











3258

Published OnlineFirst November 1, 2010; DOI: 10.1158/1535-7163.MCT-10-0582

Srivastava et al.

A 10
8
0 __ OTRAIL-R1/DR4
T g &
gr £ @ TRAIL-R2/DR5
z2 4 ) # #
87 2
0

Control
1601  @DR4
©DR5
1204 ©@p21
@ Cyclin D1 -
80

% Positive tumor cells

g
5 LB

P - -
I ';!“:4- & * 40 I
e =T
ik i .
vl Control MS-275 TRAIL MS-275
— ? + TRAIL
o o
=k
S & !
S fred
S ez s 2 o=
S NS £ 9 2 9g
» [} N -
8 =h D 8§ = £ ="
c pe— w= | DR4 e - R - p-licBer §%2,-5%
2 10 10 5 10 2
== == |DR5 TS KK
2 10
- p21/CIP1 MS-275
3 10 4 9 2 X °
-_ - - Cyclin D1 ;
10 3 10 1 . =
-— e e = |(-Actin o

Figure 2. Expression of death receptors, p21/“F' and cyclin D1, in tumor tissues. A, expression of death receptors TRAIL-R1/DR4 and TRAIL-R2/DR5 in tumor
tissues. DR4 and DR5 expression in tumor tissues derived from xenografted nude mice was measured by ELISA. *, #, or &, significantly different from
respective control, P < 0.05. B, left panel, expression of DR4, DR5, p21/°"®!, and cyclin D1 in tumor tissues by immunohistochemistry. Tumor tissues were
subjected to immunohistochemistry with anti-DR4, anti-DR5, anti-p21/"™, and anti-cyclin D1 antibodies and photographed under a microscope
(magnification x 20). Right panel, percentage of DR4-, DR5-, p21-, and cyclin D1-positive tumor cells. Data represent mean (n = 10) + SEM. *, @, &, or %,
significantly different from respective control, P < 0.05. C, protein expression of DR4, DR5, p21’°'P1, and cyclin D1 in tumor tissues. Tumor-cell lysates were
prepared and subjected to Western blot analysis for the measurement of DR4, DR5, p21/°'"*, and cyclin D1. B-Actin was used as a loading control. Band
intensities were quantified and are shown below each blot. D, top panel, IKK kinase assay. After immunoprecipitation of the IKK complex with an anti-IKKy
antibody, an in vitro IKK kinase assay was carried out by the incubation of the immunoprecipitated proteins with a purified GST-lIkBo._s5 fusion protein as
substrate. Western blot analysis was then performed using an antibody specific for Ser®2-Sr*® phosphorylated IkBo. and IKKy. Band intensities were quantified

and are shown below each blot. Bottom panel, expression of p65-NF-kB in tumor tissues by immunohistochemistry.

Because MS-275 or MS-275 plus TRAIL regulated the
expression of death receptors and cell-cycle regulatory
proteins, we confirmed the expression of DR4, DR5, p21,
and cyclin D1 by Western blot analysis (Fig. 2C).
Although TRAIL was ineffective, treatment of mice
with MS-275 enhanced the expression of DR4, DR5,
and p21/“"! and inhibited the expression of cyclin D1
in tumor tissues. The combination of MS-275 plus TRAIL
had no additional effect on the induction of p21/“™" and
completely inhibited cyclin D1 expression. These data
suggest that MS-275 may cause growth arrest at G1/S

stage of cell cycle by regulating p21’“! and cyclin D1
and the upregulation of death receptors may be one of the
mechanisms of inducing sensitivity to TRAIL.

NF-xB is a transcription factor that regulates many
genes for immune response, cell adhesion, differentia-
tion, proliferation, angiogenesis, and apoptosis (32). The
function of NF-xB is inhibited by binding to NF-xB
inhibitor (IkB), and imbalance of NF-xB and IkB has been
associated with the development of many diseases,
including tumors. We therefore confirmed the involve-
ment of NF-xB pathway by measuring IKK kinase
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Figure 3. Expression of Bcl-2 family members in tumor tissues derived from xenografted nude mice. A, expression of Bcl-2, Bcl-X,, Bax, and Bak in
tumor tissues. Tumor tissues were subjected to immunohistochemistry with anti-Bcl-2, anti-Bcl-X,, anti-Bax, and anti-Bak antibodies and photographed

under a microscope. B, percentage of Bcl-2- and Bcl-X, -positive tumor cells. Data represent mean (n = 10) + SEM. *
respective control, P < 0.05. C, percentage of Bax- and Bak-positive tumor cells. Data represent mean (n = 10) + SEM. *

or #, significantly different from
or #, significantly different from

respective control, P < 0.05. D, expression of Bcl-2, Bcl-X., Bax, and Bak in tumor tissues. Tumor-cell lysates were prepared and subjected to Western blot
analysis for the measurement of Bcl-2, Bcl-X,, Bax, and Bak. B-Actin was used as a loading control. Band intensities were quantified and are shown below

each blot.

activity in tumor tissues derived from TRAIL- and/or
MS-275-treated mice (Fig. 2D). Although the treatment of
mice with TRAIL had no effect on IKK activity, MS-275
alone inhibited IKK activity. Furthermore, the combina-
tion of TRAIL plus MS-275 was more effective in inhibit-
ing IKK activity than single agent alone. We next
confirmed the involvement of NF-xB by immunohisto-
chemistry using p65-NF-xB antibody. Although TRAIL
was ineffective, MS-275 inhibited the activation of NF-xB
(Fig. 2D). In comparison, the combination of MS-275 plus
TRAIL was more effective in inhibiting NF-«xB activation

than MS-275 alone. These data show that MS-275 or
TRAIL plus MS-275 can inhibit NF-xB and its gene
products.

Regulation of Bcl-2 Family Members by MS-275
and/or TRAIL in Tumor Tissues Derived from
Xenografted Mice

Our in vitro data showed that HDAC inhibitors induce
apoptosis through the regulation of Bcl-2 family members
in cancer cells (5). We therefore examined the expression
of these genes by immunohistochemistry and Western
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blot analysis (Fig. 3). Treatment of mice with MS-275
resulted in the induction of Bax and Bak and inhibition
of Bcl-2 and Bcl-Xi, expression. In comparison, TRAIL
had no significant effect on the expression of these
proteins. The combination of MS-275 plus TRAIL slightly
had more effect on the regulation of these Bcl-2 family
proteins. The relative expression of Bcl-2, Bcl-X;, Bax, and
Bak proteins correlated with the percentage of tumor cells
expressing these proteins (Fig. 3B and C). These data
suggest that MS-275 may regulate apoptosis through
mitochondrial pathway by changing the expression
patterns of Bcl-2 family members.

Effects of MS-275 and/or TRAIL on Angiogenesis
Angiogenesis is a critical step in solid tumor progres-
sion (33). VEGF, HIF-10, IL-6, and IL-8 have been shown

to be associated with tumor progression through the
stimulation of angiogenesis (33). We first assess the
effects of MS-275 and/or TRAIL on tumor microenviron-
ment by measuring the markers of angiogenesis by
immunohistochemistry. Treatment of mice with MS-275
inhibited the expression of VEGF, HIF-10,, IL-6, and IL-8 in
tumor tissues compared with the untreated control group
(Fig. 4A). TRAIL had no effect on the expression of these
proteins. The combination of MS-275 plus TRAIL slightly
had more effect than MS-275 alone. The relative expres-
sion of VEGF, HIF-10, IL-6, and IL-8 proteins correlated
with the percentage of tumor cells expressing these
proteins (Fig. 4A). We next confirmed the effects of MS-
275 and/or TRAIL on the expression of these proteins
by Western blot analysis. Our data show that MS-275
can inhibit tumor angiogenesis and proinflammatory
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Figure 4. Effects of MS-275 and/or TRAIL on angiogenesis. A, expression of VEGF, HIF-1a, IL-6, and IL-8. Top panel, tumor tissues were subjected to
immunohistochemistry with anti-VEGF, anti-HIF-1c, anti-IL-6, and anti-IL-8 antibodies and photographed (magnification x 20). Bottom panel, percentage of
VEGF-, HIF-1a-, IL-6-, and IL-8-positive tumor cells. Data represent mean (n = 10) & SEM. * or #, significantly different from respective control, P < 0.05.
B, protein expression of VEGF, HIF-1q,, IL-6, and IL-8 in tumor tissues. Tumor-cell lysates were prepared and subjected to Western blot analysis for

the measurement of VEGF, HIF-1a, IL-6, and IL-8. B-Actin was used as a loading control. Band intensities were quantified and are shown below each blot. C,
VEGFR2-positive circulating endothelial cells. The blood cells from peripheral blood attached to the slide were stained with anti-VEGFR2 antibody, and
the number of positive cells was counted. * or #, significantly different from respective control, P < 0.05. D, tumor tissue sections were stained with H&E,
anti-CD31 antibody, and anti-von Willebrand factor ("WF) antibody, and the number of blood vessels was counted. Each column represents the mean + SEM.

* or #, significantly different from respective control, P < 0.05.
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cytokines in breast cancer xenografts. Treatment of mice
with MS-275 inhibited the expression of VEGF, HIF-10, IL-
6, and IL-8 in tumor tissues compared with the untreated
control group (Fig. 4B). As expected, TRAIL had no effect
on the expression of these proteins. These data suggest
that MS-275 can regulate angiogenesis in tumor tissues by
regulating inflammatory cytokines and HIF-1a.

We have shown that increases in the circulating
VEGFR2-positive endothelial cells correlate directly
with the increase in tumor angiogenesis and can serve
as in vivo indicators of tumor angiogenesis (31). We
therefore decided to count the numbers of VEGFR2-
positive endothelial cells in the blood derived from mice
of different treatment groups (Fig. 4C). As expected,
control mice had increased circulating VEGFR2-positive
endothelial cells compared with MS-275- or MS-275 plus
TRAIL-treated mice. In comparison, TRAIL had no
effect on circulating VEGFR2-positive endothelial cells.

To determine whether regression in tumor growth by
MS-275 or MS-275 plus TRAIL was due to the inhibition
of angiogenesis, we next examined the number of blood
vessels by staining tumor tissues with H&E, anti-CD31
antibody, and anti-vWF antibody (Fig. 4D). Treatment of
xenografted mice with MS-275 resulted in significantly

less blood vessel formation than control mice. TRAIL
alone had no effect on the blood vessel formation.
We observed significantly less blood vessels in mice
treated with MS-275 plus TRAIL than in mice treated
with MS-275 alone or control. Control mice demonstrat-
ing an increased rate of tumor growth had increased
numbers of CD31- and vWEF-positive blood vessels
compared with MS-275- or MS-275 plus TRAIL-treated
mice. Overall, these data suggest that MS-275 can inhibit
angiogenesis by regulating VEGF, HIF-1a, and inflam-
matory cytokines (IL-6 and IL-8).

Effects of MS-275 and/or TRAIL on Metastasis
Matrix metalloproteinases (MMP) are a family of zinc-
dependent endopeptidases (33). They are capable of
digesting the different components of the extracellular
matrix (ECM) and basement membrane. The ECM gives
structural support to cells and plays a central role in cell
adhesion, differentiation, proliferation, and migration.
We therefore sought to measure the expression of
MMP-2 and MMP-9 and the number of tumor nodules
in the lungs (Fig. 5). Treatment of mice with MS-275
downregulated the expression of MMP-2 and MMP-9
in tumor tissues compared with the untreated control
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(magnification x 20). B,
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MMP-9 positive tumor cells. Data
represent mean (n = 10) + SEM. #
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group, as measured by immunohistochemistry and the
Western blot analysis (Fig. 5A and C). TRAIL had no
effect on the expression of MMP-2 and MMP-9.
The combination of MS-275 plus TRAIL had slightly
more effects on these proteins than MS-275 alone. The
relative expression of MMP-2 and MMP-9 proteins
correlated with the percentage of tumor cells expressing
these proteins. Treatment of mice with MS-275 inhibited
tumor metastasis in the lungs (as shown by counting
the number of tumor nodules) than that in untreated
control or TRAIL-treated mice (Fig. 5D). Interestingly,
lung metastasis was not observed in MS-275 plus TRAIL-
treated mice. Our data show that MS-275 can inhibit
tumor-cell metastasis by inhibiting MMP-2 and MMP-9
in breast cancer xenografts.

Interactive Effects of MS-275 and/or TRAIL on
Reversal of Epithelial-Mesenchymal Transitions
EMTs are vital for morphogenesis during embryonic
development and are also implicated in the conversion of
early-stage tumors into invasive malignancies (19, 20).

Several key inducers of EMT are transcription factors
(Twist, Snail, Slug, ZEB1, and ZEB2) that repress
E-cadherin expression (19, 20). During EMT, epithelial
proteins (e.g., E-cadherin) are inhibited and mesenchy-
mal proteins (e.g., N-cadherin) are induced. We therefore
measured the expression of E-cadherin and N-cadherin
in tumor tissues derived from MS-275- and/or TRAIL-
treated mice (Fig. 6). MS-275 induced the expression of
E-cadherin and inhibited the expression of N-cadherin in
tumor tissues, a situation for reversal of EMT. Treatment
of mice with TRAIL had no effect on the expression of
these cadherins. The combination of MS-275 plus TRAIL
had effects similar to that of MS-275 on the expression of
E-cadherin and N-cadherin. We next examined the effects
of MS-275 and/or TRAIL on the expression of transcrip-
tion factors ZEB1, Snail, and Slug. Treatment of mice with
MS-275 resulted in the inhibition of ZEB1, Snail, and Slug,.
In comparison, TRAIL had no effect on the expression
of these transcription factors. The interactive effects of
MS-275 plus TRAIL on the inhibition of ZEB1, Snail, and
Slug were either similar or slightly higher than those of

Control
A . . .

Figure 6. Effects of MS-275 and/
or TRAIL on epithelial-
mesenchymal transition.
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MS-275 alone. These data suggest that MS-275 can reverse
the EMT by changing the expression of E-cadherin,
N-cadherin, and the transcription factors ZEB1, Snail,
and Slug, thus inhibit metastasis.

Discussion

Our study sheds important new insight into the
mechanisms of MS-275 and its potential for combining
with TRAIL for the treatment of breast cancer. The treat-
ment of nude mice with MS-275 inhibited tumor growth,
angiogenesis, and metastasis. MS-275 also reversed EMT
by inducing the expression of E-cadherin and inhibiting
the expression of mesenchymal protein N-cadherin and
transcription factors ZEB1, Snail, and Slug compared
with the control group. Treatment of nude mice with
MS-275 resulted in downregulation of NF-xB and its gene
products (cyclin D1, Bel-2, Bel-Xy, VEGF, HIF-1a, IL-6, IL-
8, MMP-2, and MMP-9) and upregulation of DR4, DR5,
Bax, Bak, and p21 /CIP1 i tumor cells. Furthermore, con-
trol mice demonstrating increased rate of tumor growth
had increased numbers of CD31-positive or vWF-positive
blood vessels, increased circulating vascular VEGFR2-
positive endothelial cells, and elevated lung metastasis
compared with MS-275- or MS-275 plus TRAIL-treated
mice. Sequential treatments of nude mice with MS-275
followed by TRAIL caused a synergistic apoptotic
response through the activation of caspase-3, which
was accompanied by regression of tumor growth and
inhibition of markers of angiogenesis and metastasis.
Together with previous studies showing that cancer
chemotherapeutic drugs, irradiation, and HDAC inhibi-
tor SAHA upregulate DR4 and/or DR5 expression (6, 10,
11, 34), our data also show that MS-275 can upregulate
these death receptors in TRAIL-resistant breast cancer
xenografts. Although we have recently shown the addi-
tive or synergistic effects of HDAC inhibitors and TRAIL
on apoptosis in several cancers (5, 6, 26), this is the first
study showing that the MS-275 can reverse EMT in breast
tumor tissues and thus may be responsible for reduced
metastasis. Here, we show that MS-275 can sensitize
TRAIL-resistant breast cancer xenografts in nude mice
through induction of growth arrest and apoptosis and
inhibition of tumor-cell proliferation, angiogenesis and
metastasis.

Activation of death receptor pathway is a new strategy
for targeted therapy of cancer. We and others have shown
that HDAC inhibitors can improve the efficacy of che-
motherapeutics, ionizing radiation, bortezomib, and
cytotoxic cytokine (5, 26, 35). TRAIL is a particularly
promising candidate for cancer therapy, as it provokes
cell death in tumor cells while sparing most normal cells.
In cancer patients, phase I and II clinical trials using
agonistic mAbs that engage the human TRAIL receptors
DR4 and DR5 have shown limited and /or no toxicity (36).
Nevertheless, some cancer cells are refractory to TRAIL,
suggesting that the treatment with TRAIL alone may
be insufficient for cancer therapy. In the present study,

the administration of MS-275 in nude mice upregulated
the expression of DR4 and DR5 in tumor tissues; this
could be one of the mechanisms of inducing sensitivity in
TRAIL-resistant xenografts.

In addition to the induction of death receptors by
HDAC inhibitors, the regulation of Bcl-2 family members
also plays a significant role in sensitization of TRAIL-
resistant cancer cells (5). In the present study, MS-275
selectively induces proapoptotic members such as Bax
and Bak and inhibits antiapoptotic Bcl-2 and Bcl-X,
expression in tumor tissues. Bcl-2 family members
mainly exert their apoptotic effects by acting at the level
of mitochondria and play crucial role in cancer growth
and progression (37). The inactivation of both Bax and
Bak during tumor growth and development in vivo has
been shown, and SAHA has been shown to induce the
expression of Bax, Bak, PUMA, and Noxa in tumor
tissues (6). HDAC inhibitors can also induce TRAIL
(38), suggesting the activation of death receptor pathway
without the requirement of exogenous TRAIL. Thus,
HDAC inhibitors can induce apoptosis by linking both
death receptor and mitochondrial pathways of apoptosis.

Tumor growth and metastasis depend upon the devel-
opment of a neovasculature in and around the tumor (39).
Angiogenesis is regulated by the balance between stimu-
latory (e.g., bFGF, IL-6, IL-8, MMP-2, MMP-9, TGFf1,
VEGEF) and inhibitory (e.g., angiostatin, IL-10, interferon)
factors released by the tumor and its environment (39).
HDAC inhibitors have been shown to inhibit endothelial
cell migration, invasion, vascular sprouting in vitro, and
vasculature formation in animal models of cancer (1). Our
data show that MS-275 inhibited tumor growth by inhi-
biting angiogenesis and its marker such as VEGF, and its
effects on angiogenesis were further enhanced in the
presence of TRAIL.

Hypoxia, frequently found in the center of a solid
tumor, is associated with resistance to chemotherapy by
the activation of signaling pathways that regulate cell
proliferation, angiogenesis, and apoptosis (40). Hypoxia
can increase the resistance of cancer cells to drug-induced
apoptosis by the activation of PI3K/Akt, MEK/ERK, and
NF-xB signaling pathways (41). Expression of HDACs is
often upregulated under angiogenic stimuli such as
hypoxia in cancer cells. HDAC inhibitors downregulate
hypoxia-responsive genes and hypoxia-induced angio-
genesis by the suppression of HIF-lo activity (42).
Similarly, SAHA inhibited the expression of HIF-1o in
breast cancer xenograft. In the present study, MS-275
inhibited the expression of HIF-1a.and angiogenesis, and
its effects were further enhanced in the presence of
TRAIL. Increased level of HIF-1o expression has been
positively correlated with angiogenesis (1). Our studies
have shown that HDAC inhibitors can inhibit angio-
genesis.

MMPs are a superfamily of Zn>"-dependent proteases
that are capable of cleaving the proteinaceous component
of the ECM (43). ECM remodeling and/or degradation by
MMPs are expected to affect cell fate and behavior during
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many developmental and pathological processes. Recent
studies have shown that the expression of MMP mRNAs
and proteins associates tightly with diverse developmen-
tal and pathological processes, such as tumor metastasis
and mammary gland involution. In the present study,
MS-275 downregulated the expression of MMP-2 and
MMP-9 in tumor tissues and also inhibited the lung
metastasis. We have recently shown that SAHA inhibited
the expression of MMP-2 and MMP-9 and upregulated
the expression of TIMP-1 and TIMP-2 in MDA-MB-468
breast cancer xenograft (6), suggesting a role of HDAC
inhibitor in inhibition of tumor metastasis.

Malignant transformation is characterized by a pheno-
type “switch” from E- to N-cadherin, which is associated
with increased motility and invasiveness of the tumor
and altered signaling, leading to decreased apoptosis. At
the molecular level, EMT is characterized by the loss of E-
cadherin and increased expression of several transcrip-
tional repressors of E-cadherin (ZEB1, ZEB2, Twist, Snail,
and Slug) (19, 20). E-cadherin plays an essential role in
EMT, tumor progression, and metastasis (19, 20). In
human tumors, the loss or reduction of E-cadherin
expression can be caused by somatic mutations, chromo-
somal deletions, proteolytic cleavage, and silencing of the
CDH1 promoter (44). Such silencing can occur either by
DNA hypermethylation or through the action of tran-
scription factors such as Slug, Snail, and Twist (45).
Decreased expression of E-cadherin has been correlated
with increased invasiveness of breast cancer. Further-
more, E-cadherin is a part of a complex that regulates
B-catenin signaling and the activity of Rho GTPase (46),
further impinging on cell migration and invasion. Aber-
rant expression of N-cadherin in breast cancer cells can
contribute to invasiveness and metastasis by making the
cells more motile (47). We show that the treatment of mice
with MS-275 resulted in the induction of E-cadherin and
inhibition of N-cadherin compared with that of control or
TRAIL-treated mice. This phenomenon is commonly
observed in the reversal of EMT.

The ectopic expression of Snail, Slug, ZEB1, and ZEB2
in epithelial cells induces dramatic phenotypic changes
accompanied by increased cellular motility and invasive-
ness (19). In addition, these transcription factors have
been reported to correlate negatively in transformed cell
lines with epithelial marker expression levels such as E-
cadherin, desmoplakin, cytokeratin 18, and MUC-1 (48).
These transcription factors activate EMT by binding to E-
box elements present in the E-cadherin promoter, sup-
pressing synthesis of this cell-cell adhesion protein. ZEB1
also promotes EMT by repressing the expression of base-
ment membrane components and cell polarity proteins.
In the present study, MS-275 inhibited the expression of
Snail, Slug, and ZEB1 transcription factors. The inhibition
of these transcription factors correlated with the induc-
tion of E-cadherin and inhibition of N-cadherin, suggest-
ing a reversal of EMT.

We have shown that NF-xB is constitutively active in
breast cancer and downregulation of this transcription

factor enhances therapeutic response of anticancer drugs
and TRAIL (5, 6, 13). NF-xB regulates the expression of
genes involved in cancer cell invasion, metastasis, and
resistance to chemotherapy (32, 49). NF-xB promotes cell
growth and proliferation by regulating expression of
genes such as c-myc, cyclin D1, and IL-6 and inhibits
apoptosis through expression of anti-apoptotic genes
such as Bcl-2 and Bcl-X;, (32). NF-xB-mediated expres-
sion of genes, involved in angiogenesis, invasion, and
metastasis, may further contribute to its role on tumor
progression. Constitutive NF-«kB activity has also been
shown in primary breast cancer tissue samples and sug-
gested to have prognostic importance for a subset of
primary tumors. In the present study, MS-275 inhibited
the activation of NF-xB and its gene products such as
VEGF, IL-6, HIF-1a, Bcl-2, Bcl-X;, MMP-2, MMP-7,
MMP-9, and IL-6 in tumor tissues. These findings suggest
that NF-xB may play a role in human breast cancer
progression, metastasis, and angiogenesis and MS-275
can inhibit these processes through the regulation of NF-
kB-regulated gene products.

In summary, we have shown that HDAC inhibitor MS-
275 inhibits breast cancer tumor growth, angiogenesis,
and metastasis and also reverses EMT. The ability of MS-
275 to sensitize TRAIL-resistant breast cancer xenografts
suggests a beneficial role of histone modification in
enhancing the therapeutic potential of TRAIL. Our data
clearly showed that MS-275 could sensitize TRAIL-resis-
tant breast cancer xenografts through the involvement of
both cell-extrinsic and cell-intrinsic pathways of apopto-
sis. Furthermore, the ability of MS-275 to inhibit NF-xB
and its gene products and induce the expression of DR4,
DR5, and p2l/ CIP1 will further enhance its antitumor
activity of TRAIL through the regulation of apoptosis,
angiogenesis, and metastasis. In addition, MS-275 drives
invasive breast cancer cells to undergo the reversal of
EMT (by inducing epithelial cell markers, inhibiting
mesenchymal cell marker, and regulating the expression
of transcription factors Snail, Slug, and ZEB1), leading to
the suppression of cancer metastasis. Thus, our data
suggest that MS-275 can be combined with TRAIL to
treat invasive breast cancer.
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