f) CarB; (g) HaCa4; (h and i) CarC. fand i show phase-contrast images of CarB and CarC cells, respectively. See the positive staining
by PCD-1 mAb at the cell-cell interfaces in HaCa4 cells (g), in contrast to the negative staining by ECCD-2 mAb in this cell line (compare

with Fig. 1 e). Bar, 30 um.

because they exhibit different morphological phenotypes in
culture. MCA3D, ATS, PDV, and PDVCS57 cells present a
typical epithelial morphology with a cobblestone pattern of
growth; the HaCa4 cell line, derived from a squamous cell
carcinoma, shows an epithelioid phenotype with cell-cell
contacts observed only at high density culture conditions
(Fig. 1 ) and CarB and CarC cells, derived from two inde-
pendent poorly differentiated spindle cell carcinomas, have
a fibroblastoid shape (Fig. 1 . and Fig. 2, fand i).

The immunofluorescent staining of the cells with the mAb
ECCD-2 showed that the four epithelial cell lines, MCA3D,
ATS, PDV, and PDVC57, were stained at the cell-cell contact
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regions (Fig. 1, a-d). However, both the epithelioid HaCa4
and the fibroblastoid CarB cell line did not show any specific
fluorescence with this mAb (Fig. 1, e and g, respectively).
Similar negative staining was also observed in CarC cells
(not shown). On the other hand, immunofiuorescent staining
with the mAb PCD-1 showed that CarB and CarC cells were
negative (Fig. 2, e and k), whereas all the others, including
HaCa4, were positive (Fig. 2, a-d and g).

The antigens recognized by the mAb ECCD-2 and PCD-1
in the epidermal keratinocytes were identified as E- and
P-cadherin, respectively, by several criteria. First, localiza-
tion of the immunofluorescent staining at the cell-cell in-
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terfaces was dependent on the existence of established in-
tercellular contacts. The immunofluorescence at the cell
boundaries was observed only in confluent cells (Fig. 1, a-d,
and Fig. 2, a-d and g) or within small colonies in low density
cultures, but was absent at the limits of the islands where
there are no neighboring cells (not shown). Second, Western
blotting of cell extracts obtained in the presence of calcium
detected one ECCD-2 immunoreactive polypeptide of 124
kD (Fig. 3 A, lane 1, see also Fig. 3 B), and one PCD-1
immunoreactive polypeptide of 119 kD (Fig. 3 C), in agree-
ment with the sizes previously reported for mouse E- and
P-cadherins, respectively (Yoshida-Noro et al., 1984; Hirano
et al., 1987, Nose and Takeichi, 1986). And finally, both
polypeptides disappeared when the cells were trypsinized in
the presence of EGTA (see in Fig. 3 A4, lane 2, one example
for ECCD-2 detection); accordingly, the immunofluorescent
staining disappeared when the cells were pretreated with
EGTA before fixation (not shown).

The Amount of Soluble E-Cadherin Inversely
Correlates with Tumorigenicity of the Epidermal
Cell Lines

The levels of E- and P-cadherin protein expression were ana-
lyzed in whole cell extracts obtained by solubilization of
confluent cell monolayers in the presence of calcium and
protease inhibitors, as described in Materials and Methods.
Aliquots of each cell extract, containing identical amounts
of total protein, were loaded onto gels and blotted with
ECCD-2 or PCD-1 mAb. The results of a representative ex-
periment are presented in Fig. 3, B and C. Table I shows a
quantitative determination of soluble E- and P-cadherin lev-
els compared to the tumorigenic capabilities of the cell lines
after injection in nude mice. As can be observed, an inverse

The Journal of Cell Biology, Volume 115, 1991

MCA 3D

MCA 3D

10 TV

Figure 3. Immunoblot detection of ECCD-2
and PCD-1 antigens in mouse epidermal cells.
(A) ATS cells were trypsinized in the presence
of 2.5 mM CaCl, (lane /) or in the presence
- of 2 mM EGTA (lane 2) before harvesting and
lysis. (B and C) Whole cell extracts of the vari-
ous cell lines were obtained from confluent cell
monolayers, without trypsinization, and in the
presence of 10 mM CaCl; and protease inhibi-
tors. Cell lysates were loaded on 10% PAGE-
SDS gels at 50 ug protein/lane, transferred to
nitrocellulose membranes, and detected with
ECCD-2 (4 and B) or PCD-1 (C) mAbs. In A,
migration of the molecular mass markers, in
kilodaltons, is indicated on the left. In B and
C, only the significant portion of the gels is
shown; migration of the molecular mass mark-
ers, 116, 97.4, and 66 kD is indicated by small
- marks on the right. The estimated molecular
mass, in kilodaltons, of the antigens detected
by both antibodies is indicated in each panel by
arrowheads.

— 124

Car C

correlation between the amount of solubilized E-cadherin
and tumorigenicity was found. MCA3D and ATS cells,
which are nontumorigenic and weakly tumorigenic, respec-
tively, contained the highest levels of E-cadherin. The pro-
tein decreased in the moderately tumorigenic PDV and
PDVC57 cell lines and was completely absent in the highly
malignant carcinoma derived cells HaCa4, CarC (Fig. 3 B,
Table I) and CarB (Table I, see also Fig. 1 g). The mouse
10T1/2 fibroblasts were used as a negative control. The levels
of E-cadherin protein detected in whole cell extracts from
PDV and PDVC57 cells were surprisingly low, as compared
with the immunofluorescent analysis (see Fig. 1), which
could suggest a stronger association of E-cadherin to cyto-
skeletal components in those cell lines. However, solubiliza-
tion experiments of the E-cadherin protein with the detergent
NP-40 (Hirano et al., 1987; Nagafuchi and Takeichi, 1988)
showed that the low amounts of E-cadherin detected in whole
cell extracts of PDV and PDVC57 cells cannot be explained
by such an association. In fact, lower levels of insoluble
E-cadherin and a higher proteolytic sensitivity of the soluble
component were detected in PDV and PDVCS57, as compared
with MCA3D and ATS cells (not shown).

In contrast to the above results, no correlation between the
amount of solubilized P-cadherin protein and tumorigenicity
was found in the cell lines which exhibited an epithelial or
epithelioid morphology (Fig. 3 C, Table I); high levels of the
protein were detected in MCA3D, ATS, PDV, and HaCa4
cells, and lower in PDVC57 cells. However, no P-cadherin
was detected in CarC (Fig. 3 C, Table I) and CarB cell (Table
D), in agreement with the immunofluorescent analysis.

Northern and Southern Studies
The amount of E-cadherin mRNA in the various cell lines
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Figure 4. Northern and Southern blot analysis of the keratinocyte cell lines for E-cadherin mRNA expression and genomic organization.
(A) Northern blot containing total cellular RNA (10 ug per lane) from the different cell lines were hybridized with the E-cadherin cDNA
probe (0.9-kb BamHI fragment from pBATEM2 vector) and with a rat 8-actin cDNA probe (0.6-kb EcoRI-HindIII fragment). Migration
of the E-cadherin mRNA (4.5 kb) and S-actin mRNA (2.0 kb) are indicated by arrowheads on the left. (B and C) Genomic DNA isolated
from the different cell lines was digested with an excess of BamHI (B) or EcoRI (C) restriction enzymes and hybridized to the E-cadherin
cDNA probe. Migration of pBR322-EcoRI and A\-HindIII markers are indicated between B and C. RNAs (4) and/or DNAs (B and C)
were extracted from: lane /, CarB; lane 2, CarC; lane 3, HaCa4; lane 4, PDVC57,; lane 5, PDV; lane 6, ATS; and lane 7, MCA3D cells.
The two large fragments, detected exclusively in EcoRI-DNA from PDV cells (C.5), arise from incomplete DNA digestion of this particular
sample. The E-cadherin mRNA is not expressed in the three carcinoma cell lines. Apparently no deletions or rearrangements detected
by BamHI or EcoRI enzymes are observed in the carcinoma cell lines.

was analyzed by Northern blot hybridization using a specific
cDNA probe (sec Materials and Methods). A band of 4.5-kb
was detected in ATS, PDV, and PDVCS57 cells (Fig. 4 4, lanes
6, 5, and 4, respectively, see also Fig. 7, lane I, for MCA3D
cells), with similar relative abundance in ATS and PDV cells
and slightly lower levels in PDVC57 cells. The size of this
mRNA is identical to that previously reported for mouse
E-cadherin mRNA (Nagafuchi et al., 1987). None of the
carcinoma-derived cells, CarB, CarC, and HaCa4, contained
detectable levels of this mRNA (Fig. 4 A, lanes I-3), where-
as they expressed high levels of the 2.0-kb 3-actin messenger,
used as an internal control (Fig. 4 B). This suggested that,
in carcinoma-derived cells, the absence of E-cadherin pro-
tein synthesis might occur at the mRNA transcriptional level
(or mRNA stability) and prompted us to study the genomic
integrity of the E-cadherin gene.

It has been clearly established that chromosomal aberra-

tions, involving gross alterations of DNA sequences such as
deletion, amplification, or translocation, are frequently ob-
served in mouse skin carcinogenesis (Conti et al., 1986; Al-
daz et al., 1989). Genetic changes affecting specific genes,
such as the H-ras oncogene, have also been reported in this
system (Quintanilla et al., 1986; Bremner and Balmain,
1990). To analyze the integrity of the E-cadherin gene in the
carcinoma cell lines, we compared the restriction patterns of
DNA isolated from the cells after digestion with BamHI or
EcoRI enzymes by Southern blots. As shown in Fig. 4 B, the
same BamHI restriction pattern with fragments of approxi-
mately 6.7, 3.2, and 2.8 kb, was observed in all cell lines. A
similar result was obtained with EcoRI-digested DNA (Fig.
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4 C), where only minor differences in the number and the
mobilities of the DNA fragments were observed in the PDV
and PDVCS57 cell lines (a single fragment of ~ 3.4 kb instead
of the two 3.6- and 3.3-kb fragments detected in the other cell
lines; Fig. 4 C, lanes 4 and 5). These differences can be ex-
plained by the EcoRI polymorphism for the E-cadherin gene
previously identified in the CS7BL/6 mouse strain (Eistetter
et al., 1988), from which both PDV and PDVC57 cell lines
were derived (Fusenig et al., 1982; Bremner and Balmain,
1990; Quintanilla et al., 1991).

These results clearly suggest that the absence of E-cad-
herin expression observed in carcinoma-derived cells cannot
be explained on the basis of large rearrangements or dele-
tions affecting the E-cadherin gene, but rather point to inacti-
vation of gene expression. The latter situation appears to
be true, at least for HaCa4 cells, since reexpression of the
E-cadherin gene takes place in tumors induced by this cell
line (see below).

Expression of E- and P-Cadherin in Nude
Mouse-induced Tumors

‘When the tumors induced by the cell lines in nude mice were
immunohistochemically stained with the mAb ECCD-2, we
observed that certain regions of the tumors induced by
HaCa4 cells were positive for E-cadherin, indicating that ex-
pression of E-cadherin was reactivated in an in vivo environ-
ment. The staining, however, was restricted to the central
differentiated regions and was completely absent from the
highly anaplastic periphery of the tumors (Fig. 5 e).

The E-cadherin immunostaining pattern of HaCa4 in-
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Figure 5. Histology and immunohistological localization of E- and P-cadherin in nude mouse-induced tumors by the epidermal cell lines.
(a-¢) PDV-induced tumors; (d-f) HaCad-induced tumors; (g-i) CarB-induced tumors. (a, d, and g) Histological analysis of paraffin-
embedded material. (b, e, and h) E-cadherin immunostaining. (c, f, and i) P-cadherin immunostaining. E- and P-cadherin were stained
on frozen material with the mAb ECCD-2 and PCD-1, respectively, using a biotin-extravidin-alkaline phosphatase complex. Induction

of E-cadherin expression takes place in reduced areas of tumors induced by HaCa4 cells. Complete absence of E- and P-cadherin was
detected in spindle cell carcinomas induced by CarB cells. Bar, 150 pm.
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duced tumors was different from that of PDV (Fig. 5 b) and
PDVCS57 (not shown) tumors, where E-cadherin appeared
more widely and homogeneously distributed. A semiquan-
titative estimation of E-cadherin staining in the tumor sec-
tions suggests a range of protein expression similar to that
observed in the cultured cell lines with PDV greater than that
of PDVC57 which is much higher than that of HaCa4. In all
of these tumors, classified as squamous cell carcinomas by
histological criteria (see Fig. 5, a and d), E-cadherin im-
munostaining was always detected at the cell-cell contact
areas of differentiating and keratinizing regions and was ab-
sent from the more anaplastic cells (see Fig. 5 e, see also
Fig. 8 b).

On the contrary, immunohistochemical staining of PDV
and HaCa4-tumors with the mAb PCD-1, showed that P-cad-
herin protein was homogeneously distributed throughout the
tumor sections and absent from the keratinized areas (Fig.
S, ¢ and f). Identical results were obtained with PDVC57
tumors (not shown). No differences in PCD-1 staining were
observed in tumors induced by PDV, PDVC57, and HaCa4
cells.

Complete absence of E- and P-cadherin protein expression
was observed in tumors induced by the fibroblast-like CarB
and CarC cells, as exemplified for one CarB-induced tumor
shown in Fig. 5, h and i. Tumors induced by these two cell
lines were classified as spindle cell carcinomas (Fig. 5 g),
in agreement with the origin of both cell lines (Quintanilla
et al., 1986).

Introduction of Exogenous E-Cadherin cDNA into
HaCa4 Cells Confers a More Epithelial Phenotype and
Partially Suppresses Tumorigenicity

To examine whether or not the forced expression of E-cad-
herin could change the tumorigenic potential of carcinoma
cells, we chose the E-cadherin-negative, P-cadherin-posi-
tive, highly malignant HaCa4 cell line.

HaCa4 cells were cotransfected with the pBATEM-2 and
pPSV2neo vectors that contain the complete E-cadherin cDNA
sequence (Nose et al., 1988) and a neomycin-resistance gene
(Southern and Berg, 1982), respectively. Neomycin-resistant
colonies were isolated and selection of the E-cadherin-ex-
pressing clones was carried out by immunofluorescence and
Western immunoblotting. Some clones showed a marked
morphological change to a2 more epithelial phenotype com-
pared to the parental HaCa4 cells. The selected transfectants
were further subcloned by limiting dilution.

Characterization of the Transfectants

Clones neo3 and neo2 were selected after transfection of
HaCa4 cells with the neomycin-resistance vector alone and
were used as controls in all subsequent analyses. Clone ES
was isolated because, although presenting a HaCa4-like
phenotype and negative immunofluorescent staining with the
mAb ECCD-2, it contained detectable amounts of soluble
E-cadherin by Western blot analysis (not shown). Subclones
E54 and E58 were further isolated from the ES clone, and
characterized as E-cadherin positive (E-cad+) and E-cad-
herin negative (E-cadh—), respectively. Subclones E62 and
E24, both E-cad+, were isolated from independent clones.
Fig. 6 shows the morphology and the patterns of E- and
P-cadherin immunofluorescence of various transfectants. As
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can be observed, the E-cad+ transfectants E62 (Fig. 6 d)
and E24 (Fig. 6 g) presented an apparent change in their
morphological phenotype compared with the control neo3
(Fig. 6 a) or the parental HaCa4 cells (see Fig. 1 f). Clear
and defined islands with strong intercellular contacts could
easily be observed when the E-cad+ subclones were grown
at low density, in contrast with the behavior of HaCa4 cells.
A similar morphological change was also observed in the
E-cad+ E54 transfectant subclone (not shown). In contrast,
the E-cad— subclone E58 showed the same morphological
phenotype as control cells (Fig. 6 j). Immunofluorescence
analyses of the various cell clones using the mAb ECCD-2
showed that E62, E24 (Fig. 6, e and k) and E54 (not shown)
exhibited positive staining for E-cadherin at the cell-cell
contact areas, whereas clones neo3 and E58 (Fig. 6, b and
k) remained negative as the parental HaCa4 cell line (see
Fig. 1 e). On the other hand, staining with the mAb PCD-1
showed that all transfectants remained positive for P-cad-
herin (Fig. 6, ¢, f, i, and 1), as expected.

Expression of E-cadherin in the transfectants was further
analyzed by Northern blot hybridization. As shown in Fig.
7 A, one specific band could be detected in the lanes corre-
sponding to the E-cad+ transfectant clones, although at vari-
able intensities. The size of the E-cadherin mRNA detected
in the clones ES, E62, and E54 was ~3.9 kb (Fig. 7 4, lanes
3, 4, and 5, respectively), smaller than the endogenous
E-cadherin mRNA (4.5 kb), of MCA3D cells (Fig. 7 4, lane
1, see also Fig. 4 A for the other cell lines). Surprisingly, the
size of the E-cadherin mRNA detected in clone E24 (4.5 kb)
(Fig. 7 A, lane 2) corresponded to that of the endogenous
mRNA, suggesting that this particular subclone had some-
how switched on the endogenous E-cadherin gene during the
transfection experiment. However, Western blot analysis for
E-cadherin protein revealed that all E-cad+ transfectants
synthesized a 124-kD reactive polypeptide, regardless of the
size of their E-cadherin mRNA (Fig. 7 B, lanes 3-5).

To characterize the genomic integration of the exogenous
c¢DNA, Southern blot analyses were carried out. As can be
observed in Fig. 7 C, the BamHI patterns of DNA digested
from clones E62, E54, and E5 contained an additional
hybridizing fragment of ~0.9 kb, besides the normal 6.7-,
3.2-, and 2.8-kb fragments (see also Fig. 4 C, for parental
HaCa4 DNA). The intensity of the 0.9-kb fragment was very
weak, although detectable, in DNA from clone ES (Fig. 7
C, lane 3) and strong in DNA from clones E62 and ES54
(Fig. 7 C, lanes 4 and 5, respectively). The 0.9-kb band
corresponds exactly to the expected size of the major frag-
ment generated from the exogenous E-cadherin cDNA after
BamHI digestion (Nagafuchi et al., 1987). Thus, the pres-
ence of this fragment is considered as diagnostic of the in-
tegration of the pBATEM-2 vector. This diagnostic 0.9-kb
band was detected neither in DNA from the clones E24, ES8,
neo3 (Fig. 7 C, lanes 2, 6, and 7, respectively), nor in that
of the parental HaCa4 cells (see Fig. 4 C, lane 3). An addi-
tional fragment of ~2.7 kb was also detected in the BamHI
pattern of DNA from E62 and E54 subclones (Fig. 7 C, lanes
4 and 5), although at lower intensity than the 0.9-kb band.
This 2.7-kb fragment probably arose from partial digestion
of the cDNA. Similar results were obtained from Southern
blots after EcoRI digestion; a diagnostic band of 2.6 kb was
detected in DNA samples from clones E62, E54, and ES, but
was completely absent in DNA from clones ES8, E24, and
neo3 (not shown).
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Figure 6. Morphological phenotype and immunofluorescent staining for E- and P-cadherin in HaCad-transfectant cell clones. (a-c) Control
clone HaCaneo3; (d-f) transfectant clone E62; (g-i) transfectant clone E24; (j-I) transfectant clone ES58. (a, d, g, and j) Phase-contrast
images of living cells. (b, e, h, and k) Immunofiuorescent staining with the mAb ECCD-2. (c, f, i, and /) Immunofluorescent staining
with the mAb PCD-1. E-cadherin is expressed at the areas of cell-cell contacts in the E62 and E24 transfectants. Bar, 45 pm.
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These results unambiguously demonstrate that subclones
E62, ES, and E54 have stably integrated the exogenous
E-cadherin gene, although at variable copy numbers. In con-
trast, the subclone E24 did not take up the exogenous cDNA,
but activated the endogenous E-cadherin gene, expressing
high levels of E-cadherin mRNA and protein. The subclone
ES8 neither integrated the exogenous cDNA nor switched on
the endogenous E-cadherin gene, and its behavior is similar
to that of the neo3 clone transfected with the neomycin vec-
tor alone.

Table II. Size of Tumors in Double-injected Nude Mice*

Figure 7. Northern, Western, and Southern blot
analyses of the HaCa4-transfectant cell clones
for E-cadherin. (4) Northern blot of total cel-
lular RNA (10 pg per lane) from the different
transfectant cell clones with the E-cadherin
c¢DNA probe. (B) Western immunoblotting
analysis with the mAb ECCD-2. (C) BamHI
restriction pattern of DNA samples from the
transfectants for E-cadherin. RNA (4) and
DNA (C) were isolated from: lane I, control
cell line MCA3D; lane 2, transfectant clone
E24; lane 3, transfectant clone ES5; lane 4,
transfectant clone E62; lane 5, transfectant
clone E54; lane 6, transfectant clone ES8; and
lane 7, control clone neo3. (B) Whole cell ex-
tracts obtained in the presence of 10 mM
CaCl, and protease inhibitors from: lane I,
parental HaCa4 cells; lane 2, control clone
neo3; lane 3, transfectant clone E54; lane 4,
transfectant clone E24; lane 5, transfectant
clone E62; and lane 6, transfectant clone E58.
Migration of E-cadherin polypeptide (124 kD)
is indicated by an arrowhead and that of molec-
ular mass markers, 205, 116, 97.4, and 66 kD
by small marks on the right. The transfectant
clone E24 has not integrated the exogenous
E-cadherin ¢cDNA, but activated the endoge-
nous E-cadherin gene. All E-cad+ transfec-
tants express the same 124-kD immunoreactive

polypeptide.

Tumorigenicity of the Transfectants and Expression of
E-cadherin in Nude Mouse-induced Tumors

The tumorigenic capability of the various transfectant cell
lines was tested in nude mice using a double strategy. One
series of mice was double injected as follows: each mouse
received 1 X 10¢ cells of the control clone neo3 (or neo2)
in the left flank and the same number of cells of each of the
E-cad+ or E-cad— transfectants in the right flank. The
animals were killed when tumors in any flank reached a size

Mouse number Cell line Tumor size Cell line Tumor size Volumet ratio
cm cm

Experiment I
1 neo3 1.5 x 1.0 x 1.0 HaCa4 20x1.0x1.0 0.75
2 neo2 1.5 x 1.0 x 0.8 HaCad 20x12x1.0 0.5
3 neo3 20x1.0x 1.0 ES 23 x1.0 x0.8 0.92
4 neo3 20x13x1.0 E62 0.5 x04 x03 43
5 neo3 20x15x%x1.0 E24 No tumor

Experiment 11
1 neo3 1.3 x 1.0 x 1.0 ES8 1.5 x13x%x12 0.55
2 neo3 22x15x%x14 E58 20x 13 x 1.1 1.6%
3 neo3 1.5 x 15 x0.6 ES4 0.6 Xx0.4 x03 19
4 neo3 20x1.7x10 E54 1.1 X 0.6 X 0.5 10.31

* Each mouse was injected with 1 X 10¢ cells of clone neo3 (or neo2) in the left flank and with the same number of cells of the other cell lines in the right flank.
Animals were sacrificed 9-11-d postinjection, except when indicated, and the excised tumors measured in three dimensions. Data of tumor sizes for each individual

mouse are presented in the same row.

% The volume of each tumor was estimated from measures in three dimensions. The volume ratio was established as the ratio between the volume of the tumor
developed on the left flank and the volume of the tumor developed on the right flank.

§ The mouse was sacrificed at day 21 after injection. The estimated latency of tumors were 10 d for neo3 and 12 d for ES8.

Il The mouse was sacrificed at day 16 after injection. The estimated latency of tumors were 10 d for neo3 and 15 d for E54.
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Table lII. Latency and Growth of Tumors in Single-injected Nude Mice

Size of tumors after injection day (in centimeters)*

Mouse
number Cell line 7d 8d 9d 11d 15d 19d 21d 23d
Expt. 1
1 HaCa4 0.5 0.7 1.0 1.7¢
0.5 0.8 1.0 2.0
0.2 0.5 0.8 1.5
2 ES 0.5 1.0 2.5¢4
0.2 0.4 0.7
0.2 0.8 1.2
3 E62 0.3 0.5 0.7 1.0 1.7%
- 0.2 0.3 0.3 1.0
- - 0.2 0.3 1.0
4 E24 - - - - 0.1 0.7 1.0 1.5¢
- - - - 0.1 0.7 1.0 1.3
- — - 0.1 0.2 0.8 1.2 1.5
Expt. II
1 E58 0.3 0.5 0.9 1.2¢%
0.3 0.4 0.7 1.0
0.5 0.7 1.0 1.7
2 E54 - - 0.1 0.2 0.6 1.0 1.3%
0.1 0.2 0.4 0.6 0.8 1.2 1.5
- - 0.2 0.3 0.7 1.1 1.5
3 E24,, - - - - - 1.5 2.0¢
- - 0.1 0.2 1.0 1.3 1.6
0.2 0.4 0.4 0.5 1.0 1.5 1.7
Expt. III
1 HaCa4 04 0.7 1.0 1.5¢%
04 0.8 1.0 1.5
0.5 1.0 1.2 1.7
2 E62 0.3 0.5 0.7 1.0 2.3%
- - 0.2 0.4 2.0
- - - 0.1 1.0
3 E62n 0.4 0.6 1.0 2.0 2.54
0.2 0.2 0.4 0.5 1.2
- - - - 0.2

* Each mouse was injected subcutaneously with the various cell lines at three sites, the two flanks and the neck (1 X 10° cells per injection site). Animals were
examined daily and the size of tumors was estimated as the higher outer diameter. The estimated size of tumors in the three sites of each individual mouse at

different days after injection is presented.
¥ Symbols indicate the date on which the mice were killed.

between 1.5 and 2 cm. The results from two experiments are
summarized in Table II. From a total of 10 animals, 8 were
killed at 9-11-d postinjection, and the other 2 animals sur-
vived for a longer period of 16 and 21 d. The tumorigenicity
of the control clone neo3 (and neo2) was very close to that
of the parental HaCa4 cells, giving rise to tumors of ~v1 cm
in size within the first 7-9 d. The transfectant cell clones
which were E-cad— (such as E58), or weakly positive (such
as ES) gave rise to tumors with similar latency periods and
growth rates as neo3 or the parental HaCa4 cells. In con-
trast, all of the E-cad+ clones (E62, E54, and E24) gave rise
to tumors with longer latency periods and a slower growth
rate. As can be seen in Table II, all tumors induced by the
control cells neo3 reached a size at least 10 times larger than
those induced by E-cad+ cells at the killing date.

A second series of mice was individually injected with
each of the different cell clones at three sites. The animals
were examined daily and sacrified when at least two of the
sites developed tumors of ~1.5-2 cm. Examples of three
separate experiments are presented in Table III. Parental
HaCa4 cells and E-cad— clones induced tumors with very
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short latency periods and a fast growth rate (the doubling rate
was ~v2 d) and all animals had to be killed within 9-11-d
postinjection. Animals injected with E-cad+ clones sur-
vived for at least 15 d and, in general, the tumors developed
with longer latency periods and slower growth rates as com-
pared with those induced by E-cad— cells. The data in Table
III (experiments II and II) include two new cell lines
(E24nm and E62nm), derived from nude mouse tumors in-
duced by clones E24 and E62, respectively. As can be ob-
served, both cell lines showed a tumorigenic behavior simi-
lar to that of the parental clones.

A summary of the results of these assays, which includes
the total number of tumors induced by the different clones,
is presented in Table IV. A clear-cut difference can be estab-
lished between the tumorigenicity of E-cad— and E-cad+
cells. At least 60% of the tumors induced by E-cad— cells
reached a size of 1 cn between 7 and 9 d after injection. The
remainder of the tumors reached that size at day 11. In con-
trast, all tumors induced by E-cad+ cells developed with
latency periods longer than 10 d, with a variable distribution
between the different transfectants. E62-tumors have shorter
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Table IV. Summary of the Latency of the Total Tumors Analyzed*

Latency to reach 1 cm in size

Cell E-cadherint Total number Number
line expression 7-9d 10-14 d 15-20d >20d tumors (injection sites) of mice
HaCa4 - 7 1 8(8) 4
neo3 - 5 3 8(8) 8
ES + 3 1 4(4) 2
ES8 - 3 2 5(5) 3
ES4 +++ 4 1 5(5) 3
E62 +++ 68 4 10(10) 4
E62,. +++ 5 i 6(6) 2
E24 ++ 3(4)1 2
E24,, ++ 5 1 6(6) 2

* The total number of tumors induced by the transfectants which reached 1 cm in size (latency) at the indicated days after injection is presented. The figures include
those presented in Tables II and III, and additional data on single-injected animals.
¥ The + and — symbols represent the relative levels of E-cadherin protein expressed by the different cell lines in culture, derived from immunofiuorescence and

Western blotting data.

§ The tumor induced by E62 in a double-injected mouse (neo3/E62) reached a size of 0.5 cm when the mouse was sacrificed 9 d after injection (see Table II,

experiment I, Mouse 4).

Il The tumor had reached a size of ~ 0.2 cm when the mouse was killed 15 d after the injection (see Table III, Experiment III, Mouse 3).
1 The mouse double-injected with neo3/E24 did not develop a tumor on the right flank when it was killed 9 d after the injection (see Table II, Experiment I,

mouse 5).

latency periods (10-14 d in 60% of the cases) than those in-
duced by E54 cells (15-20 d in 80 % of the tumors). The most
striking differences were found with the E24 clone, which in-
duced tumors with latency periods longer than 20 d and slow
growth rates (see Table III, Expt. 1, mouse 4).

From these experiments, we can conclude that the forced
expression of E-cadherin leads to a partial suppression of the
tumorigenicity of the highly malignant HaCa4 carcinoma
cell line.

Histological analysis of the tumors induced by the different
transfectant cell clones indicated that all were squamous cell
carcinomas (Fig. 8, a, d, and g), as the parental HaCa4 cell
line (see Fig. 5 d). Immunohistochemical analysis of the
tumors with the mAb ECCD-2 showed that all tumors ex-
pressed E-cadherin at variable levels. Tumors induced by the
control clone neo3 showed a pattern of E-cadherin staining
(Fig. 8 b) very similar to that of HaCad4-induced tumors; a
small number of E-cadherin expressing cells restricted to the
more differentiated and keratinized regions of the tumors.
The same result was obtained in tumors induced by the
E-cad— clone E58 (not shown). Tumors induced by E-cad+
clones, such as E62, showed stronger staining for E-cad-
herin and a more homogeneous distribution throughout the
tumor sections. Most of the cells of E62 tumors, including
the less-differentiated ones, exhibited positive staining at
the cell-cell contact areas, and the intensity of staining in-
creased in the more differentiated and keratinized regions of
the tumor (Fig. 8 ¢). High levels of E-cadherin expression
were also detected in E24-induced (Fig. 8 h) and ES4-in-
duced (not shown) tumors, although in these two cases the
staining appears exclusively localized to the differentiating
regions.

Immunohistochemical staining of the tumors with the
mAb PCD-1 showed that both the intensity and the pattern
of P-cadherin staining was very similar in all tumors induced
by either E-cad+ or E-cad— transfectant cells. High and ho-
mogeneous expression of P-cadherin was detected in all
regions of the tumors, except in keratinazed areas from
which it was excluded (Fig. 8, ¢, f, and i). This is the same
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pattern detected in tumors induced by the parental HaCa4
cells (see Fig. 5 f).

Discussion

Mouse epidermal carcinogenesis is an invaluable model sys-
tem for the study of molecular events associated with tumor
progression. In the present report, we have addressed the
role of calcium dependent cell-cell adhesion molecules in
carcinogenesis by analyzing the expression of E- and P-cad-
herins in a series of mouse epidermal cell lines representa-
tive of different stages of tumor progression and in tumors
induced by injection of cells in nude mice. We have found
an inverse correlation between the levels of solubilized
E-cadherin and the tumorigenicity of the cell lines (Table I).
In addition, a complete absence of E-cadherin protein and
mRNA was observed in the three carcinoma cell lines ana-
lyzed (HaCa4, CarB, and CarC) (see Figs. 1, 3 B, and 4 A).
In contrast, no apparent correlation was detected between
P-cadherin protein levels and tumorigenicity. The highly
tumorigenic HaCa4 cells expressed P-cadherin at even high-
er levels than the nontumorigenic MCA3D. However, P-cad-
herin was absent in two carcinoma cell lines, CarB and CarC
(Figs. 2 and 3 C).

HaCa4 cells derive from a squamous cell carcinoma in-
duced by treatment of mouse skin with the HaMSV retrovi-
rus and TPA (Brown et al., 1986); they present an epithelioid
morphology in culture (Fig. 1 f) and are highly tumorigenic
in nude mice. The CarB and CarC cell lines originated from
two independent, highly malignant spindle cell carcinomas
induced by DMBA/TPA treatment (Quintanilla et al., 1986)
and, consequently, exhibit a fibroblastoid phenotype in cul-
ture (see Fig. 1 k and Fig. 2, fand i). The correlation ob-
served between decreased amounts of E-cadherin protein
and the tumorigenicity of the cells, together with the finding
that E-cadherin expression is absent from cultured carci-
noma cells, suggest a role for this cell-cell adhesion mole-
cule in the progression to malignancy of mouse epidermal
carcinogenesis.
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Figure 8. Histology and immunohistochemical localization of E- and P-cadherin in nude mouse-induced tumors by HaCa4-transfectant
cell clones. (a-c) Tumors induced by control clone neo3; (d~f) tumors induced by clone E62; (g-i) tumors induced by clone E24. Immuno-
staining for E- and P-cadherin was carried out as in Fig. 5. (a, d, and g) Histological analysis of paraffin-embedded material. (b, e, and
h) E-cadherin staining. (c, f, and i), P-cadherin staining. Bar, 150 um.
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Another interesting point that emerges from this study
is a possible role for E- and P-cadherin in the maintenance
of cell shape. All the epidermal cells which express both
E- and P-cadherin (MCA3D, ATS, PDV, and PDVC57) ex-
hibit a typical epithelial morphology with a cobblestone
pattern of growth, and express high amounts of cytokeratin
(Diaz-Guerra, M., C. Bauluz, S. Haddow, J. L. Jorcano, A.
Cano, A. Balmain, and M. Quintanilla, manuscript submit-
ted for publication). Switching off the expression of both
cadherins correlates with a fibroblastoid morphology and
with a highly malignant behavior, exemplified by the CarB
and CarC cell lines. The HaCa4 cells represent an intermedi-
ate stage, with tumorigenic properties of carcinoma cells
related to the absence of E-cadherin, but exhibiting an
epithelioid morphology which can be explained by the high
amounts of P-cadherin expressed.

These results are, in principle, in agreement with recent
reports which suggest an anti-invasive role for E-cadherin
(Behrens et al., 1989; Frixen et al., 1991). However, in those
studies with H-ras-transformed MDCK cells (Behrens et al.,
1989) and with human carcinoma cell lines (Frixen et al.,
1991), a direct correlation between the loss of E-cadherin ex-
pression and acquisition of an invasive fibroblastoid pheno-
type has been reported. We show here that this is not always
the case and that, at least in epidermal cells, the phenotypic
epithelioid-fibroblastoid conversion appears to be related
with the loss of both E- and P-cadherin.

The analyses of E-cadherin gene organization in the
epidermal cell lines by Southern blot hybridization suggest
that E-cadherin gene inactivation in mouse carcinoma cells
(see Fig. 4, B and C) can be explained at the transcriptional
level (or mRNA stability) as reported by Frixen et al. (1991)
in human carcinoma cells. We have also found support for
this hypothesis from our studies on E-cadherin expression in
nude mouse tumors induced by these cell lines. Immuno-
histochemical staining of tumor sections with the mAb
ECCD-2 showed that reexpression of E-cadherin takes place
in reduced areas of the tumors induced by HaCa4 cells.
These observations support the existence of a transcriptional
block in cultured HaCa4 cells and that the E-cadherin gene
can be activated in an in vivo environment.

However, when the relative levels of E-cadherin protein
were compared in stained sections of different tumors, we
observed the same inverse correlation as in cultured cells.
Thus, the overall levels of E-cadherin protein were relatively
high and homogeneous in well-differentiated squamous cell
carcinomas induced by PDV and PDVC57 cells and de-
creased in the moderately differentiated squamous cell carci-
nomas induced by HaCa4 cells (compare in Fig. 5, b and ¢).
In all the squamous cell carcinomas analyzed, E-cadherin
staining was located at the cell-cell contact regions of
differentiating cells, reproducing the expression pattern ob-
served in normal epidermis (Nose and Takeichi, 1986). In
addition, poorly differentiated spindle cell carcinomas in-
duced by the CarB and CarC cell lines were completely
negative for both E- and P-cadherin staining (Fig. 5, h and
i). These observations suggest that instability, or even the
complete switching off, of E-cadherin expression can be as-
sociated with progression to malignancy. In agreement with
our results, low and unstable expression of E-cadherin has
also recently been reported to occur in highly metastatic de-
rivatives of a murine ovarian carcinoma cell line (Hashimoto
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etal., 1989). However, it is presently unknown if such insta-
bility is the consequence of alterations of specific transcrip-
tional factors or due to posttranscriptional mechanisms lead-
ing to downregulation of the protein.

We have examined the influence of E-cadherin on the
tumorigenic potential of carcinoma cells by introducing an
exogenous E-cadherin cDNA into the HaCa4 cell line. E-cad+
HaCa4 transfectants showed a partial suppression of the
tumorigenicity, giving rise to tumors with longer latency
periods and a higher differentiation grade compared with the
parental HaCa4 cells or control cells transfected with a neo-
mycin resistance vector alone. Interestingly, the most no-
ticeable effect in the suppression of tumorigenicity was ob-
served in the transfectant E24, which has not incorporated
the exogenous E-cadherin cDNA, but, for unknown reasons,
has switched on its endogenous E-cadherin gene (see Fig. 7,
A and C, lanes 2). One possible explanation for this behavior
could reside in a higher stability and/or stronger association
to the cytoskeleton of the endogenous versus the exogenous
protein. We are presently investigating this point in greater
detail.

The mouse skin carcinogenesis model is being exhaus-
tively studied in several laboratories to elucidate the molecu-
lar events associated with tumor development and progres-
sion. Activation of the H-ras protooncogene is a frequent
event at the initiation stage induced by DMBA (Quintanilla
et al., 1986; Brown et al., 1990), but this activation is not
sufficient to confer a full neoplastic phenotype on the initi-
ated cells (Quintanilla et al., 1991). Although further changes
in the H-ras gene locus can influence tumor progression
(Bremner and Balmain, 1990), other genetic events other
than ras remain to be discovered. Thus, the inactivation of
tumor suppressor genes has been proposed to occur during
progression from papillomas to carcinomas (Bremner and
Balmain, 1990; Bianchi et al., 1990). All cell lines used in
the present study, except the nontumorigenic MCA3D cells,
bore different alterations in the H-ras gene (Quintanilla et
al., 1986, 1991; Bremner and Balmain, 1990). In contrast
to the results reported for MDCK cells (Behrens et al.,
1989), we show here that transfection of a H-ras oncogene
into MCD3D cells does not confer a fibroblastoid phenotype
nor inactivates E-cadherin expression. In fact, the transfec-
tants, as exemplified here by ATS cells, remain epithelial,
contain high amounts of E-cadherin, and are weakly tumori-
genic in nude mice. Another example is provided by the cell
line PDV and its derivative PDVCS7 in which an increase in
the H-ras mutant gene and p21 mutated product occur in
PDVC57 cells (Bremner and Balmain, 1990; Quintanilla et
al., 1991). However, both cell lines remain epithelial and
contain detectable amounts of E-cadherin protein. These ob-
servations imply that activation of the H-ras protooncogene
in this system is not sufficient for switching off E-cadherin
expression. Although a possible influence of H-ras altera-
tions on the stability of the protein cannot be presently dis-
carded, further molecular events associated with progres-
sion of malignancy could account for the deregulation of
E-cadherin expression in carcinoma cells.

Recent studies in mouse skin carcinogenesis indicate that
loss of heterozygosity of chromosome 7, where the H-ras
gene is located, is a frequent event in the final stages of tumor
progression (Aldaz et al., 1989; Bremner and Balmain,

1990; Bianchi et al., 1990). These observations support the
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existence of a putative tumor suppressor gene on chromo-
some 7, linked to the H-ras gene locus, involved in mouse
epidermal carcinogenesis. The relevance of this suggestion
relies in the fact that chromosome 7 is the murine homologue
to human chromosome 11 where at least two putative tumor
suppressor genes are located (Koufos et al., 1989; Haber et
al., 1990). The results reported here suggest that the putative
murine tumor suppressor gene could be involved in the regu-
lation of the differentiation state of the epidermal cells. Such
a differentiation gene may regulate, directly or indirectly, the
expression of E- and P-cadherins, as well as other epithelial
markers such as the cytokeratins. In this sense, the progres-
sion from squamous cell carcinomas to spindle cell carci-
nomas, considered the final stage of tumor progression in
mouse epidermal carcinogenesis, involves the progressive
loss of cytokeratins (Klein-Szanto et al., 1989) together with
the suppression of E- and P-cadherin expression (this paper).
For instance, the CarB and CarC cell lines still express mi-
nor amounts of cytokeratins, including the simple epithelial
cytokeratin CK8, a characteristic of transformed epidermal
cell lines (Dfaz-Guerra, M., C. Bauluz, S. Haddow, J. L.
Jorcano, A. Cano, A. Balmain, and M. Quintanilla, manu-
script submitted for publication).

The possible involvement of P-cadherin, together with that
of E-cadherin, in the final stage of epidermal carcinogenesis
is presently being investigated by transfection of CarB cells
with E- and/or P-cadherin cDNAs.
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