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Background: Although basement membrane was traditionally considered an inert barrier

that tumour cells had to cross before invasion into the surrounding stroma, recent studies

suggest that basement membrane components are not only degraded during tumour

progression, but also newly synthesised at the invasive front.

Objective: This study aimed at evaluating (1) the expression of basement membrane proteins

in human oral carcinogenesis and (2) the role that epithelial–mesenchymal interactions play

on it, by using an in vitro oral cancer progression model.

Material and methods: In vitro three-dimensional (3D) organotypic cultures of normal, early

neoplastic and neoplastic human oral mucosa were developed by growing primary normal

human oral keratinocytes, dysplastic human oral keratinocytes (DOK cell line), and neo-

plastic human oral keratinocytes (PE/CA-PJ15 cell line) on type I collagen biomatrices, with

or without primary fibroblasts isolated from normal human oral mucosa. The cultured

tissues were immunohistochemically assessed for the expression of the major basement

membrane proteins laminin-332, type IV collagen, and fibronectin.

Results: Expression of laminin-332, type IV collagen, and fibronectin was gradually more

pronounced in neoplastic models when compared to normal mucosa models, and, with the

exception of laminin-332, it was further enhanced by presence of fibroblasts. Deposition of

type IV collagen at the epithelium–biomatrix interface occurred only in presence of fibro-

blasts, as well as the extracellular matrix deposition of fibronectin.

Conclusions: These findings, obtained in a 3D in vitro model that closely mirrors the in vivo

human oral cancer progression, show an enhanced basement membrane protein expres-

sion during human oral cancer progression that is dependent on the epithelial–mesench-

ymal environment, respectively the existence of fibroblasts.
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1. Introduction

Basement membrane is the highly specialised structure of

extracellular matrix between epithelium and underlying

connective tissue that consists of a dense network of

glycoproteins (such as laminin, nidogen and fibronectin), type

IV collagen, and proteoglycans.1 Although it was considered

for decades a passive structure that separates epithelia from

connective tissues only, later findings have shown that it is

also able to influence the behaviour of the adjacent epithe-

lium.2–4 Basement membrane proteins have been found to

affect epithelial cellular processes such as proliferation and

differentiation in normal epithelia.3–5 In neoplasia, breaks and

defects of basement membrane were thought to be associated

with the invasive behaviour of several types of tumours,6,7

including oral neoplasia.8–10 However, although historically

considered as an inert barrier that tumour cells had to cross

before they invaded the surrounding stroma, it has become

recently clear that basement membrane is a rather dynamic

structure in the neoplastic process.11,12 It has been shown that

basement membrane components are not only degraded

during tumour progression, but also newly synthesised and

deposited at the tumour invasive front. For example, over-

expression of laminin-332 has been detected at the epithelial–

stroma interface in invasive areas of colorectal, gastric and

squamous cell carcinomas13–16 and in vitro models of oral

squamous cell carcinoma,17 leading to the hypothesis that it

could function as an extracellular ligand helping migration

and invasion of tumour cells. Alterations in type IV collagen

distribution in pre-malignant and malignant lesions of the oral

epithelium have also been reported,9,10 and its expression by

neoplastic cells was found to be correlated with invasion in the

connective tissue matrix in in vitro experimental models.12,18

Increased expression of fibronectin was found as well to be

associated with the invasiveness and the metastatic propen-

sity of oral squamous cell carcinoma,10,19 and the embryonic

EDA and EDB fibronectin splice variants were found highly

expressed in the active tumour stroma close to the invading

oral squamous cell carcinoma nests.20

Taken together, these studies have shown that new

deposition of major basement membrane proteins might be

of importance for the invasive process, and suggest that the

tumour stroma has a major role in this deposition. However, a

more specific description of the dynamics of basement

membrane and its dependency on epithelial–mesenchymal

interactions during oral human tumour progression has not

been studied. Thus, the aim of this study was to investigate the

expression of laminin-332, type IV collagen, and fibronectin,

and the role of epithelial–fibroblast interactions on their

expression pattern during progression towards malignancy,

using step-wise in vitro cell culture models of oral cancer

progression.

2. Materials and methods

2.1. Tissue material

Normal human oral mucosa samples (n = 17) were obtained

from redundant oral tissue removed during wisdom tooth
extraction at Department of Oral Surgery, Faculty of Dentistry,

University of Bergen, Norway. Informed consent was sought

from the patients prior to obtaining the tissue material. The

study was approved by the Ethical Committee of Western

Norway and included tissues obtained only from clinically

healthy donors.

2.2. Cell culture procedures

Primary normal oral keratinocytes (NOK) and fibroblasts (NOF)

were isolated from normal human oral mucosa as described

elsewhere.21 NOK were routinely grown on plastic surfaces

(Nunc, Naperville, IL, USA) with no feeding layers, in

Keratinocyte-Serum Free Medium (KSFM, GibcoBRL, Grand

Island, NY, USA) supplemented with 1 ng/ml human recom-

binant epidermal growth factor (GibcoBRL), 25 mg/ml bovine

pituitary extract (GibcoBRL), 20 mg/ml L-glutamine (GibcoBRL),

100 U/ml penicillin (GibcoBRL), 100 mg/ml streptomycin (Gib-

coBRL), 0.25 mg/ml amphotericin B (GibcoBRL), 6 mg/ml fluco-

nazole (Pfizer, Amboise, France). NOF were grown in Modified

Eagle’s Medium (Sigma, St. Louis, MO, USA) supplemented

with 10% foetal calf serum (Sigma, St. Louis, MO, USA), 20 mg/

ml L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin,

0.25 mg/ml amphotericin B, 6 mg/ml fluconazole. The commer-

cially available dysplastic keratinocyte cell line from the

European Cell Culture Bank: human (Caucasian) dysplastic

oral keratinocyte (DOK) cell line, accession no. 94122104 has

been used in this study. This cell line was established from a

tongue dysplasia. It was reported not to form tumours in nude

mice, and considered to have a transformed but not fully

malignant phenotype.22 Later it was shown that the DOK cell

line harbours p53 mutations.23 DOK cells were routinely grown

on plastic surfaces without feeding layers, in Dulbecco’s

Modified Eagle’s Medium (Sigma) supplemented with 10%

foetal calf serum, 20 mg/ml L-glutamine, and 5 mg/ml hydro-

cortisone. The oral cancer derived-PE/CA-PJ 15 cell line,

accession no. 961211230, that has been previously successfully

used in organotypic cultures of oral neoplasia, was also used.16

It has been isolated from a well-differentiated buccal

squamous cell carcinoma and it was reported to form tumours

in nude mice with the histology similar to the native

carcinoma.17 PE/CA-PJ 15 were routinely grown in Iscove’s

Modified Dulbecco’s Medium (Sigma) supplemented with 10%

foetal calf serum and 20 mg/ml L-glutamine. DOK cells in

passage 29 and PE/CA-PJ 15 cells in passage 9 were used for the

experiments.

2.3. Cultivation of three-dimensional organotypic models
of human oral mucosa

The multi-step model of oral epithelial tumour progression

was obtained by growing normal (NOK, n = 7 cell strains

isolated from different patients), early neoplastic/dysplastic

(DOK) and neoplastic (PE/CA-PJ 15) oral keratinocytes on top of

collagen type I biomatrices using a protocol well established in

our laboratory.24 In order to study the role of epithelial–

mesenchymal interactions on basement membrane protein

expression two types of organotypic cultures were prepared

and used in this study: (1) organotypic monocultures in which

each different type of keratinocytes was seeded on simple
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collagen biomatrices and (2) organotypic co-cultures, in which

keratinocytes were seeded on collagen biomatrices populated

with NOF (n = 7 cell strains isolated from different patients).

The organotypic cultures were grown in serum free culture

medium: 3 vol. Dulbecco’s Modified Eagle’s Medium (Sigma)/

1 vol. Ham’s F 12 (Sigma), supplemented with 0.4 mg/ml

hydrocortisone (Sigma), 5 mg/ml insulin (Novo Nordisk, Bags-

værd, Denmark), 20 mg/ml transferrin (Sigma), 50 mg/ml L-

ascorbic acid (Sigma), 1 mg/ml linoleic acid-albumin (Sigma),

200 mg/ml penicillin, 200 mg/ml streptomycin, 0.5 mg/ml

amphotericin B, 6 mg/ml fluconazole, 20 mg/ml L-glutamine.

The cultures were lifted at air–liquid interface and harvested

after 10 days, formalin fixed and paraffin embedded or fresh-

frozen, as previously described.24

2.4. Immunohistochemistry

Five mm thick formalin-fixed, paraffin-embedded sections

were deparaffinised in xylene for 30 min, thereafter hydrated

through a graded series of alcohol of decreasing concentra-

tions. After washing for 10 min in 1% Tween Tris-buffered

saline (TBS; 0.005 M Tris–HCl, 0.001 M Tris–Base, 0.15 M

NaCl2), the tissue sections were subjected to microwave

treatment and/or protease enzyme treatment. Sections were

microwave treated at 750 W for 9 min first and then for 15 min

at 500 W in 10 mM citrate buffer pH 6 (DAKO, Glostrup,

Denmark), followed by enzymatic treatment with proteinase

K 20 mg/ml (Merck, Darmstadt, Germany) diluted in TBS for

10 min in a humidified chamber for retrieval of laminin-332,

and in antigen retrieval solution pH 6 (DAKO) followed by

enzymatic treatment with proteinase K (DAKO, ready to use)

for 2 min in a humidified chamber for type IV collagen

retrieval. Proteinase K (DAKO, ready to use) for 4 min was

used as the only antigen retrieval treatment for fibronectin.

After cooling and washing, the sections were incubated with

primary antibodies at room temperature in a humidified

chamber for 60 min. Anti-type IV collagen (monoclonal

mouse, clone CIV22, DAKO) and anti-laminin-332 (mono-

clonal mouse, clone D4B5, Chemicon International, Teme-

cula, CA, USA) antibodies were diluted (1:50 and 1:400,

respectively) in 1% BSA in TBS, while anti-fibronectin anti-

body (rabbit polyclonal, Sigma) was diluted (1:400) in antibody

diluent (DAKO). After washing, endogenous peroxidase

activity was quenched with peroxidase block solution

(EnVision+ System, DAKO) for 5 min and the secondary

antibody conjugated with horseradish peroxidase labelled

polymer (EnVision+ System, DAKO) was applied for 30 min.

The presence of antigen was visualised with DAB (3,30-

diaminobenzidine, DAKO) for 10 (laminin-332 and fibronec-

tin) and 20 min (type IV collagen). The slides were counter-

stained with haematoxylin (DAKO), dehydrated through an

ascending graded series of alcohol, xylene and then mounted

with an alcohol soluble mounting medium (Eukit, DAKO).

Native normal human oral mucosa were used as positive

controls for tests with all the antibodies. Sections treated with

antibody diluent instead of primary antibody were used as

negative controls. Specimens stained with various mono-

clonal antibodies were of the same isotype, serving as a

negative control for each other. All the experiments were

performed 3 times, each in duplicate.
2.5. Evaluation of the immunohistochemical staining

The epithelial compartment, the epithelial–matrix interface,

the extracellular matrix compartment and stromal fibroblasts

were each evaluated separately. Epithelium was divided into a

basal cell layer (BCL) and a superficial cell layer (SCL). The basal

cell layer consisted of one to two cell layers that were nearest

and perpendicularly arranged on the epithelial–matrix inter-

face. The rest of the epithelial compartment overlying BCL was

designated as SCL. The sections were assessed semi-quanti-

tatively as negative (no staining), mild (5–30%), moderate (30–

70%) and strong (70–100%), by scoring the percentage of

positive cells per microscopic field (for the epithelial compart-

ment and stromal fibroblasts), by evaluating the extent of the

stained area per microscopic field (for the extracellular matrix

compartment), and the length of the stained epithelial–matrix

interface per microscopic field (for the epithelial–matrix

interface). In order to avoid false positive staining or other

artefacts, the peripheries of tissue sections were routinely

excluded from the analysis.

3. Results

3.1. Enhanced expression of laminin-332 with tumour
progression and independent on epithelial–mesenchymal
interactions

In organotypic models of normal human oral mucosa in

absence of fibroblasts, laminin-332 was found to be expressed

in the cytoplasm of scattered basal cells. When human

fibroblasts were included in the matrix, laminin-332 was

found to be expressed by almost all cells in the epithelial basal

layer, and as a narrow and discontinuous deposition at the

epithelial–matrix interface (Fig. 1 and Table 1). When DOK cells

were grown on top of matrices in the absence of fibroblasts,

laminin-332 immunoreactivity was observed intracellularly in

scattered cells throughout the whole epithelium, and as a

discontinuous extracellular deposition at the epithelial–

matrix interface. Although a slightly more pronounced

deposition of laminin-332 was observed immediately close

to the invasion front, its pattern of expression did not change

with addition of human fibroblasts in the matrix (Fig. 1 and

Table 1). When PE/CA-PJ 15 neoplastic cells were grown on top

of matrices in absence of fibroblasts, intracellular expression

of laminin-332 was detected in almost all epithelial cells,

especially in the basal cell layer (Fig. 1). A discontinuous

deposition of laminin-332 was detected along the epithelial–

matrix interface in these models. The pattern of laminin-332

expression did not change when PE/CA-PJ 15 neoplastic cells

were grown on top of matrices with human fibroblasts. The

fibroblasts and the matrix compartment did not show any

laminin-332 immunoreactivity in any of the above-mentioned

models. With the exception of inducing extracellular deposi-

tion of laminin-332 in the normal human oral mucosa model,

human fibroblasts did not have a significant effect on

epithelial cells in relation to the pattern of expression and

deposition of laminin-332. In control normal human oral

tissues laminin-332 was present as a continuous deposition

along the epithelial basement membrane.



Fig. 1 – Immunoreactivity for laminin-332, type IV collagen and fibronectin in in vitro step-wise organotypic models of oral

cancer progression, in presence and absence of fibroblasts. Normal, early neoplastic and established neoplastic human oral

mucosa models were generated by growing organotypically NOK (A, D, G, J, M, P), DOK (B, E, H, K, N, Q) and PE/CA-PJ 15 (C, F,

I, L, O, R) cells on top of simple collagen I matrices (A, B, C, G, H, I, M, N, O) or in the presence of normal human oral

fibroblasts (NOF) (D, E, F, J, K, L, P, Q, R). Empty arrowheads indicate intracellular accumulation of basement membrane

proteins while solid arrowheads indicate their extracellular deposition. Scale bar is 50 mm at all magnifications.
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3.2. Enhanced expression of type IV collagen with tumour
progression and dependent on epithelial–mesenchymal
interactions

Type IV collagen immunoreactivity could not be detected in

the normal mucosa models constructed in the absence of

fibroblasts (Fig. 1 and Table 1). With inclusion of fibroblasts in

the connective tissue matrices, a distinct linear type IV

collagen deposition could be detected along the epithelial–

matrix interface, similar to the staining pattern and localisa-
tion found in native oral mucosa (Fig. 1 and Table 1). Similarly,

type IV collagen could not be detected in DOK models grown

on matrices in the absence of fibroblasts, but inclusion of

human fibroblasts in these cultures resulted in a strong

deposition of type IV collagen as a continuous band at the

epithelial–matrix interface, and also in the basal layer of early

neoplastic epithelium, as previously shown by our group

(Fig. 1, Table 1 and Ref.12). In the neoplastic models in absence

of fibroblasts an intraepithelial collagen IV deposition was

observed in the lower half of the neoplastic epithelium,



Table 1 – Expression of the basement membrane proteins: laminin-332, type IV collagen and fibronectin in in vitro step-
wise organotypic models of oral cancer progression in presence and absence of fibroblasts. Normal, early neoplastic and
established neoplastic human oral mucosa models were generated by growing organotypically NOK, DOK and PE/CA-PJ 15
cells on top of simple collagen I matrices or in the presence of normal human oral fibroblasts (NOF). The expression of
collagen IV was assessed by immunohistochemistry. SCL: superficial epithelial cell layer; BCL: basal epithelial cell layer;
EMI: epithelial–matrix interface, blank square: no staining; light grey square: mild staining, dark grey square: moderate
staining, and black square: strong staining.
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especially in close proximity to the epithelial matrix interface

(Fig. 1 and Table 1). When normal human fibroblasts were

incorporated in the matrix, a stronger type IV collagen

immunoreactivity was detected within and around the

epithelial cells of the basal layer of the neoplastic epithelium.

In both early neoplastic and neoplastic models immunor-

eactivity for collagen IV could be detected in the stromal

fibroblast and in the connective tissue matrix, especially in

close association with the invasive nests of neoplastic cells. In

control normal human oral tissues type IV collagen was

present as a continuous deposition along the epithelial

basement membrane and in the basement membrane of

blood vessels.

3.3. Enhanced expression of fibronectin in stromal
fibroblasts and extracellular deposition in the connective
tissue matrix with tumour progression and dependent on
epithelial–mesenchymal interactions

Immunostaining for fibronectin showed a linear deposition at

the epithelial–matrix interface when NOK were grown on top

of simple collagen matrices without fibroblasts (Fig. 1). When

fibroblasts were incorporated in the matrix of NOK models, in

addition to the linear distribution at epithelial–matrix inter-
face, fibronectin was detected within approximately 50% of

the fibroblasts and as a mild diffuse staining of the connective

tissue matrix (Fig. 1 and Table 1). When DOK cells were grown

on matrices in absence of fibroblasts, a very thin extracellular

deposition of fibronectin was observed at the epithelial–

matrix interface, but also within the epithelial layers (Fig. 1

and Table 1). Inclusion of human fibroblasts in the matrix

resulted in increased fibronectin expression at the epithelial–

matrix interface of these cultures, and pronounced diffuse

fibronectin immunoreactivity in the connective tissue matrix

and within the fibroblasts (Fig. 1 and Table 1). Interestingly,

fibronectin immunoreactivity could not be detected when PE/

CA-PJ 15 neoplastic cells were grown on top of matrices in

absence of fibroblasts, but when the collagen matrices were

supplemented with NOF, there was a strong discontinuous

extracellular deposition of fibronectin within the epithelial

compartment, at the epithelial–matrix interface, within the

matrix fibroblasts and diffusely in the matrix (Fig. 1 and

Table 1). Compared to NOK models with matrices supple-

mented with fibroblasts, the neoplastic models showed a

gradually enhanced immunoreactivity in the matrix (Table 1).

In control normal human oral tissues fibronectin was present

along the epithelial basement membrane, in the basement

membrane of blood vessels and within fibroblasts.
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4. Discussion

In this study we report (1) an enhanced expression of laminin-

332, type IV collagen and fibronectin that accompanies human

oral cancer progression in vitro. This might seem contradictory

with the classical view and earlier in vivo findings that in oral

dysplasia and oral squamous cell carcinoma multifocal breaks

of BM that correlate to malignancy grade in their extent are

present. However, more recent studies show that in OSCCs the

BM breaks co-exist with new synthesis and deposition of BM

proteins within the cytoplasm of budding carcinoma cells and

in the adjacent stroma of the invasion front. In addition, we

have also shown (2) an important role for epithelial–mesench-

ymal interactions in the expression and deposition of collagen

IV and fibronectin, and (3) a minor role for epithelial–

mesenchymal interactions for laminin-332 expression. To the

bestof our knowledge, such a correlation between expression of

major basement membrane proteins and tumour progression

in an in vitro step-wise model of human oral mucosa has not

been previously reported, although a role for epithelial–

mesenchymal interactions in deposition and ultrastructural

organisation of basement membrane proteins like type IV, type

VII collagens and laminin, has been shown in three-dimen-

sional cultures of normal skin25–27 and oral mucosa.18,24

In our tumour progression model the degree of oral

keratinocyte transformation was associated with a stronger

expression and deposition of laminin-332, in line with

previous findings on archival human oral tissues that showed

high expression of laminin-332 in basal epithelial cells of oral

dysplasia and OSCC17,28 and with previous in vitro observations

that PE/CA-PJ 15 cells expressed laminin-332 mainly within

the cells at the invasive front.17 The last study had also shown

that the presence of tumour-derived fibroblasts was crucial in

organising a fibrillary deposition of laminin-332 in the stroma

adjacent to the invading cells. In our study, as well as in

another very recent study,29 normal human fibroblasts had a

less modulatory effect on laminin-332 expression by trans-

formed keratinocytes, suggesting that the origin of fibroblast

(tumour versus normal stroma) may be of importance for

accurate in vitro restoration of the in vivo epithelial–mesench-

ymal interactions. This hypothesis needs however to be

further tested on matched pairs of tumour-derived fibroblasts

and normal fibroblasts from the same patient, and we are now

in the process of running of a such a comparative study.

Immunohistochemical localisation of type IV collagen at

the basement membrane area of normal, dysplastic and oral

cancer tissues has been reported previously in human archival

tissues,6,8 as well as in animal models of oral squamous cell

carcinoma progression.30 However, these studies documented

a decreased expression or a focal loss of type IV collagen at the

basement membrane area, in relation to tumour progression.

In contrast to those studies we could detect a continuous and

pronounced type IV collagen deposition at the invasive front of

both early neoplastic and established neoplastic oral mucosa

models. In addition, our results show, as we also previously

suggested12,18,24 a strong dependency on epithelial–mesench-

ymal interactions for type IV collagen synthesis and extra-

cellular deposition, in both normal and neoplastic models of

oral mucosa. This supports the previous suggestion that

collagen IV in normal epithelial basement membrane is
mainly derived from fibroblasts from the connective stromal

tissue.31 Nevertheless, our finding that PE/CA-PJ 15 neoplastic

cells were able to synthesise and deposit collagen IV in the

absence of fibroblasts indicates that an epithelial origin for

type IV collagen cannot be excluded, although it might be a

feature acquired through malignant progression.12

A major observation of this study is that normal keratino-

cytes were able to synthesise and deposit fibronectin extra-

cellularly at the epithelial–matrix interface area even in the

absence of fibroblasts in the matrix. This indicates that normal

oral keratinocytes are able to synthesise fibronectin, although

in this particular study it was detected in specific culture

conditions. This point of view is supported by previous

findings that found fibronectin to be expressed in new born

rat skin keratinocytes in monolayer culture.32,33 Therefore,

although the present findings are based on an in vitro culture

model, they raise the question on fibroblasts as the major

source of fibronectin, and indicate that the role of keratino-

cytes in synthesising fibronectin cannot be ruled out. How-

ever, the presence of fibroblasts, especially in the neoplastic

models resulted in a significant increase in the fibronectin

immunoreactivity of the connective tissue matrix of these co-

cultures (Fig. 1). Previous studies reporting strong stromal

fibronectin immunoreactivity adjacent to the tumour invasive

front suggested that in highly invasive oral squamous cell

carcinoma deposition of fibronectin could be an invasion

associated phenomenon.10 In our in vitro oral cancer progres-

sion model not only cultures with fully transformed malignant

phenotype but also those with partially transformed pheno-

type of keratinocytes (DOK cell line), overexpressed fibronec-

tin in the extracellular matrix. This upregulation of fibronectin

expression in the extracellular matrix may be an indication of

an active desmoplastic tumour stroma.19 Our observation that

matrix fibronectin overexpression is associated with the

degree of keratinocyte transformation in the epithelium

points to the fact that while fibroblasts play a role in

stimulating keratinocytes to grow invasively into the matrix,

the transformed keratinocytes modulate the underlying

fibroblasts to deposit more fibronectin in the stroma and

thereby create a proinvasive stromal microenvironment.

However, future studies should investigate the effects of

fibroblast activation by transformed keratinocytes on base-

ment membrane protein expression in general, and specifi-

cally on synthesis and extracellular deposition of fibronectin

and its alternative spliced variants that would throw more

light into the understanding of specific mechanisms as to how

epithelial–mesenchymal interactions influence the progres-

sion of oral squamous cell carcinoma. Nevertheless, the

present findings, obtained in a 3D in vitro model that closely

mirrors the in vivo human oral cancer progression, show an

enhanced basement membrane protein expression during

human oral cancer progression that is dependent on the

epithelial–mesenchymal environment, respectively the exis-

tence of fibroblasts.
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