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Collagenase-3 (MMP-13) is a human matrix metallo-
proteinase specifically expressed by invading tumor
cells in squamous cell carcinomas (SCCs) of the head
and neck. Here, we have further elucidated the role of
MMP-13 in tumor invasion by examining its expres-
sion in invasive malignant tumors of the female gen-
ital tract. Using in situ hybridization, expression of
MMP-13 mRNA was detected in 9 of 12 vulvar SCCs,
primarily in tumor cells, but not in intact vulvar ep-
ithelium, in cervical SCCs (n 5 12), or in endometrial
(n 5 11) or ovarian adenocarcinomas (n 5 8). MMP-13
expression was especially abundant in vulvar carci-
nomas showing metastasis to lymph nodes and was
associated with expression of membrane type 1 MMP
by tumor cells and gelatinase-A (MMP-2) by stromal
cells, as detected by immunohistochemistry. MMP-13
mRNAs were detected in 9 of 11 cell lines established
from vulvar carcinomas and in 4 of 6 cell lines from
cervical carcinomas, whereas endometrial (n 5 10)
and ovarian (n 5 9) carcinoma cell lines were nega-
tive for MMP-13 mRNA. No correlation was detected
between MMP-13 expression and p53 gene mutations
in vulvar SCC cell lines. However, MMP-13 expression
was detected in 5 of 6 vulvar and cervical SCC cell
lines harboring HPV 16 or 68 DNA. These results show
that MMP-13 is specifically expressed by malignantly
transformed squamous epithelial cells, including vul-
var SCC cells, and appears to serve as a marker for their
invasive capacity. (Am J Pathol 1999, 154:469–480)

Matrix metalloproteinases (MMPs)1 are a family of zinc-
dependent endopeptidases collectively capable of de-
grading essentially all extracellular matrix components.
At present, the MMP gene family contains 16 human
members, which can be classified into subgroups of

collagenases, gelatinases, stromelysins, membrane-type
MMPs (MT-MMPs), and novel MMPs according to their
substrate specificity and structure.1,2 Degradation of ma-
trix components by MMPs plays an important role in
normal tissue remodeling, eg, during fetal development,
tissue repair, angiogenesis, and endometrial cycling,
as well as in pathological conditions such as osteoarthri-
tis, rheumatoid arthritis, atherosclerosis, periodontitis, au-
toimmune blistering disorders of the skin, and tumor in-
vasion and metastasis.1–3 Members of the collagenase
subgroup of MMPs, ie, collagenase-1 (MMP-1), collage-
nase-2 (MMP-8), and collagenase-3 (MMP-13), are the
principal neutral proteinases capable of degrading native
fibrillar collagens in the extracellular space. They all
cleave type I, II, and III collagens at a specific site,
generating 3/4 N-terminal and 1/4 C-terminal fragments,
which then denature in physiological temperature and
are degraded by other MMPs, eg, gelatinases.2,3

MMP-13 also cleaves native type I collagen in the N-
terminal nonhelical telopeptide.4 Because fibrillar colla-
gens are the most abundant structural components of
human connective tissues, it is conceivable that the abil-
ity to degrade collagenous extracellular matrix is crucial
for invasion of neoplastic cells.2,3

Human collagenase-3 (MMP-13), originally cloned
from breast carcinoma tissue,5 is characterized by ex-
ceptionally wide substrate specificity compared to other
MMPs. MMP-13 cleaves fibrillar collagens, preferring
type II collagen over types I and III, and displays over
40-fold stronger gelatinase activity than MMP-1 and
MMP-8.6–8 In addition, MMP-13 degrades type IV, IX, X,
and XIV collagens, tenascin, fibronectin, and aggrecan
core protein.8,9 Apparently due to its ability to degrade a
wide range of matrix components, the physiological ex-
pression of human MMP-13 is limited to situations in
which rapid and effective remodeling of collagenous ex-
tracellular matrix is required, ie, fetal bone development
and postnatal bone remodeling.10,11 On the other hand,
MMP-13 apparently plays a role in excessive degradation
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of collagenous matrix in osteoarthritic cartilage,7,12,13

rheumatoid synovium,11,13,14 chronic cutaneous ulcers,15

intestinal ulcerations,16 and periodontitis.17 The wide
substrate specificity of MMP-13 also makes it a potent
proteolytic tool for invading tumor cells and the expres-
sion of MMP-13 has been documented in breast carci-
nomas,5,18,19 squamous cell carcinomas (SCCs) of the
head and neck,20,21 cutaneous basal cell carcinomas,21

and chondrosarcomas.22 Our recent observations show
that in SCCs of the skin, oral cavity, and larynx, MMP-13
is expressed mainly by tumor cells at the invading margin
of the tumor (and also in some cases by stromal fibro-
blasts),20,21 whereas no MMP-13 expression is noted in
intact or re-epithelializing epidermis, healthy oral mu-
cosa, or normal keratinocytes in culture.15,20,21,23

To further elucidate the role of MMP-13 in tumor cell
invasion, we have examined its expression in invasive
malignant tumors of the female genital tract. Previous
studies have demonstrated expression of gelatinase-A
(MMP-2) and gelatinase-B (MMP-9) in endometrial carci-
nomas24–26 and expression of MMP-2, MMP-9, and MT1-
MMP in cervical25,27–29 and ovarian30–34 carcinomas. At
present, neither the level of expression of MMP-13 in any
of these neoplastic tumors nor the role of MMPs in the
invasion of vulvar carcinoma is known. In this study we
show that MMP-13 mRNA is abundantly expressed by
tumor cells of vulvar SCCs in vivo, whereas no expression
of MMP-13 is detected in cervical SCCs or endometrial or
ovarian adenocarcinomas in vivo. In addition, MMP-13
expression was noted in vulvar and cervical carcinoma
cells in culture, especially by 5 of 6 vulvar and cervical
SCC cell lines harboring human papilloma virus (HPV) 16
or 68 DNA, whereas no correlation was detected be-
tween MMP-13 expression and p53 gene mutations in
vulvar SCC cell lines. These results provide evidence that
MMP-13 is specifically expressed by malignantly trans-
formed squamous epithelial cells, including vulvar SCC
cells, and may serve as a marker for their invasive ca-
pacity.

Materials and Methods

In Situ Hybridizations

Formalin-fixed, paraffin-embedded specimens of vulvar
SCCs (n 5 12, Table 1), cervical SCCs (n 5 12; 1 in situ
carcinoma, 6 T1N0M0, 2 T2N0M0, 1 T3N1M0,1 T4N0M0
and 1 T4N0M1; 5 grade II, 6 grade III), endometrial
adenocarcinomas (n 5 11), and ovarian serous adeno-
carcinomas (n 5 8) were obtained from the Department
of Pathology, University of Turku, Finland. In vitro tran-
scribed antisense and sense RNA probes were labeled
with [a-35S]UTP as described previously.35 A 491-bp
ApaI fragment from the 59 end of the human MMP-13
cDNA23 was used to transcribe antisense and sense
RNAs, respectively. The specificity of these probes has
been shown previously.10,15–17,20,21 Generation and
specificities of human MMP-1 and stromelysin-1 (MMP-3)
antisense and sense RNA probes have been described
previously.36,37 Tissue sections 5 mm thick were treated
with proteinase K, washed in 0.1 mol/L triethanolamine
buffer containing 0.25% acetic anhydride, and covered
with 50–100 ml of hybridization buffer containing 2.5–5 3
104 cpm/ml of 35S-labeled antisense or sense RNA probe.
After hybridization at 50–55°C for 18 hours in a humidi-
fied chamber, the slides were washed under stringent
conditions, including RNase A treatment, to remove un-
hybridized probe.36 After autoradiography for 25 to 35
days, the photographic emulsion was developed and the
slides were stained with hematoxylin and eosin. Samples
of tissues previously shown to express MMP-13 mRNA
(breast carcinoma5) and MMP-1 and MMP-3 mRNA
(chronic dermal ulcers15) were used as positive controls
and a labeled sense probe was used as a negative
control in each in situ hybridization.

Immunohistochemistry

Immunostainings of sections parallel to those used for in
situ hybridization were performed by the avidin-biotin-

Table 1. Expression of MMPs in Vulvar Carcinomas

Patient Age
Type of
lesion

Tumor
grade

TNM at
diagnosis

Survival in
months*

MMP-13 MMP-1 MMP-2 MMP-9 MMP-3 MT1-MMP

T S T S T S T S** T S T S

1 70 primary I T1N0M0 12 1 1 2 11 1 1 1 1 2 2 N.D. N.D.
2 74 recurrent II T1N0M0 168 2 2 2 2 1 1 2 1 2 2 1 2
2 74 recurrent III T1N0M0 168 111 2 11 1 1 1 2 1 1 2 1 2
3 73 primary II T3N2M0 3 111 2 111 1 1 11 11 1 11 1 11 1
4 71 primary I T2N0M0 37 11 2 1 2 11 1 1 1 2 2 11 1
5 73 primary II T2N0M0 36 1 2 1 11 2 1 1 1 11 1 11 1
6 75 recurrent I T1N0M0 1231 11 2 1 2 11 1 N.D. N.D. 2 2 11 2
6 75 recurrent I T1N0M0 1231 1 2 11 2 1 1 2 1 2 2 N.D. N.D.
7 77 primary I T2N1M0 401 1111 1 1 11 1 1 1 1 11 1 111 1
8 73 recurrent I T3N0M0 441 2 2 2 2 2 1 N.D. N.D. 2 2 1 2
9 35 recurrent II T3N2M0 9 1111 1 2 1 1 11 1 1 1 2 111 1

10 45 primary I T3N0M0 191 2 2 1 2 2 1 N.D. N.D. 2 2 11 1

Expression of MMP-13, MMP-1, and MMP-3 was determined by in situ hybridization. Expression of MMP-2, MMP-9, and MT1-MMP was determined
by immunostaining. Expression estimated in range from 2 to 1111. T, tumor; S, stroma; N.D., not determined.

*Patients marked with 1 after survival in months are still alive.
**Detected in inflammatory cells of stromal infiltrate.
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peroxidase complex technique37 using diaminobenzi-
dine as chromogenic substrate. Monoclonal antibodies
anti-MMP-9 (GE213, dilution 1:500; Diabor, Oulu, Fin-
land),38 anti-MMP-13 (181–15A12, dilution 1:30) (Onco-
gene Research Products, Cambridge, MA), anti-MT1-
MMP (114–6G6, dilution 1:10) (Oncogene Research)39

and anti-MMP-2 (42–5D11, dilution 1:200) (Oncogene
Research) were used. Affinity-purified polyclonal anti-
serum against matrilysin (MMP-7)40 was diluted 1:800.
For staining with MMP-9 and MMP-7 antibodies, sections
were pretreated with 10 mg/ml trypsin. The tissues were
counterstained with hematoxylin. Negative control stain-
ings were performed with preimmune mouse ascites fluid
for mouse monoclonal antibodies and with rabbit preim-
mune serum for polyclonal antibodies.

Cell Cultures

The establishment and characterization of the vulvar SCC
cell lines (Table 2),41–43 cervical SCC cell lines (CaSki,
Me-180, Hx-151, Hx-156, and UT-CxC-1),44 cervical
glassy cell carcinoma cell line (UM-GCC-1),44 and endo-
metrial carcinoma cell lines (KLE, RL95-2, UM-EC-1, -2,
UT-EC-2A, -2B, -2C, -3, -5, and -6)45 have been de-
scribed previously and their p53 and HPV status has
been documented.43–47 In addition, ovarian carcinoma
cell lines (n 5 9) (SK-OV-3, Ca-OV-3, UT-OV-2, -3, -4, -5,
-6, -9, and -10) were used. All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 6 mmol/L glutamine, nonessential amino
acids, and 10% fetal calf serum (FCS). Cell lines UT-
DEC-1 and UT-DEC-2, established from premalignant
vaginal intraepithelial neoplasias48,49 were cultured in
Keratinocyte-Serum Free Medium (Gibco BRL, Gaithers-
burg, MD) supplemented with bovine pituitary extract (50
mg/ml) and recombinant epidermal growth factor (5 ng/
ml) in early subcultures. UT-DEC-1 cells in passage 89
were cultured in DMEM supplemented with 6 mmol/L
glutamine, nonessential amino acids, and 5% FCS.

Cytokines and Growth Factors

Human recombinant tumor necrosis factor-a (TNF-a) and
transforming growth factor-b1 (TGF-b1) were obtained
from Sigma Chemical (St. Louis, MO). Human recombi-
nant transforming growth factor-a (TGF-a) was obtained
from PeproTech EC (Rocky Hill, NJ).

RNA Analysis

Total cellular RNA was isolated from cell cultures using
the single step method.50 Northern blot hybridizations
were performed as described previously23 with cDNAs
labeled with [a-32P]dCTP by random priming. Human
MMP-13 cDNA fragments covering the coding region
and part of the 39-untranslated region, totaling 1931 bp,
were used as probes.23 In addition, a 2-kb human MMP-1
cDNA,51 a 1.5-kb human MMP-3 cDNA,52 a 2.7-kb
MMP-2 cDNA,53 a 2-kb human MMP-9 cDNA,54 a 0.7-kb
human MT1-MMP (MMP-14) cDNA,55 a 1-kb human
MMP-7 cDNA,56 and a 1.3-kb rat cDNA for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)57 were
used for Northern blot hybridizations. [32P]-cDNA/mRNA
hybrids were visualized by autoradiography and the
mRNA levels were quantitated by densitometry and cor-
rected for the levels of GAPDH mRNA in the same RNA
samples.

Results

Expression of MMP-13 in Vulvar Carcinomas

Our recent observations show that MMP-13 is expressed
by tumor cells in SCCs of the head and neck, as well as
by cell lines established from corresponding tumors.20 In
contrast, MMP-13 is not expressed by normal human
epidermal keratinocytes in culture, in intact skin, or in
re-epithelializing cutaneous wounds, indicating that the
ability to express MMP-13 is specific to transformed ker-

Table 2. Expression of MMPs by Cell Lines Established from Vulvar Carcinomas

Cell line Age
Type of
lesion

Tumor
grade

TNM at
diagnosis

HPV
status

p53 gene
status

mRNA levels

MMP-13 MMP-1 MMP-7 MT1-MMP MMP-9

UM-SCV-1A 62 primary II–
III

T3N2M1 2 WT 1.3 2 5.6 0.7 2

UM-SCV-1B 62 metastasis III T3N2M1 2 WT 4.0 3.0 4.5 5.0 2
UM-SCV-2 86 recurrent III T3N1M0 2 1 4.3 3.0 0.9 1.0 2
UM-SCV-3 66 primary II T2N0M0 2 1 2 2 2 0.7 2
UM-SCV-4 41 primary I T2N2M0 2 1 2 2 2 0.1 2
UM-SCV-5 60 recurrent II N.A. 2 1 1.0 2 0.4 0.2 0.3
UM-SCV-6 43 recurrent II T1N1M0 HPV16 WT 10 2 2 0.5 2
UM-SCV-7 77 primary II–

III
T2N2M0 2 1 0.2 1.0 0.9 0.5 2

UT-SCV-1 70 metastasis I T1N0M0 2 1 0.3 2 2 0.1 2
UT-SCV-2 74 recurrent II T1N0M0 2 WT 15 2 0.7 0.1 2
UT-SCV-3 73 primary II T3N2M0 N.D. N.D. 6.8 12 0.2 0.1 2

mRNA levels were determined by Northern blot hybridizations, quantitated by densitometry, and corrected for the levels of GAPDH mRNA.
UT-SCV-1 cell line is derived from patient # 1, UT-SCV-2 cell line from patient # 2 and UT-SCV-3 cell line from patient # 3.

N.D., not determined; N.A., not available; WT, wild-type p53 gene; 1, mutated.
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atinocytes.15,20,21,23 In the present study, we have further
elucidated the role of MMP-13 in tumor invasion by ex-
amining its expression in invasive malignant tumors of the
female genital tract with distinct histogenetic origin, ie,
SCCs of vulva and uterine cervix and adenocarcinomas
of endometrium and ovary. Initially, we examined the
expression of MMP-13 mRNAs in these tumors by in situ
hybridization. Signal for MMP-13 mRNA was detected in
9 of 12 vulvar SCC samples (5 of 6 primary SCCs and 4
of 6 recurrent tumors) (Table 1). In contrast, no MMP-13
mRNAs were detected in any of the cervical SCCs (n 5
12) representing different stages of the tumor, nor in the
endometrial (n 5 11) or ovarian (n 5 8) adenocarcinomas
examined (not shown). In comparison, expression of
MMP-1 mRNA was detected in 6 cervical SCCs, in tumor
cells in 2 carcinomas, and in stromal cells in 4 tumors. In
addition, MMP-1 was detected in stromal cells in 2 endo-
metrial carcinomas and 1 ovarian carcinoma (not shown).

In the majority of MMP-13-positive vulvar SCCs,
MMP-13 mRNA expression was confined to tumor cells
(Figures 1, A-C, E, and F, and 2, A, B, D, and E). How-
ever, in three tumors MMP-13 expression was also noted
in stromal cells (Table 1). No specific signal was detected
in parallel tissue sections hybridized with the sense
probe (Figure 1D). No MMP-13 mRNA could be detected
in normal intact vulvar epithelium (Figure 1H).

High levels of MMP-13 mRNA expression were noted
in three vulvar SCCs that showed metastasis to lymph
nodes (stage N1 or N2) at the time of diagnosis, suggest-
ing a role for MMP-13 in the high invasion capacity of
these tumors (Figures 1, E and F, and 2, A, B, D, and E;
Table 1). Abundant MMP-13 expression was detected in
both small (stage T1) and larger (stages T2 and T3)
tumors, indicating that expression of MMP-13 is activated
early in vulvar SCC development (Table 1). In general,
expression of MMP-13 was detected in well differentiated
(grade 1) tumors, as well as in moderately (grade 2) and
poorly (grade 3) differentiated tumors (Table 1). How-
ever, differentiating tumor cells were devoid of MMP-13
mRNA, whereas expression of MMP-13 mRNA was de-
tected in undifferentiated tumor cells (Figure 2, D and E).
Expression of MMP-13 was also examined by immuno-
histochemistry in five vulvar SCCs expressing high levels
of MMP-13 mRNA, ie, from patients 2, 3, 4, 7, and 9.
Staining for MMP-13 was noted in all these vulvar SCCs,
primarily in tumor cells and occasionally in stromal fibro-
blasts (Figure 2H). No staining was detected in negative
controls using preimmune mouse ascites fluid instead of
primary antibody (Figure 2I).

Signal for collagenase-1 (MMP-1) mRNA was ob-
served in 10 of 12 vulvar SCCs examined, 8 samples of
tumor cells, and 6 samples of stromal cells (Table 1). Of
these, in two tumors MMP-1 mRNA was detected only in
stromal cells. In many of the tumors examined, expres-
sion of MMP-1 in tumor cells was lower than MMP-13
expression (Figure 1, E-G). Of the 12 vulvar SCCs exam-
ined, two were entirely negative for both MMP-13 and
MMP-1 mRNA (Table 1). Intact vulvar epithelium was
negative for MMP-1 mRNA (not shown).

Coordinate Expression of MMP-13 and MT1-
MMP by Tumor Cells in Vulvar SCCs

Latent MMP-13 is activated by stromelysin-1 (MMP-3),
membrane type 1 MMP (MT1-MMP), and gelatinase-A
(MMP-2).6,58 In this context, we also examined the ex-
pression of these MMPs in vulvar SCCs. Expression of
MT1-MMP was detected by immunohistochemistry in all
10 vulvar SCCs examined (Table 1). Interestingly, the
expression of MT1-MMP was abundant in tumor cells,
often noted in the regions with MMP-13-positive tumor
cells in parallel sections (Figure 2, A-F and H). In addi-
tion, in certain tumors, stromal fibroblasts stained positive
for MT1-MMP, although less intensely than tumor cells
(Figure 2, C and F). Expression of MMP-2 was also de-
tected by immunohistochemistry in stromal cells of all 12
vulvar SCCs examined and in tumor cells in 9 SCCs
(Table 1). In contrast to MT1-MMP, staining for MMP-2
was often more pronounced in stromal fibroblasts than in
tumor cells (Figure 2G). MMP-2-positive cells were also
detected in the vicinity of tumor cells expressing MMP-13
in parallel sections (Figure 2, D, E, and G). These results
show that the expression of MMP-13 is associated with
the expression of MT1-MMP or MMP-2 in vulvar SCCs,
providing an optimal environment for pericellular activa-
tion of tumor cell-derived latent MMP-13. Using in situ
hybridization, expression of MMP-3 mRNA was detected
in five tumors, all of which also expressed MMP-13 (Table
1). However, the signal for MMP-3 mRNA was generally
observed in isolated tumor cells and it did not seem to
colocalize with that of MMP-13 (not shown).

Expression of MMP-9 by Tumor and
Inflammatory Cells in Vulvar SCCs

As MMP-13 has been show to activate latent MMP-9,59

we also examined the expression of MMP-9 in vulvar
SCCs by immunostaining. Interestingly, MMP-9 expres-
sion was detected in mononuclear and polymorphonu-
clear inflammatory cells in stromal infiltrate adjacent to
tumor in all nine SCCs examined (Table 1). In addition,
MMP-9-positive tumor cells were detected at the invading
edge of six tumors (Figure 3A, Table 1). In certain vulvar
SCCs, MMP-9-positive tumor cells or inflammatory cells
colocalized with MMP-13-expressing tumor cells (Figure
3, A and B). However, MMP-9-positive tumor and inflam-
matory cells were also detected in areas devoid of
MMP-13 mRNA (not shown). Expression of matrilysin
(MMP-7) was also detected by immunostaining in tumor
cells of 3 of 5 vulvar SCCs examined (not shown).

Expression of MMP-13 by Vulvar
SCC Cell Lines

We also examined the expression of MMP-13 in 11 cell
lines established from primary or recurrent vulvar SCCs
or their metastases (Table 2). As shown in Figure 4A and
Table 2, basal expression of MMP-13 mRNAs was de-
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Figure 1. Expression of MMP-13 and MMP-1 in vulvar SCCs. A and B:
Corresponding dark-field and bright-field exposures of in situ hybridization
showing MMP-13 mRNA positive tumor cell islands (arrows) in primary
vulvar SCC (patient 4). C: Higher magnification of B showing expression of
MMP-13 mRNA in tumor cells. D: No signal is detected in a parallel section
hybridized with the sense MMP-13 probe. E: Expression of MMP-13 mRNAs
by tumor cells at the invasive front of a primary vulvar SCC (patient 3). F:
Bright-field exposure of panel E. G: Dark-field exposure of a section parallel
to that shown in panel F hybridized with MMP-1 antisense probe, showing
MMP-1 mRNA in isolated tumor cells. H: Dark-field exposure of normal
vulvar epithelium hybridized with MMP-13 antisense probe shows no signal.
t, tumor; s, stroma. Bars: 24 mm (A, B, and D-H) and 6 mm (C).
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tected in 9 of 11 vulvar SCC cell lines examined (3 of 5
cell lines from primary tumors and all 6 cell lines from
recurrent tumors or metastases) (Table 2). Basal expres-
sion of MMP-1 mRNA was detected in 4 of 11 SCC cell
lines (Figure 4A, Table 2). Only 2 of 11 vulvar SCC cell
lines were negative for both MMP-13 and MMP-1 (Table
1). Interestingly, expression of MT1-MMP was detected in
all vulvar SCC cell lines examined (Figure 4A, Table 2).
Expression of MMP-9 was detected at basal level in one
vulvar SCC cell line examined (Table 2), whereas expres-
sion of MMP-7 was detected in 7 cell lines (Figure 4A,
Table 2). In contrast, expression of MMP-3 or MMP-2
mRNA was not detected in any vulvar SCC cell line
examined (Table 2).

Inactivation of p53 tumor suppressor gene by either
mutation or oncogenic HPV E6 protein is often detected
in vulvar SCC cells.43,46,47 In our material, six of the vulvar

SCC cell lines examined have mutations in p53 gene, four
cell lines have wild-type p53 gene, and one cell line with
wild-type p53 harbors HPV 16 DNA (Table 2).43,46,47

Interestingly, MMP-13 expression was detected in four
vulvar SCC cell lines with p53 mutation and in one cell
line that harbors HPV 16 DNA and has wild-type p53
gene (Table 2). However, lack of MMP-13 expression in
two cell lines with mutated p53 shows that inactivation of
p53 is not alone sufficient for induction of MMP-13 ex-
pression (Table 2). Furthermore, basal expression of
MMP-13 mRNA was detected in all three cell lines with
wild-type p53 gene and no HPV DNA, indicating that
inactivation of p53 is not essential for induction of
MMP-13 expression in vulvar SCC cells (Table 2).

Figure 2. Colocalization of MMP-13, MT1-MMP, and MMP-2 expression in vulvar SCCs. A: Dark-field exposure of an in situ hybridization showing MMP-13 mRNA
positive tumor cells in a primary vulvar SCC (patient 7). B: Bright-field photomicrograph corresponding to panel A. C: Immunostaining of a section parallel to
that shown in panel B with anti-MT1-MMP antibody, showing MT1-MMP-positive tumor cells and stromal fibroblasts. D: Dark-field exposure showing expression
of MMP-13 mRNA by tumor cells in a recurrent vulvar SCC (patient 9). E: Bright-field exposure corresponding to panel D. F: Immunostaining of a section parallel
to that shown in panel E with anti-MT1-MMP antibody showing MT1-MMP-positive tumor cells and stromal fibroblasts (arrows). G: Immunostaining of a section
parallel to that shown in panel E with anti-MMP-2 antibody showing MMP-2 expression in stromal cells and in tumor cells in the periphery of tumor islands. H:
Immunostaining of a section parallel to that shown in panel E with anti-MMP-13 antibody showing MMP-13-positive tumor cells and stromal fibroblasts (arrows).
I: Control immunostaining of section parallel to that shown in panel E using preimmune mouse ascites fluid in place of primary antibody shows no positive
staining. t, tumor; s, stroma. Bars: 24 mm (A-E, I) and 10 mm (F-H).

Figure 3. Colocalization of MMP-13- and MMP-9-expressing cells in vulvar
SCCs. A: Immunostaining of a vulvar SCC (patient 3) with anti-MMP-9
antibody, showing MMP-9-positive tumor cells (thin arrows) and mononu-
clear inflammatory cells (thick arrows). B: In situ hybridization of a section
parallel to that shown in A with MMP-13 antisense probe showing MMP-13
expression by tumor cells. Bars: 6 mm.

Figure 4. Expression of MMP-13 in cell lines from vulvar SCCs. A: Vulvar SCC
cell lines UM-SCV-1B1 and UM-SCV22 were cultured in DMEM supplemented
with 6 mmol/L glutamine, non-essential amino acids, and 10% FCS. B: Cell
lines UM-SCV-7, UT-SCV-2, and UT-SCV-3 derived from vulvar SCCs were
incubated for 24 hours in serum-free medium alone (control) or in the
presence of TNF-a (20 ng/ml), TGF-b1 (5 ng/ml), or TGF-a (10 ng/ml), as
indicated. A, B: Total RNA was extracted and 20-mg aliquots were analyzed
by Northern blot hybridizations for expression of MMP-13, MMP-1, MMP-7,
MMP-9, MT1-MMP (MMP-14), and GAPDH mRNAs, as indicated. For details
of the cell lines, see Table 2.
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Enhancement of MMP-13 Expression in Vulvar
SCC Cells by TNF-a and TGF-b

The expression of MMP-13 in cell lines from SCCs of the
head and neck is enhanced by TNF-a, TGF-b, and TGF-
a.20 In this context we examined the regulation of
MMP-13 gene expression in selected vulvar SCC cell
lines by Northern blot hybridizations. Expression of
MMP-13 mRNAs was enhanced by 2.5-fold and 17.5-fold
by a 24-hour treatment with TNF-a (20 ng/ml) in cell lines
UT-SCV-2 and UT-SCV-3, respectively (Figure 4B).
TGF-b1 (5 ng/ml), in turn, up-regulated expression of
MMP-13 mRNAs in UM-SCV-7 and UT-SCV-2 cells by
32-fold and 6.3-fold, respectively (Figure 4B). Interest-
ingly, the expression of MMP-1 was not stimulated by
TNF-a or TGF-b in any of the cell lines, and was even
suppressed by 83% with TGF-b1 in cell line UT-SCV-3. In
contrast, treatment of UM-SCV-7 and UT-SCV-2 cell lines
by TGF-a (10 ng/ml) enhanced MMP-1 mRNA expression
threefold and 3.9-fold, respectively (Figure 4B). In com-
parison, MMP-7 mRNA abundance was up-regulated by
TNF-a in UM-SCV-7 (2.1-fold) and UT-SCV-2 (1.9-fold)
cells, and MMP-9 mRNA levels were stimulated by
TGF-b1 in UM-SCV-7 cells (5.8-fold) and by TNF-a in
UT-SCV-3 cells (4.6-fold) (Figure 4B). Interestingly, MT1-
MMP mRNA abundance was enhanced by TGF-b (up to
4.6-fold), in all three cell lines and by TNF-a (up to 3.7-
fold) and TGF-a (up to 2.5-fold) in UT-SCV-2 and 3 cell
lines (Figure 4B).

Expression of MMP-13 in Cervical
Carcinoma Cells

The expression of MMP-13 was also examined in cell
lines established from cervical, endometrial, and ovarian
carcinomas. Of the six cervical carcinoma cell lines ex-
amined, one (UM-GCC-1) was derived from glassy cell
carcinoma and the remaining five from SCCs. None of the
cervical carcinoma cell lines examined has mutations in
p53 gene, but ME-180 cell line harbors HPV 68 DNA and
other cell lines contain HPV 16 DNA.43,44 Interestingly, 4

of 5 cervical SCC cell lines expressed clearly detectable
basal levels of MMP-13 mRNAs, suggesting an associa-
tion between oncogenic HPV infection and the ability to
express MMP-13 (Figure 5). However, no basal expres-
sion of MMP-13 gene was detected in cell lines Hx-156
and UM-GCC-1 harboring HPV 16 DNA, indicating that
transformation by oncogenic HPV is not alone sufficient to
turn on MMP-13 expression in cervical carcinoma cells
(Figure 5).

In accordance with the lack of MMP-13 mRNA expres-
sion in endometrial and ovarian carcinomas in vivo, no
MMP-13 mRNAs were detected in any endometrial (n 5
10) or ovarian (n 5 9) carcinoma cell line, either at basal
level or after treatment with TNF-a, TGF-b, or TGF-a (not
shown).

Expression of MMP-13 by Cell Lines from
Vaginal Premalignant Lesions

To further elucidate the role of oncogenic HPV in MMP-13
expression by transformed squamous epithelial cells, we
examined two immortalized cell lines established from
premalignant vaginal intraepithelial neoplasias. UT-
DEC-1 and UT-DEC-2 express HPV 33 and HPV 16 E6/E7
mRNA, respectively, and contain wild-type p53 and reti-
noblastoma genes.48,49 Neither cell line expressed
MMP-13 mRNAs in passages 8 and 21 (UT-DEC-1) or in
passages 10, 26, and 40 (UT-DEC-2), either at basal level
or after treatment with TNF-a or TGF-b (Figure 6 and data
not shown). These observations show that immortaliza-
tion of squamous epithelial cells by oncogenic HPV does
not alone render them capable of expressing MMP-13.
UT-DEC-1 cell line was further examined at late subcul-
ture (passage 89), at which stage abundant expression
of MMP-13 mRNAs was detected at basal level or after
treatment with TNF-a (Figure 6). In contrast, treatment of
cells with TGF-b suppressed MMP-13 mRNA expression
by 60% (Figure 6). Interestingly, UT-DEC-1 cells at sub-
culture 89 grow anchorage-independently in the pres-
ence of glucocorticoid and epidermal growth factor,49

Figure 5. Expression of MMP-13 mRNA in cell lines derived from cervical
carcinomas. Cervical SCC cell lines and a glassy cell carcinoma cell line,
UM-GCC-1, were cultured in DMEM supplemented with 6 mmol/L glutamine,
non-essential amino acids, and 10% FCS. Total RNA was extracted and 15-mg
aliquots were analyzed for expression of MMP-13 and GAPDH mRNA by
Northern blot hybridizations.

Figure 6. Expression of MMP-13 mRNA in a cell line derived from vaginal
premalignant lesion. UT-DEC-1 cells established from a premalignant vaginal
intraepithelial dysplasia were maintained in Keratinocyte Serum Free Me-
dium (passage 21, p21) or serum-free DMEM (passage 89, p89) without or
with TNF-a (20 ng/ml) or TGF-b1 (5 ng/ml), as shown, for 24 hours. Total
RNA was extracted and 15-mg aliquots were analyzed for expression of
MMP-13 and GAPDH mRNA by Northern blot hybridizations.
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indicating that the ability to express MMP-13 is associ-
ated with selection of a malignant phenotype of these
transformed vaginal epithelial cells.

Discussion

In the present study, we show for the first time that the
recently discovered human collagenase-3, MMP-13, is
specifically expressed in tumor cells of vulvar SCCs,
whereas no MMP-13 expression can be detected in intact
vulvar epithelium, cervical SCCs, or endometrial or ovar-
ian adenocarcinomas in vivo. Expression of MMP-13
mRNA was detected in vulvar and cervical SCC cell lines,
but not in endometrial or ovarian carcinoma cell lines,
suggesting that the ability to express MMP-13 is specific
for malignant squamous epithelial cells. The expression
of MMP-1 mRNA was also detected in tumor cells of
vulvar SCCs in vivo and in culture, although the expres-
sion of MMP-1 in vivo was more often detected in stromal
cells. It is likely that the combined collagenolytic activity
of tumor-derived MMP-13 and MMP-1 produced by tumor
or stromal cells plays an important role in SCC invasion.
However, our results provide evidence that MMP-13 is
the principal collagenase expressed by tumor cells in
vulvar SCCs. Furthermore, in our material of 12 vulvar
SCCs, all three tumors with lymph node metastases at the
time of diagnosis showed high levels of MMP-13 mRNA,
strongly suggesting a crucial role for MMP-13 in invasion
and metastasis of vulvar carcinomas.

Expression of MT1-MMP was detected by immuno-
staining in tumor cells of all vulvar SCCs examined and
MT1-MMP mRNA was also detected in all cell lines de-
rived from vulvar SCCs, suggesting that MT1-MMP plays
an important role in their invasion capacity. However, less
intense immunostaining for MT1-MMP was also observed
in stromal fibroblasts in a subset of vulvar SCCs. Inter-
estingly, MT1-MMP-positive tumor cells often colocalized
with SCC cells expressing MMP-13 mRNA. Staining for
MMP-2 was also detected in all vulvar carcinomas exam-
ined, but it appeared to be more pronounced in stromal
fibroblasts often detected in the vicinity of MMP-13-ex-
pressing tumor cells. In SCCs of the head and neck,
expression of MMP-2 and MT1-MMP mRNA has previ-
ously been reported in stromal cells60,61 and expression
of MT1-MMP by tumor cells as well.62 It is likely that
colocalization of the cells expressing MT1-MMP and
MMP-2 with tumor cells producing MMP-13 creates opti-
mal conditions for pericellular activation of tumor cell-
derived latent MMP-13. In addition, expression of MMP-3
and MMP-7 by some SCC tumor cells provides further
activity for a tumor-driven proteolytic cascade, in which
latent MMP-13 can be activated by MT1-MMP or MMP-3,
both of which are expressed by tumor cells. Furthermore,
in analogy with cutaneous SCCs,60,63 expression of
MMP-9 by invading tumor cells and adjacent tumor infil-
trating inflammatory cells adds a further link to this MMP
cascade, as MMP-13 can activate latent MMP-9.59 To-
gether all these observations provide evidence that effi-
cient breakdown of the extracellular matrix surrounding
invasive SCCs involves interplay between tumor cells,

stromal cells, and inflammatory cells. Because there are
differences in the substrate specificity of the MMPs
present in the peritumoral environment of vulvar SCCs, it
can be proposed that each of these MMPs has a distinct
role in SCC invasion. Therefore, it is possible that specific
inhibition of the expression or activity of even one of these
MMPs, eg, MMP-13, could disturb the balance in this
complex network of proteases and markedly inhibit inva-
sion by SCC tumor cells.

Expression of MMP-13 was also detected in 4 of 5 cell
lines derived from cervical SCCs, although no expression
of MMP-13 could be detected in vivo in any of the cervical
carcinomas in our material, which contained moderately
and poorly differentiated tumors representing different
stages of invasion. It is therefore possible that MMP-13
does not play a crucial role in invasion of cervical SCCs
in vivo, but that selection of an MMP-13-expressing cell
population may occur during subculturing of cervical
SCC cells as a consequence of genomic instability. This
notion is also supported by our observation that UT-
DEC-1, a cell line derived from premalignant vaginal
dysplasia, expressed MMP-13 only after it had been se-
lected by subculturing to grow anchorage-indepen-
dently.

Transformation of vulvar or cervical epithelial cells is
often associated with inactivation of p53 tumor suppres-
sor gene, either by mutation or by oncogenic HPV E6
protein.43,46,47 In the present study, comparison of the
p53 and HPV status of the vulvar SCC cell lines with their
MMP-13 expression revealed detectable basal levels of
MMP-13 mRNAs in cell lines with intact p53 gene and no
HPV DNA, indicating that p53 inactivation is not essential
for induction of MMP-13 expression in transformed vulvar
squamous epithelial cells. In addition, no MMP-13 ex-
pression was detected in two vulvar SCC cell lines with
mutated p53 gene, showing that inactivation of p53 does
not alone render SCC cells capable of expressing MMP-
13. Interestingly, one vulvar SCC cell line harboring HPV
16 DNA and wild-type p53 gene expressed abundant
levels of MMP-13 mRNA. Furthermore, all cervical SCC
cell lines expressing MMP-13 harbored HPV 16 or 68
DNA, suggesting an association between oncogenic
HPV infection and induction of MMP-13 expression in
vulvar and cervical SCC cells. However, no MMP-13 ex-
pression was detected either in two cervical carcinoma
cell lines harboring HPV 16 DNA or in early subcultures of
two HPV-positive cell lines from vaginal premalignant
intraepithelial lesions, indicating that oncogenic HPV
alone is not sufficient to induce MMP-13 expression.
However, it is likely that loss of cellular growth control due
to p53 inactivation and subsequent genomic instability
plays an important role in the selection of an invasive,
transformed squamous epithelial cell population capable
of expressing MMP-13. In summary, these observations
provide further evidence that MMP-13 expression is not
simply an indicator for transformation of squamous epi-
thelial cells, but may also serve as a marker for the
invasive capacity of SCCs.

Expression of MMP-13 mRNAs in selected vulvar SCC
cell lines, as in SCCs of the head and neck, is stimulated
by TNF-a or TGF-b, which may play a role in stimulating
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vulvar SCC cells in vivo during ulceration and inflamma-
tion of the tumors. However, the response of the vulvar
SCC cell lines to TNF-a and TGF-b appears variable,
indicating heterogeneity between these cell lines. Be-
cause TGF-b is a potent inhibitor of epithelial cell growth,
it is not surprising that malignant epithelial cells may lose
their response to TGF-b in the process of malignant trans-
formation. Nevertheless, these observations show that
MMP-13 expression by vulvar SCC cells is susceptible to
stimulation by TNF-a and TGF-b, both of which also en-
hance expression of MMP-1 by normal keratino-
cytes.1,2,23 However, expression of MMP-1 mRNA by vul-
var SCC cells was not enhanced by TNF-a or TGF-b,
indicating differential regulation of MMP-13 and MMP-1 in
vulvar SCC cells. Interestingly, expression of MT1-MMP
mRNA in these vulvar SCC cells was stimulated by TGF-b
and, in two cell lines, also by TNF-a and TGF-a, providing
evidence that these inflammatory cell-derived modulators
may also play a role in up-regulation of MT1-MMP ex-
pression in vulvar SCCs in vivo.

Invasion and metastasis of malignant cells is a multi-
step process involving detachment of cells from primary
tumor, degradation of structural barriers such as base-
ment membrane and collagenous extracellular matrix,
and migration of cells through the degraded matrix.1–3 It
is evident that invasion of SCC cells in vivo involves inter-
play between tumor cells, stromal cells, and inflammatory
cells, all of which can express a variable set of MMPs and
contribute to degradation of stromal matrix components
of SCCs. In this context, it is interesting that MMP-13 is
specifically expressed by transformed squamous epithe-
lial cells. Furthermore, lack of MMP-13 expression in nor-
mal keratinocytes both in vitro23 and in vivo15,20,21 pro-
vides strong evidence that MMP-13 is specifically
activated in SCC cells as the primary tumor progresses
toward an invasive phenotype. This notion is supported
by our observation that cell lines established from pre-
malignant vaginal intraepithelial neoplasias do not ex-
press MMP-13 until selection of a late subculture cell
population capable of anchorage-independent growth.
This hypothesis is also supported by our recent findings
showing lack of MMP-13 expression in cutaneous prema-
lignant tumors or in SCCs in situ.21 These observations
provide further evidence that MMP-13 expression is a
marker for the invasion capacity of SCC cells in vivo.
Finally, based on the observations of this study, it is
conceivable that unveiling the regulatory mechanisms of
MMP-13 gene expression in SCC cells may prove bene-
ficial in developing novel therapeutic modalities to com-
bat invasion and metastasis of these neoplastic cells.
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2. Kähäri V-M, Saarialho-Kere U: Matrix metalloproteinases in skin. Exp
Dermatol 1997, 6:199–213

3. Stetler-Stevenson WG, Aznavoorian S, Liotta L: Tumor cell interac-
tions with the extracellular matrix during invasion and metastasis.
Annu Rev Cell Biol 1993, 9:541–573

4. Krane SM, Byrne MH, Lemaitre V, Henriet P, Jeffrey JJ, Witter JP, Liu
X, Wu H, Jaenisch R, Eeckhout Y: Different collagenase gene prod-
ucts have different roles in degradation of type I collagen. J Biol
Chem 1996, 271:28509–28515

5. Freije JMP, Dı́ez-Itza I, Balbı́n M, Sánchez LM, Blasco R, Tolivia J,
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A, and Tryggvason K: Expression of 72 kilodalton type IV collagenase
(gelatinase A) in benign and malignant ovarian tumors. Lab Invest
1993, 69:312–321

34. Fishman DA, Bafetti LM, and Stacks MS: Membrane-type matrix
metalloproteinase expression and matrix metalloproteinase-2 activa-
tion in primary human ovarian epithelial carcinoma cells. Invasion
Metastasis 1996, 16:150–159

35. Prosser IW, Stenmark KR, Suthar M, Crouch EC, Mecham RP, Parks
WC: Regional heterogeneity of elastin and collagen gene expression
in intralobar arteries in response to hypoxic pulmonary hypertension
as demonstrated by in situ hybridization. Am J Pathol 1989, 135:
1073–1088

36. Saarialho-Kere UK, Kovacs SO, Pentland AP, Olerud JE, Welgus HG,
Parks WC: Cell-matrix interactions modulate interstitial collagenase
expression by human keratinocytes actively involved in wound heal-
ing. J Clin Invest 1993, 92:2858–2866

37. Saarialho-Kere UK, Pentland AP, Birkedal-Hansen H, Parks WC, Wel-
gus HG: Distinct populations of basal keratinocytes express strome-
lysin-1 and stromelysin-2 in chronic wounds. J Clin Invest 1994,
94:79–88
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58. Knäuper V, Will H, López-Otı́n C, Smith B, Atkinson SJ, Stanton H,
Hembry RM, Murphy G: Cellular mechanisms for human procollage-
nase-3 activation. Evidence that MT1-MMP (MMP-14) and gelatinase
A (MMP-2) are able to generate active enzyme. J Biol Chem 1996,
271:17124–17131
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