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Exogenous introduction of tissue inhibitor of
metalloproteinase 2 reduces accelerated growth of
TGF-p-disrupted diffuse-type gastric carcinoma
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Diffuse-type gastric carcinoma is characterized by rapid progres-
sion and poor prognosis. High expression of transforming growth
factor (TGF)-p and thick stromal fibrosis are observed in this type
of gastric carcinoma. We have previously shown that disruption of
TGF-p signaling via introduction of a dominant negative form of
the TGF-$ type Il receptor (dnTpRII) into diffuse-type gastric cancer
cell lines, including OCUM-2MLN, caused accelerated tumor
growth through induction of tumor angiogenesis in vivo. In the
present study, we show that TGF-$ induces upregulation of expres-
sion of tissue inhibitor of metalloproteinase 2 (TIMP2) in the
OCUM-2MLN cell line in vitro, and that expression of TIMP2 is
repressed by dnTpRIl expression in vivo. Transplantation of the
OCUM-2MLN cells to nude mice exhibited accelerated tumor
growth in response to dnTpRIl expression, which was completely
abolished when TIMP2 was coexpressed with dnTfRIl. Although
the blood vessel density of TIMP2-expressing tumors was only
slightly decreased, the degree of hypoxia in tumor tissues was sig-
nificantly increased and pericytes covering tumor vasculature were
decreased by TIMP2 expression in OCUM-2MLN cells, suggesting
that the function of tumor vasculatures was repressed by TIMP2
and consequently tumor growth was reduced. These findings pro-
vide evidence that one of the mechanisms of the increase in angio-
genesis in diffuse-type gastric carcinoma is the downregulation of
the anti-angiogenic protein TIMP2. (Cancer Sci 2010; 101: 2398-
2403)

G astric cancer is the fourth most common cancer and the
second most common cause of cancer death in the world,
with an especially high incidence in East As1a Eastern Europe
and parts of Central and South America."” There are two types
of gastric cancer, that is, diffuse t}/pe and intestinal type, accord-
ing to the Laurén classification.” Of these two, the diffuse type
is clinically characterlzed by rapid progression of disease and
poor prognosis.” Patients with this type of tumor often show
thick stromal fibrosis with undifferentiated carcinoma cells scat-
tered in the interstitium, which results in a stiff and thick gastric
wall with reduced motility, but the tumors do not usually form
ulcers or apparent mass lesions.

It has been suggested that transforming growth factor (TGF)-
B signaling is an important factor in this type of tumor. The
thick stromal fibrosis observed in diffuse-type gastric carcinoma
has been reported to be induced by the TGF-3 Produced by can-
cer cells and by cancer-associated fibroblasts.” Production of
TGF-B1 has been reported to be assocrated with the progression
of diffuse-type gastric carcinoma.‘® Disruption of TGF- srgnal-
ing by loss of Smad4 expression has also been observed in dif-
fuse-type gastric carcinoma.
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Therefore, we previously investigated the role of TGF- sig-
naling in diffuse-type gastric carcinoma” using human diffuse-
type gastric carcinoma cell lines,® including OCUM-2MLN.
In that study, we introduced to the cell lines a dominant negative
form of the TGF-f type II receptor (dnTPRII), which binds
TGF-B ligands but does not transduce intracellular signals.
These cells, lacking the response to TGF-f, did not show any
significant difference in growth compared with control cells
in vitro. However, growth of the tumors in vivo and tumor
histology were significantly different depending on the function-
ality of TGF-f signaling. Tumors expressing dnTBRII had less
fibrosis, but had increased blood vessel formation and conse-
quently exhibited accelerated tumor growth compared with
tumors formed by the control cells.

To address the difference in gene expression due to repressed
TGF-p signaling in vivo, we performed oligonucleotide micro-
array analysis using RNA isolated from cancer cells from
tumors with normal or dysfunctional TGF-f signaling. We
found that expression of an anti-angiogenic factor, thrombo-
spondin-1 (TSP1), was regulated by TGF- signaling, and was
involved in the increased tumor angiogenesis observed in
dnTBRII- expressmg tumors.” In addition, among the genes
downregulated in dnTBRII-expressing tumors in vivo to 50% of
the expression level in control tumors, we identified a tissue
inhibitor of metalloproteinase 2 (7IMP2), which had not been
previously reported to be affected by TGF-P signaling.

TIMP2 is an endogenous inhibitor of matrix metalloprotein-
ases (MMP). In addition, TIMP2 is reported to function as an
1nh1b1t0r of tumor progression and invasion in several cancer
models,"*'? but the involvement of TIMP2 in gastric cancer
models has not been fully elucidated. In the present study, we
therefore investigated the function of TIMP2 in diffuse-type gas-
tric carcinoma cells. We showed that lentiviral introduction of
the TIMP2 gene inhibited growth of the diffuse-type gastric can-
cer using OCUM-2MLN cells expressing dnTBRII in vivo.

Materials and Methods

Cell lines. The OCUM-2MLN cell line was established as
described previously,® and cultured in DMEM containing 10%
fetal bovine serum (FBS) and 50 U/mL penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA). The 2MLN-green fluorescent
proteln (GFP) and 2MLN-dnTBRII cells were previously gener-
ated,””” whereas the GFP+GFP, dnTPRII+GFP and dnTPRII+
TIMP2 cells were established using a lentiviral infection system
as described."® TIMP2 cDNA was amplified by PCR from
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OCUM-2MLN cDNA using forward primer 5-AAAGAATT-
CATGGGCGCCGCGG -3" and reverse primer 5-ATACT-
CGAGTTATGGGTCCTCGATGTC -3’, and inserted into the
multicloning site of the lentiviral vector pCSII-EF-RfA using
pENTR vector according to standard protocol (Invitrogen).

Antibodies and reagents. Antibodies to TIMP2, plate-
let/endothelial cell adhesion molecule-1 (PECAMI1), neuron-
glial antigen 2 (NG2) and Hypoxyprobe were from Abcam
(Cambridge, UK), BD PharMingen (Flanklin Lakes, NJ, USA),
Chemicon (Temecula, CA, USA) and HPI, Inc. (Burlington,
MA, USA), respectively. Alexa 488-, Alexa 594- and Alexa
633-conjugated secondary antibodies were purchased from Invi-
trogen Molecular Probes (Eugene, OR, USA). TGF-B1
(1 ng/mL; R& D Systems, Minneapolis, MN, USA) was used
for the TGF-f stimulation in vitro.

RNA isolation and quantitative RT-PCR. Total RNA from cul-
tured cells and excised subcutaneous tumors were extracted
using the RNeasy Mini Kit (QIAGEN). First-strand cDNA were
synthesized using Quantitect Reverse Transcription kit (QIA-
GEN) with random hexamer primers. Quantitative real-time RT-
PCR analysis was performed using 7500 Fast Real-Time PCR

System (Applied Biosystems, Foster City, CA, USA). The pri-
mer sequences used were as follows:

human GAPDH forward 5-GAAGGTGAAGGTCGGAGTC-3’
reverse 5-GAAGATGGTGATGGGATTTC-3"
forward 5-AGATGTAGTGATCAGGGCCAAAG-3’

reverse 5-GCTTGATCTCATACTGGATCCTCTTG-3’

human TIMP2

Cell growth assay. 2 x 10* cells were seeded in each well in
12-well plates (day 0), and cultured in DMEM containing 1%
FBS and 50 U/mL penicillin-streptomycin (Invitrogen). The
cell count was done in triplicate using a counter-chamber at day
1, 2 and 3 after cell seeding.

Immunoblotting. Cultured cells were lysed in a buffer con-
taining 50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Nonidet
P-40 (Nacalai Tesque, Kyoto, Japan), 5 mM EDTA, 0.5%
deoxycholic acid sodium salt-monohydrate (Nacalai Tesque),
0.1% SDS (Nacalai Tesque), 1% aprotinin (Mitsubishi Pharma,
Osaka, Japan) and 1 mM phenylmethylsulfonyl fluoride
(Sigma). The cell lysates were boiled in SDS sample buffer
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(100 mM Tris-HCI, pH 8.8, 0.01% bromophenol blue, 36%
glycerol, 4% SDS and 10 mM dithiothreitol) and subjected to
SDS-PAGE. Proteins were electrotransferred to Pall Fluoro-
trans-W membrane (Pall, East Hills, NY, USA), immunoblotted
with antibodies and detected using an enhanced chemilumines-
cence (ECL) detection system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA).

In vivo cancer models. BALB/c nude male mice aged 4—
5 weeks were obtained from Oriental Yeast (Tokyo, Japan). All
animal experimental protocols were performed in accordance
with the policies of the Animal Ethics Committee of the Univer-
sity of Tokyo. In the subcutaneous xenograft model, a total of
5 x 10° cells in 100 pL of DMEM were injected into male nude
mice. Tumor size was measured from 1 week after injection. In
the orthotopic model, a total of 5 x 10° OCUM-2MLN cells in
50 uL. of DMEM were injected into the gastric walls of male
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nude mice under deep inhalation anesthesia with ether. Approxi-
mately 4 weeks later the mice were killed and tumors were mea-
sured and harvested.

Quantification of tumors in vivo. Subcutaneous xenografts
were measured externally every other day until the end of the
evaluation periods, and the orthotopic xenografts were measured
after harvest. Tumor volume was approximated using the equa-
tion vol = (a X b2)/2, where vol is the volume, a is the length of
the major axis and b is the length of the minor axis. Relative
tumor volume was calculated by dividing the tumor volume by
that measured on the first day of the evaluation (6 days after
implantation).

Histochemistry and immunohistochemistry. Tumors were
excised, fixed for 1 h in 10% neutral-buffered formalin at
room temperature, washed for 1-4 h in PBS containing 10%
sucrose, then washed for 1-4 h in PBS containing 15%

Fig. 3. In vivo growth of OCUM-2MLN tumors
expressing the dominant negative form of the TGF-
B type Il receptor (dnTBRII) and tissue inhibitor of
metalloproteinase 2 (TIMP2). (A) green fluorescent
protein (GFP)+GFP, dnTBRII+GFP or dnTBRI+TIMP2
expressing OCUM-2MLN cells were transplanted
subcutaneously into nude mice. Relative tumor
volumes from the day of starting the evaluation
(designated as day 0, 6 days after implantation) are
shown. (B) The same cell lines as in (A) were
orthotopically transplanted into the gastric walls of
nude mice. Left panel: representative images of
orthotopic tumors (marked by blue arrows) at day
21 after transplantation. Right panel: relative
tumor volumes. Error bars represent standard errors
(*P < 0.05, ** P < 0.01, ***P < 0.001, n = 6-8).
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sucrose, and finally washed overnight in PBS containing 20%
sucrose. The tumors were embedded in optimal cutting tem-
perature compound (Tissue-Tek, Sakura Finetek, Tokyo,
Japan), and snapped frozen in dry-iced acetone for immuno-
histochemical examination. Frozen samples were further sec-
tioned at 10-pm thickness in a cryostat, and then incubated
with primary and secondary antibodies. Samples were
observed using a Zeiss LSM510 Meta confocal microscope
(Tokyo, Japan) for immunohistochemistry. Images were
imported into Adobe Photoshop and analyzed using Imagel]
software (National Institutes of Health, Bethesda, MD, USA).

In vivo hypoxia detection. Hypoxyprobe (pimonidazole
hydrochloride; HPL Inc.; 60 mg/kg body weight), which binds to
hypoxic cells, was injected through the tail vein of nude mice 30
min before tumor harvest. The hypoxic area was analyzed using
immunohistochemistry with antibody against Hypoxyprobe.

Statistical analysis. For data storage and analysis, Excel soft-
ware (Microsoft, Redmond, WA, USA) was used. Statistical dif-
ferences were compared using two-sided Student’s r-test and
considered significant when P < 0.05.

Results

Regulation of TIMP2 expression by TGF-p signaling. From the
oligonucleotide microarray analyses of mRNA extracted from
the in vivo tumor model,”” we have identified genes affected by
expression of dnTPRII in OCUM-2MLN tumors (data not
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Fig. 4. Effect of tissue inhibitor of metalloproteinase 2 (TIMP2)

overexpression on tumor angiogenesis. The vascular density of tumor
vasculature in OCUM-2MLN subcutaneous tumors (n = 3-4 tumors for
each condition). The vascular density was determined by
immunostaining with an antibody against platelet/endothelial cell
adhesion  molecule-1  (PECAM1). Left panel: representative
micrographs of immunostained tumor sections photographed at x40
magnification, with PECAM1-positive areas shown in green. Right
panel: percentage of the PECAM1-positive area per microscopic field
(at least 18 microscopic fields were analyzed for each condition).
dnTBRIl, dominant negative form of the TGF-B type Il receptor; GFP,
green fluorescent protein. Error bars represent standard errors
(*P < 0.05, ***P < 0.001).
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shown). Among them, here we investigated 7IMP2, which has
been reported to function as an inhibitor of tumor progression
and invasion of certain types of tumors,"®"'® but not been
reported to be affected by TGF-B signaling. The result of the
microarray analysis, exhibiting reduction of TIMP2 expression
in the OCUM-2MLN tumors expressing dnTPRII, was con-
firmed by quantitative real-time PCR of mRNA extracted from
in vivo xenografts with primers specific to human TIMP2
(Fig. 1A). We next determined the expression of 7IMP2 mRNA
in OCUM-2MLN cells in vitro by quantitative real-time PCR.
TIMP2 expression was upregulated by TGF-B1 treatment
(1 ng/mL) in the control cells (2MLN cells expressing GFP),
but not in those expressing dnTPRII due to disrupted TGF-f3
signaling (Fig. 1B).

Establishment of cells overexpressing TIMP2. To investigate
the effect of TIMP2 on the accelerated growth of dnTPRII
tumors, we lentivirally re-infected GFP or TIMP2 genes to the
previously established OCUM-2MLN cells expressing GFP or
HA-tagged dnTBRIL In this way, we established three new cell
lines for OCUM-2MLN: GFP+GFP, dnTBRII+GFP and
dnTBRII+TIMP2. Overexpression of TIMP2 in OCUM-2MLN
in the cell lysates and conditioned medium was confirmed
by immunoblot analysis and quantitative real-time PCR
(Fig. 2A,B). Next, we checked the growth of the TIMP2
expressing OCUM-2MLN cells in vitro (Fig. 2C). No significant
difference in the growth rate was observed between GFP+GFP,
dnTBRII+GFP and dnTRRI+TIMP2 cells.

Growth of gastric cancer cells overexpressing TIMP2 in vivo. Al-
though growth rates of GFP+GFP, dnTBRII+GFP and dnTBRII+
TIMP2 cells in vitro were not different, we then performed
subcutaneous transplantation into nude mice using these cells
and monitored tumor growth. The growth of dnTPRII+GFP
tumors was accelerated compared with GFP+GFP control
tumors (P < 0.00005), which was completely abolished by over-
expression of TIMP2 (P < 0.00005) in OCUM-2MLN cells
(Fig. 3A). We also orthotopically transplanted OCUM-2MLN
cells expressing GFP+GFP, dnTBRII+GFP or dnTBRII+TIMP2
into the gastric wall of nude mice, and determined the sizes of
tumors (n = 6 for each group) on day 21 after implantation
(Fig. 3B). The result in the orthotopic model confirmed that
of the subcutaneous transplantation. The mean tumor volume
of dnTPRII+GFP (0.79 cm32 was significantly larger than
that of GFP+GFP (0.33 cm”) (P = 0.016), while the mean
volume of dnTPRII+TIMP2 tumors (0.24 cm®) was significantly
smaller than that of dnTBRII+GFP (P = 0.0025), and reduced to
the same level as that of GFP+GFP tumors.

Effect of TIMP2 overexpression on tumor angiogenesis. Since
we previously showed that expression of dnTPRII induced
tumor angiogenesis in vivo and accelerated tumor growth, we
next examined whether the effect of TIMP2 on tumor growth in
this model was due to inhibition of angiogenesis. We studied the
vascular density of OCUM-2MLN subcutaneous tumors by
immunohistochemistry using PECAMI1, a specific marker of
vascular endothelium (Fig. 4). The PECAMI1-positive area was
significantly increased in dnTPRII+GFP tumors (5.3% per
microscopic field) compared with GFP+GFP tumors (2.1%)
(P < 0.000001). Coexpression of TIMP2 with dnTBRII only
weakly reduced the PECAMI-positive area (4.3% per micro-
scopic field) compared with dnTBRII+GFP tumors (P = 0.035),
although the length of the vessels appeared to be reduced in the
tumors expressing TIMP2.

TIMP2 overexpression reduces the function of tumor
vessels. Although the decrease of the PECAM-positive area by
TIMP2 was small, the altered vessel architecture suggests that
the function of blood vessels may be reduced significantly in
dnTBRII+TIMP2 tumors. As a way of evaluating the function of
tumor vessels, we analyzed the degree of oxygen delivery
using Hypoxyprobe (pimonidazole hydrochloride), which is a
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molecule that binds to hypoxic cells. Subcutaneous transplanta-
tion of GFP+GFP, dnTBRII+GFP or dnTBRII+TIMP2 cells to
nude mice was performed. At day 15 after transplantation in
OCUM-2MLN models, Hypoxyprobe (60 mg/kg bodyweight)
was injected through the tail vein of the mice 30 min before the
harvest of tumors. The hypoxic area was then analyzed by
immunohistochemistry with an antibody against Hypoxyprobe.
The intratumor hypoxic area was significantly reduced in tumors
expressing dnTBRII+GFP (12.3% per microscopic field) com-
pared with GFP+GFP controls (34.8%) (P < 0.00005), correlat-
ing with increased PECAMI-positive blood vessel density
(Fig. 5A). On the other hand, the hypoxic area was significantly
increased in dnTBRII+TIMP2 tumors (35.7% per microscopic
field) compared with dnTBRII+GFP (P < 0.00005), and Hyp-
oxyprobe-positive staining was observed even in areas with high
vessel density. These observations suggest that the shorter ves-
sels in dnTBRII+TIMP2 tumors were less functional and unable
to deliver oxygen efficiently to the surrounding tumor tissue. To
further elucidate the mechanism of this reduction of vessel func-
tion in dnTBRII+TIMP2 tumors, we investigated the degree of
pericyte coverage around the tumor vessels. Pericytes have been
reported to be important for maturation of vasculature, and
reported to be identified as NG2-positive cells adjacent to the
vessels, where NG2 is a marker of stromal cells including peri-
cytes. Here we performed double staining of PECAMI1 and
NG?2, and found that dnTBRIT+TIMP2 tumors had less pericyte-
covered vasculature than dnTBRII+GFP tumors (Fig. 5B).

2402

(18-20 microscopic fields were analyzed for each
condition). Error bars represent standard errors
(***P < 0.001). (B) Vessel structure in OCUM-2MLN
subcutaneous tumors. Representative micrographs
of tumor sections photographed at x40
magnification with immunostaining of endothelial
cells and pericytes using an antibody against
PECAM1 (green) and neuron-glial antigen 2 (NG2)
(red), respectively. Yellow arrows indicate PECAM1-
positive vessels lacking co-staining of NG2. dnTfRII,
dominant negative form of the TGF-B type I
receptor; GFP, green fluorescent protein.

Discussion

Tissue inhibitors of metalloproteinases are endogenous inhibi-
tors of MMP, endopeptidases that regulate tissue remodeling
through the proteolytic degradatlon or activation of cell surface
and extracellular matrix proteins."'? Increased MMP activity
can lead to tissue damage and progressmn of various diseases,
playmg an important role in angiogenesis and tumor progres-
sion.

Tissue inhibitor of metalloproteinase 2 binds to the catalytlc
site of activated MMP, thus inhibiting protease activity,’
but apart from its inhibitory effect TIMP2 is also a cofactor for
MMP2 actlvatlon mediated by membrane-type 1 MMP (MT]1-
MMP),"? suggesting a complex role for TIMP2 in MMP regu-
lation. In addition, TIMP2 can function in an MMP-independent
manner, as TIMP2 has been shown to inhibit fibroblast growth
factor 2 (FGF2)- or vascular endothelial growth factor (VEGF)
A-induced prollferatlon of endothelial cells in vitro and angio-
genesis in vivo.?” Interaction of TIMP2 with integrin o381 on
the endothelial cell surface results in dissociation of the protein
tyrosine phosphatase Shp-1 from the integrin complex and
increased Shp-1 association with and inactivation of the receptor
tyrosine kinases FGF receptor (FGFR)-1 and KDR (receptors
for FGF2 and VEGF-A, respectively), leading to reduced cell
proliferation.*” Furthermore, TIMP2 was shown to induce Shp-
1 mediated induction of p27%P! expressmn and subsequent G,
growth arrest of endothelial cells in vitro.*!
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This is the first report showing the TGF-B-induced upregula-
tion of TIMP2 expression in gastric carcinoma cells in vitro and
in vivo. Tumors formed by subcutaneous transplantation of the
diffuse-type gastric carcinoma OCUM-2MLN cells, lacking
intracellular TGF-B signaling due to stable expression of
dnTPRII, are more angiogenic and show more accelerated
growth compared with control tumors with functional TGF-
51gna11ng ) In addition to reduced expression of anti-angiogenic
factor TSP1, we have found that they expressed less TIMP2
compared with control tumors. Furthermore, we have shown that
in both orthotopic and subcutaneous transplantation models of
OCUM-2MLN cells applied to nude mice, accelerated tumor
growth due to expression of dnTBRII was completely abolished
when TIMP2 was coexpressed with dnTRII.

Although vessel density determined by PECAMI1 immuno-
staining of tumor samples was only slightly reduced in tumors
overexpressing TIMP2, the vessels in TIMP2 tumors were
shorter, at least in cross-sections. These vessels in TIMP2
tumors also had less pericyte coverage, suggesting a reduced
function of the tumor vessels, smce Perlcytes are needed for sta-
bilization of vascular structure.® Consequently, the degree
of hypoxia in dnTBRII+TIMP2 tumors was significantly higher
than that in dnTPRII+GFP tumors, even in areas with high
vessel density, suggesting that the blood vessels in dnTBRII+
TIMP2 tumors are unable to efficiently deliver oxygen to the
surrounding tumor tissue. This is similar to the results seen by
blocking Delta-like ligand 4 (DII4)/Notch signaling in C6 gli-
oma tumors, which, despite increased blood vessel densuy,
resulted in increased hypoxia and reduced tumor growth.*¥ We
investigated whether TIMP2 expression repressed Notch signal-
ing, but found no significant effect of TIMP2 overexpression on
expression of the known Notch-regulated genes that we ana-
lyzed (E. Johansson et al., unpublished data, 2008).
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While we showed that TIMP2 expression inhibited angiogene-
sis and tumor growth induced by dnTPRII expression, we have
not fully elucidated the mechanisms behind this. Tissue inhibitor
of metalloproteinase 2 has been reported to dlrectlgf inhibit endo-
thelial cell migration, as well as growth in vitro.*”*> The anti-
angiogenic effect of TIMP2 in this model could also be indirect,
due to inhibition of MMP. Since the metalloproteinase MMP1 is
highly expressed in OCUM-2MLN cells and induced in tumors
expressing dnTBRII in vivo (E. Johansson et al., unpublished
data, 2007), it would be interesting to further study the
MMP/TIMP balance in these cells and its effect on tumor growth.

In conclusion, the present study provides further evidence that
induction of tumor angiogenesis is an important factor behind
the increased tumor growth in diffuse-type gastric carcinoma
with disrupted TGF-f signaling, and that one of the mechanisms
of this increased angiogenesis may be the downregulation of the
anti-angiogenic protein TIMP2. Induction of TIMP2 expression
might thus be a potential treatment strategy for diffuse-type gas-
tric cancer with disrupted TGF-f signaling.
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