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The relationship between loss of intercellular adhesion and the
biologic properties of human squamous cell carcinoma is not well
understood. We investigated how abrogation of E-cadherin-mediated adhesion inﬂuenced the behavior and phenotype of squamous
cell carcinoma in 3D human tissues. Cell-cell adhesion was disrupted in early-stage epithelial tumor cells (HaCaT-II-4) through
expression of a dominant-negative form of E-cadherin (H-2KdEcad). Three-dimensional human tissue constructs harboring
either H-2Kd-Ecad-expressing or control II-4 cells (pBabe, H-2KdEcadDC25) were cultured at an air-liquid interface for 8 days and
transplanted to nude mice; tumor phenotype was analyzed 2 days
and 2 and 4 weeks later. H-2Kd-Ecad-expressing tumors demonstrated a switch to a high-grade aggressive tumor phenotype characterized by poorly differentiated tumor cells that inﬁltrated
throughout the stroma. This high-grade carcinoma revealed elevated cell proliferation in a random pattern, loss of keratin 1 and
diffuse deposition of laminin 5 c2 chain. When II-4 cell variants
were seeded into type I collagen gels as an in vitro assay for cell
migration, we found that only E-cadherin-deﬁcient cells detached,
migrated as single cells and expressed N-cadherin. Functionblocking studies demonstrated that this migration was matrix
metalloproteinase-dependent, as GM-6001 and TIMP-2, but not
TIMP-1, could block migration. Gene expression proﬁles revealed
that E-cadherin-deﬁcient II-4 cells demonstrated increased
expression of proteases and cell-cell and cell-matrix proteins.
These ﬁndings showed that loss of E-cadherin-mediated adhesion
plays a causal role in the transition from low- to high-grade squamous cell carcinomas and that the absence of E-cadherin is an
important prognostic marker in the progression of this disease.
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E-cadherin is known to be a tumor suppressor gene since the
loss of E-cadherin function in tumor progression during the
advanced stages of carcinoma progression is well established1–3
and has been linked to a poor clinical prognosis in vivo.4–6 Studies
using 2D monolayer cultures have demonstrated the direct inﬂuence of E-cadherin function on the malignant properties of transformed cells at an advanced stage. For example, abrogation of
E-cadherin-mediated adhesion7–10 induced tumor cell invasion in
vitro while restoration of E-cadherin function resulted in growth
retardation and inhibition of invasive properties.3,9 However, the
role that loss of E-cadherin-mediated adhesion may play in early
stages of carcinoma progression is poorly understood, as studies
have demonstrated either a reduction11,12 or an increase13,14 of
E-cadherin function during the initial stages of epithelial cancer
progression.
Further elucidation of the impact of altered cell-cell adhesion
on early events in squamous cell carcinoma progression has been
limited by the inability of monolayer culture to replicate fully the
biologically meaningful pathways that couple cell-cell adhesion
and growth that occur in vivo.15 The need for 3D tissue models
has become even more apparent in recent years due to the emergPublication of the International Union Against Cancer

ing view that the tumor cell microenvironment plays an important
role in the control of neoplastic progression through a dynamic
reciprocity between tumor cells and their surrounding tissues.
Since cell-cell adhesion is intimately linked to tissue organization,
the impact of the abrogation of E-cadherin-mediated adhesion on
cancer progression needs to be studied in 3D tissue context to represent more accurately early events as they occur in human tissues
in vivo. To accomplish this, we have previously developed 3D,
human tissue models of stratiﬁed squamous epithelium that mimic
the architectural features of the premalignant stage of squamous
cell carcinoma.16–18 These tissue constructs have been generated
with a well-characterized keratinocyte cell line (HaCaT-II-4),
which formed invasive tumors with a low-grade malignant behavior after surface transplantation to nude mice.16,19,20 This cell line
represents an early stage of transformation to squamous cell carcinoma and is well-suited for incorporation into models of early
stages of tumor progression.21
It remains unclear how alterations in E-cadherin-mediated adhesion are directly linked to the biologic behavior of squamous cell
carcinoma in vivo. To address this, we have characterized the
impact of loss of E-cadherin function on the behavior of human
squamous cell carcinoma cells manifesting a low-grade biologic
behavior in bioengineered 3D tissues grown in vivo. We found that
loss of adherens junctions (AJs) upon disruption of E-cadherin
function signiﬁcantly accelerated tumorigenesis through the
induction of a switch to an aggressive high-grade tumor phenotype
when these tissues were transplanted to nude mice. Immunohistochemical and ultrastructural analyses of these tumors revealed that
activation of this high-grade behavior was associated with loss of
differentiation, altered laminin 5 deposition and a dramatic
increase in cell proliferation. Additionally, only E-cadherin-deﬁcient II-4 cells detached and migrated as single cells in a 3D collagen matrix model of invasion and demonstrated cadherin switching to N-cadherin upon loss of E-cadherin. Function-blocking
studies demonstrated that migration of E-cadherin-deﬁcient II-4
cells in collagen matrices was matrix metalloproteinase (MMP)dependent, as GM-6001 and TIMP-2, but not TIMP-1, could block
cell migration. Microarray analysis revealed elevated expression
of active genes that mediate survival-signaling pathways, extracellular matrix proteolysis and cell-cell and cell-matrix adhesion.
These ﬁndings demonstrate a causal link between loss of E-cadherin-mediated adhesion and a switch from low- to high-grade
squamous cell carcinoma (SCC). This suggests that E-cadherin is
an important prognostic marker whose absence is associated with
a highly aggressive form of SCC.
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Material and methods
Monolayer (2D) cell culture
In preparation for the generation of 3D cultures, the HaCaTras-II-4 (II-4) cell line19–21 was transduced with retroviral constructs described below and grown in 2D monolayer culture in
Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 5%
fetal calf serum. 293 Phoenix cells used for production of retroviral vectors were maintained in DMEM containing 10% bovine calf
serum while human dermal ﬁbroblasts used in 3D cultures were
derived from newborn foreskins and grown in media containing
DMEM and 10% fetal calf serum. All cells were grown at 37°C,
7.5% CO2.
Retroviral infections
293 Phoenix producer cells were transfected with pBabe,
pBabe-H-2Kd-Ecad or pBabe-H-2Kd-EcadDC25 plasmids (gifts
from Dr. F. Watt, Imperial Cancer Research Center, London,
U.K.) by the calcium phosphate method. Transfected cells were
grown at 32°C and viral supernatants were collected 48 hr later
and used to infect II-4 cells in the presence of 4 lg/ml polybrene
for 3 hr at 32°C. These target cells were maintained under puromycin selection (5 mg/ml) for 2 weeks starting 2 days postinfection.
Generation of 3D in vitro constructs of stratiﬁed squamous
epithelium and their in vivo transplantation
Three-dimensional constructs were prepared in vitro as previously described.18 Brieﬂy, early-passage human dermal ﬁbroblasts
were added to neutralized type I collagen (Organogenesis, Canton,
MA) to a ﬁnal concentration of 2.5 3 104 cells/ml; 3 ml of this
mixture was added to each 35 mm well insert of a 6-well plate and
incubated for 4–6 days in media containing DMEM and 10% fetal
calf serum until the collagen matrix showed no further shrinkage.
Cells were seeded directly on a deepidermalized dermis derived
from human skin (AlloDerm; LifeCell, Branchburg, NJ), which
was layered on the contracted collagen gel described above to enable ﬁbroblasts to migrate and repopulate the AlloDerm from
below. A total of 5 3 105 cells were seeded on the surface of the
AlloDerm. Cultures were maintained submerged in low calcium
epidermal growth media for 2 days, submerged for 2 days in normal calcium epidermal growth media and raised to the air-liquid
interface by feeding from below for 7 days. For in vivo transplantation of these 3D constructs, 6-week-old male Swiss nude mice
(N:NIHS-nuf DF; Taconic Farms, Germantown, NY) were anesthetized using xylazine:ketamine (1:1) and a 1.3 cm dorsal skin
was removed. Three-dimensional constructs were placed onto fascia at the site of skin excision, covered with petrolatum gauze
(Sherwood Pharmaceuticals, St. Louis, MO) and secured with bandages (Baxter Scientiﬁc). Bandages were changed every 3–4 days
and removed after 2 weeks. Animals were sacriﬁced 4 days,
2 weeks and 4 weeks after transplantation and specimens were
excised with underlying fascia. Tumor volume was measured at
this time using a digital calipers and was estimated using the formula V 5 L 3 W 3 H, where L is the length, H is the height and
W is the width of the tumor. Animals were grafted in triplicate for
each time point.
3D collagen gel migration assay
H-2Kd-Ecad-, pBabe-, or H-2Kd-Ecad-DC25-expressing II-4
cells were added to neutralized type I collagen (Organogenesis) to
a ﬁnal concentration of 1.0 3 105 cells/ml; 3 ml of this mixture
was added to each 35 mm well insert of a 6-well plate and incubated for 7 days in media containing DMEM and 5% fetal calf
serum. At this time, collagen gels were grown at an air-liquid
interface and exposed to either recombinant TIMP-1 (200 ng/ml)
or TIMP-2 (200 ng/ml; Chemicon, Temecula, CA) or GM-6001
(10 lM; EMD Bioscience, La Jolla, CA) in serum-free media for
an additional 4 days. Tissues were bisected and one-half of the
specimen was formalin-ﬁxed, parafﬁn-embedded and stained by

hematoxylin and eosin stain while the other half was snap-frozen
in liquid nitrogen and used for immunohistochemical staining.
Microarray analysis
II-4 cells expressing the empty vector (pBabe) or the H-2KdEcad fusion protein were seeded at a density of 2 3 105 cells on
type IV collagen-coated 6-well plates (BD Biosciences, Bedford,
MA). Cells were grown for 24 hr in media containing DME and
5% FBS, washed twice with serum-free media and maintained in
serum-free media for an additional 24 hr. RNA was extracted
using RNeasy Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. Synthesis of aminoallyl-dUTP-labeled
ﬁrst-strand cDNA was performed with 15 lg total RNA using
SuperScript II reverse transcriptase, Oligo(dT) 12-18 primers
(Invitrogen, Carlsbad, CA), as recommended by the manufacturer.
cDNA was then puriﬁed using G-50 columns (Amersham, Piscataway, NJ), concentrated by speedvac and labeled with Cy5
(pBabe) or Cy3 (H-2Kd-Ecad) dyes (Amersham) for 1 hr at room
temperature. Labeled cDNA was puriﬁed by GFX column (Amersham) and incubated with H21K and H6K arrays (prepared in
Tufts-New England Medical Center Expression Array Core) in
hybridization buffer (Amersham) with 50% formamide for 2 days
at 42°C. Slides were washed once with 1 3 SSC plus 0.2% SDS
for 10 min, twice with 0.1 3 SSC plus 0.2% SDS for 10 min and
4 times with 0.1 3 SSC for 30 sec and then scanned using a Scanarray 4000 scanner (Perkin Elmer, Fremont, CA). Images were
analyzed by Imagene software (BioDiscovery, Marina Del Rey,
CA) and the ratio of 2 ﬂuorescence intensities for control,
pBABE- and H-2Kd-Ecad-expressing II-4 cells were calculated
for each spot. Data were then normalized using Genespring software (Agilent Technologies, Redwood City, CA).
Immunoﬂuorescence
Excised tumors were frozen in embedding media (Triangle Biomedical, Durham, NC) in liquid nitrogen vapors after being placed
in 2 M sucrose for 2 hr at 4°C. Tissues were serial-sectioned at 6
lm and mounted onto gelatin-chrome alum-coated slides. Tissue
sections were washed with PBS, blocked with 10 lg/ml goat IgG,
0.05% goat serum and 0.2% BSA vol/vol in PBS. Cells or tissues
were then stained with mouse anti-b-catenin (BD Pharmingen
Transduction Labs, Lexington, KY), mouse anti-E-cadherin
(HECD-1, against extracellular domain; Zymed, South San Francisco, CA), mouse antikeratin 1 (Enzo Diagnostics, Farmingdale,
NY), rabbit anti-N-cadherin (Sigma, St. Louis, MO) and rabbit
antilaminin 5 g2 chain (gift from Dr. G. Meneguzzi, Nice,
France). Immunoreactive proteins were detected using Alexa 488conjugated goat antirabbit or Alexa 594-conjugated goat antimouse IgG (Molecular Probes, Eugene, OR). Fluorescence was
visualized using a Nikon OptiPhot microscope and single- or double-exposure photomicroscopy was performed using either FITC
or Texas Red ﬁlters, or both. For routine light microscopy, tissues
were ﬁxed in 10% neutral buffered formalin and embedded in parafﬁn; 4 lm sections were stained with hematoxylin and eosin.
Ki-67 staining was performed using parafﬁn-embedded sections
that were deparafﬁnized and stained with a mouse anti-Ki-67 antibody after antigen retrieval with sodium citrate.
Transmission electron microscopy
Four days after transplantation, grafts were excised and cut into
pieces of approximately 2 3 2 mm, ﬁxed in 2% glutaraldehyde in
0.1 M cacodylate and 0.1 M sucrose at pH 7.2 and postﬁxed in 2%
osmium tetroxide in 0.1 M cacodylate and 1% tannic acid in
0.1 M cacodylate. Tissue samples were then dehydrated in graded
ethanol, cleared with propylene oxide and inﬁltrated with Spurr’s
resin. Following polymerization of the resin, thick sections were
produced using a Reichert Ultracut E microtome and sections
were stained with toluidine blue to determine orientation. The
blocks were then thin-sectioned at approximately 90 nm and
mounted on copper grids. Grids were stained with 5% uranyl ace-
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FIGURE 1 – Loss of E-cadherin function induces highly aggressive tumors after transplantation of II-4 cells. Four weeks after grafting, H-2KdEcad-expressing II-4 cells formed large nodular tumors with central areas of ulceration (b). II-4 cells expressing either pBabe (a) or H-2KdEcadDC25 (c) formed considerably smaller tumors that appeared as slightly raised hyperkeratotic plaques.

tate in deionized water and Reynold’s lead citrate and were examined at various magniﬁcations using a Hitachi H-600 transmission
electron microscope.

Results
Suppression of E-cadherin function activates a switch to a
high-grade aggressive carcinoma
II-4 cells were infected with a dominant-negative E-cadherin
retroviral construct expressed in a pBabe-puro vector (H-2KdEcad). This vector contained the cytoplasmic and transmembrane
portions of E-cadherin and the extracellular domain of H-2Kd and
was previously shown to abrogate cell adhesion in primary keratinocytes.22 As control vectors, we used H-2Kd-EcadDC25, a fusion
protein identical to H-2Kd-Ecad except for a 25 amino acid deletion in its b-catenin binding domain and an empty pBabe-puro
vector. II-4 cells were transduced with these 3 vectors, grown
in vitro at an air-liquid interface for 7 days to generate well-stratiﬁed 3D tissue constructs and transplanted as surface grafts to nude
mice. To determine the effect of E-cadherin loss on tumor progression, transplants were examined 2 and 4 weeks after grafting.
Grafts generated with H-2Kd-Ecad-infected cells formed signiﬁcantly larger tumors (Fig. 1b) than tissues comprised of II-4 cells
expressing pBabe or H-2Kd-EcadDC25 (Fig. 1a and c). The volume of these E-cadherin-deﬁcient tumors was 9-fold greater than
those of E-cadherin competent tumors when tumor volume was
measured and compared 2 weeks after transplantation. These
E-cadherin-deﬁcient tumors demonstrated raised, nodular and
erythematous tumor margins and a central area of ulceration,
while control grafts appeared as hyperkeratotic plaques that were
slightly raised above the surface. To determine the histologic
appearance of these tumors during an earlier stage of tumor cell
progression, transplants were examined 2 weeks after grafting.
Tissues harboring pBabe and H-2Kd-EcadDC25-expressing II-4
cells invaded into the underlying connective tissue as large welldifferentiated tumor cell islands that were well demarcated from
the surrounding connective tissue with central keratin pearls
(Fig. 2a, c, d and f). Proliferating cells were found exclusively in

basal cells at the edge of these tumor cell islands (Fig. 2g and i).
Thus, these control tumors manifested the low-grade behavior that
has been previously reported after transplantation of these
cells.16,21 In contrast, H-2Kd-Ecad-expressing tumor cells invaded
into the underlying stroma as highly inﬁltrative, poorly differentiated cells (Fig. 2b) that migrated from the edge of the tumor as
small clusters or as individual cells (Fig. 2e). These invading cells
exhibited a signiﬁcantly more aggressive pattern of invasion that
was characterized by cell proliferation throughout the tumor mass
in a random pattern (Fig. 2h).
Loss of cell-cell adhesion structures is associated with rapid
disruption of basement membrane integrity
In order to assess the ultrastructural features of cell-cell adhesion structures and basement membrane organization in 3D transplants upon loss of E-cadherin function, grafted tissues were
studied by transmission electron microscope (TEM) 4 days after
transplantation (Fig. 3). At lower magniﬁcations, tissues constructed with H-2Kd-EcadDC25 showed normal intercellular adhesion structures (Fig. 3a, arrows) and widened intercellular spaces
(Fig. 3a, asterisks inset) as previously described for II-4 cells.23
Under higher magniﬁcation, well-formed desmosomes were found
(Fig. 3a, inset), indicating that control II-4 cells retained their
capacity to form these structures. In contrast, tissues harboring
H-2Kd-Ecad-expressing cells showed a signiﬁcant degree of tissue
disorganization and loss of architecture that was accompanied by
the complete loss of intercellular adhesion structures (Fig. 3b).
Intercellular spaces demonstrated numerous interdigitating ﬁlopodial processes that spanned between adjacent cells to approximate
each other, yet formed no contacts or adhesive structures (Fig. 3b,
inset). These structures were reminiscent of pairs of ﬁlopodial
extensions between adjacent keratinocytes that have previously
been shown to represent an abortive attempt to form AJs.24 Ultrastructural features of BM structure were also altered in H-2KdEcad-expressing tissues and were characterized by a disrupted
basement membrane (Fig. 3d) that showed focal remnants of
hemidesmosomal structures adjacent to residual patches of lamina
densa that were seen occasionally beneath H-2Kd-Ecad-expressing
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FIGURE 2 – II-4 cells exhibit a switch from low-grade tumors to highly invasive and proliferative high-grade tumors upon loss of E-cadherin
function. Hematoxylin and eosin stain revealed that II-4 cells expressing pBabe (a and d) and H-2Kd-EcadDC25 (C and f) demonstrated large
well-differentiated islands of invasive tumor cells with central keratin pearls. In contrast, H-2Kd-Ecad-expressing II-4 cells (b and e) invaded as
highly aggressive, poorly differentiated cells (b) that invaded as individual cells or as small clusters that migrated from the invasive edge (e).
Staining with Ki-67 revealed that cells expressing H-2Kd-Ecad (h) proliferated throughout the tumor mass as well as in small clusters of cells
budding from the leading invasive edge of the tumor. In contrast, pBabe- (g) and H-2Kd-EcadDC25- (i) expressing control II-4 cells showed
Ki-67 stain exclusively in basal cells at the periphery of large clusters. Original magniﬁcation: 103 (a–c); 403 (d–f); 10 3 (g–i).

basal cells. In addition, individual cells extended ﬁlopodia into the
superﬁcial stroma in areas of basement membrane disruption
(Fig. 3e). This was in contrast to the uninterrupted, well-formed
BM structure seen in H-2Kd-EcadDC25 transplants that included
intact and linear lamina densa (Fig. 3c, inset). These ﬁndings demonstrated that complete loss of intercellular adhesion and disruption of basement membrane integrity were early events associated
with abrogation of E-cadherin-mediated adhesion upon initiation
of tumor cell invasion.
Switch to high-grade carcinoma upon loss of endogenous
E-cadherin results in aberrant laminin 5 expression and
loss of differentiation
To deﬁne the phenotype of high-grade tumors generated by
H-2Kd-Ecad-expressing II-4 cells, 4-week transplants were analyzed by double immunohistochemical stain to determine the distribution of the g2 chain of laminin 5 and either E-cadherin
(Fig. 4a–c) or b-catenin (Fig. 4d–f). Control tumors expressing
pBabe and H-2Kd-EcadDC25 exhibited linear staining upon
immunostaining with the g2 chain of laminin 5 that was localized
around the periphery of tumor cell islands (Fig. 4a, c, d and f). In
contrast, H-2Kd-Ecad-expressing cells exhibited diffuse and peri-

cellular distribution of g2 chain (Fig. 4b and e). Loss of E-cadherin in these tumor cells was seen by the absence of this protein
in H-2Kd-Ecad-expressing cells (Fig. 4b) and b-catenin was found
in the cytoplasm of these cells (Fig. 4e), demonstrating that invasion was linked to redistribution of this protein component upon
abrogation of E-cadherin-mediated adhesion. In contrast, pBabeand H-2Kd-EcadDC25-expressing II-4 cells demonstrated both
E-cadherin (Fig. 4a and c) and b-catenin (Fig. 4d and f) in their
normal intercellular distribution. Finally, differentiation status of
the 4-week transplants was analyzed by double immunoﬂuorescence stain for the differentiation marker keratin 1 and the g2
chain of laminin 5. Transplants generated with control pBabe- and
H-2Kd-EcadDC25-expressing II-4 cells formed well-differentiated
tumors, as seen by the strata-speciﬁc expression of keratin 1 in
tumor cell islands that were surrounded by linear deposition of
laminin 5 (Fig. 5a and c). In contrast, no keratin 1 expression was
detected in tumors formed by H-2Kd-Ecad-infected cells (Fig. 5b),
showing that loss of E-cadherin function was linked to truncation
of the terminal differentiation program of these tumor cells. As
described above, g2 chain of laminin 5 was only seen in a pericellular distribution. Collectively, these results directly implicate the
loss of E-cadherin-mediated adhesion in the switch from a welldifferentiated to poorly differentiated carcinoma that accelerated
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FIGURE 3 – Ultrastructural analysis reveals that loss of E-cadherin function in II-4 cells abolished cell-cell adhesion and disrupted basement
membrane upon tumor cell invasion. Transplants of 3D constructs generated with H-2Kd-DC25-expressing controls (a and c) and dominant-negative E-cadherin-expressing II-4 cells (b, d and e) were examined by transmission electron microscopy 4 days postgrafting. Tissues generated
with control II-4 cells demonstrated desmosomal structures (a, arrows) between widened intercellular spaces (a, inset, asterisks) and wellformed basement membrane as seen by the continuous lamina densa (c, inset). In contrast, II-4 cells expressing H-2Kd-Ecad completely lost
cell-cell adhesion as seen by the absence of desmosomes (b) and showed numerous interdigitating ﬁlopodia at the cell-cell borders without any
adhesive structures (b, inset). Basement membrane integrity was severely compromised as only focal remnants of lamina densa (d) were seen.
Early invasion of H-2Kd-Ecad-expressing tumor cells demonstrated ﬁlopodia (e) that extended into the superﬁcial stroma.

tumorigenesis through the generation of highly inﬁltrative and
aggressive carcinomas.
E-cadherin-deﬁcient cells activate MMP-mediated migration
in 3D collagen gels
To understand mechanisms through which E-cadherin-deﬁcient
II-4 cells underwent accelerated invasion after in vivo transplantation, II-4 cell variants were seeded into type I collagen gels to generate a 3D in vitro assay for cell migration in a collagen matrix
microenvironment. E-cadherin-competent control II-4 cell lines
(H-2Kd-Ecad-DC25 and pBabe) generated round to ovoid cell
clusters that were dispersed throughout the collagen gel (Fig. 6a,
panels A and C). Under higher magniﬁcation, these clusters demonstrated polarized cells at their periphery that did not separate
from adjacent cells and did not migrate into the surrounding collagen (Fig. 6a, panels D and F). In contrast, E-cadherin-deﬁcient

II-4 cells generated ﬂattened groups of cells that were arrayed in a
plexiform pattern (Fig. 6a, panel B), showing single cells that had
detached from adjacent cells and migrated into the collagen gel
(Fig. 6a, panel E). To determine the basis for differences in migratory behavior between E-cadherin-deﬁcient and E-cadherin-competent cell lines, collagen gels were exposed for 4 days to
GM-6001, a broad-spectrum MMP inhibitor, and the morphologic
appearance of II-4 cells variants was compared. We found that
exposure to GM-6001 blocked the migratory spread of H-2KdEcad-expressing II-4 cells and reversed their morphology to that
of rounded clusters (Fig. 6b, panel H). These clusters were very
similar to GM-6001-treated H-2Kd-Ecad-DC25- (Fig. 6b, panels I
and L) and pBabe-expressing (Fig. 6b, panels G and J) II-4 control
cells. Interestingly, clusters of GM-6001-treated E-cadherin-deﬁcient II-4 cells showed poor cell-cell adhesion and widened intercellular spaces (Fig. 6b, panel K), demonstrating that these cells
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FIGURE 4 – Invasion of II-4 cells was associated with cytoplasmic redistribution of b-catenin, loss of endogenous E-cadherin and diffuse
localization of the g2 chain of laminin 5. Four-week-old transplants were analyzed by double immunoﬂuorescence with antibodies against the
g2 chain of laminin 5 (FITC, green) and the extracellular domain of E-cadherin (a–c) or b-catenin (d–f; Texas Red, red). Highly aggressive
H-2Kd-Ecad-expressing tumor cells exhibited diffuse pericellular localization of laminin 5 g2 chain (b, yellow and e, green) as well as the cytoplasmic redistribution of b-catenin (e, red) and absence of endogenous E-cadherin staining (b). In contrast, control II-4 cells expressing pBabe
and H-2Kd-EcadDC25 exhibited linear staining for g2 chain of laminin 5 at the periphery of tumor islands (a, c, d and f). Endogenous E-cadherin
and b-catenin were localized at the borders of II-4 cells that expressed pBabe (a and d) and H-2Kd-EcadDC25 (c and f). Note some background
staining in the connective tissue (red) is seen in (b) adjacent to E-cadherin-negative tumor cells.

retained their nonadhesive phenotype in spite of losing their
migratory properties. These ﬁndings demonstrated that activation
of cell migration upon loss of E-cadherin was MMP-mediated.
To clarify the nature of this MMP-mediated activation, we performed function-blocking studies to determine if the migration of
H-2Kd-expressing II-4 cells could be altered by more speciﬁc
MMP inhibition. E-cadherin-deﬁcient II-4 cells were seeded in collagen gels and grown in the presence of either TIMP-1 (200 ng/ml)
or TIMP-2 (200 ng/ml) that was added to media 7 days after fabrication of collagen gels and maintained for 4 additional days. We
observed that the presence of TIMP-2 reverted the morphology of
E-cadherin-deﬁcient cells to that of nonmigratory clusters (Fig. 6c)
that were retained in rounded clusters and did not migrate into the
surrounding collagen matrix and were similar to GM-6001-treated
control II-4 cells (Fig. 6c). In contrast, when these E-cadherin-deﬁ-

cient II-4 cells were grown in the presence of TIMP-1, no inhibition of migration was seen (Fig. 6c). Under these conditions, individual II-4 cells migrated into the surrounding collagen in a pattern
characteristic of nontreated control E-cadherin-deﬁcient II-4 cells
(Fig. 6c). These ﬁndings showed that E-cadherin-deﬁcient II-4
cells were refractory to TIMP-1 yet sensitive to TIMP-2 inhibition
of cell migration. Since MT1-MMP is known to be inhibited by
TIMP-2 but not by TIMP-1, these functional blocking studies suggested that MT1-MMP was activated upon loss of E-cadherin and
was linked to acquisition of the migratory behavior seen in collagen gels.
Loss of E-cadherin induces a switch to N-cadherin expression
To determine if loss of E-cadherin in II-4 cells was linked to
the acquisition of cellular properties characteristic of epithelial-
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FIGURE 5 – Loss of keratin 1 expression was linked
to loss of E-cadherin function. Sections from 4-week
transplants of II-4 cells were analyzed by double immunoﬂuorescence with an antibody directed against the
epithelial differentiation marker cytokeratin 1 (K1) and
g2 chain of laminin 5. Keratin 1 was absent in II-4 cells
that had lost E-cadherin function while diffuse deposition of g2 chain of laminin 5 was seen between cells (b,
green). In contrast, tumor islands expressing pBabe- (a)
and H-2Kd-EcadDC25 (c) were surrounded by linear
deposition of g2 chain of laminin 5 and showed expression of K1 in a stratum-speciﬁc manner.

mesenchymal transition (EMT), these cells and their E-cadherincompetent controls were analyzed to determine if expression
of N-cadherin was elevated upon loss of E-cadherin. Analyses
were performed for E-cadherin-competent and -deﬁcient II-4 cells
that were grown in 2D monolayer cultures (Fig. 7a), as well as
for in vitro tissues generated by seeding cells into the 3D collagen
gel migration assay. As seen by Western blot analysis of cellular lysates from 2D cultures, H-2Kd-Ecad-expressing II-4 cells
demonstrated a signiﬁcant upregulation of N-cadherin when compared to their pBabe-expressing and H-2Kd-Ecad-DC25-espressing controls (Fig. 7a). These ﬁndings were conﬁrmed upon
immunohistochemical stain of collagen gels for N-cadherin, where
all E-cadherin-deﬁcient cells demonstrated positive staining
for N-cadherin (Fig. 7b, panel B). In contrast, E-cadherin-compe-

tent pBabe- and H-2Kd-Ecad-DC25-expressing control cells demonstrated only a small number of N-cadherin-positive cells
(Fig. 7b, panels A and C). These ﬁndings demonstrated that
cadherin subtype switching from E-cadherin to N-cadherin had
occurred in E-cadherin-deﬁcient II-4 cells. This switch may
provide E-cadherin-deﬁcient cells with enhanced migratory and
invasive properties that were seen in 3D in vitro and in vivo
assays.
Microarray analysis reveals genes differentially expressed upon
loss of E-cadherin function in II-4 cells
We performed pairwise microarray analysis between H-2KdEcad-expressing II-4 cells and their pBabe-expressing controls, to
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FIGURE 6 – E-cadherin-deﬁcient cells activate MMP-mediated migration in 3D collagen gel migration assay. (a) E-cadherin competent
pBabe- (panels A and D), H-2Kd-Ecad-DC25- (panels C and F) and E-cadherin-deﬁcient H-2Kd-Ecad-expressing (panels B and E) cells were
seeded into a type I collagen gel, grown for 11 days and stained with H&E to evaluate tissue morphology. E-cadherin-competent tissues showed
clusters of cells that did not migrate into the surrounding collagen. In contrast, E-cadherin-deﬁcient II-4 cells showed linear arrays of single cells
that had detached from adjacent cells and underwent migration (panel E). Original magniﬁcation, 103 (panels A–C); 403 (panes D–F). (b) The
migratory behavior of E-cadherin-deﬁcient (panels H and K) and E-cadherin-competent cell lines (panels G, I, J and L) was compared in collagen gels when tissues were exposed to GM-6001 for the last 4 days of culture. GM-6001 blocked the migration of H-2Kd-Ecad-expressing II-4
cells (panel H) as seen by round clusters (panel K). These clusters were similar to GM-6001-treated H-2Kd-Ecad-DC25- (panels G and J) and
pBabe-expressing (panels I and L) II-4 control cells. Original magniﬁcation, 103 (panels G–I); 403 (panels J–L). (c) E-cadherin-deﬁcient II-4
cells were seeded into collagen gels (control) and grown in the presence of GM-6001, TIMP-1, or TIMP-2 for the last 4 days of culture. Cells in
TIMP-2- and GM-6001-treated tissues did not migrate into the surrounding collagen matrix while cells in tissues exposed to TIMP-1 migrated
and were similar to nontreated control E-cadherin-deﬁcient II-4 cells. Original magniﬁcation, 103.

compare their transcriptional proﬁles and identify candidate genes
that may be associated with the switch to a high-grade tumor phenotype. Since we have found that the biologic behavior of the two
E-cadherin-competent control cell lines, H-2Kd-Ecad-DC25 and
pBabe, was identical after extensive characterization using in vitro
and in vivo assays,25 we used pBabe-expressing II-4 control
cells for this comparative analysis of gene expression. We found
genes whose expression was at least 2-fold greater in H-2KdEcad-expressing II-4 cells than in pBabe-expressing cells. These
include genes involved in cell cycle control whose expression may
be linked to the elevated proliferation seen in E-cadherin-deﬁcient
tumors. Reﬂective of the highly invasive nature of H-2Kd-Ecadexpressing II-4 cells, proteases such as heparanase-like protein
and ADAM12 were 4- and 7-fold elevated, respectively. In addition, proapoptotic molecules, including Bax and caspase-2, were
elevated, as were kinases linked to PI3-K and MAPK pathways.
Genes belonging to the wnt-signaling pathway, including the wnt
receptor frizzled and its downstream target disheveled, were 3- to
5-fold elevated in E-cadherin-deﬁcient cells and may be associated with the absence of differentiation in these tumors. Angiogenic growth factors such as vEGF-B and vEGF-C were elevated,
as were genes that have been linked to the metastasis of squamous
cell carcinoma, such as the chemokine receptor 4 (CXCR4).

Finally, elevated expression of cell-cell and cell-matrix proteins
was found in E-cadherin-deﬁcient cells. In addition to proteins
analyzed directly in excised tumors, these ﬁndings identify additional candidate genes and their associated pathways that may play
a role in the activation of the aggressive phenotype seen upon loss
of E-cadherin function.

Discussion
The cadherin family of adhesion molecules are known to link
cell-cell adhesion with growth-signaling pathways and are therefore excellent molecular candidates to play a critical role in the
regulation of cancer progression.26 E-cadherin is known to function as a tumor suppressor gene during the advanced stages of cancer progression, where decreased expression of this protein has
been associated with a poor clinical prognosis of several types of
epithelial cancer.4–6 However, little is known about the role that
loss of E-cadherin may play in regulating the phenotypic properties of squamous cell carcinoma. To address this, we have directly
determined how the loss of E-cadherin function could modify the
tumorigenic properties and biologic behavior of squamous cell
carcinoma cells. E-cadherin function was abrogated using a retro-
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FIGURE 7 – Loss of E-cadherin induces a switch to N-cadherin expression. (a) Western blot analysis was used to analyze expression of N-cadherin in lysates from 2D cultures of II-4 cells expressing H-2Kd-Ecad (lane 2), pBabe (lane 1), or H-2Kd-Ecad-DC25 (lane 3). E-cadherin-deﬁcient II-4 cells demonstrated a signiﬁcant upregulation of N-cadherin when compared to controls. (b) Immunohistochemical stain for N-cadherin
of cells in collagen gel migration assay. While E-cadherin-deﬁcient cells demonstrated positive staining for N-cadherin in all cells (panel B),
E-cadherin-competent pBabe- (panel A) and H-2Kd-Ecad-DC25- (panel C) expressing control cells demonstrated only small numbers of N-cadherin-positive cells. Original magniﬁcation, 103.

viral vector encoding a dominant-negative mutant form of this
protein and 3D human tissues that mimicked their in vivo counterparts were constructed to monitor the early stages of carcinoma
progression. We found that loss of intercellular adhesion mediated
by E-cadherin was sufﬁcient to switch the biologic behavior of
squamous cell carcinoma cells from low-grade, well-differentiated
tumors to high-grade, poorly-differentiated carcinomas with a
very aggressive phenotype. These studies provide the ﬁrst direct
evidence in human experimental 3D tissues that E-cadherin plays
a critical role in regulating the cellular phenotype of invasive squamous carcinoma cells.
The induction of this highly aggressive form of carcinoma was
associated with the emergence of rapidly proliferating, poorly differentiated tumor cells that demonstrated loss of cell-cell and cellmatrix adhesion proteins after in vivo transplantation. Elevated
levels of tumor cell growth have previously been associated with
the cytoplasmic redistribution of b-catenin in squamous cell carcinomas that were E-cadherin-deﬁcient27 and were linked to a considerably poorer survival rate. It is also known that loss of E-cadherin has been associated with a less differentiated phenotype of
squamous cell carcinoma.28–30 Altered expression of keratin genes
characterized by the absence of high-molecular-weight keratins,
such as K1, has previously been shown to be related to malignant
growth properties.31 The absence of keratin pearls and loss of K1
expression in tumors generated with E-cadherin-deﬁcient II-4 cells
conﬁrmed this relationship between the concomitant loss of cellcell adhesion and differentiation potential.32
Aberrant expression of the laminin 5 g2 chain has been linked
to the invasive behavior of several types of epithelial tumors. A
diffuse pattern of immunohistochemical stain for g2 chain has
been associated with aggressive squamous cell carcinomas of the
uterus and of the head and neck.33,34 Similarly, elevated levels of
g2 chain35 and abnormal patterns of laminin 5 degradation have
been found in highly invasive SCC while a linear pattern of g2
immunostain, similar to that seen in normal epithelia and in our
control II-4 cells, has been described in mildly invasive SCC.36

Other types of invasive tumors, such as gastric carcinoma,37 are
known to be associated with elevated expression of g2 chain in
areas of tumor cell budding, suggesting that this protein provides a
migratory template to enable tumor cell invasion. The absence of
staining for g2 chain at the tumor cell-stroma interface has been
previously reported in poorly differentiated SCC38 and was similar
to our ﬁndings at the leading edge of invading E-cadherin-deﬁcient tumors. In light of these ﬁndings, it appears that the diffuse
and poorly organized pericellular localization of g2 chain suggests
a role for laminin 5 that is distinct from its role in BM organization.38 Additionally, the inability to form BM appears to be an
important prognostic marker whose absence is associated with a
more highly aggressive form of SCC. Altered expression of the
laminin 5 g2 chain is therefore a hallmark of highly invasive
tumor cells that lack E-cadherin function. Thus, it appears that
tumor cell phenotype and the stromal microenvironment work in
concert to accelerate tumor cell invasion by deregulating the
expression and organization of laminin 5.39–41
To elucidate the basis for differences seen in the pattern of invasion seen between E-cadherin-competent and E-cadherin-deﬁcient
II-4 cells after in vivo transplantation, we performed function
blocking studies using natural (TIMP-1 and -2) and synthetic
MMP inhibitors (GM6001) in a 3D collagen gel migration assay.
We observed that E-cadherin-deﬁcient cells did not spread into the
surrounding collagen and formed stationary clusters when grown
in the presence of an excess of GM6001 and TIMP-2, but were not
inhibited by TIMP-1 treatment. Since MT1-MMP is known to be
inhibited by TIMP-2 but not by TIMP-1, the refractory nature of
E-cadherin-deﬁcient cell clusters to TIMP-1 inhibition of migration suggested that activation of MT1-MMP was linked to the loss
of E-cadherin and may partially explain acquisition of the more
aggressive pattern of tumor cell invasion seen in E-cadherin-deﬁcient II-4 cells. TIMP-2 has been shown to suppress MT1-MMPmediated activation of pro-MMP-2 in II-4 cells grown in 2D
monolayer cultures.42 Similar responses to TIMP-1 and TIMP-2
have previously been reported to explain the migratory behavior
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of endothelial cells, breast cancer cells and HT1080 cells45 in
collagen gels that has been linked to MT1-MMP-mediated proteolytic activity. In addition, our ﬁndings support the view that tumor
cells embedded in collagen gels can retain their spherical shape in
the absence of MT1-MMP-mediated proteolysis.46 TIMP-1 has
been shown to be a poor inhibitor of MT1-MMP,47–51 while the
presence of an excess of TIMP-2 can efﬁciently inhibit the collagenolytic activity of MT1-MMP by blocking the cleavage of proMMP-2 to the fully active form. After ﬁrst demonstrating that
migration of E-cadherin-deﬁcient cells was MMP-mediated upon
inhibition with the broad-spectrum MMP inhibitor GM-6001, we
took advantage of these differential inhibitory properties of
TIMP-1 and TIMP-2 to demonstrate that MT1-MMP is likely to
play a role in the migration of E-cadherin-deﬁcient cells.
Loss of E-cadherin function has been shown to trigger epithelial-mesenchymal transition that is associated with aggressive biologic behavior.52,53 One aspect of this transition now includes the
ﬁnding of an association between decreased E-cadherin expression
and increased N-cadherin expression. As previously suggested,
this cadherin switching may allow the acquisition of homophilic
interactions between N-cadherin-expressing tumor cells and
N-cadherin-expressing stromal cells, which may augment the
invasive potential of carcinoma cells.54 It has also been proposed
that such interactions may provide a juxtacrine mechanism
through which invading N-cadherin-positive tumor cells may
induce the production of growth factors or proteases by stromal
cells that may facilitate their invasive cells.55 In this light, activation of N-cadherin expression may be viewed as a factor that
modiﬁes the tumor cell microenviroment to accelerate tumor cell
invasion. Taken together with other ﬁndings, loss of E-cadherin
activates a coordinated series of events that result in increased
tumor cell growth, decreased tumor differentiation and enhancement of migratory and invasive properties that are mediated
through altered tumor-stroma interactions.
Transcriptional proﬁles gleaned from microarray analysis demonstrated signiﬁcant differences between H-2Kd-Ecad-expressing
II-4 cells and pBabe-expressing controls that were consistent with
the behavior of these tumors observed in vivo. These ﬁndings provide additional gene products that may be associated with the
altered growth, differentiation, invasion and cell adhesion seen in
E-cadherin-deﬁcient tumors. The increased expression of cell-cell
and cell-matrix proteins may be ascribed to the need of E-cadherin-deﬁcient cells to synthesize alternative adhesive ligands
upon activation of tumor cell migration. Surprisingly, H-2KdEcad-expressing II-4 cells demonstrated elevated expression of

proapoptotic molecules, including Bax and caspase-2. However,
the function of these apoptotic markers may be overcome due to
the overexpression of molecules active in survival-signaling cascades linked to PI3-K and MAPK pathways.56 Genes in the wntsignaling pathway, including the wnt receptor frizzled and its
downstream target disheveled, were elevated 3- to 5-fold in E-cadherin-deﬁcient cells and may be associated with the lack of differentiation of these tumors.57 It is hoped that this overview of gene
expression patterns will help identify new molecular markers that
will be of prognostic value during the transition from low- to
high-grade squamous cell carcinoma.
By generating 3D tissue constructs that mimic the in vivo tissue
architecture of squamous cell carcinoma, this study provides a
novel model to recapitulate the events that occur during tumorigenesis in human stratiﬁed squamous epithelium.58 Since cell-cell
adhesion is intimately related to organization of tissue architecture, the impact of its abrogation needs to be studied in such an
appropriate 3D tissue context. Previous in vivo models designed to
study the properties of invasive SCC have relied on heterotypic
transplantation methods, such as subcutaneous injection of tumor
cells, that do not accurately reﬂect epithelial tissue architecture
during the initial stages of SCC progression in humans. The II-4
cell line used in our studies has been well characterized as a lowgrade variant of squamous cell carcinoma.16,21 Since these cells
contain important genetic alterations that are commonly seen in
SCC,59 such as mutations in p53 and ras, they are particularly well
suited for incorporation into 3D human tissue models of SCC progression by providing an appropriate genetic background to study
how loss of E-cadherin function can further direct SCC progression. Taken together, our ﬁndings in a biologically meaningful 3D
context show that a phenotypic switch, characterized by highly
aggressive disseminated tumor cells, supports the view that the
absence of E-cadherin is an important prognostic risk factor for
the rapid progression of SCC. However, the nature of the molecular signals that direct this highly invasive tumor cell behavior
remain to be elucidated.
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