
Abstract. Tumor invasion requires intense interactions with
stromal cells and a profound extracellular matrix remodelling
by matrix metalloproteinases (MMPs). Here, we assessed the
specific contribution of fibroblasts to tumor invasion, MMPs,
tissue inhibitors of MMPs and angiogenesis-related cytokine
expression in organotypic cultures of highly malignant
HaCaT-ras A-5RT3 cells, with and without MMP inhibition.
Collagen degradation, the hallmark of tumor invasion, was
dependent on fibroblasts and active MMP-2. Additionally,
MMP blockade down-regulated VEGF-A and up-regulated
PDGF-BB. These results were paralleled in xenotransplants
in vivo, demonstrating strong inhibitory effects of MMP
blockade on tumor invasion and vascularization, as shown by
the almost complete absence of VEGF-A and MMP-14 and
by the decrease in relative blood volume. MMP blockade also
increased the fraction of mature vessels, as demonstrated by
an increased mean tumor vessel diameter and a higher ratio
of Ng2-positive vessels. Thus, this study highlights the
importance of targeting the tumor stroma to defeat cancer.

Tumor growth, invasion and metastasis strongly depend on a
reactive stroma (1, 2). Tumor-associated stromal cells such as
fibroblasts can promote tumorigenic conversion of
preneoplastic cells by producing cytokines, chemokines and

proteases (3, 4), resulting in the remodelling of the adjacent
extracellular matrix (ECM) (1). Tumor-associated fibroblasts
secrete the proangiogenic vascular endothelial growth factor
(VEGF) that stimulates blood vessel sprouting and increases
vessel permeability (5). Stabilization of the newly formed
vasculature is mainly mediated by platelet-derived growth
factor-BB (PDGF-BB), one of the most important
chemoattractants and mitogens for smooth muscle cells,
pericytes and fibroblasts (6). PDGF is expressed by tumor and
stromal cells (7) and can regulate VEGF expression and
secretion in fibroblasts (6). Matrix metalloproteinases (MMPs),
particularly the gelatinases MMP-2 and MMP-9, play a
significant role in ECM remodelling (8, 9) during angiogenesis
(10) and tumor invasion since they efficiently degrade the
basement membrane (BM) (11). MMP-2 is expressed by
fibroblasts, keratinocytes, endothelial and tumor cells, and
MMP-9 is produced by keratinocytes, monocytes, macrophages
and tumor cells. MMPs are activated by cleavage of the
inactive pro-enzymes and are regulated by naturally occurring
tissue inhibitors, the TIMPs. More specifically, MMP-2 can be
activated by MMP-14 in the presence of TIMP-2 (11).

Previous studies have demonstrated that MMP inhibition is
capable of reducing tumor growth, angiogenesis and invasion.
Since the efficacy of broad-spectrum MMP inhibitors in
defeating tumor growth was shown to be limited, new MMP
inhibitors with a higher specificity and selectivity have been
developed (12). However, most of them still target more than
one MMP. The MMP inhibitor Prinomastat (Ag3340)
predominantly targets MMP-2/-9, but also MMP-1, MMP-13
and MMP-14 with lower affinity (13). The MMP-inhibitor
Ro28-2653 belongs to a group of novel pyrimidine-2,4,6-
trion-based MMP-inhibitors (13, 14) and has a high
selectivity for MMP-2/-9, MMP-14 and MMP-8 (14).

In this study, using three-dimensional organotypic cultures
(OTCs), we investigated collagen degradation, a hallmark of
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tumor invasion, in relation to MMP-1, MMP-2, MMP-9,
TIMP-1 and TIMP-2. The effect of inhibition of MMPs in
OTCs with Ag3340 on tumor invasion was investigated.
Non-invasive imaging of tumors by high frequency
ultrasound (US) and magnetic resonance imaging (MRI)
supported by immunohistological analyses was used to
assess tumor vascularization.

Materials and Methods

In vitro three-dimensional OTCs. Cultivation of the highly malignant
keratinocyte cell line HaCaT-ras A-5RT3 and preparation of three-
dimensional OTCs were performed as described previously (15, 16). In
brief, dermal equivalents either containing 2.5×105 human dermal
fibroblasts or without fibroblasts were prepared with native type I rat
collagen (final concentration of 3 mg/ml). Tumor cells (1×106 of
HaCaT-ras A-5RT3 were plated on top. After 24 hours, cultures were
raised to the air-medium interface by lowering the medium level.
OTCs were treated with an MMP inhibitor (Ro28-2653) or with
solvent (dimethyl sulfoxide, DMSO) alone. Treatment was performed
from days 5 to 21 of culture with a concentration of 20 mM of Ro28-
2653 with every medium change. Treated and untreated cultures were
harvested on day 7, 14 and 21 after collection of conditioned media
and processed for immunohistological analyses. Stained tissue sections
of OTCs were viewed using a Leica microscope (DMRE, Bensheim,
Germany) and quantitatively analysed as mentioned elsewhere (6).

ELISA of conditioned media. Human MMP-1 (DMP100), human
MMP-2 (DMP200), human MMP-9 (DMP900), human TIMP-1
(DTM 100), human TIMP-2 (DTM200), human VEGF-A (DVE00)
and human PDGF-BB (DBB00) (all R&D Systems Wiesbaden,
Germany) were determined in conditioned media on days 7, 14 and
21 by ELISA according to the manufacturer’s instructions. The
amount of the respective protein per ml conditioned medium was
normalized to the cell density determined on a histological section
of the age-matched OTC at its maximal extension. This was done
to account for variations in the cell density between different OTCs
and for the increase in cell number over time.

Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis.
mRNA was isolated using RNeasy mini kit (Qiagen, Hilden,
Germany). Reverse transcription and PCR were performed as
described elsewhere (6) with the following primer sequences and
annealing temperatures: MMP-1 forward: 5-CTC CAC TGC TGC
TGC TGC TGT-3, MMP-1 reverse: 5-CAT CTG GGC TGC TTC
ATC ACC TTC-3, 65˚C annealing temperature; MMP-2 forward: 5-
CGC AGT GAC GGA AAG ATG TGG T-3, MMP-2 reverse: 5-
TGG GAT TGG AGG GGG AGG G-3, 65˚C annealing temperature;
MMP-9 reverse: 5-TGC TGG GCT GCT GCT TTG CT-3, MMP-9
forward: 5-CGG TCG TCG GTG TCG TAG TTG G-3, 65˚C
annealing temperature; TIMP-1 forward: 5-GGG GAC ACC AGA
AGT CAA CCA GAC-3, TIMP-1 reverse: 5-GAA GCC CTT TTC
AGA GCC TTG GAG-3, 60˚C annealing temperature; TIMP-2
forward: 5-TGG AAA CGA CAT TTA TGG CAA CC-3, TIMP-2
reverse: 5-ACA GGA GCC GTC ACT TCT CTT GAT-3, 65˚C
annealing temperature; glyceraldehyde-3-phosphate dehydrogenase
GAPDH reverse: 5-GAG GGA TCT CGC TCC TGG AAG A-3,
60˚C annealing temperature; GAPDH reverse: 5-CAG TGG GGA
CAC GGA AGG-3, 60˚C annealing temperature. 

Tumorigenicity assays in vivo. All experiments were approved by the
Governmental Review Committee on Animal Care. HaCaT-ras A-
5RT3 tumors were initiated by subcutaneous (s.c.) injection (17, 18).

Examination protocol. A total of 14 nude mice with SCCs were
examined using US, starting on day 21 after s.c. injection of tumor
cells. After the US examination, animals received either 110 μl
MMP inhibitor Ag3340 (Prinomastat, 150 mg/kg twice a day, i.p.
for 6 days; n=7) or 110 μl NaCl solution (twice a day, i.p. for 6
days; control group, n=7). After 6 days, US examination was
repeated. MRI of treated and untreated animals was only performed
at the second time point. Gas anaesthesia was used in all non-
invasive imaging experiments (17, 18).

Vessel size imaging (VSI) with MRI. MRI was performed using a
clinical 1.5 T whole-body MRI system (Siemens Magnetom Vision,
Erlangen, Germany) using a custom-made radiofrequency (rf) coil
(‘animal resonator’) for rf excitation and signal reception (19).

Vessel size imaging was performed as described previously using
very small superparamagnetic iron oxide nanoparticles (VSOP;
Ferropharm, Teltow, Germany; 20 μmol Fe/mouse) (18, 20).

Three-dimensional power doppler US imaging. US measurements
were performed using a Vevo 770 micro-ultrasound system
(VisualSonics, Toronto, Ontario, Canada) and a 40 MHz transducer
(Doppler frequency: 30 MHz). The US transducer was fixed on a
motor-driven unit above the animal, thereby acquiring consecutive
images with a slice thickness of 300 μm. To analyze tumor volume
and relative blood volume, noncontrast-enhanced power Doppler
scans were performed with the following settings: power 100%, wall
filter 2.5 mm/s, scan speed 2.0 mm/s. Tumors were analyzed by the
Vevo 770 software as described elsewhere (17).

Indirect immunofluorescence and cryosections. Immediately after
the final imaging session, animals were sacrificied and tumors were
dissected for histological analysis (17). The following primary and
secondary antibodies were used: rat anti-mouse CD31 (BD
Biosciences, San José, CA USA), rabbit anti-mouse Ng2
(Chemicon, Temecula, CA, USA); rabbit anti-mouse smooth muscle
actin (SMA) (Abcam, Cambridge, UK), guinea pig anti-mouse
Vimentin (Progen, Heidelberg, Germany), guinea pig anti-mouse
pan-keratin (PK) (Progen), goat-anti-mouse VEGFR-2 (Flk-1)
(R&D Systems, Minneapolis, MN, USA), donkey anti-rabbit IgG
(Cy2) (Dianova, Hamburg, Germany), donkey anti-rat (Cy3)
(Dianova), donkey anti-guinea pig (AMKA) (Dianova) and donkey
anti-goat (Cy3) (Dianova). Nuclei were stained by Hoechst/
bisbenzimide (Invitrogen GmbH, Karlsruhe, Germany).

Images of fluorescence stainings were acquired and quantitatively
analyzed as described previously (6).

Statistical analysis. Data analysis was performed by a non-
parametric Mann-Whitney test using GraphPad Prism software
version 4.03 (GraphPad, San Diego, CA, USA). P<0.05 was
considered as significant.

Results
Necessity of human dermal fibroblasts for invasive growth of
HaCaT-ras A-5RT3 cells. In OTCs, the tumor epithelium of
HaCaT-ras A-5RT3 cells enlarged constantly from day 7 to
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Figure 1. The role of fibroblasts and the effect of Ro28-2653 on the maintenance of the collagen gel in OTCs. H&E staining of OTCs without (A-C)
and with fibroblasts (E-G). I-K: H&E staining of Ro28-2653-treated OTCs. D, H, L: Double immunostaining of vimentin (red) and
Hoechst/bisbenzimide (nuclear staining, blue) in OTCs. Scale bars: 100 μm. Quantitative analysis of collagen gel and epithelial thickness in untreated
and Ro28-2653 treated OTCs without (M) and with fibroblasts (N). For comparison, untreated samples of day 7 are set to 100%. Each bar represents
the mean±SD of eight independent OTCs. 
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Figure 2. Levels of hMMP-1, hMMP-2, hMMP-9, hTIMP-1 and hTIMP-2 protein in conditioned media of OTCs. MMP-1 (A), MMP-2 (B) and MMP-9 (C)
protein concentration was normalized to the tumor cell number in conditioned media of OTCs with and without fibroblasts. D-E: Normalized TIMP-1 and
TIMP-2 protein concentration in OTCs with and without fibroblasts. Each bar represents the mean protein concentration±SD from eight OTCs. *p<0.05.

Figure 3. Effects of MMP inhibition (Ro28-2653) on MMP-1, MMP-2, MMP-9, TIMP-1 and TIMP-2 protein and mRNA expression in OTCs with
fibroblasts. Normalized MMP-1 (A), MMP-2 (B), MMP-9 (C), TIMP-1 (D) and TIMP-2 (E) protein concentration in OTCs with fibroblasts after
Ro28-2953 treatment. F: RT-PCR analysis of MMP-1, MMP-2, MMP-9, TIMP-1, TIMP-2 and GAPDH mRNA expression in OTCs with fibroblasts.



21, independently of the presence of human dermal
fibroblasts. However, manifest degradation of collagen type
I gel was only observed in the presence of fibroblasts (Figure
1B and F). After 3 weeks, only a thin layer of the collagen
gel remained in OTCs with fibroblasts (Figure 1G).

Although the gel was almost completely replaced by the
tumor epithelium, the vimentin-expressing fibroblasts were
still present in the thin collagen layer beneath the epithelium,
as evidenced by the condensed vimentin staining (Figure 1D,
H and L).

MMP inhibition blocks gel degradation by HaCaT-ras A-
5RT3 cells in OTCs. In order to analyze the impact of MMPs
on tumor cell invasion, OTCs with fibroblasts were treated
with the MMP inhibitor Ro28-2653, which has a high
selectivity for MMP-2, MMP-9 and MMP-14, thus targeting
angiogenesis- and invasion-associated MMPs. Inhibited
OTCs showed a greater collagen thickness than untreated
OTCs starting from day 14. No effect of MMP inhibition on
the tumor epithelial thickness was visible (Figure 1).

In the absence of fibroblasts, no effect of Ro28-2653
treatment was found on collagen gel or epithelial thickness
(Figure 1M), strongly suggesting that MMPs derived from
fibroblasts were responsible for collagen degradation and
tumor invasion.

Fibroblasts modulate the protein expression of MMPs and
TIMPs. To further investigate the functional role of fibroblast
derived MMPs for tumor invasion in vitro, the expression of
MMP-1, MMP-2, MMP-9, TIMP-1 and TIMP-2 (normalized
protein amount [pg]) was determined at day 7, 14 and 21 in
conditioned media of OTCs with and without fibroblasts by
ELISA. In the absence of fibroblasts, the maximum
expression of MMP-1 (Figure 2A), MMP-9 (Figure 2C) and
of TIMPs (Figure 2 D and E) was at day 7 of culture, with
MMP-1 showing the highest expression level (Figure 2A).
MMP-1 and MMP-9 expression was enhanced in fibroblast-
free OTCs during the first two weeks of culture, whereas in
the third week, MMP-1 and MMP-9 levels became
comparable to these of fibroblast-containing OTCs (Figure
2A and C). TIMP-1 and TIMP-2 expression was higher in
OTCs without fibroblasts at all time points (Figure 2D and
E). In contrast, the expression of MMP-2 was significantly
(p<0.01) higher in OTCs with fibroblasts at all time points
analyzed (Figure 2B).

Influence of Ro28-2653 treatment on MMP and TIMP
expression. In OTCs without fibroblasts, only the amounts of
MMP-1 and TIMP-1 protein were reduced significantly
(p<0.05) after MMP inhibition (data not shown).

In OTCs with fibroblasts, Ro28-2653 also significantly
reduced the level of MMP-1 protein from days 7 to 14, while
the mRNA level did not change significantly (Figure 3A).
MMP-2 mRNA (Figure 3F, lane 2) and protein (Figure 3B)
were both reduced in treated OTCs at all time points (Figure
3B). In contrast, MMP-9 mRNA and protein were not
significantly affected by Ro28-2653 (Figure 3C and F, lane 3).
TIMP-1 protein and mRNA levels significantly decreased in
treated OTCs (p<0.05) at day 7 and 14, but increased above
that of the untreated samples at day 21 (Figure 3D and 3F,
lane 4). TIMP-2 was significantly reduced (p<0.05) by Ro28-
653 treatment on day 7 and 14, but increased above that of the
untreated samples in the third week of MMP inhibition
(p<0.01) (Figure 3E and and 3F, lane 5).

Expression of PDGF-BB and VEGF-A protein. Besides
MMPs, VEGF-A and PDGF-BB are important
angiogenesis-promoting factors. Since previous studies
have demonstrated that tumor cell-derived PDGF-BB
regulates VEGF-A expression in fibroblasts (6), we
analyzed the concentration of both factors in conditioned
media of OTCs. While the expression of VEGF-A was not
influenced by the presence of fibroblasts (Figure 4A),
PDGF-BB levels significantly increased in OTCs without
fibroblasts from day 7 to 14 but became comparable after 3
weeks of culture (Figure 4B).

Ro28-2653 treatment of OTCs with and without
fibroblasts reduced the amount of VEGF-A in conditioned
media throughout the whole observation period compared to
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Figure 4. VEGF-A and PDGF-BB protein expression in conditioned
media of OTCs with and without fibroblasts. Normalized VEGF-A (A)
and PDGF-BB (B) protein concentration in OTCs with and without
fibroblasts.



untreated samples (Figure 5A and 5B). The inhibitory effects
were more prominent at day 7 and 14 (p<0.05) than at day
21 (Figure 5A and 5D).

The expression of PDGF-BB in fibroblast-free and
fibroblast-containing OTCs was significantly reduced after
treatment with Ro28-2653 at day 7 (p<0.05) (Figure 5C and
5D). Thereafter, Ro28-2653 induced an increase in the PDGF
level compared to untreated controls, leading to significantly
higher amounts at day 21 (Figure 5C and 5D).

Effects of MMP inhibition on tumor invasion, vascularization,
tumor size and on the expression of VEGF-A and MMP-14 in
HaCaT-ras A5RT3 tumor xenografts in vivo. Since MMP-2
was found to be crucial for tumor cell invasion in vitro, we
used Ag3340 as a more MMP-2 specific inhibitor for in vivo
experiments. Additionally, Ag3340 was better established for
in vivo experiments at that time. Treatment of HaCaT-ras A-
5RT3 tumor xenografts with Ag3340 for 6 days strongly
reduced tumor invasion and vascularization. In contrast to the
highly invasive and well-vascularized control tumors (Figure
6A, invasive tumor islets are marked by arrows), the tumor
tissue was barely vascularized and partially necrotic after 6
days of treatment, and no invasive tumor islets were observed
(Figure 6B, the line marks the tumor stroma border zone). The
strong vimentin staining in the stroma indicated an
accumulation of fibroblasts (Figure 6A and B). Interestingly,
MMP inhibition also reduced the tumor size (Figure 6C).
Doppler US (Figure 6C) demonstrated significantly reduced
relative blood volume in treated animals (1.8±1.4%) compared
to untreated ones (5.2±3.1%), confirming a strong decrease in
tumor vascularization.

The mean vessel diameter (Figure 6D), analyzed by vessel
size imaging with MRI, remained constant in untreated
animals (day 0: 53±10 μm, day 6: 57±20 μm), but
significantly increased in response to Ag3340 treatment (prior
to therapy, day 0: 40±10 μm, after therapy, day 6: 70±10 μm;
p<0.05). This suggests that MMP inhibition reduces the
number of small, newly formed, immature vessels. Therefore,
we determined the ratio of mature vessels compared to the
total vessel density on tumor sections (Figure 6E-G) using
Ng2 as a pericyte marker. Indeed, the ratio of Ng2- to CD31-
positive areas was higher after MMP inhibition (treated:
4.6±2.6, untreated 3.0±1.9) (Figure 6E), demonstrating an
increase in the percentage of mature vessels.

In order to analyze whether reduced angiogenesis and
tumor vascularization were due to the observed effects of the
MMP blockade on growth factor and MMP expression, we
assessed the expression of VEGF-A in the xenotransplants as
well as the expression of MMP-14, the key activator of
MMP-2. In line with the in vitro data, Ag3340 treatment
markedly reduced the expression of murine VEGF-A in the
stroma of the HaCaT-ras A-5RT3 tumors (Figure 7A and B).
In addition, MMP-14 protein was almost absent in the
remaining vascularized parts of the treated tumors in
comparison to the control tumors (Figure 7C and D, stromal
areas are marked by arrows). 

Discussion

Cancer development and progression are controlled by
interactions between tumor and stromal cells (1-4).
Activated (myo-) fibroblasts are known to support tumor
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Figure 5. Changes in VEGF-A and PDGF-BB protein levels after Ro28-2653 treatment in OTCs without (A-B) and with fibroblasts (C-D). VEGF-
A (A, B) and PDGF-BB (C, D) protein expression in MMP-inhibited OTCs without (A, C) and with (B, D) fibroblasts. 



initiation, angiogenesis and invasion through the secretion
of cytokines and proteases (21-22). Nevertheless, the
mechanisms of interaction between carcinoma cells and
stromal fibroblasts have not yet been elucidated in detail. To
assess the direct influence of fibroblasts on tumor cell
growth, we used three-dimensional OTCs of highly
malignant HaCaT-ras A-5RT3 cells with and without
fibroblasts and investigated the expression of invasion and
angiogenesis associated MMPs, TIMPs and growth factors
in the absence and presence of an MMP inhibitor. Since
angiogenesis as crucial pre-requisite for tumor invasion (23)
cannot be mimicked in OTCs, we analyzed the effect of
MMP inhibition on s.c. HaCaT-ras A-5RT3 xenografts in
vivo and assessed tumor invasion, size and vascularization
by non invasive imaging and histology.

In OTCs, a significant reduction in collagen gel thickness
was only observed in the presence of fibroblasts, indicating
their crucial contribution to tumor cell invasion. The
fibroblast-dependent differences in collagen gel degradation
were associated with an altered MMP expression profile.
During the first two weeks of culture, the MMP-1 and MMP-
9 levels were higher in OTCs without fibroblasts. This might
be explained by an induction of these MMPs in tumor cells
when they come into contact with the dense collagen type I
matrix and start to build up an epithelium. This hypothesis
is supported by the observed MMP-1 induction in normal
keratinocytes on contact with collagen type I (24). At late
time points, when a multilayered tumor epithelium had
formed, the levels of MMP-1 and MMP-9 decreased again.
Since fibroblasts crucially support the epithelial growth in
OTCs by cytokine production (25), they might exert
normalizing effects on MMP induction during the early
growth phase. The MMP-2 protein levels were strikingly
increased in conditioned media of fibroblast-containing
OTCs throughout the whole observation period,
demonstrating fibroblasts as potent producers of MMP-2
(26). MMP-2 is strongly expressed in malignant tumors and
stromal MMP-2 promotes tumor growth in breast cancer (27,
28). Since active collagen degradation was only observed in
OTCs with fibroblasts, the increased MMP-2 levels in these
cultures suggest that MMP-2 secreted by fibroblasts may
drive tumor cell invasion. This is supported by the lower
levels of the natural MMP inhibitors TIMP-1 and TIMP-2 in
fibroblast-containing OTCs.
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Figure 6. Effects of the MMP inhibitor Ag3340 on tumor invasion,
vascularization and size in HaCaT-ras A-5RT3 tumor xenografts. A-B:
Immunostaining of CD31 (red), vimentin (green, Vim) and pan-keratin
(blue, PK) demonstrates the highly invasive and vascularized control
tumors (A) and the strong inhibition of tumor invasion and vascularization
(B) after 6 days of treatment (invasive tumor islets are marked by arrows
in A, the normalized tumor border zone is marked by a dashed line in B).
Scale bar: 200 μm. C: Tumor volume and relative blood volume of treated
and untreated HaCaT-ras A5RT3 xenografts as determined by high
frequency ultrasound. *p<0.05. D: Mean tumor vessel diameter analyzed
by vessel size imaging (MRI). *p<0.05. E: Quantitative analysis of Ng2-
positive area fractions normalized to the corresponding CD31-positive
area of tumor sections. F-G: Representative images of corresponding
tumor sections stained by CD31 (red), Ng2 (green) and
Hoechst/bisbenzimide (blue). Scale bar: 100 μm. 

Figure 7. Effects of Ag3340 on VEGF-A and MMP-14 protein expression
in HaCaT-ras A-5RT3 tumor xenografts. A-B: Immunostaining for CD31
(green), murine VEGF-A (mVEGF-A, red) and pan-keratin (PK, blue).
C-D: Immunostaining for MMP-14 (green), CD31 (red) and Hoechst
(blue). Scale bar: 100 μm.



Treatment of fibroblast-containing OTCs with the MMP
inhibitor Ro28-2653 resulted in significantly lower mRNA
and protein levels of MMP-1, MMP-2, TIMP-1 and TIMP-2,
whereas MMP-9 expression was not affected. In week three,
when most of the collagen gel was degraded, only MMP-2
levels remained significantly lower in the Ro28-2653 treated
cultures with fibroblasts, while TIMP-1 and TIMP-2
expression even increased. This substantiates the notion that
fibroblast-derived MMP-2 is the main mediator of collagen
degradation and of tumor cell invasion in the OTCs. The
higher TIMP levels after Ro28-2653 treatment of fibroblast-
containing OTCs correlate to the enhanced TIMP levels in
OTCs without fibroblasts (showing no obvious collagen
degradation). However, the mechanism for the Ro28-2653-
mediated TIMP up-regulation remains unknown.

Next, we assessed whether the presence or absence of
fibroblasts also had an influence on the expression of the
prominent angiogenic factors VEGF-A and PDGF-BB.
Whereas VEGF-A expression was similar in OTCs with or
without fibroblasts, the amount of PDGF-BB was
significantly higher in fibroblast-free OTCs during the first
two weeks of culture and this decreased to the control level
at week three. Thus, the kinetics of PDGF-BB expression
were similar to those of MMP-1 in fibroblast-free OTCs and
might be explained by a wound-like reaction at the initial
growth phase, with MMP-1 and PDGF-BB facilitating the
epithelialization of the gel in the absence of fibroblasts (6,
29). Interestingly, the MMP inhibitor Ro28-2653 did not
only affect MMP expression, but also significantly reduced
VEGF-A protein expression during the first two weeks of
treatment. In contrast, the PDGF-BB levels continuously
increased in response to the MMP inhibition. This might be
explained by an inhibitory effect of high PDGF-BB levels
on VEGF-A expression by fibroblasts, as previously
described (6). Since PDGF-BB additionally promotes
pericyte recruitment and vessel maturation (6), we
investigated the effects of MMP inhibition not only on
tumor growth and invasion, but also on the vascularization
of HaCaT-ras A-5RT3 s.c. xenografts in vivo. We used the
MMP inhibitor Ag3340, which has an even higher affinity
for MMP-2, the invasion-associated MMP, in the OTCs.
Comparably to the reduced collagen degradation seen in
vitro, we observed a strong inhibition of tumor invasion
after 6 days of Ag3340 treatment in the xenografts in vivo.
The intense vimentin staining in the intratumoral stromal
strands of the treated and untreated tumors strongly
suggested that fibroblasts might promote tumor invasion in
the controls. In addition, tumor vascularization was strongly
inhibited. This was substantiated by Doppler US,
demonstrating a lower relative blood volume in the treated
HaCaT-ras A-5RT3 xenografts. The decreased tumor volume
of the treated HaCaT-ras A-5RT3 tumors, as measured by
us, demonstrated that MMP inhibition even induced tumor

shrinkage. On the other hand, the mean vessel size assessed
by MRI increased significantly, strongly suggesting that
Ag3340 caused the regression of small, newly formed
immature vessels. Indeed, analysis of vessel maturation by
immunostaining with the pericyte marker Ng2 revealed an
increase in the fraction of Ng2-positive, mature vessels in
the treated tumors. In addition, Ag3340 almost completely
reduced the expression of host VEGF-A and of MMP-14,
the key activator of MMP-2. Thus, we observed a similar
correlation between the inhibition of invasion and the
reduction of MMP and VEGF-A in xenografts and OTCs
treated with an MMP inhibitor.

In summary, human dermal fibroblasts play an essential
role for tumor invasion, most probably mediated via MMP-2.
Moreover, the data reveal a complex interplay between
MMPs, TIMPs and growth factors such as VEGF-A and
PDGF-BB that regulate tumor invasion and vascularization,
as well as vessel maturation and vessel function.
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