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Downregulation of matrix metalloprotease-9 and urokinase
plasminogen activator by TX-1877 results in decreased tumor
growth and metastasis on xenograft model of rectal cancer
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Abstract

Purpose 1t is well known that hypoxic milieu is the
primary cancer environment. Therefore, tumor hypoxia is
considered to be a potential therapeutic target. In the pres-
ent study, we investigated the antitumor and antimetastatic
effect of hypoxic cell radiosensitizer, TX-1877 on xenograft
model of rectal cancer.

Methods Nude mice bearing subcutaneously or orthotop-
ically implanted human colon cancer cell lines HCT-116
and HT-29 were treated with TX-1877, irradiation or TX-
1877 with irradiation. Tumor volume, survival, expression
of matrix metalloproteinase (MMP)-2, MMP-7, MMP-9
and urokinase-type plasminogen activator (uPA) and inci-
dence of lymph node metastasis were evaluated in treat-
ment versus control group.

Results In subcutaneous model, tumor treated with TX-
1877 and irradiation showed significant reductions in volume
(P <0.05 vs. control, TX-1877 or irradiation group). Quanti-
tative real-time reverse transcription-PCR and immunohisto-
chemical analysis revealed that TX-1877 significantly
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inhibited expression of the MMP-9 and uPA. These treat-
ments also inhibited the para-aortic lymph node metastasis,
however, did not prolong the survival in orthotopic model.
Conclusions These data show that the treatment of
TX-1877 with irradiation decreased growth of human
rectal cancer and, furthermore, suppressed lymph node
metastasis.

Keywords TX-1877 - Radiosensitizer - Hypoxic cell -
Antimetastasis - Lymph node metastasis

Introduction

Rectal cancer is a common malignancy leading to high
morbidity and considerable mortality. Five-year survival
rate for rectal cancer patients have been ~65% in general.
Despite the use of multimodality strategy, local recurrence
alone or in combination with distant metastases causes
severe and fatal outcome in patients who underwent
excision of primary rectal cancer [1, 2]. In recent years,
considerable progress has been made in the treatment of
locally advanced rectal cancer, mainly due to improve-
ments in the type and quality of surgery, better staging
methods and regular use of chemoradiation (CRT) or radia-
tion therapies. Although the use of preoperative CRT for
resectable rectal cancer remains a controversial issue, pre-
operative CRT is clearly preferred when tumor shrinkage is
required before surgery, i.e., in locally advanced T4 disease
and low-lying tumors when sphincter preservation is
attempted [3, 4]. To ensure maximum biological damage
from the radiation therapy, oxygen need to be present in
cancer cells and tissues, however, hypoxia, as a common
feature of the tumor microenvironment, causes resistance to
radiation in cancer cells at the time of radiation therapy.
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Hypoxic cell radiosensitizers, as electron-affinic com-
pounds, have oxygen-mimic effects to tumor hypoxic cells
on fixing the radiation-induced damage in DNA or other
molecules [5-7]. Tested in clinical trials, its development
was discontinued because of its dose-limiting side effects,
such as neurotoxicity [8]. Etanidazole [N1-(2-hydroxy-
ethyl)-2-(2-nitro-1 H-imidazolyl)acetamide] was found to
be 3-4 times less toxic than misonidasole, but to have
radiosensitizing activity comparable to misonidasole. How-
ever, a phase Il randomized trial of radiotherapy of head
and neck cancer with or without etanidazole has failed [9],
whereas, nimorazole has proven to be effective in carcino-
mas of the supraglottic larynx and pharynx [10].

Tirapazamine (TPZ, 1,2,4-benzotriazine 1,4-di-N-oxide,
SR4233), that are specifically toxic to hypoxic cells, is
the main compound in the class of bioreductive antican-
cer agents and is currently in phase II and III clinical tri-
als for the treatment of some cancers [11]. We reported
that hypoxic cytotoxins, such as the benzotriazine oxide
derivative TX-1102 and TPZ and quinoxaline oxide TX-
402, induced tumor cells to p53-independent apoptosis
under hypoxic conditions selectively and inhibited angi-
ogenesis [12].

Several attempts have been made to modify hypoxic
milieu for the last several decades to overcome the hypoxic
resistance and a number of hypoxia-targeting drugs have
been developed and, in particular, hypoxic cell radiosensi-
tizer were tested clinically to improve overall effects on
radioresistant hypoxic tumor cells [9, 13—17]. However, the
clinical usefulness of the sensitizers and bioreductive
agents remain controversial.

In the present study, we investigated the antitumor
effects of TX-1877 against rectal cancer xenograft model.
Our results confirmed that TX-1877 promoted the antitu-
mor activity and, furthermore, inhibited the lymph node
metastasis.

Materials and methods
Materials

The hypoxic cell radiosensitizer, TX-1877 (Fig. 1), was
synthesized as described previously [18]. Antibodies
purchased were as follows: goat polyclonal anti-human
matrix metalloproteinase 2 (MMP-2) (Santa Cruz Biotech-
nology, Santa Cruz, CA); mouse monoclonal anti-human
MMP-7 (Fuji Chemical, Toyama, Japan); rabbit polyclonal
anti-human MMP-9 (Oncogene Research Products,
Cambridge, MA); mouse monoclonal anti-urokinase plas-
minogen activator (uPA) (Greenwich, CT). Dako LSAB kit
(DAKO, Carpinteria, CA) was used according to the
manufacturer’s instructions.
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Fig. 1 Structure of TX-1877

Cell line

The colon cancer cell lines HCT-116 and HT-29 were
obtained from the American Type Culture Collection
(Manassas, VA). All cell lines were cultured in RPMI 1640
supplemented with 10% FBS, 100 units/ml penicillin, and
100 pg/ml streptomycin.

Irradiation

X-ray irradiation was carried out by using an X-ray unit
(Hitachi X-ray unit, model MBR-1505R3 with 0.5 mm Al/
1.0mm Cu filter, 150 kV, 1.08 Gy/min). In vivo assay,
mice whole-body were irradiated with whole-body irradia-
tion of 2 Gy every 4 days. Mice were given 0.2 ml of phys-
iologic saline or 0.4 mg/g of TX-1877 intraperitoneally
(i.p.) 30 min before the irradiation. This dose is less than
10% of the detected LD50 of TX-1877 (4.6 mg/g).

Hypoxic condition

The hypoxic cultures were placed within a modular incuba-
tor chamber (Billups-Rothenberg, Inc., Del Mar, CA, USA)
that was flushed with a gas mixture of 5% CO,, 94% N,
and 1% O,. The whole modular incubator chamber was
then placed in a CO, incubator and the culture was contin-
ued for 72 h.

Cell proliferation assay

The effect of TX-1877 and irradiation on cell proliferation
was determined by WST-8(2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium, mono-
sodium salt) assay as described previously [19]. Cell
proliferation was measured using a Cell Counting Kit-8.
Experiments were carried out in triplicate in duplicate
plates.

Animal model

HCT-116 cells were harvested from subconfluent cultures
by a brief exposure to 0.25% trypsin and 0.02% EDTA.
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Female Balb/c nude mice (CLEA Japan, Tokyo, Japan)
were inoculated with 5 x 10°® HCT-116 cells in 200 il PBS
subcutaneously into the left flank. When the tumor grew
approximately 100 mm? in volume, the mice were divided
into four groups, and the mice were given 0.2 ml of physio-
logic saline or 0.4 mg/g of TX-1877 i.p. and monitored
every 4 days. Tumor volume was estimated by measuring
tumor size and using the following formula: tumor
volume = 0.5 x L x W2, where L and W represent the larg-
est diameter and the smallest diameter, respectively. At day
27, the animals were sacrificed, and tumors were removed
and fixed with formalin for hematoxylin and eosin (H&E)
staining and for immunohistochemical staining; total RNA
were isolated from the removed tumors for real-time
RT-PCR analysis.

To evaluate whether TX-1877 treatment have an
effect on lymph node metastasis and survival, rectal
orthotopic xenograft models were made as described
previously [20]. On the seventh day after inoculation of
2 x 10° HT-29 cell, the mice were given 0.2 ml of
physiologic saline or 0.4 mg/kg of TX-1877 i.p. every
4 days. The mice were killed when moribund. Survival
and incidence of lymph node metastasis around the
abdominal aorta from the lower margin of the renal vein
to the aortic bifurcation were recorded. All experimental
protocols were approved by the Animal Investigation
Committee of Tokushima University, Tokushima,
Japan.

Quantitative real-time reverse transcription-PCR

Tissue samples were homogenized with a Multi-Beads
Shocker (Yasui-kikai, Osaka, Japan). RNA was extracted
using RNeasy Mini kit (Qiagen, Valencia, CA). RNA
was reverse transcribed with oligo-dT primers at 42°C
for 50 min using the SuperScript First Strand System
(Invitrogen, Carlsbad, CA).

Quantitative real-time RT-PCR was done on the ABI
Prism 7500 using the commercially available gene expres-
sion assay for MMP-2, MMP-7, MMP-9 and uPA
(Hs00234422, Hs00159163, Hs00234579 and Hs00170182,
respectively). A 25 pL final reaction volume containing
1 x TagMan Universal PCR Master Mix (Applied Bio-
systems), 1x Multiscribe with RNase inhibitors, and
1 x gene expression assay was used to amplify 25 ng of
total RNA with the following cycling conditions: 30 min
at 48°C, 10 min at 95°C, then 50 cycles of 95°C for 15 s
and 60°C for I min. The 7500 Sequence Detection
System 1.3.1 software automatically determined fold
change for each gene in each sample using the AACT
method [21]. Calculations were also done for each gene
in tumors relative to their corresponding matched
normal tissue.

Immunohistochemical analysis of xenograft

Immunohistochemical staining was performed by the avi-
din-biotin—peroxidase complex (ABC) method. Briefly,
sections were deparaffinized, incubated in a 0.3% H,O,
solution for 30 min, immersed sequentially in phosphate-
buffered saline (PBS) and 10% normal goat serum for
60 min at room temperature, then incubated with each anti-
body described above for 60 min at room temperature.
After washing, they were overlaid with biotinylated goat
antirabbit or antimouse antibody (Vector Laboratories, Bur-
lingame, CA) for 30 min at room temperature, washed in
PBS, then labeled with streptavidin—peroxidase complex
(Vector Laboratories). The peroxidase reaction was devel-
oped with 3,3’-diaminobenzidine as chromogen. The sec-
tions were counterstained with hematoxylin, dehydrated
with ethanol, treated with xylene and enclosed in synthetic
resin.

Statistical analysis

Statistical comparisons of mean values were done by one-
way ANOVA. Survival analysis was computed by the
Kaplan—Meier method and compared by the log-rank test.
Statistical analysis was performed using Stat View 5.0 J
software (SAS Institute, Inc., Cary, NC, USA). A P value
of less than 0.05 was considered to be statistically
significant.

Results
Radiosensitive effect of TX-1877 on colon cancer cell

To examine whether TX-1877 inhibits the proliferation and
whether enhances the radiosensitivity of HCT-116, we first
performed cell proliferation assay. HCT-116 was incubated
with 0, 0.01, 0.1, 1, or 10 mM of TX-1877 for 72 h under
normoxic or hypoxic condition. As shown in Fig. 2,
TX-1877 of 0.1, 1, or 10 mM enhanced the radiosensi-
tivity of HCT-116 under hypoxic condition compared with
normoxic condition.

Antitumor effect of TX-1877 in xenograft

Next, we examined the effects of 0.4 mg/g TX-1877 or irra-
diation, on the growth of subcutaneously (s.c.) implanted
rectal tumor. HCT-116 cell were implanted into the left
flank of nude mice, and animals were vehicle-treated as
control group, treated with TX-1877, irradiation, or TX-1877
and irradiation. As shown in Fig. 3a, the mean tumor vol-
ume was 761 =+ 304 mm? in control group, 558 + 286 mm®
in TX-1877 group, 226 & 111 mm? in irradiation group,
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Fig. 2 Inhibition of cell proliferation by TX-1877 with irradiation for
HCT-116 cell. At 72 h after the treatment with indicated dose of TX-
1877 with irradiation under normoxic or hypoxic condition (1% O,),
viable cells were counted by the cell proliferation assay. Experiments
were performed in triplicate; data are the mean + SE. “P <0.05 in
comparison with normoxic condition

123 4 46 mm® in TX-1877 with irradiation group. The
tumor volume in TX-1877 with irradiation group was sig-
nificantly lower compared with control group, TX-1877
group, and irradiation group at day 27 (P < 0.05 vs. other
groups). The tumor volume in irradiation groups were also
statistically significant lower compared with control group
and TX-1877 group (P < 0.05). There was not statistically
significant difference of tumor volume in TX-1877 group
compared with control group. As shown in Fig. 3b, there
were no differences in body weight between the four
respective treatment groups caused by the medication.

Expression of MMP-2, MMP-7, MMP-9 and uPA

To elucidate whether TX-1877 inhibit the mRNA expres-
sion of MMP-2, MMP-7, MMP-9 and uPA, we then
performed quantitative real-time RT-PCR analysis of
HCT-116 xenograft tumor. As shown in Fig. 4a, quantitative
real-time RT-PCR analysis revealed a significant decrease
of mRNA expression of MMP-9 and uPA in the TX-1877
group or TX-1877 with irradiation group, compared with
the control group or irradiation group (P < 0.05), while
there were no significant differences in mRNA expression
of MMP-2 and MMP-7.

Protein expression was investigated by immunohisto-
chemical staining of HCT-116 xenograft tumor. As shown in
Fig. 4b, consistent with quantitative real-time RT-PCR anal-
ysis, immunohistochemical staining revealed a significant
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Fig.3 TX-1877 and irradiation therapy delay tumor growth in HCT-
116 xenograft. a Five injections of TX-1877 (0.4 mg/g per injection,
i.p.) in HCT-116 tumor with or without five fractions of 2 Gy irradia-
tion (on days 7, 11, 15, 19, 23). After the tumor volume reached
100 mm?, the volume was plotted against the time after the initiation of
the treatment. Points means of 7 mice; bars £SD. *P < 0.05 versus
control group; **P < 0.05 versus TX-1877 group; ***P < 0.05 versus
irradiation group. b During the 27 days, there was no difference in body
weights between mice treated with vehicle, TX-1877, irradiatioin, or
TX-1877 with irradiation

Fig. 4 Expression of MMP-2, MMP-7, MMP-9 and uPA in HCT-116
xenograft tumor. a Effects of TX-1877 detected by quantitative real-
time RT-PCR analysis. Tumors were harvested from control mice and
mice treated with 0.4 mg/g TX-1877, irradiation, or 0.4 mg/g TX-1877
with irradiation. b Immunohistochemical analysis of MMP-2, MMP-7,
MMP-9 and uPA protein in HCT-116 xenograft tumor. The sections
were immunostained for expression of MMP-2, MMP-7, MMP-9 and
uPA. Representative samples are shown (x200 magnification).
Columns mean percentage of mRNA expression, bars +SE, *P < 0.05
versus control or irradiation group

decrease in protein expression of MMP-9 and uPA in the
TX-1877 group or TX-1877 with irradiation group, com-
pared with the control group or irradiation group, while there
were no significant differences in protein expression of
MMP-2 and MMP-7.
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Fig. 5 Antimetastatic effect by TX-1877 and irradiation treatment in
orthotopic HT-29 xenograft. Incidence of lymph node metastasis
around the abdominal aorta from the lower margin of the renal vein to
the aortic bifurcation and survival were recorded when sacrificed. TX-
1877 decreases the incidence of lymph node metastasis (n = 10). Visi-
ble lymph node metastasis were present in 90% of the control group,
30% of 0.4 mg/g TX-1877 group, 70% of the irradiation group, and
20% of 0.4 mg/g TX-1877 with irradiation group

Effect of TX-1877 on lymph node metastasis
and survival in orthotopic xenograft

TX-1877 has not only direct toxicity and radiosensitizing
activity against cancer cell, but also inhibits the metastasis.
To evaluate whether TX-1877 or irradiation treatment have
an effect on lymph node metastasis and survival, HT-29 cell
were injected into the posterior rectal wall submucosally of
nude mice. Seven days later, the mice were randomized
into four groups of ten mice each. When moribund, mice
were killed. Incidence of lymph node metastasis around the
abdominal aorta from the lower margin of the renal vein to
the aortic bifurcation and survival were recorded. As shown
in Fig. 5, visible lymph node metastasis were present in
90% (9 of 10) of the control group, 30% (3 of 10) of the
TX-1877 group, 70% (7 of 10) of the irradiation group and
20% (2 of 10) of the TX-1877 with irradiation group.

As shown in Fig. 6, median survival time for the control
group was 48 days. After treatment with TX-1877, irradia-
tion and TX-1877 with irradiation, the median survival
time was 58, 44, and 46 days, respectively (P = NS).

Discussion

Regions of acute/chronic hypoxia are present in the major-
ity of solid human tumors [22-24]. The level of hypoxia in
tumor has a profound influence on the outcome of cancer
chemotherapy and radiation therapy and is a strong prog-
nostic factor for disease progression and survival. Further-
more, hypoxic condition in solid tumors accelerates
malignant progression and increases metastasis [25-29].
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Fig. 6 Antitumor effect by TX-1877 and irradiation treatment in
orthotopic HT-29 xenograft. HT-29 cell were slowly injected in the
posterior rectal wall submucosally with a 29-gauge needle. Seven days
later, the mice were randomized into four treatment groups (n = 10).
Mice were killed when moribund. Survival was analyzed by the Kap-
lan-Meier method and compared by the log-rank test. Filled square
control group, filled triangle 0.4 mg/g TX-1877 group, filled inverted
triangle irradiation group, filled circle 0.4 mg/g TX-1877 with irradia-
tion group

Therefore, hypoxic cells are important targets for cancer
therapy.

Colorectal cancer display significant regions of hypoxia
that are often resistant to cell killing by radiation and cer-
tain chemotherapeutics [30-33]. In this present study, we
showed for the first time that TX-1877 undergoes dose-
dependent and hypoxic tumor selective activation in vivo,
which results in significant inhibition of tumor growth and
progression in xenograft model of rectal cancer. In the
orthotopic model, treatment with TX-1877 with irradiation
inhibited the para-aortic lymph node metastasis of tumor-
bearing mice in a manner comparable with other groups.

Many studies have shown that enhanced production of
members of the plasminogen activator pathway and MMP
family contributes to tumor invasion, angiogenesis, and
metastasis [34]. Components of the plasminogen system
include the plasminogen activators (PAs), uPA, and tissue-
type plasminogen activator (tPA). Inhibition of uPA and/or
of the uPA/uPAR interaction prevents or reduces metastasis
in [35]. uPA—uPAR binding initiates interaction between a
number of cell surface proteins, e.g., vitronectin, integrin
receptors, CK2, nucleolin, and caveolin, at focal adhesion
sites under certain physiological conditions [36]. In addi-
tion to the cell surface activation of many proteins and the
degradation of extracellular matrix (ECM) proteins, the
uPA—uPAR interaction leads to the intracellular phosphory-
lation of kinases, activation of the Jak—Stat pathway and
subsequently, kinases of the mitogen-activated protein
kinase signaling pathways [37]. Furthermore, evidence
demonstrates that uPA binding to uPAR-mediated signal-
ing events results in the expression of cathepsin B and Mr
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92,000 gelatinase (MMP-9) in monocytic cells [38]. Our
data showed that TX-1877 suppressed the expression of
MMP-9 and uPA and reduced the lymph node metastasis,
however, failed to prolong the survival. Though the mecha-
nisms remain unclear, the decrease of lymph node metasta-
sis may be attributed to the inhibition of metastatic
potential by TX-1877 partially.

In conclusion, multifunctional hypoxic radiosensitizer,
TX-1877 showed not only hypoxic radiosensitizing effect
but also the inhibitory effect of lymph node metastasis on
xenograft model of rectal cancer. Considering the pleiotro-
pic activities of TX-1877 in cancer growth and progression,
we propose that TX-1877 has significant potential for an
effective radiotherapy of hypovasculer rectal cancer that
can overcome radioresistance. Further clinical studies are
necessary to confirm our findings in patients with rectal
cancer.
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