
Epithelial and Mesenchymal Cell Biology

Species-Specific Fibroblasts Required for Triggering
Invasiveness of Partially Transformed Oral
Keratinocytes

Daniela Elena Costea,* Keerthi Kulasekara,*
Evelyn Neppelberg,†

Anne Christine Johannessen,* and
Olav Karsten Vintermyr‡

From the Departments of Oral Pathology and Forensic

Odontology,* Oral Surgery and Oral Medicine,† and Pathology,‡

The Gade Institute, Haukeland University Hospital, University of

Bergen, Bergen, Norway

This study tests the hypothesis that invasion of par-
tially transformed keratinocytes is initiated by diffus-
ible, proinvasive signals provided by species-specific
fibroblasts. In vitro organotypic cultures of neoplastic
human oral mucosa were constructed by growing a
partially transformed, nontumorigenic keratinocytic
cell line isolated from a dysplastic human oral lesion
(DOK-ECACC94122104) on top of various types of
connective tissue equivalents. Cultured tissues were
analyzed by histomorphometry (depth and area of
invasion: Dinv, Ainv) and immunohistochemistry.
Presence of human fibroblasts in the matrix induced
a local invasion of DOK (Dinv � 95.6 � 7.1 �m, Ainv �
45.8 � 3.5%). Minimal invasion (P < 0.05) was ob-
served when DOK grew on simple collagen matrix
(Dinv � 14.1 � 2.1 �m, Ainv � 3.7 � 0.8%) or matrices
containing fibroblasts from mouse (Dinv � 11.5 � 4.0
�m, Ainv � 4.3 � 1.0%) or rat (Dinv � 15.6 � 1.2 �m,
Ainv � 6.1 � 0.5%). In these cultures, local invasion
could be induced by the presence of human fibro-
blasts in a bottom layer of the collagen matrix (P <
0.05) or by conditioned medium from organotypic
cultures of DOK on human fibroblast-containing ma-
trix (P < 0.05) but not by conditioned medium from
human fibroblast monocultures (P > 0.05). Deposi-
tion of human collagen IV was observed at epithelial-
matrix interface only when DOK behaved invasively.
In conclusion, invasion of partially transformed oral
keratinocytes was triggered by keratinocyte-induced
fibroblast-derived diffusible factor(s) in a species-spe-
cific manner and associated with de novo synthesis of

collagen IV. (Am J Pathol 2006, 168:1889–1897; DOI:

10.2353/ajpath.2006.050843)

An increasing number of reports suggests that fibroblasts
from tumor stroma actively contribute to malignant pro-
gression of epithelial neoplasms.1–5 Both normal6–8 and
activated carcinoma-associated fibroblasts9–12 have
been shown to enhance in vitro invasiveness of human
squamous cell carcinoma (SCC) cell lines. Several re-
ports of experiments done on monolayer cultures have
suggested that this effect could be attributable to diffus-
ible factors synthesized by fibroblasts.13–15 However, it
has been suggested recently that the results from studies
performed on conventional, two-dimensional monolayer
cell culture models are difficult to extrapolate to the in vivo
situation because they do not account for the much more
complex mechanisms involved in the three-dimensional
process of cancer development and invasiveness.4,16,17

Thus, further experimental evidence from more complex
in vitro organotypic models that closely mimic the in vivo
three-dimensional tissue structure and cell-to-cell inter-
actions is needed to identify the specific fibroblast-re-
lated factor(s) of major importance for in vivo invasiveness
of SCCs. On the other hand, the previous studies have
used fully transformed cell lines with an established in
vivo invasive phenotype. Whether the same fibroblast-
dependent mechanism(s) of invasiveness takes place at
earlier stages of keratinocyte transformation, when local
invasion is initiated, it is not yet known, and therefore it
has been the focus of this investigation.

Another fibroblast-related factor of importance for the
in vivo invasiveness of carcinoma cells seems to be the
origin of fibroblasts. A role for organ specificity of fibro-
blasts in promoting carcinoma cell invasion has been
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shown.11,18–20 Several studies have reported that only a
limited number of tumor cells of human origin grew in
nude mice.21,22 The sensitivity of the in vivo malignancy
test for human neoplastic cells, especially those at early
stages of malignancy has been questioned,23 and at-
tempts to develop functionally reliable in vivo experimen-
tal models of human tissues in mice have been done by
humanizing the mice microenvironment through addition
of human fibroblasts before xenotransplantation of the
human epithelial cells,24 but the issue of species speci-
ficity has not been further investigated partially because
of the lack of appropriate experimental models.25 The
later development of heterologous organotypic models
has made possible such studies by construction of mod-
els harboring cell types from different species.26

In the present study we have used such organotypic
models 1) to test the hypothesis that invasion of partially
transformed oral epithelial cells is triggered by diffusible,
proinvasive signal(s) provided by species-specific oral
fibroblasts; 2) to investigate whether the growth factors
suggested by monolayer culture studies to be important
for SCC invasiveness play a key role for local invasive-
ness of partially transformed oral keratinocytes in orga-
notypic three-dimensional cultures; and 3) to identify spe-
cific phenotypical changes of partially transformed oral
keratinocytes associated with the transition from a non-
invasive to an invasive behavior.

Materials and Methods

Cell Lines

Partially transformed human oral keratinocytes (DOK cell
line, accession number 94122104) were obtained from
The European Collection of Cell Cultures (Salisbury,
Wiltshire, UK)27 and routinely grown in Dulbecco’s mod-
ified Eagle’s medium (Sigma, St. Louis, MO) supple-
mented with 10% fetal calf serum, 20 �g/ml L-glutamine,
and 5 �g/ml hydrocortisone (all from Sigma). Primary
normal human oral fibroblasts were isolated from six bi-
opsies of human buccal mucosa, after surgical removal
of wisdom teeth as previously described.28 The study,
approved by the Ethics Committee of the University of
Bergen, included clinically healthy donors only after in-
formed consent. Research was performed at the Depart-
ment of Odontology, Oral Pathology and Forensic Odon-
tology, Faculty of Dentistry, University of Bergen, Bergen,
Norway. Normal mouse oral fibroblasts were isolated
from the buccal mucosa of six B6D2F mice (Jackson
Laboratory, Bar Harbor, ME), and normal rat oral fibro-
blasts were isolated from the buccal mucosa of six BD IX
rats (Charles River Laboratories, France) following the
same procedure. Animal care was in accordance to na-
tional legislation and institutional guidelines. Primary hu-
man fibroblasts were routinely grown in minimum essen-
tial medium Eagle (Sigma). Primary mouse and rat
fibroblasts were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 20
�g/ml L-glutamine, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, 0.25 �g/ml amphotericin B (all from Sigma).

DOK in passage 29 and primary fibroblasts in early pas-
sages (2 to 4) were used in the study.

Organotypic Cell Culture

In vitro organotypic cell cultures of neoplastic oral mucosa
were developed by seeding the DOK cells on top of con-
nective tissue equivalents, as previously described.29 The
study design implied construction of various connective
tissue equivalents: simple collagen type I matrix (Figure 1,
panel 1); primary human oral fibroblast-containing matrix
(Figure 1, panel 2); primary mouse oral fibroblast-containing
matrix (Figure 1, panel 3); primary rat oral fibroblast-con-
taining matrix (Figure 1, panel 3); sandwich matrices, in
which an intermediate layer (200 �l per culture) of either
simple collagen matrix (Figure 1, panel 4) or of mouse
fibroblast-containing matrix (Figure 1, panel 5) separated
the epithelial compartment (0.5 � 106 DOK cells per cul-
ture) from the human fibroblast-containing matrix (500 �l
per culture). Conditioned medium obtained from either
monolayer cultures of human fibroblasts (Figure 1, panels 6
and 7) or parallel organotypic cultures of DOK on human
fibroblast-containing matrix (Figure 1, panels 6 and 7) was
mixed 1:1 vol with fresh culture medium and added to some
of the organotypic cultures of DOK on top of either simple
collagen matrix (Figure 1, panel 6) or mouse fibroblast-
containing matrix (Figure 1, panel 7). Recombinant human
growth factors and cytokines (hepatocyte growth factor,
HGF; granulocyte-macrophage colony stimulation factor,
GM-CSF; stem cell factor, SCF; epidermal growth factor,
EGF; keratinocyte growth factor, KGF; transforming growth
factor-�, TGF-�; interleukin 1, IL-1; all from Sigma) were
tested alone or in various combinations by adding them to
the culture media, in a concentration range from 0.1 to 100
ng/ml, at the time of tissue lifting at the liquid-air interface
(day 3 of co-culture) (Figure 1, panels 8 and 9). The cultures
were grown for 10 days in serum-free FAD medium (3 vol
Dulbecco’s modified Eagle’s medium to 1 vol Ham’s F-12)
supplemented with 0.4 �g/ml hydrocortisone, 5 �g/ml insu-
lin, 20 �g/ml transferrin, 50 �g/ml L-ascorbic acid, 1 mg/ml
linoleic acid-albumin, 20 �g/ml L-glutamine (all from Sigma).
The cultured tissues were harvested at day 10 of co-culture.
One half of each culture was snap-frozen in isopentane
prechilled in liquid nitrogen, and the other half was fixed in
4% buffered formalin, pH 7.15, and embedded in paraffin.
Experiments were run six times, in duplicates.

Histomorphometry

Tissue sections (5 �m) from paraffin-embedded speci-
mens, stained with hematoxylin and eosin, were morpho-
metrically analyzed by a computer-based optical image
analyzer (analySIS 11.0; Pro Soft Imaging System, GmbH,
Munster, Germany). An arbitrary straight line was drawn
between the epithelial compartment and the connective
tissue compartment through the upper remnants of the col-
lagen gel. Epithelial thickness (ET) was measured from that
line to the surface of the epithelium. The degree of local
invasiveness was determined by measuring two parame-
ters: the depth of epithelial invasion (Dinv) and the area of
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epithelial nests that grew invasive in the collagen matrix
(Ainv). Dinv was measured from the arbitrary line to the
deepest pick of epithelial cells that migrated into the colla-
gen matrix (two picks were measured per each field). Ainv

was determined as percentage of the matrix area that was
invaded by epithelial cells in a standard square of 30,000
�m2, measured in the matrix layer immediately under epi-
thelium, starting from the arbitrary line described above. All
measurements were done in six different fields per slide,
situated 200 �m apart, at �100 magnification.

Immunohistochemistry

Immunohistochemical staining was performed using the
Autostainer universal staining system (DAKO-USA,
Carpinteria, CA) as previously described.29 Five-�m for-
malin-fixed, paraffin-embedded sections were stained for
Ki67 (MIB-1clone, IgG1, titration 1:50; DAKO, Glostrup,
Denmark), �-smooth muscle actin (�-SMA, clone 1A4,
IgG2a, titration 1:25; DAKO), and collagen IV (CIV221
clone, IgG1, titration 1:25; DAKO). Fresh-frozen, acetone-
fixed samples were stained for c-met (NCL-cMET, IgM,
titration 1:50; Novocastra Laboratories Ltd., Newcastle on
Tyne, UK). Cell proliferation index (PI) was determined as

percentage of Ki67-expressing cells among all cells of
the epithelial compartment per microscopic field. At least
500 cells were counted per field in six fields per slide
situated 200 �m apart, at �200 magnification.

Statistical Analysis

Wilcoxon paired test was used with a level of significance
set at 5% (SPSS 11.0; SPSS, Chicago, IL).

Results

Fibroblast-Derived Diffusible Factors Support
Epithelial Growth of Neoplastic Epithelium
Reconstructed in Vitro from Partially
Transformed Keratinocytes

When grown organotypically, DOK formed a stratified squa-
mous epithelium with a disorganized stratification, cellular
atypia, and hyperchromatic nuclei (Figure 2, A–D). Epithe-
lial thickness (ET � 61.1 � 4.6 �m) and cell proliferation
index (PI � 15.1 � 0.4%) of the epithelium formed when

Figure 1. Study design. Partially transformed human oral keratinocytic cell line (DOK) was organotypically grown on top of various connective tissue equivalents
to investigate whether its growth pattern and invasive phenotype could be modulated by underlying mesenchymal stroma. The flow chart (1 to 9) of various
models used in the study is presented.
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DOK were grown on top of simple collagen matrices were
significantly lower (P � 0.05) than the epithelium formed
when DOK were grown on top of either human (ET � 97.3 �
6.7 �m, PI � 21.2 � 1.2%), mouse (ET � 84.6 � 3.6 �m,
PI � 19.9 � 1.4%), or rat (ET � 81.1 � 6.7 �m, PI � 18.1 �

1.8%) fibroblast-containing matrices (Table 1). Diffusible
factors from the bottom layer of human fibroblast-containing
matrix of sandwich models supported the growth of DOK
cells through the layer of simple collagen gel in a similar
manner (P � 0.05) as the fibroblast-containing matrix in

Table 1. Epithelial Growth and Invasion Analysis of Reconstituted Human Oral Neoplastic Epithelium from Partially Transformed
Oral Keratinocytes Grown on Top of Various Types of Connective Tissue Equivalents and in Different Culture
Conditions

Type of matrix

Growth parameters Invasion parameters

Epithelial
thickness (�m)

Proliferation
index (%)

Depth of
invasion (�m)

Area of
invasion (%)

Human fibroblasts (hF) in collagen type I 97.3 � 6.7 21.2 � 1.2 95.6 � 7.1 45.8 � 3.5
Simple collagen type I 61.1 � 4.6 15.1 � 0.4 14.1 � 2.1 3.7 � 0.8
Sandwich model with simple collagen and hF in

bottom layer
88.7 � 5.1 19.5 � 1.1 38.7 � 3.2 18.1 � 2.1

Simple collagen and conditioned medium from hF
in monolayer

73.3 � 3.2 18.1 � 0.9 11.4 � 2.8 3.9 � 0.7

Simple collagen and conditioned medium from hF
in organotypic co-cultures

93.1 � 7.3 20.9 � 1.2 37.5 � 4.1 14.5 � 1.2

Simple collagen and human growth factors in
cocktail

90.2 � 6.1 27.0 � 1.9 13.2 � 3.7 4.1 � 0.7

Mouse fibroblasts (mF) in collagen type I 84.6 � 3.6 19.9 � 1.4 11.5 � 4.0 4.3 � 1.0
Sandwich model with mF and hF in bottom layer 94.1 � 3.1 20.3 � 1.0 31.5 � 2.6 21.7 � 2.3
mF in collagen and conditioned medium from hF in

monolayer
88.5 � 4.1 21.5 � 1.1 16.3 � 2.8 7.4 � 1.0

mF in collagen and conditioned medium from hF in
organotypic co-cultures

90.8 � 5.2 21.8 � 1.0 27.2 � 1.9 19.3 � 1.2

mF in collagen and human growth factors in
cocktail

110 � 5.8 23.8 � 1.3 17.2 � 2.3 6.7 � 0.9

Rat fibroblasts in collagen type I 81.1 � 6.7 18.1 � 1.8 15.6 � 1.2 6.1 � 0.5

Epithelial growth (total epithelial thickness and cell proliferation index) and invasion (depth and area of invasion) were assessed by
histomorphometry and immunohistochemical staining. Data represent mean � SEM of six different experiments.

Figure 2. Effects of human fibroblast-derived diffusible factors on growth and invasiveness of in vitro neoplastic oral epithelium reconstructed from partially
transformed keratinocytes. Neoplastic oral epithelium was reconstructed by growing DOK cells on top of simple collagen gel (A), human fibroblast-containing
matrix (B), or on sandwich models with a bottom layer of human fibroblast-containing matrix and an intermediate layer of simple collagen gel (C). Conditioned
medium from parallel organotypic co-cultures of DOK on human fibroblast-containing matrices was added at day 3 of co-culture (D). H&E staining is shown
(A–D). E: Epithelial growth (total epithelial thickness and cell proliferation index) and invasion (depth and area of invasion) were assessed. Data represent
mean � SEM of six different experiments. ¤Statistically significant difference when compared with DOK cultures on human fibroblast-containing matrix;
#statistically significant difference when compared with DOK cultures on simple collagen gels. Scale bar, 50 �m.
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direct contact with DOK cells (Table 1 and Figure 2, C and
E). Addition of conditioned media from monolayer cultures
of human fibroblasts or from parallel organotypic co-cul-
tures of DOK on human fibroblast-containing matrix in-
duced an increase in ET and PI of DOK epithelium cultured
on simple collagen gels that became comparable to DOK
epithelium formed on human fibroblast-containing matrices
(P � 0.05) (Table 1). Furthermore, addition of 10 ng/ml of
TGF-� or of a cocktail of human growth factors and cyto-
kines (10 ng/ml each of HGF, GM-CSF, SCF, EGF, KGF,
TGF-�, and IL-1) increased ET and PI of DOK epithelium
grown on top of simple collagen matrices up to values
comparable to the DOK epithelium grown on human fibro-
blast-containing matrices (P � 0.05) (Table 1).

Species-Specific Keratinocyte-Induced
Fibroblast-Derived Diffusible Factors Trigger
Invasiveness of Neoplastic Epithelium
Reconstructed in Vitro from Partially
Transformed Keratinocytes

A minimal invasion was observed when DOK were grown
on top of simple collagen matrices (Dinv � 14.1 � 2.1 �m,

Ainv � 3.7 � 0.8%), on top of matrices containing fibro-
blasts from mouse (Dinv � 11.5 � 4.0 �m, Ainv � 4.3 �
1.0%) or rat (Dinv � 15.6 � 1.2 �m, Ainv � 6.1 � 0.5%)
(Table 1; Figure 2A; and Figure 3, A and B). A signifi-
cantly higher degree of local invasiveness into the colla-
gen matrix was observed when DOK were grown on top
of human fibroblast-containing matrix (Dinv � 95.6 � 7.1
�m, Ainv � 45.8 � 3.5%, P � 0.05) (Figure 2B). DOK
invasion into the collagen gels was not impaired by grow-
ing DOK cells on top of collagen gels populated with a
mixed population of mouse and human fibroblasts, in a
range of 1:1 to 10:1 mouse to human fibroblasts (Dinv �
83.6 � 8.7 �m, Ainv � 43.2 � 3.7%, P � 0.05 when
comparing a mixture ratio of 10:1 mouse:human with
human fibroblasts only). Conditioned medium from
mouse fibroblasts in monolayer or from parallel organo-
typic co-cultures of DOK on top of mouse fibroblast-
containing matrices did not impair local invasiveness of
DOK on human fibroblast-containing matrices (data not
shown).

Local invasion could be induced when DOK were
grown on top of sandwich models in which the bottom
layer of human fibroblast-containing matrix provided dif-
fusible factors to the overlying epithelium through a layer

Figure 3. Effects of species-specific fibroblasts on growth and invasion of in vitro neoplastic oral epithelium reconstructed from partially transformed
keratinocytes. Neoplastic oral epithelium was in vitro reconstituted by growing DOK cell line on top of mouse fibroblast-containing matrix (A, D–F), rat
fibroblast-containing matrix (B), or on sandwich models with a bottom layer of human fibroblast-containing matrix and an intermediate layer of mouse
fibroblast-containing matrix (C). Conditioned medium from parallel organotypic co-cultures of DOK on human fibroblast-containing matrices (D), from human
fibroblasts in monolayer (E), or a cocktail of known human growth factors (F) were added at day 3 of co-culture. H&E staining (A–F) is shown. Epithelial growth
(total epithelial thickness and cell proliferation index) and invasion (depth and area of invasion) were assessed (G). Data represent mean � SEM of six different
experiments. ¤Statistically significant difference when compared with DOK cultures on human fibroblast-containing matrix; #statistically significant difference
when compared with DOK cultures on mouse or rat fibroblast only-containing matrix. Scale bar, 50 �m.
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of simple collagen gel (Dinv � 38.7 � 3.2 �m, P � 0.05;
Figure 2C) or through an intermediate layer of mouse
fibroblast-containing matrix (Dinv � 31.5 � 2.6 �m, Figure
3C). Conditioned medium from human fibroblasts in
monolayer did not induce invasiveness of DOK on either
simple collagen gels or on mouse fibroblast-containing
matrices (P � 0.05) (Table 1 and Figure 3E). In contrast,
conditioned medium from parallel organotypic co-cul-
tures of DOK on top of human fibroblast-containing ma-
trices triggered local invasiveness of DOK on both simple
collagen gels and mouse fibroblast-containing matrices
(P � 0.05) (Figures 2 and 3D). The local invasion induced
in sandwich models or by conditioned medium from ho-
mologous co-cultures, however, did not reach the same
extent as when the homologous cells were cultured in
direct apposition (P � 0.05) (Table 1).

DOK cells were found to express HGF receptor (c-met)
in all cultures. No difference in the pattern of expression
of this receptor was observed between different types of
cultures used (data not shown). However, neither HGF
nor other human growth factors or cytokines tested alone
or in various combinations induced DOK cell invasion
(P � 0.05) (Table 1 and Figure 3F).

Invasiveness of DOK Cells Does Not Correlate
with �-SMA Expression by Stromal Fibroblasts

Almost all fibroblasts stained positive for �-SMA in orga-
notypic co-cultures (98.3 � 0.5% for human, and 99.1 �
2.3% for rat-derived fibroblasts), irrespective of the spe-
cies of origin tested (P � 0.05). The fraction of �-SMA-
positive fibroblasts grown organotypically in collagen
gels was similar whether the fibroblasts were grown with
or without DOK cells on top of the collagen gels (P �
0.05). Expression of �-SMA was significantly lower in
fibroblasts grown in monolayer (63.5 � 5.0% for human,
and 83.7 � 2.6% for rat-derived fibroblasts). The differ-
ence in the �-SMA expression observed between fibro-
blasts grown in monolayer and fibroblasts grown in orga-
notypic co-culture with DOK cells more closely correlated
with the culture method (monolayer on plastic versus
organotypic in collagen gels) rather than with the pres-
ence or absence of an overlying epithelial cell compart-
ment (DOK) to interact with. No correlation was found
between the depth or area of DOK cell invasion and the
proportion of �-SMA-positive fibroblasts in the collagen
gels.

Occurrence of Local Invasiveness Is Associated
with de Novo Synthesis and Deposition of
Species-Specific Collagen IV

Deposition of collagen IV was observed at the epithelial-
matrix interface in homologous organotypic co-cultures
(Figure 4A), but not in DOK cultures on simple collagen gel
(Figure 4B) or in heterologous co-cultures (Figure 4C). Dep-
osition of collagen IV was observed at the invasion front in
sandwich cultures (Figure 4, E and G) and in cultures
treated with conditioned medium from homologous co-cul-

tures (Figure 4, F and H), but not in cultures treated with
conditioned medium from human fibroblasts in monolayer
(Figure 4D). In addition, homologous co-cultures treated
with collagen IV antibody (100 ng/ml of medium) showed
loss of the invasive behavior of DOK cells (Figure 5).

Discussion

As a model of partially transformed keratinocytes we
have used a spontaneously immortalized cell line (DOK)
isolated from a dysplastic lesion of oral mucosa. This cell
line is aneuploid, has a complex karyotype,27 and har-
bors a mutated p53 gene,30 but it has been defined as
partially transformed because it did not form tumors in
nude mice.27 That DOK cells have a less transformed
phenotype when compared to other oral neoplastic cell
lines is also supported by our own in vitro findings from
organotypic cultures,8 in which these cells formed an
epithelium with a certain degree of epithelial maturation,
a polarized proliferation to the basal cell layer, and a
positive staining for CK 13 in the spinous cell layer. The
present finding, that normal human fibroblasts could in-
duce their invasiveness, thus brings additional proof to
the role of fibroblasts on tumor progression. It suggests
that the fibroblasts may have an important role on initiat-
ing the invasive behavior of keratinocytes at earlier
stages of transformation and not only enhancing it in fully
transformed malignant keratinocytes with already estab-
lished invasive properties as previously shown.6,9,10,13

Of notice is the observation that conditioned medium
from parallel organotypic co-cultures of DOK on human oral
fibroblast-containing matrices, but not conditioned medium
from human fibroblasts in monolayer, was able to trigger
DOK invasiveness. This finding is in contrast to previous
reports that found the conditioned medium from human
fibroblasts in monolayer able to induce OSCC cell inva-
sion.6,13 Conversion of stromal fibroblasts into myofibro-
blasts under the influence of transformed epithelial cells has
been shown to occur at the invasion front of SSCs, and it
has been suggested as an important factor for tumor pro-
gression and invasion.31 In this study the invasion of DOK
cells into the stromal compartment did not correlate with the
expression of the myofibroblast marker �-SMA in the stro-
mal fibroblasts, and the expression of �-SMA by the fibro-
blasts in the collagen gel was not enhanced by epithelial-
mesenchymal interactions. Nevertheless, our findings
suggest an ability for the partially transformed oral keratin-
ocytes to affect the spectrum of fibroblast-derived soluble
factors. They also point to the interplay between partially
transformed keratinocytes and stromal fibroblasts as an
essential factor for the initiation of tumor invasiveness but do
not indicate the myofibroblast conversion as the key factor
in initiating invasion of partially transformed oral keratino-
cytes. This might be particular to OSCCs, if one keeps in
mind that the myofibroblast transdifferentiation mechanisms
have been described mainly for SCCs having an extensive
desmoplastic stromal reaction, a feature not commonly
found in OSCCs.32

Partially transformed oral keratinocytes were stimu-
lated by species-specific fibroblast-derived diffusible
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Figure 4. De novo synthesis and deposition of species-specific collagen IV at the epithelial-matrix interface is induced by species-specific diffusible factors and
is associated with an invasive phenotype. Neoplastic oral epithelium was reconstructed by growing for 10 days DOK cells on top of human fibroblast-containing
matrix (A), simple collagen gel (B, F), mouse fibroblast-containing matrix (C, D, H), or sandwich models with a bottom layer of human fibroblast-containing
matrix and an intermediate layer of simple collagen gel (E), or of mouse fibroblast-containing matrix (G). Conditioned medium from human fibroblasts in
monolayer (D) or from parallel organotypic co-cultures of DOK on human fibroblast-containing matrices (F, H) were added at day 3 of co-culture.
Immunohistochemical staining for human collagen IV is shown. Scale bar, 50 �m.
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factors to synthesize and deposit the basement mem-
brane protein collagen IV extracellularly, at the epithelial-
matrix interface, and this phenotypic property was found
to be associated with the occurrence of an invasive be-
havior (Figure 4). Although this observation does not fit
within the classical concept of loss or discontinuity of the
basement membrane in epithelial cancers,33,34 it is com-
patible with recent evidence from both descriptive and
experimental studies for de novo synthesis of basement
membrane constituents in tumor front cells and adjacent
stromal cells.35,36 A role in enhancing local invasion of
transformed epithelial cells has been previously reported
for certain basement membrane proteins and proteogly-
cans such as laminin 5 � 2 chain, collagen VII, fibronec-
tin, tenascin C, hyaluran, or perlecan.16,36–40 More re-
cently, laminin 1 and type IV collagen were shown to
promote intraepithelial expansion of transformed keratin-
ocytes in similar organotypic models of skin.41 Our study
addresses the intermediate step between the previous
two, being the first one that brings experimental evidence
for the involvement of basement membrane protein col-
lagen IV in the initiation process of local invasion of
partially transformed keratinocytes.

As an attempt to identify the specific diffusible factor(s)
responsible for triggering DOK invasion in the organotypic
models we have tested a panel of human growth factors
and cytokines with a potential enhancing effect on epithelial
tumor growth and invasiveness. Among these, HGF has
been previously reported to promote OSCC cell migration in
monolayer cultures.14 GM-CSF has been also shown to
promote migration of neoplastic skin keratinocytes in such
cultures.42 Although some of the factors tested in this study
(eg, TGF-�) could enhance cell proliferation, none of them,
used alone or in combination, was able to trigger DOK cell
invasiveness in the organotypic models (Table 1). The find-
ing that HGF in concentrations up to 100 ng/ml did not
activate cellular migration of DOK cells into the collagen
gels was rather unexpected, since c-met-positive OSCC
cells have been previously reported to respond to HGF in

monoculture.15 However, these results are in line with re-
cent findings from organotypic models of colon carcinoma,
in which HGF alone could not promote migration of tumor
cells into collagen gels.16 It therefore seems appropriate to
suggest that the mechanism(s) of invasion are more com-
plex in the three-dimensional organotypic models and more
diverse than could be suggested by the migration assays
done in more simple conventional two-dimensional models
as monolayers.

A novel finding of this study was that invasiveness of
partially transformed oral keratinocytes was triggered by
oral fibroblasts in a species-specific manner. Although the
mouse and rat fibroblasts were able to stimulate DOK cell
proliferation in a similar way as human fibroblasts did, local
invasion was not observed in the presence of mouse or rat
fibroblasts (Table 1, Figure 3). These in vitro results fit with
previous reports of in vivo xenotransplantation tests, in
which DOK cells did not form tumors in nude mice.27 The
species specificity described above could be related to the
differences in cytokine and collagenase production be-
tween mouse, rat, and human species.43,44 The fact that
conditioned medium from co-cultures of DOK cells and
human fibroblasts could induce DOK invasiveness in
mouse fibroblast-containing matrix points more to the lack
of appropriately induced growth factors in mouse fibro-
blasts by human DOK cells. This might be due to a defi-
ciency in the cross-talk between human keratinocytes and
mouse fibroblasts. The herein reported importance of spe-
cies specificity of fibroblasts for acquisition of growth inva-
sive properties by partially transformed keratinocytes brings
some concern into the general use of animal models for
testing human cell lines with respect to their malignant
properties. We suggest that the in vitro organotypic human
models may serve as additional test models for malignancy
of human-derived neoplastic cell lines.
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