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Mycobacterium indicus pranii (Mw) inhibits invasion by reducing matrix
metalloproteinase (MMP-9) via AKT/ERK-1/2 and PKC« signaling: A potential

candidate in melanoma cancer therapy
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ABSTRACT

Invasion and metastasis via induction of matrix metalloproteinases are the main causes of death in
melanoma cancer. In this study, we investigated the inhibitory effects of heat killed saprophytic bacterium
Mpycobacterium indicus pranii (Mw) on B16F10 melanoma cell invasion. Mw reported to be an
immunomodulator has antitumor activity however, its effect on cancer cell invasion has not been studied.
Highly invasive B16F10 melanoma was found sensitive to Mw which downregulated MMP-9 expression.
Mw treatment inhibited nuclear factor-«B (NF-«B) and activator protein-1 (AP-1) transcriptional activity and
respective DNA binding to MMP-9 promoter. Moreover, Mw also overcame the promoting effects of PMA
on B16F10 cell invasion. Mw decreased PMA-induced transcriptional activation of NF-«<B and AP-1 by
inhibiting phosphorylation of AKT and ERK-1/2. Furthermore, Mw strongly suppressed PMA-induced
membrane localization of protein kinase C o (PKCa) since PKCex inhibition caused a marked decrease in
PMA-induced MMP-9 secretion as well as AKT/ERK-1/2 activation. These results suggest that Mw may be a
promising anti-invasive agent as it blocks tumor growth and inhibits B16F10 cell invasion by reducing
MMP-9 activation through inhibition of PKC«/ AKT/ ERK-1/2 phosphorylation and NF-«B/AP-1 activation.

Abbreviations: Mw, Mycobacterium w / Mycobacterium indicus pranii; MMP, Matrix metalloproteinase; PKCe, Protein
Kinase Car; PKCS, Protein Kinase C3; NF-«B, Nuclear factor kappa-light-chain-enhancer of activated B cells; AP-1, Acti-
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Introduction

Metastatic melanoma tumor frequently diagnosed in both men
and women is characterized by abnormal proliferation of mela-
nocytes and increasing rapidly in all industrialized countries."
Invasion and metastasis are the main reasons for the high mor-
tality rates associated with melanoma cancer. Because of local
invasion and metastasis, neither radiation therapy nor chemo-
therapy substantially increases the length or quality of life for
patients with advanced melanoma cancer.>” Therefore, control-
ling the invasion and metastasis along with development of
effective anti-invasive agents as a therapeutic strategy would be
very probable to improve the treatment.

Invasion and metastasis consist of several interdependent
processes including uncontrolled growth of cancer cells, migra-
tion or invasion to distant sites of surrounding tissues as well as
adhesion or colonization of other organs and tissues.* Although
a number of proteinases are involved, activation of matrix met-
alloproteinases (MMPs) in tumor invasion and metastasis has
frequently been reported.”® MMPs belongs to zinc-dependent
protease family and divided into 4 subclasses based on the sub-
strates comprising collagenase, gelatinase, stromelysin and
membrane-associated MMPs.”'® Tumor-secreted MMPs result

in organ failure and patient mortality by destroying extracellu-
lar matrix components in the surrounding tissues of the tumor
and facilitate the spread to distant organs. Among various
MMPs identified, MMP-2 (gelatinase-A) and MMP-9 (gelati-
nase-B) are the most important mediators of tumor migration
and invasion."' The extent of MMP-2 and MMP-9 expression
in tumors are highly correlated with the metastatic poten-
tial.">'* Generally, MMP-2 is constitutive and overexpressed
in highly metastatic tumors, whereas MMP-9 can be stimu-
lated by the inflammatory cytokines, tumor necrosis factor-c,
epidermal growth factor or phorbol ester (PMA), through
activation of different intracellular signaling pathways.'>'>""
Induction of MMP-9 is particularly important for the inva-
siveness of skin cancers, including melanoma cancer, thereby
blockade of MMP-9 suppresses melanoma cell invasion into
other organs.'®*° Mitogen-activated protein kinase (MAPK),
phosphoinositide 3-kinase (PI3K), and protein kinase C
(PKC) signaling pathways are the predominant cascades par-
ticipating in MMP-9 expression.”' ** Furthermore, stimulators,
such as cytokines or PMA, control the expression of MMP-9
by modulating the activation of transcription factors such as
nuclear factor-«B (NF-«B) and activator protein-1 (AP-1)
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through MAPKs and PI-3K/AKT pathways.”>** NF-«B and
AP-1 are well-known transcription factors which regulate the
expression of genes involved in metastasis, tumorigenesis, and
inflammation.”>*® Several studies have indicated that inhibi-
tion of MMP-9 expression or enzyme activity can be used as
early targets for preventing cancer metastasis.””*® Therefore,
agents possessing the ability to suppress the expression of
MMP-9 deserve development for anti-melanoma cancer inva-
sion and metastasis.

Recent studies to investigate new anti-invasive agents have
demonstrated that heat killed Mycobacterium indicus pranii
(Mw) with chemopreventive potential can inhibit cell invasive-
ness by modifying MMP-9 expression in murine macrophages
in vitro.”> Mw is a saprophytic bacterium which shares antigen
with Mycobacterium leprae and Mycobacterium tuberculosis.* >
Mw can be used as a general immunomodulator which alone or
together with standard multidrug treatment, proved effective
against various cancer and infectious diseases.’®>> Despite these
observations, the mechanism by which Mw mediates anti-inva-
sive responses is unknown.
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In this study, we investigated the molecular mechanisms by
which heat killed Mw inhibits MMP-9 expression and subse-
quently the invasiveness of BI6F10 melanoma cancer. Mw sig-
nificantly suppressed MMP-9 gene expression through
blocking the activation of NF-«B and AP-1 transcription fac-
tors via PKCo-mediated PI3K/AKT and ERK-1/2 signaling,
therefore reducing invasion and metastasis of B16F10 cells.

Results

Mw affects proliferation and invasion of melanoma
cancer cell

We first examined the cytotoxicity of Mw via MTT assay on
melanoma cancer cell lines and control melanocytes. Mw
(dose; 10° and 10 cells/ml) had moderate cytotoxicity respec-
tively on B16F10 and B16F1 compared to control melanocytes.
Among the melanoma cancer cell lines, highly invasive BI6F10
was found sensitive to Mw than B16F1 cells (Fig. 1A). Mw
treatment inhibited the growth and cell proliferation of
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Figure 1. Mw suppresses proliferation and invasion of B16F10 cells. (A) MTT assay of Mw (dose; 0, 10* —108 cells/ml) for 24hr and 48hr on melanocyte, B16F10 and B16F1
cells were analyzed. The experiment was repeated thrice and expressed as mean & SD.” P< 0.05,"" P< 0.01; *P< 0.05, **P< 0.01 versus untreated for 24hr and 48hr.
(B) Effects of Mw on cell viability were assayed by Trypan blue exclusion assay for 24hr and 48hr. The experiment was repeated thrice and expressed as mean £ SD.™™
P < 0.01; **P < 0.01 vs. untreated for 24hr and 48hr. (C) Antiproliferative effect of Mw for 24hr and 48hr were measured by B H]-Thymidine incorporation. Triplicate
results were expressed as mean & SD.”™ P < 0.01; **P < 0.01 versus untreated cells for 24hr and 48hr. (D) Clonogenicity of B16F10 and B16F1 cells treated with Mw was
assessed by soft agar colony assay. Results were expressed as mean =+ SD. “P < 0.05, “*P < 0.001 vs untreated. (E) Invasion assay was carried out in 12-well transwell after
Mw treatment for 2hr. The randomly chosen fields were photographed (20X), and the number of cells migrated to the lower surface was calculated. Data are mean 4 SD
of 3 independent experiments. “P < 0.05, *P < 0.001 vs untreated. (F) Confluent cells were treated with Mw and scratched. After 24hr, the number of cells migrated
into the scratched area was photographed (20X) and calculated. Data are mean =+ SD of 3 independent experiments. “P< 0.05, and **P< 0.001 vs untreated. (G) Cell
adhesion was carried out in a 12-well plate coated with matrigel and treated with Mw for 2hr. Attached cells were photographed (20X) and calculated. Data are mean +

SD of 3 independent experiments."P< 0.05, “*P< 0.001 vs untreated.
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melanoma cells in a time and dose-dependent manner observed
by Trypan-Blue exclusion and [*H]-Thymidine incorporation
assay (Fig. 1B and 1C). Mw also suppressed the clonogenic
activity of these 2 cell lines (Fig. 1D). Thus, Mw (10° cells/ml)
inhibited the anchorage-dependent (cell proliferation) and
anchorage-independent (colony formation) growth of highly
and poorly invasive melanoma cancer cells, with the highly
invasive B16F10 being more sensitive. Considering the sensitiv-
ity of B16F10 to Mw treatment, we determined the invasive
behavior of B16F10 cells. As shown, Mw (10° cells/ml)
markedly suppressed the invasion of B16F10 cells (Fig. 1E). To
explore the effect on migration, BI6F10 cells were treated with
Mw, and cell migration was determined. Mw (10° cells/ml) sig-
nificantly decreased B16F10 cell migration in a dose dependent
manner (Fig. 1F). Finally, we evaluated the effect of Mw on cell
adhesion. Mw (10° cells/ml) treatment also inhibited the adhe-
sion of BI6F10 cells onto the matrigel in a concentration-
dependent manner compared with the untreated control
(Fig. 1G). Henceforth, result suggested that Mw (10° cells/ml)
exhibited anti-invasive behavior toward metastatic B16F10
melanoma at non-cytotoxic concentrations.

Mw suppresses B16F10 cell invasion by inhibiting MMP-9
through NF-xB and AP-1

Cancer invasiveness and metastasis are associated with
increased expression of MMPs.***” Among various MMPs
examined, mRNA levels of MMP-2 and MMP-9 were found
high in BI6F10 compared to B16F1 and control melanocytes
(Fig. 2A). Therefore, we examined whether the anti-invasive
effect of Mw can be mediated by suppressing MMP-2 and
MMP-9 activities. Gelatin zymography performed, using the
conditioned medium (CM) from the Mw treated cells showed
minimal MMP-9 activity, suggesting that Mw inhibited the
invasiveness of B16F10 cells by reducing MMP-9 activity
(Fig. 2B). In order to determine whether the inhibitory effect of
Mw on MMP-9 secretion was resulted from a downregulated
level of MMP-9 mRNA expression, real-time PCR was con-
ducted (Fig. 2C). Consistently western blot analysis also
revealed downregulated MMP-9 expression via Mw (Fig. 2D).
Thus, Mw regulated MMP-9 expression at the transcriptional
level and inhibited the invasion of B16F10 cells. MMP-2
expression was found unaffected. Furthermore, to understand
the interrelationship between invasion and MMP-9 in B16F10,
we performed matrigel invasion assay with MMP-9 inhibitor.
Result showed that MMP-9 inhibitor blocked invasion in a
dose-dependent manner, suggesting the involvement of MMP-
9 in B16F10 invasion (Fig. 2E). Since, NF-«B and AP-1 are crit-
ical transcription factors in the regulation of MMP-9 expres-
sion.”>*® Thus, to understand the inhibitory mechanisms of
Mw on MMP-9 transcriptional regulation we checked the
expression level of plkBa, pP65, pc-Fos and pc-Jun. As shown,
Mw inhibited the phosphorylation of IkBea, P65 and c-Jun only
in B16F10 cells and prevented the translocation of P65 and c-
Jun from cytoplasm to nucleus (Fig. 2F and 2G). This indicated
that IxBo degradation, P65 translocation and c-Jun activation
blocked by Mw inhibits the NF-«B and AP-1 dependent
B16F10 cell invasion. Mw exhibited no significant effect on c-
Fos expression. ChIP analysis further confirmed the inhibitory

effect of Mw on the DNA binding of transcription factors to
MMP-9 promoter. Mw (10° cells/ml) inhibited the DNA bind-
ing of NF-«B (P65) and AP-1 (c-Jun) to MMP-9 promoter
(Fig. 2H). Hence, these result indicated that Mw inhibited the
NF-«B and AP-1 dependent invasive behavior of B16F10 cells.

Mw overcome the promoting effects of PMA on B16F10
cell invasion

PMA has been shown to enable cancer cell invasion via inducing
NF-«B and/or AP-1 signaling pathways to mediate MMP-9
expression.””® Accordingly, we determined whether Mw can
abrogate the promoting effects of PMA on B16F10 cells. As
shown, Mw abrogated PMA-induced invasion by downregulat-
ing MMP-9 gelatinolytic activity and protein expression in a
dose-dependent manner, indicating that Mw inhibits MMP-9
enzyme activity by reducing the protein level of MMP-9
(Fig. 3A, B and C). Similar to prior observations, Mw had little
effect on MMP-2 protein expression. Furthermore, we per-
formed RT-PCR to determine Mw mediated regulation of
MMPs at the mRNA level. Mw significantly inhibited PMA-
induced MMP-9 mRNA expression in a dose-dependent manner
but had no effect on the mRNA level of MMP-2. Since the activ-
ity of MMP-9 is tightly regulated by endogenous inhibitors, tis-
sue inhibitors of metalloproteinases (TIMP), we examined the
expression levels of TIMP-1 and TIMP-2 by RT-PCR. As shown
TIMP-1, but not TIMP-2, was slightly stimulated by PMA.
However, Mw had no effect on the mRNA levels of both TIMP-
1 and TIMP-2. Furthermore, we examined the expression level
of MMP-7 in Mw-treated B16F10 cells and showed that MMP-7
remained essentially unchanged (Fig. 3D). These results indicate
that Mw selectively suppressed MMP-9 expression both at the
protein and mRNA levels in a dose-dependent manner. Interest-
ingly, we examined the effects of Mw on NF-«B and AP-1 signal
cascades, which play a major role in MMP-9 transcription. Our
results showed that pIkBa and pP65 were upregulated by PMA
treatment at 80nM. Mw treatment markedly inhibited the PMA-
induced upregulation of plkBa and pP65 respectively. We fur-
ther investigated the effect of Mw on the PMA-induced upregu-
lation of pc-Fos and pc-Jun expression. Results showed that Mw
inhibited PMA-induced upregulation of c-Jun only, thus affect-
ing the AP-1 signal cascades (Fig. 3E). In addition, ChIP analysis
also suggested Mw mediated significant inhibition on PMA-
induced NF-«B (P65) and AP-1(c-Jun) binding to MMP-9 pro-
moter respectively (Fig. 3F). Taken together, these results indi-
cated that Mw can overcome the facilitative effects of PMA on
B16F10 cells by blocking NF-«B and AP-1 mediated MMP-9
expression and cell invasion.

Mw regulates PKC isotype mediated MMP-9 expression in
B16F10 melanoma

Differential PKC activation correlates with B16F10 cell metas-
tasis, proliferation and apoptosis.”> PMA has been reported as
a PKC activator, and activation of the PKC isoforms including
@, B, § and ¢ by PMA has been identified.***! However, contri-
butions of PKC isoforms in PMA-induced invasion and migra-
tion of B16F10 cells are still unclear. To determine whether
PMA causes the activation of PKC isotypes in B16F10 cells, we
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Figure 2. Mw suppresses transcription factors mediated B16F10 cell invasion. (A) 2x 10° melanocytes, B16F1 and B16F10 cells were collected for mRNA extraction and
real time PCR analyses of MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-13 and MMP-14. Relative expression of target gene with respect to GAPDH was presented as
mean + SD, "P< 0.05, “*P< 0.01 vs melanocytes. (B) 2x10° B16F10 cells were treated with Mw for 2hr and the activity of MMP-2 and MMP-9 was assessed by gelatin
zymography. Data are representative of 3 independent experiments. (C) 2x 10° B16F10 cells were treated with Mw and MMP-2 and MMP-9 gene expression was detected
by real time PCR. Relative expression of target gene with respect to GAPDH were performed thrice and expressed as mean =+ SD. **P< 0.01 vs. untreated cells. (D) West-
ern blot was performed in similarly treated cell to detect MMP-2 and MMP-9 using specific antibodies with anti-GAPDH as reference. (E) B16F10 cells were incubated in
Matrigel-coated transwell with or without PMA and MMP-9 inhibitor for 24hr. Attached cells were photographed (20X) and calculated. Data are mean =+ SD of 3 indepen-
dent experiments.P< 0.05, **P< 0.001 vs untreated. (F) 2x10° B16F10 cells treated with Mw were subjected to western blot to detect plkBe, lkBe, pP65, P65, pc-Fos,
c-Fos, pc-Jun, c-Jun using specific antibodies. (G) Cytoplasmic and nuclear fractions of B16F10 cells were subjected to protein gel blot to study nuclear translocation of
P65 and c-Jun with GAPDH and LaminB as reference. (H) 2x10° B16F10 cells treated with Mw (10° cells/ml) were immunoprecipitated using NF-xB (IP: NF-kBP65) and
AP-1(IP: c-Jun) specific antibody. Semi quantitative RT-PCR was performed to amplify the putative NF-«B and AP-1 binding sites at the MMP-9 promoter. Data are from

one representative experiment performed at least thrice.

analyzed the levels of PKC isotypes in cytosol and membrane
fractions. PMA stimulated the translocation of PKCu from the
cytosol to the membrane only after 10min of stimulation com-
pared to PKCB, PKCé and PKCe isotypes expressed in B16F10
cells (Fig. 4A). Furthermore, to determine the involvement of
PKCu isotype in PMA-induced MMP-9 activation and cell
invasion, B16F10 cells were exposed to PMA together with
PKC inhibitors including G66976, Rottlerin and GF109203X.
As shown, incubation of BI6F10 cells with G066976 and
GF109203X, but not Rottlerin, inhibited PMA-induced MMP-
9 expression and activity (Fig. 4B). Data from the cell invasion
and migration assay revealed that the addition of GF109203X
and G066976 compared to Rottlerin significantly inhibited the

PMA-induced invasion and migration of B16F10 cells (Fig. 4C
and 4D). Since, PKCx and PKC$ exhibited reciprocal effect on
each other™ so melanoma cells transfected with PKCoeOV and
PKCSOV had also shown differential effect in the expression
and activity of MMP-9 where PKCaOV cell had augmented
MMP- 9 expression compared to PKCSOV cells (Fig. 4E). To
study the effect of Mw on PKC isotypes, translocation of PKCu
by PMA from the cytosol to membrane was studied which was
found blocked by Mw addition, however no blocking effect was
detected on PKCS§ translocation (Fig. 4F). Furthermore, treat-
ment with Mw had shown decreased MMP-9 expression and
activity in PMA treated PKCaOV transfected B16F10 mela-
noma cells (Fig. 4G). Thus suggesting that Mw inhibited PKCo
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Figure 3. Mw overcomes the facilitative effects of PMA on B16F10 cell invasion. (A) B16F10 cells preincubated with Mw for 2hr and the cell suspension containing Mw
and PMA (80nM) was seeded onto the upper well of 12-well microchemotaxis chambers. The randomly chosen fields were photographed (20X). The number of cells
migrated to the lower surface was calculated. Data are mean =+ SD of 3 independent experiments.”P < 0.05 versus untreated, *P< 0.05, **P< 0.001 vs. PMA alone.
(B) 2% 10° B16F10 cells were pretreated with Mw for 2hr and then stimulated with 80nM PMA for 24hr. The activity of MMP-2 and MMP-9 was assessed by gelatin zymog-
raphy. (C) Western blot was performed in similarly treated cell to detect MMP-2 and MMP-9 using specific antibodies with anti-GAPDH as reference. (D) 2x10° B16F10
cells pretreated with Mw for 2hr and stimulated with 80nM PMA for 24hr. Gene expression of MMP-2, MMP-9, MMP-7, TIMP-1 and TIMP-2 was detected by RT- PCR analy-
sis with GAPDH as control. (E) The protein expression of plkBe, IkBe, pP65, P65, pc-Fos, c-Fos, pc-Jun, c-Jun and anti-GAPDH was assessed by western blot in B16F10 cells
pretreated with Mw for 2hr and stimulated with 80nM PMA for 24hr using specific antibodies. (F) B16F10 cells treated similarly were immunoprecipitated using NF-«<B
(IP: NF-«B) and AP1 (IP: c-Jun) specific antibody. Semi quantitative RT-PCR amplified the putative NF-«B and AP1 binding sites at the MMP-9 promoter. Data are from one

representative experiment performed at least thrice.

activation involved in PMA-induced MMP-9 activation and
migration.

Mw suppresses ERK-1/2 and AKT mediated activation of
transcription factors downstream of PKCu

NF-«B and AP-1 controls MMP-9 expression and are regu-
lated by MAPKs such as PI3K/AKT, ERK-1/2, JNK-1/2, and

P38 kinase. Hence, induction of MAPK or PI3K signaling
pathways are involved in the expression of MMP-9; how-
ever, studies regarding the mechanism of Mw mediated
downregulation of MMP-9 through suppression of MAPK
or PI3K have not been carried out. As examined, Mw in a
dose dependent manner inhibited the phosphorylation of
ERK-1/2 and AKT, but not p38 MAPK or JNK-1/2 in
B16F10 cells. PMA mediated induction of ERK-1/2 and
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mean = SD of 3 independent experiments. “*P < 0.001 vs PMA alone treatment. (D) Confluent cells were scratched and treated with 80nM PMA for 24hr after pretreat-
ment with PKC inhibitors for 1hr. The number of cells migrated into the scratched area was photographed (20X) and calculated. Data are shown as the mean + SD of 3
independent experiments. “*P< 0.001 vs PMA alone treatment. (E) B16F10 cells transfected with empty vector (EV), overexpressed full-length mouse PKCar (PKCOV) or
PKC3 (PKCS0V) isotypes as mentioned in materials and methods were subjected to semi-quantitative RT-PCR, protein gel blot and gelatin zymography for MMP-9 expres-
sion and activity respectively. Data are from one of 3 representative experiments. (F) B16F10 cells were pretreated with Mw for 2hr and then stimulated with 80nM PMA
for 24hr. Western blot analysis was performed to detect the PKCa and PKCS level in cytosol and membrane fractions. (G) B16F10 cells, transfected with overexpressed
full-length mouse PKCw (PKCrOV) isotype were treated with Mw for 2hr followed by 80nM PMA stimulation for 24hr. The MMP-9 mRNA (top), protein (middle) expression
and activity (bottom) were analyzed by semi-quantitative RT-PCR, western blot and gelatin zymography respectively. Data are from one of 3 representative experiments.

AKT phosphorylation were also blocked by Mw pretreat-
ment but expressions of p38 MAPK or JNK-1/2 remain
unchanged (Fig. 5A and 5B). Pharmacological inhibitors of
MAPK and AKT were used to identify the molecular mech-
anisms by which PMA induces MMP-9 expression. As
observed, treatment of cells with PD95059 and LY294002
abrogated PMA induced MMP-9 expression and activity as
well as B16F10 cell invasion, whereas treatment with
SB203550 or SP600125 did not (Fig. 5C and 5D). Further-
more, ChIP analysis investigated that PMA induced DNA
binding of NF-«B (P65) and AP-1 (c-Jun) to MMP-9 pro-
moter were found to be inhibited by the LY294002 and
PD95059 respectively (Fig. 5E). This indicates that PMA
stimulates cell invasion and MMP-9 secretion by modulating
AKT-mediated NF-«B activation and ERK-1/2-mediated
AP-1 activation. Furthermore, phosphorylation of ERK-1/2
and AKT was blocked by treatment with GF109203X and
G06976, but not with Rottlerin thereby suggesting that Mw
mediated suppression of ERK-1/2 and AKT is located down-
stream of PKCw and consequently inhibits MMP-9 expres-
sion in B16F10 cells (Fig. 5F).

Effect of Mw on melanoma tumor growth in vivo

To evaluate the effect of Mw in vivo, B16F10 and B16F1
murine models were generated. Tumor-bearing mice were
treated with PBS or Mw intradermally at a dose (107 bacilli/
mouse) twice within 15 d interval starting from day 3 of
tumor cell implantation. Animals were sacrificed when the
tumors reached a palpable size. As shown, Mw significantly
inhibited B16F10 and B16F1 tumor growth (Fig. 6A). More-
over, Mw treatment did not reduce the body weight of mice,
suggesting that Mw had no toxicity effect (Fig. 6B). The
tumor samples of mice bearing B16F10 cells were isolated,
cells were harvested, and experiments were conducted to
determine whether Mw perturbed MMP-9 expression in
vivo. Interestingly, samples from mice treated with Mw
showed minimal MMP-9 and PKCa expression with respect
to MMP-2 and PKCS§ compared with PBS treated mice
(Fig. 6C). Furthermore, immunohistochemical analysis also
indicated that the expression of MMP-9 and PKCy in the
tumors was noticeably higher in PBS treatment and inhib-
ited by Mw treatment (Fig. 6D). Hence, these results
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Figure 5. Mw inhibits PMA-induced transcriptional activation of MMP-9 and phosphorylation of ERK1/2 and AKT in B16F10 cells. (A) 2 10° B16F10 cells were treated with
Mw and the expression of phospho/total MAPKs and AKT were determined by protein gel blotting. (B) 2x10° B16F10 cells preincubated with Mw for 2hr followed by
80nM PMA for 24hr were subjected to western blot using antibodies specific to total/phospho MAPKs and AKT. Data are from one of 3 representative experiments with
similar results. (C) Cells were treated with specific inhibitors of MAPKs or AKT for 1hr and then stimulated with PMA for 24hr. The MMP-9 mRNA (top), protein expression
(middle) and activity (bottom) were analyzed by semi-quantitative RT-PCR, protein gel blot and gelatin zymography respectively. (D) Similarly cells were preincubated
with specific inhibitors of MAPKs or AKT for 1hr and then stimulated with PMA for 24hr was seeded onto the upper chamber wells. After incubation for 24hr at 37°C, the
filter was fixed and stained. The randomly chosen fields were photographed (20X). Data are shown as the mean = SD of 3 independent experiments. “*P< 0.001 vs PMA
alone treatment. (E) B16F10 cells treated with specific inhibitors of MAPKs or AKT for 1hr and then stimulated with PMA for 24hr were subjected to immunoprecipitation
using NF-«B (IP: NF-xBP65) and AP-1 (IP: c-Jun) specific antibody. Semi quantitative RT-PCR amplify the putative NF-«<B and AP1 binding sites at the MMP-9 promoter.
Data are from one representative experiment performed at least thrice. (F) Cells were stimulated with 80nM PMA for 24hr after pretreatment with PKC inhibitors for Thr,
and the levels of total/phospho MAPKs and AKT were determined by western blotting. Data are from one of 3 representative experiments.

(Arbitrary units)

demonstrated that the administration of Mw had a great mechanisms underlying its activity. Mw is a nonpathogenic,
potential in melanoma cancer therapy. saprophytic cultivable mycobacterium which played a potent
immunomodulatory role against leprosy, tuberculosis, leish-
maniasis and cancer.’*> Several studies have documented the
anti-cancer activity of Mw.*"**> Mw can modulate the effector
The current study was designed to investigate the anti-invasive responses via interacting with TLRs on the cell surface since
potential of heat killed Mw and to explore the molecular TLRs play an important role in the recognition of various

Discussion
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Figure 6. In vivo therapeutic efficacy of Mw on melanoma cancer models. (A) 3x10° B16F10 cells were injected in the right flank of C57BL/6 mice on day 0. Mw
(107 bacilli/mouse) was given intradermally (i.d.) at the tumor site twice within 15 d interval starting from day 3 of tumor implantation. Tumor growth and animal body
weight was measured twice per week. Data are mean = SD values obtained from 5-mice/group. *P< 0.05 vs PBS treated mouse. (B) Mw treatment did not affect animal
body weight. (C) MMP-9, MMP-2, PKCc, PKCS expression in B16F10 tumor treated with Mw was detected by real time PCR analysis. Data are mean + SD obtained from
5-mice/group. “P< 0.05, **P< 0.01 vs PBS treated mouse. (D) Expression of MMP-9, MMP-2, PKCc, and PKCS in B16F10 tumor treated with Mw was detected by tumor
immunofluorescence staining. (E) Signaling pathway where Mw inhibits B16F10 melanoma cancer cell invasion and migration.

microbial molecules.”>** However, the role of Mw in suppress-
ing invasion and migration are limited and its effect against
MMP-9 expression in B16F10 melanoma remains unknown.
Migration and invasion are the important prerequisites of can-
cer cell progression and metastasis.* It is well established that
tumor cell migration and invasion depend on gelatinase activ-
ity.>* MMP-9 and 2 are the important enzymes in tumor
metastasis, resulting from ECM degradation.''"* MMPs are

highly expressed in melanoma cancer, and a direct relationship
between cancer progression and MMPs expression has been
well established.'®'” Recent study has shown statistically signif-
icant different expression patterns of MMP-9 between well-dif-
ferentiated and poorly differentiated tissue samples which play
key roles during the development of cancer.*” The current
study demonstrated that heat killed Mw significantly inhibited
B16F10 melanoma cancer cell proliferation, growth, invasion,
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adhesion and colony formation by modulating the activity and
expression of MMP-9, suggesting its potential in controlling
melanoma cancer progression. MMPs activity is also regulated
by tissue-specific inhibitors (TIMPs) which bind MMPs and
directly affect the level of MMP activity. Because TIMP-1 is a
major inhibitor of MMP-9, TIMP-1 and TIMP-2 are differen-
tially regulated in vivo as well as in cultured cells.**** The
mRNA levels of these 2 proteins ruled out the effects of Mw on
TIMP-1 and TIMP-2. Therefore, the inhibitory effect of Mw on
MMP-9 activity was mainly due to the transcriptional regula-
tion and protein expression of MMP-9. The MMP-9 promoter
region contains NF-«B and AP-1 binding sites. NF-«B and AP-
1 are ubiquitous eukaryotic transcription factors and can be
induced by multiple stimuli.”*** NF-«xB, a heterodimer is
sequestered in the cytoplasm due to its association with the
inhibitory protein IxBe. Stimulation by inflammatory cytokines
or tumor promoters leads to the dissociation of IxBa from NF-
kB through the ubiquitin/proteasome dependent pathway fol-
lowing its phosphorylation. The released NF-«B translocates
into the nucleus and binds to the promoter region of MMP-9,
leading to gene expression.*> On the other hand, AP-1 is a
nuclear transcription factor comprising homodimers and heter-
odimers of members of the Fos and Jun families.*® NF-«B and/
or AP-1 dependent MMP-9 expression is regulated by mito-
gen-activated protein kinases (MAPKs) and by the phosphati-
dylinositol 3-kinase (PI3K)/AKT pathway, depending on the
type of cell and stimuli.*’ Therefore, these upstream molecules
that regulates MMP-9 expression or enzymatic activity can be
used as a target for treating melanoma cancer metastasis. Our
results demonstrated that Mw exerted anti MMP-9 effect by
blocking I«Be, P65 and c-Jun phosphorylation but has no effect
on c-Fos. Furthermore Mw inhibited the respective DNA bind-
ing of NF-«B and AP-1 to MMP-9 promoter.

Next we evaluated the inhibitory effect of Mw on PMA
induced invasion and migration in BI6F10 cells. PMA is a
well-known inflammatory stimulus and tumor promoter that
activates almost all PKC isozymes by direct binding.**** PMA
increases the invasiveness of cancer cells by activating MMP-9
via transcription factors, PKCs, MAPKs or PI3K/AKT path-
ways.”>*> Mw treatment in a dose-dependent manner impaired
MMP-9 activity and gene expression. Moreover, Mw inhibited
PMA induced activation of NF-«B and AP-1 levels. However,
the distinct mechanisms regulating PMA induced MMP-9
expression in BI6F10 melanoma are not defined clearly. To
gain a comprehensive understanding of the PMA-induced sig-
naling cascade underlying MMP-9 expression in B16F10 cells,
we assessed the effects of specific inhibitors of MAPKs and
PI3K on PMA-induced invasion. Our data show that PMA-
induced invasion was significantly inhibited by treatment with
an ERK-1/2 inhibitor (PD98059) or PI3K/AKT inhibitor
(LY294002), than with p38MAPK inhibitor (SB203580) or JNK
inhibitor (SP600125). PMA-induced MMP-9 expression and
DNA binding of NF-«B was also inhibited by the PI3K/AKT
inhibitor, whereas DNA binding of AP-1 was abolished only by
an ERK-1/2 inhibitor. Thus results indicate that cell invasion
and MMP-9 expression is mainly regulated by NF-«B activa-
tion via PI3K/AKT and by AP-1 activation via ERK-1/2. More-
over, Mw suppressed PMA-induced phosphorylation of ERK-
1/2 and AKT, key pathways in PMA-induced cell invasion via

MMP-9 expression. These results demonstrate that Mw reduces
MMP-9 expression by blocking NF-«B activation via PI3K/
AKT as well as AP-1 activation via ERK-1/2 signaling. PMA
also activates classical («, BI, BII and y) and novel (3, ¢, 6 and
1) PKCs by binding to the C1 domain of these isoforms. Acti-
vation of PKC by PMA involves PKC translocation, thereby
causing proliferation, differentiation, malignant transformation
and cell death in cancer cells.***®*' Hence, PKC isoforms are
promising targets for the prevention and treatment of mela-
noma cancer. In this study, PMA stimulation resulted in PKCu
translocation from cytosol to membrane however, minimal
translocation of PKC§ and other isotypes was observed. Treat-
ment with a specific PKCa inhibitor G66976 and a broad PKC
inhibitor GF109203X caused marked inhibition in PMA-
induced ERK-1/2 and AKT activation, MMP-9 expression and
cell invasion but not with PKC$ inhibitor Rottlerin. Mw treat-
ment abridged membrane localization of PKCw« induced by
PMA. Furthermore, B16F10 cells transfected with PKCaOV
and PKCSOV exhibit differential effect in MMP-9 expression
where PKCaOV cell augmented MMP-9 expression compared
to PKCSOV cells and Mw treatment decreased PKCoOV medi-
ated MMP-9 expression and activity. This suggests that PKCa
activation is involved in MMP-9 activation and migration,
which was inhibited by Mw treatment. Intradermal administra-
tion of Mw in murine model led to a substantial inhibition of
tumor growth. MMP-9 and PKCwx expression was also inhib-
ited in the tumor tissues of mice administered with Mw. These
results indicate that Mw can suppress the melanoma cancer
growth and MMP-9 expression.

Collectively, Mw inhibit the invasion and migration of
B16F10 cells. The anti-invasive effects of Mw in BI6F10 cells is
through inhibiting the PI3K/AKT/NF-«B axis and PKCa/ERK/
AP-1 cascades, with consequent suppression of MMP-9 expres-
sion. Intradermal administration of Mw in the tumor site sup-
pressed tumor growth and invasiveness in mice implanted with
B16F10 cells. Thus, Mw may be a useful anti-invasive agent in
therapeutic strategies against metastatic melanoma tumor.

Materials methods
Reagents and chemicals

Mw was a kind gift from Dr. B. M. Khamer (Cadila Pharma-
ceuticals Limited, Gujarat, India). Dulbecco’s modified Eagle’s
medium (DMEM) (AT007) were from Himedia. Penicillin-
streptomycin (P4333), collagenase (S5138), SB203580 (S8307),
PD98059 (P215), LY294002 (L9908), SP600125 (S5567),
G06976 (G1171), GF109203X (G2911), Rottlerin (R5648),
PMA (P1585) were from Sigma. Fetal calf serum (16140071),
Trypsin-EDTA (25200-056) were from Gibco BRL. MMP-9
inhibitor (444249) were obtained from Calbiochem. MMP-2
(sc-10736), MMP-9 (sc-6841), PKCw (sc-208), pPKCa (sc-
12356), PKCBII (sc-210), pPKCPBII (sc-11760), PKCS (sc-213),
pPKC$ (sc-11770), PKCe (sc-214), pPKCe (sc-12355), GAPDH
(sc-25778), P38 (sc-7972), pP38 (sc-7973), AKT (sc-1618),
PAKT (sc-135650) ERK-1/2 (sc-135900), pERK-1/2 (sc-7383),
JNK-1/2 (sc-7345), pJNK-1/2 (sc-81502), NFkBP65 (sc-372),
NF«BpP65 (sc-33020), plkBa (sc-52943), I«kBa (sc- 371), c-Jun
(sc-1694), pc-Jun (sc-16312) antibodies were obtained from



Santa Cruz Biotechnology and c-Fos(5348), pc-Fos (2250) anti-
bodies were from cell signaling.

Cell culture

B16F10 and B16F1 cell lines were obtained from ATCC and
maintained in DMEM supplemented with 10% FBS at 37°C
with 5% CO,. Primary melanocytes were prepared and main-
tained as described elsewhere.*

Cytotoxic assay and cell viability

5x10° melanoma and melanocyte cells were treated with Mw
for 24hr or 48hr. The medium was replaced with fresh DMEM
(without Phenol Red) containing 1 mg/ml MTT and incubated
at 37°C for 3hr, the untransformed MTT was removed and
50ul1 of 0.04 M HCI isopropanolic solution was added to each
well. After 15min, absorbance was measured on an automatic
plate reader (Polarstar optima, BMG Labtech, Victoria) at a ref-
erence wavelength of 690 nm and test wavelength of 650 nm.
Cell viability was also estimated by trypan blue dye exclusion
assay.

Soft-agar colony formation assay

5x10* melanoma cells treated with Mw were suspended in 1ml
of DMEM containing 0.3% low-melting-point agarose
(Amresco, USA) and 10% FBS, plated on a bottom layer con-
taining 0.6% agarose and 10% FBS. After 2 weeks, plates were
stained with 0.2% gentian violet and the colonies were counted
under light microscope (20X) (Leica Microsystem, Germany).

Invasion assay

5x10* melanoma cells preincubated with Mw for 2hr was
seeded in a 12-well transwell chamber (Corning Costar, Cam-
bridge, MA).The lower chamber was filled with medium con-
taining 20% FBS. After overnight incubation at 37°C, the filter
was fixed and stained with 2% ethanol containing 0.2% crystal
violet (15min). The stained cells were enumerated under light
microscope (20X) (Leica Microsystem, Germany). For quantifi-
cation, the invaded stained cells were extracted with 33% acetic
acid and the absorbance was determined at 570 nm.

Wound healing assay

4x10° melanoma cells were seeded in a 12-well plate and incu-
bated. The confluent cells were scratched with a pipet tip,
washed with PBS, and then treated with Mw. After 24hr of
incubation, the cells were fixed and stained with 2% ethanol
containing 0.2% crystal violet powder (15min), and randomly
chosen fields were photographed (20X) (Leica Microsystem,
Germany). The number of cells migrated into the scratched
area was calculated.

Adhesion assay

5x10* melanoma cells preincubated with Mw for 2hr at 37°C
were seeded in a 12-well plate coated with matrigel. Unattached
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cells were removed by washing with PBS. Attached cells were
fixed in 4% paraformaldehyde (15min), stained with 0.02%
crystal violet solution (10min), and randomly chosen fields
were photographed (20X) (Leica Microsystem, Germany). To
quantify the number of attached cells, crystal violet was dis-
solved with 70% ethanol and O.D. was measured at 570 nm.

Cell proliferation

5x10* melanoma cells were treated with Mw for 24hr and 48hr.
Each well was then pulsed with 1 uCi [> H]-Thymidine (spe-
cific activity 20 Ci/mmol). [* H]-Thymidine incorporation was
determined on liquid scintillation counter (Tri-Carb 2800TR;
Perkin Elmer, Waltham, USA).»

Gelatin zymography

1x10° B16F10 cells were incubated in serum-free medium
including 80nM PMA for 24hr, following pretreatment with
Mw for 2hr, or specific inhibitors of MAPKs, PI3K and PKC
isotypes for lhr, respectively. The conditioned medium was
collected and protein concentration was determined. Equal
amounts of protein (30ug) were separated on a 10% SDS-
PAGE gel containing 0.1% gelatin. After electrophoresis, the
gels were washed in renaturing buffer, equilibrated in develop-
ing buffer and finally incubated in fresh developing buffer at
37°C for 24hr. The gelatinolytic activity of MMPs was visual-
ized by staining the gels with 0.5% Coomassie blue R-250 in
45% methanol, 10% acetic acid and destained with 45% metha-
nol, 10% acetic acid until clear bands appeared.

RNA Isolation and PCR

Total RNA was extracted from cell via TRI reagent.”’ For
cDNA synthesis, 1ug of total RNA was reverse-transcribed as
per manufacturer’s protocol and amplified with 0.5 unit Taq
DNA polymerase (Primers in Table 1). PCR products were run
on 1.5% agarose gel, stained with EtBr and visualized under
UV-light. Quantitative real-time PCR was performed using
SYBR-Green mix and the ABI-7500 RT-PCR system (Applied
Biosystems, Waltham, USA) according to the manufacturer’s
instruction.>

Immunoblotting

Cell lysates were prepared as described elsewhere.”” Equal
amounts of protein (40ug) were subjected to 10% SDS-PAGE
and were subsequently transferred to a nitrocellulose mem-
brane. The membrane was blocked overnight with 3% bovine
serum albumin in Tris-saline buffer (pH, 7.5), and immuno-
blotting was performed keeping anti-GAPDH antibodies as
control.>*

Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic extracts were prepared as described.”
The purity of nuclear and cytoplasmic extracts was assessed by
protein gel blot with anti-laminB and anti-GAPDH antibodies
as control respectively.
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Table 1. List of primers.

Primer Forward Reverse

MMP-1 5’-AACAGGTGCAACAACACCACAT-3' 5'-AAACTGTGGATGTCTCTGGGGA-3’
MMP-2 5/-TGTTCTTCGCAGGGAATGAGTA-3' 5'-ACTTTGGTTCTCCAGCTTCAGG-3’
MMP-3 5/-GTGGTTGTGTGCTCATCCTA-3' 5'-ATGCATCAGCTCCATAGTGT-3
MMP-7 5/-TTACCTCGGATCGTAGTGGA-3' 5'-AGGCATGACCTAGAGTGTTC-3
MMP-9 5/-CGTATCACAACGTCCAACAC-3’ 5'-AGCTGTTCTGACTAAGCCTC-3’
MMP-13 5/-GGCAAACTTGATGATCCCAC-3' 5'-TCACATCAGACCAGACCTTG-3'
MMP-14 5'-TCAAGGGAATCTCACAGCTC- 3’ 5/-TTTCCACCTCCAAACGTACA-3
PKCa 5'-CCCATTCCAGAAGGAGATGA- 3/ 5/-TTCCTGTCAGCAAGCATCAC-3
PKCS 5’-ACAAATGCAGGCAATGCAACG- 3’ 5'-GGCATTTGTGGTGCACATTCA-3
GAPDH 5/-CAAGGCTGTGGGCAAGGTCA-3 5'-AGGTGGAAGAGTGGGAGTTGCTG-3
TIMP-1 5'-CATCTGGCATCCTCTTGTTGCT-3' 5'-TGGGGAACCCATGAATTTAGCC-3’
TIMP-2 5'-AGATGGGCTGTGAGTGCAAGAT-3 5'-ACGCGCAAGAACCATCACTT-3

MMP-9(Promoter)

5’-CCCAGGAGTCTGGATAAGTTGG-3'

5'-AGGAGGTCGTAGGTCACGTAGC-3’

Chromatin Immunoprecipitation (ChIP)

B16F10 cells treated with Mw for 24hr were processed for ChIP
assay using a ChIP assay kit (Millipore) as per manufacturer’s
protocol.”® Briefly, immunoprecipitation was performed with
NEF-«B (P65), AP-1 (c-Jun) specific antibody. The NF-«B and
AP-1 binding site of MMP-9 promoter was detected by PCR
(Primers in Table 1).

PKCo and PKC$ cloning

The gene products were cloned in TA vector (Promega, USA)
and subsequently sub-cloned in pd2EGFP-N1 vector using the
restriction enzymes. The clones were ligated and sequenced as
mentioned elsewhere.*

In vivo experiments

Female C57BL6 mice, 6-8 weeks old, were purchased from
National Center for Laboratory Animal Sciences, Hyderabad,
India. The mice were injected subcutaneously with B16F1 or
B16F10 cells (3x10° cells) in 1001 PBS into the right flank of
each mouse. Mice were divided into 2 groups (n = 5), the con-
trol group received vehicle (PBS), while treatment group
received Mw (total dose: 107 cells of Mw/100ul PBS/mouse)
intradermally (i.d.) after 3 d of tumor implantation. The intra-
dermal injection was performed twice in adjacent site of tumor
(501 per injection). The injection was repeated within 15 d
interval. The tumor volume were estimated using the following
formula: 477/3X (width/2)*X (length/2). Mice were euthanized
after day 35 and excised surgically.

Immunofluorescence staining

Surgically excised tumors were cryosectioned to 7mm thick sec-
tions. The frozen sections were thawed and fixed with 4% para-
formaldehyde for 30min. After blocking with 3% BSA/0.2%
Triton X-100 in PBS for 1lhr, sections were incubated with
respective antibody at 4°C overnight. For visualization of cell
nucleus, DAPI was used. Sections were observed by confocal
laser scanning microscope (Leica Microsystems, USA).

Statistical analysis

In vitro assays were done in triplicate and a minimum of 5 mice
were used per group for in vivo experiments. Data, including

densitometry analysis, shown as means £ SD, are from an
experiment performed at least 3 times. Student’s ¢-test or one-
way ANOVA was used to assess the significance of differences
between the mean values for control and experimental groups.
A difference with P < 0.05 was considered significant, and a
difference with P < 0.001 was considered highly significant.
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