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pose: Although histone deacetylase inhibitors (HDACi) are emerging as a new class of anticancer
, one of the most significant concerns is that interactions with a wide array of substrates using these
might initiate both therapeutic and undesired protective responses. Here, we sought to identify the
tial protective reactions initiated by HDACi and determine whether targeting these reactions would
ce the antitumoral activity of HDACi.
erimental Design: Gene expression profiles were analyzed by cDNA microarray in Molt-4 cells
and after treatment of vorinostat. Induction of CD146 by vorinostat was examined in a wide range
ors and nonmalignant cells. AA98, an anti-CD146 monoclonal antibody, was used to target

6 function. Synergistic antitumoral and antiangiogenic effects between AA98 and vorinostat were
ned both in vitro and in vivo. The potential effect of combined AA98 and vorinostat treatment on the
athway was determined by Western blotting.
ults: The induction of CD146 is a common phenomenon in vorinostat-treated cancer but not in
alignant cells. Targeting of CD146 with AA98 substantially enhanced vorinostat-induced killing via
ppression of activation of AKT pathways in cancer cells. Moreover, AA98 in combination with
stat significantly inhibited angiogenesis. In vivo, AA98 synergized with vorinostat to inhibit tumor
h and metastasis.
clusion: The present study provided the first evidence that an undesired induction of CD146 could
as a protective response to offset the antitumor efficacy of vorinostat. On the other hand, targeting
serve

CD146 in combination with vorinostat could be exploited as a novel strategy to more effectively kill
cancer cells. Clin Cancer Res; 16(21); 5165–76. ©2010 AACR.
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ovel class of anticancer agents in a wide spectrum
ors. At least 14 HDACi are being tested in over

linical trials and have displayed encouraging thera-
responses with surprisingly good safety profiles
. The clinical potential of HDACi has been well
ented by the successful development of vorinostat
e hydroxamic acid), which has recently
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ating cutaneous T-cell lymphoma (3). Despite the
clinical progress achieved, the mechanisms of action
ACi are not yet well understood. Early studies using
rofiling techniques have revealed that up to 17% of
own genes are affected by HDACi at the transcrip-
level (4). A large number of proapoptotic or anti‐
otic genes and cell cycle regulatory genes have been
endently identified by different groups as the down-
targets of HDACi. One of the central problems with
t to the action of HDACi is that modulation of such
ive substrates using these agents might result in the
tion of both therapeutic responses and undesired
tive programs, which significantly limits the optimal
ation of this class of drugs. Identification of the po-
l protective reactions initiated by HDACi would be
l in the development of more effective protocols,
ntify potentially resistant patients, and facilitate the
pment of novel HDACi.
ently, clinical data has shown that there is limited ef-
for HDACi as a single agent. For example, patients
yelodysplasia or acute myeloid leukemia (AML) re-
ed to HDACi therapy; however, true partial re-

es or complete remissions were infrequent. Two
I studies reported that no complete remissions or
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Translational Relevance

Although histone deacetylase inhibitors (HDACi)
are emerging as a new class of anticancer agents, one
of the most significant concerns is that interactions
with a wide array of substrates using these agents
might initiate both therapeutic and undesired protec-
tive responses. In fact, HDACi usually display relatively
low potency when used as a single agent, and hence,
are always empirically used in combination with other
agents, and accordingly, are not the optimal applica-
tion of this class of drugs. In this report, we provide
the first evidence that an undesired protective signal
is initiated by HDACi and highlight a novel molecular
mechanism by which HDACi induces the expression of
CD146 as a protective response to offset the antitumor
efficacy. On the other hand, targeting CD146 could be
exploited as a novel strategy to more effectively kill
cancer cells. Our current preclinical approach might ac-
celerate the rational design of an optimal HDACi-
containing regimen.

Ma et al.

Clin C5166
l responses were achieved when sodium phenyl buty-
as used as a single-agent to treat patients with mye-
lasia or acute myeloid leukemia (n = 49; refs. 5, 6).
e other hand, most current clinical trials are combina-
tudies looking at HDACi in combination with other
(7, 8). Two phase I studies have shown that the

ination of vorinostat with conventional chemother-
ic agents displays synergistic effects in the treatment
vanced solid malignancies (9, 10). Furthermore,
ism has also been observed with various combina-
of HDACi and other agents such as all-trans-retinoic
nd proteasome inhibitors (11–14). All of these
ination trials seek to increase the antitumor activity
treatments. Although these combination strategies
a rational molecular approach in some cases, in

instances, they are relatively empirical. Accordingly,
ism in antitumor efficacy might be accompanied
erse effects that are rarely or never seen with HDACi
such as severe myelosuppression (8). Therefore,
ing the molecular mechanisms underlying the low
cy of HDACi is pivotal in determining the optimal
ation of this class of therapeutic agents.
ng cDNA microarray analysis, we now report that the
sion of a number of adhesion molecules is signifi-
induced in HDACi-treated tumor cells both in vitro
vivo, of which the induction of CD146 expression
e most significant. CD146 is one of the adhesion
ules belonging to the immunoglobulin superfamily
In many types of cancer, including melanoma
8), prostate cancer (19–21), and ovarian cancer,
ed expression of CD146 promotes tumor progres-
nd is associated with poor prognosis. Previously,

ing CD146 with antibody against the molecule
een shown to inhibit tumor growth and angiogen-

or 24
cleoti

ancer Res; 16(21) November 1, 2010
several types of cancer. Based on these findings
2, 23), we chose to explore whether the induced
sion of CD146 protected tumor cells from HDACi-
ed death. We further tested whether the antitumoral
ty of HDACi could be significantly enhanced in
ination with the targeting of CD146.

rials and Methods

man leukemia (Molt-4), lymphoma (Raji), multiple
ma (RPMI 8226), and mouse tumor (TC-1) cell
were cultured in RPMI 1640 supplemented with
CS. Human cervical carcinoma (HeLa), hepatocellu-
rcinoma (HepG2), ovarian carcinoma (A2780), and
n bronchial epithelial BEAS-2B cell lines were cul-
in DMEM (Life Technologies) supplemented with
FCS. Human breast carcinoma cell line MCF-7 and
were cultured in DMEM supplemented with 5%
nd 10−11 mol/L of estradiol during treatment. The
t epithelial cell line MCF-10A was cultured in
/F12 supplemented with 20 ng/mL of epidermal

h factor, 100 ng/mL of cholera toxin, 0.01 mg/mL
ulin, 500 ng/mL of hydrocortisone, and 5% horse
. All of the cell lines were purchased from American
Culture Collection.

nts and antibodies
ACi trichostatin A (TSA) and suberoylanilide hydro-
acid (vorinostat) were purchased from Sigma-

h, Co. The anti-CD146 mouse monoclonal antibody
), AA98, was kindly provided by Dr. Xiyun Yan (In-
of Biophysics, Chinese Academy of Sciences, Beij-
hina; ref. 24). FITC anti-CD146 was purchased
eBioscience, Inc. Isotype-matched IgG was purchased
Sigma-Aldrich. Anti-CD31, anti-CD34, anti–E-
rin, anti–β-catenin, anti-integrin β1, anti–VCAM-1,
nti–β-actin mouse mAbs were purchased from Santa
Biotechnology, Inc. Anti–ICAM-1 mouse mAb was
ased from BD Biosciences. Anti–Ki-67 mouse anti-
clone MIB-1, was purchased from Dako. Anti-acety-
histone H3 or H4 rabbit polyclonal antibodies were
ased from Upstate Biotechnology, Inc. Anti-total Akt,
hosphorylatedAkt, anti-phosphorylatedGSK3β, anti-
horylated 4E BP1 rabbit mAb, and anti-phosphor-
S6K1 mouse mAbs were purchased from Cell

ling Technology, Inc. Triciribine was purchased
Cayman Chemical, Co. Full-length AKT2 cDNA
loned into pcDNA3.1 plasmid and named as AAkt2
, which has been described previously (25).

microarray analysis
ntification of potential differences in TSA-induced
expression by Affymetrix GeneChip array analysis:
RNA was extracted from Molt-4 cells cultured in
resence of 0.65 μmol/L of vorinostat for 0, 6, 12,

hours and was subsequently subjected to oligonu-
de microarray analysis. The Affymetrix GeneChip

Clinical Cancer Research
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Synergy between Vorinostat and Target of CD146

www.a
n Genome U133 plus 2.0 Array (HG-U133 plus 2.0)
sed for the current study (26). This array comprises
,000 unique oligonucleotide probes covering over
0 transcripts and variants, which represent approxi-
y 39,000 of the best-characterized human genes.
mputer software that accompanied the microarray
5 analysis software, Affymetrix) was used to process
ta from the genechips. We retained only genes with a
hange of at least 2.0 or no more than −2.0 and a
e of less than 0.05 (paired t test) at 6, 12, and 24
after vorinostat treatment. The indicated gene sym-
ere derived from the NCBI GenBank database.

titative real-time PCR
antitative PCR was done in an ABI Prism 7000 using
BR Green PCR Master Mix (Sigma) as our previous
ption (27) with the following set of primers: CD146,
G TCC TCA TAC CAG AGC CAA CAG-3′ and 5′-GGA
GA TGC ACA CAA TCA-3′; E-cadherin, 5′-GGA TTG
TT CCT GCC ATT C-3′ and 5′-AAC GTT GTC CCG
GTC A-3′; β-catenin, 5′-AAC GTT GTC CCG GGT
A-3′ and 5′-GGC AAG ATT TCG AAT CAA TCC
3; integrin β1, 5′-GCC TTA CAT TAG CAC AAC
3′ and 5′-CAT CTC CAG CAA AGT GAA AC-3;
-1, 5′-CCT GAT GGG CAG TCA ACA GCT A-3′ and
A GCT GGC TCC CGT TTC A-3′; VCAM-1, 5′-CGT
CT TGG AGC CTC AAA TA-3′ and 5′-GAC GGA

ACC AAT CTG AGC A-3′; selectin-E, 5′-CAC TCA
GCA GTG GAC ACA-3′ and 5′-CAG CTG GAC
TAA CGG AAA C-3′; 18S, 5′-AGT CCC TGC CCT
CA CA-3′ and 5′-GAT CCG AGG GCC TCA CTA
′. 18s RNA was used as an internal control.

rn blot
ection of CD146 protein by nonreducing SDS-PAGE
one following the previous description (24). Detec-
f other proteins by reducing SDS-PAGE was done as
bed previously (28).

gar colony-forming assay
ls were treated with mAb AA98 (5 μg/mL for Molt-4,
/mL for HeLa, HepG2, or MCF-7) + DMSO, vorino-
.3 μmol/L for Molt-4, 2.5 μmol/L for HeLa, HepG2,
F-7) + isotype-matched mIgG or vorinostat + mAb
for 24 hours. DMSO-treated cells were used as a neg-
ontrol. A total of 1 × 103 cells were then plated in
culture plates in medium containing 0.3% agar

ing a 0.5% agar layer. The cells were subsequently
ated for 14 days at 37°C and colonies were stained
.5 mL of 0.0005% crystal violet solution for 1 hour
ounted using a dissecting microscope (×50 magnifi-
s). The results are expressed as a percentage of colo-
the DMSO-treated group.

en chorioallantoic membrane angiogenesis assay
ilized eggs were incubated at 37°C at 65% to 70%

ity. A window of approximately 7 to 10 mm in di-
r was cut into the egg shell of 6-day-old embryos,

my of
jected

acrjournals.org
ed with transparent film, and incubated for a further
s. Small filter disks carrying an extremely low dose of
mAb AA98, 2.64 pg vorinostat + isotype-matched

, or vorinostat + mAb AA98 were separately applied
chorioallantoic membrane (CAM) of individual em-
. DMSO was used as a negative control. Ten eggs
used in each group. After 72 hours of incubation,
scularization in chicken CAMs was observed and
s were acquired with a digital photomicroscope
pus). The number of small branching capillaries
unted within a defined area of 72 mm2 surrounding
planted disc. In each group, 10 embryos were used
e data represent the mean ± SD.

al experiments
ale athymic BALB/c nude mice were obtained from
imal Center of the Chinese Academy of Medical Sci-
(Beijing, China). The 6-week-old mice used were
ained in a laminar-flow cabinet under specific path-
free conditions. In tumor xenograft models, 1 × 107

or HepG2 cells were injected s.c. into the back of
Once tumors had grown to 5 to 6 mm, the mice
grouped (n = 10) and administered i.p. with 8 mg/
mAb AA98 or 20 mg/kg of vorinostat + isotype-
ed mIgG or vorinostat + mAb AA98 twice a week
the mice were sacrificed (tumor volume >1,000
or 42 d after treatment). PBS served as a control. Tu-
ize was measured twice a week and tumor volume
etermined according to the equation: tumor size =
2 × length × (π/6).
he second portion of the animal studies, an experi-
l model of transplantable B-lymphoma in TA2 mice
tablished. TA2 mice were obtained from the Animal
imental Center of the Tianjin Cancer Institute (Tian-
hina). The model was derived from spontaneous
oma in a TA2 mouse and remained stable past 43
ations by successful transplantations in TA2 mice
4 years. The model grows rapidly and eventually
ps invasive metastases in all mice. Transplantable
phoma tissues were cut into small 1 mm3 pieces
ymphoma cells were dissociated by digestion with
enase type I. Female 4-week-old TA2 mice were inoc-
with 5 × 105 lymphoma cells into the inguinal

e muscle. Following inoculation, mice were then
ed (n = 8) and administered intratumorally with
kg of mAb AA98 or i.p. with 15 mg/kg of vorinostat +
e-matched mIgG, or vorinostat + mAb AA98 twice a
PBS served as a control. The onset of the primary
r was defined as a tumor diameter of more than
3 and the dissemination of lymphoma was defined
mote lymph node diameter over 0.2 cm3. The growth
issemination of lymphoma was monitored weekly
the mice were sacrificed (30 d after inoculation).
he final portion of the animal studies, a mouse cor-
umor model was established. C57Bl/6 mice were
ed from the Animal Center of the Chinese Acade-

Medical Science. First, 5 × 106 TC-1 cells were in-
s.c. in the flanks of C57Bl/6 mice and the tumors

Clin Cancer Res; 16(21) November 1, 2010 5167
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llowed to grow to 7 to 8 mm. The mice were then
ced and the tumors were collected and cut into sev-
all pieces. Next, implantation of one piece of TC-1
tissue in the mouse cornea was carried out according
viously described procedures (29). After implanta-
he mice were grouped (n = 6) and 8 mg/kg of mAb

uclear cells and human umbilical vein endothelial cells were treated with P
. F, after treatment with vorinostat for 24 h, the protein levels of represent
, 20 mg/kg vorinostat + isotype-matched mIgG, or
stat + mAb AA98 was applied to the eye twice daily

nm)
iCys3

ancer Res; 16(21) November 1, 2010
eeks. PBS served as a control. The corneas were then
ted for immunofluorescence evaluation.

scanning cytometry
er scanning cytometry (LSC) slides were scanned us-
LSC instrument equipped with an argon (Ar; 488

2.5 μmol/L of vorinostat for 24 h before examination of CD146
dhesion molecules were determined.
Vorinostat induces the expression of adhesion molecules in Molt-4 and HeLa cells. A, Molt-4 cells were suspended in the presence of
tat at the indicated concentrations and assayed at 0, 6, 12, and 24 h for apoptosis and levels of acetylation of histones H3 and H4. The percentage of
tic cells was monitored by Annexin V/PI staining (left). After a 24-h exposure to the designated concentration of vorinostat, the cells were analyzed
tern blot for the levels of acetylation of histones H3 and H4 (right). B, expression profiling data were presented as a heatmap using CLUSTER
EEVIEW software. Significant changes of adhesion molecule expression were detected after the addition of vorinostat at the indicated hours. In
cells (C) and HeLa cells (D), the expression of seven representative adhesion molecules was determined by quantitative real-time PCR before
er treatment of vorinostat. Each data point represents the mean ± SD of three replicates. Results are normalized to those of 18s RNA and are
ed as the fold induction compared with the 0 h group. The transcriptional level for the 0 h group is set as 1 (***, P < 0.001). E, peripheral blood
and helium-neon (HeNe; 633 nm) laser and
.3.4 software (CompuCyte). DNA staining based

Clinical Cancer Research
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www.a
matoxylin served as the trigger/contouring para-
. The following channels and settings were used
ta collection: argon green (PMT, 15-25%; offset,
in, 13%), HeNe LongRed (LR; PMT, 14-22%; offset,
gain, 13%). We analyzed the immunohistochem-
ssue samples in phantom mode. Argon green and
LongRed parameters were collected with compen-
. Statistical analysis was done on the results of
independent experiments using the paired Student's

tical analysis
statistical significance of differences between exper-
al and control groups was determined by one-way

A followed by the Student-Newman-Keuls test using of vo

expression was determined by immunohistochemistry and quantified by LSC. Im
tive). Total positive rate for CD146 (SP plus P) is the mean ± SD (n = 10).

acrjournals.org
es were done for the survival studies and statistical
icance was measured by using the log rank test. All
tatistically significant.

lts

ostat induces the expression of adhesion
ules in Molt-4 and HeLa cells
determined the kinetics and dosage range of vorino-
duced apoptosis in Molt-4 cells. Molt-4 cells were
ated for different time with vorinostat at various
before apoptosis was determined. The dose range

rinostat was between 0.1 and 1.5 μmol/L based
software version 13.0 (SPSS, Inc.). Kaplan-Meier on earlier pharmacokinetics studies and the fact that

nduction of CD146 is a common phenomenon in vorinostat-treated cancer cells both in vitro and in vivo. A, Molt-4 cells were treated with 0.45 μmol/L
ostat or DMSO for the indicated times. After treatment, the mRNA level of CD146 was analyzed by quantitative real-time PCR. Each data point
nts the mean ± SD of three replicates. Results are normalized to those of 18s RNA and are expressed as the fold induction compared with the
up. The transcriptional level for the 0 h group is set as 1. B, Molt-4 cells were treated with vorinostat at the indicated concentrations for 12 h
mRNA level of CD146 was analyzed by quantitative real-time PCR as above (**, P < 0.01; ***, P < 0.001, as compared with the DMSO-treated
C, seven tumor cell lines representative of different tissue origins were treated with vorinostat or DMSO (0.5 μmol/L for Molt-4; 5 μmol/L for
other six cell lines for 24 h). The mRNA level of CD146 was analyzed by quantitative real-time PCR (***, P < 0.001). D, seven tumor cell lines
ntative of different tissue origins were treated with TSA (0.1 μmol/L for Molt-4; 0.5 μmol/L for all the other six cell lines for 24 h). The mRNA level of
was analyzed by quantitative real-time PCR (***, P < 0.001). E, HeLa cells were treated with 2.5 μmol/L of vorinostat or DMSO for 12 h and
en analyzed by immunofluorescent analysis for staining of CD146, representative images under a confocal microscope (magnification, ×600). Top,
ell lines (HeLa, HepG2, A2780) were treated with 2.5 μmol/L of vorinostat or DMSO for 24 h and analyzed for protein levels of CD146. Bottom,
isolated acute lymphoblastic leukemia cells were treated with 0.45 μmol/L of vorinostat or DMSO for 24 h and analyzed for protein levels of
(ALL, acute lymphoblastic leukemia). F, HeLa and HepG2 tumor-bearing mice were treated with 25 mg/kg of vorinostat or DMSO for 24 h and
ages represent typical data (SP, strong positive; P, positive;

Clin Cancer Res; 16(21) November 1, 2010 5169
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Table of v expr 146 i

Patien Clinic Classi cours

0 3 6 1

Patien Leuk A 1 6.63 ± 5.78 1.33
Patien Leuk A 1 8.76 ± 15.14 13.42
Patien Leuk A 1 2.15 ± 18.46 10.18
Patien Leuk C 1 7.28 ± 26.53 27.28
Patien Leuk C 1 5.98 ± 28.48 28.13
Patien Lym H 1 8.24 ± 16.93 12.66
Patien Lym N 1 7.52 ± 20.11 11.55
Pati
Pati
Pati

NOT
trea
Abb
chronic lymphocytic leukemia; HD, Hodgkin disease; NHL, non-Hodgkin lymphoma.
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stat at these doses is physiologically tolerable (30).
ostat at concentrations of 0.3 μmol/L or above
yed obvious HDACi activity as defined by significant
ation of histones H3 and H4 (Fig. 1A). Vorinostat-
ed apoptosis was detectable at 6 hours and reached
imum at 24 hours in a dose-dependent fashion
A). To identify the potential genes critical for pro-
g cells from vorinostat-induced apoptosis, Molt-4
ere treated with 0.65 μmol/L of vorinostat for 0,

, or 24 hours prior to cDNA microarray analysis.
xpression of about 130 genes was found to be at
-fold increased or decreased at 6, 12, and 24 hours
orinostat treatment. These genes cover a wide range
lular functions. Interestingly, among these genes, a
f 27 genes (20.8%) belong to the adhesion mole-
ene superfamily (Fig. 1B; Supplementary Table S1).
lidate the microarray data, the expression of seven
nown adhesion molecules that belong to four
classes of adhesion molecules was examined in
stat-treated Molt-4 and HeLa cells. Although the
sion of some adhesion molecules such as ICAM-1,
-1, and Selectin-L was induced by vorinostat in a
ecific manner, upregulated expression of integrin β1
146 was consistently detected in both vorinostat-
d Molt-4 (Fig. 1C) and HeLa (Fig. 1D) cells. To
ve the effect of vorinostat on normal cells, peri-
l blood mononuclear cells and human umbilical
ndothelial cells were treated with PBS or vorino-
2.5 μmol/L) for 24 hours, the protein expression
146 was not induced by vorinostat in either peri-
l blood mononuclear cells or human umbilical vein
helial cells (Fig. 1E). To test whether vorinostat-
ed transcription gave rise to the elevated protein

protein abundance was determined 24 hours after
stat treatment. Again, 0.65 μmol/L vorinostat sig-

the in
gulate

ancer Res; 16(21) November 1, 2010
ntly elevated protein levels of integrin β1 and
6 in both Molt-4 and HeLa cells (Fig. 1F).

tion of CD146 is a common phenomenon in
ostat-treated cancer cells both in vitro and in vivo
selected CD146 for further study because it is the
significantly upregulated adhesion molecule follow-
rinostat treatment. In addition, previous publica-
have linked CD146 with apoptosis resistance in
r cells (31–33). We initially examined the time pat-
f vorinostat-induced CD146 mRNA expression in
4 cells. The induction was detectable in as early as
rs and reached a maximum at 20 hours after vorino-
eatment. Vorinostat-induced expression of CD146
up to 48 hours before decreasing to baseline levels
2A). Obviously, the expression of CD146 was in-
in a vorinostat dose-dependent manner (Fig. 2B).
we examined whether vorinostat consistently in-
the expression of CD146 in cancers of different tis-
rigins. In all six tumor cell lines, including RPMI
Raji, HeLa, HepG2, A2780, or T47D, vorinostat con-
tly induced the transcription of CD146 (Fig. 2C).
ermore, another HDACi, TSA, significantly induced
pression of CD146, indicating that the induction of
6 expression might be a common action shared by
i (Fig. 2D). To determine whether the vorinostat-
ed expression of CD146 occurs in primary tumor
10 primary tumor samples from patients with leuke-
lymphoma, multiple myeloma or ovarian cancer
reated with vorinostat. Again, vorinostat significantly
ed the expression of CD146 as early as 3 hours
reatment and the increase lasted up to 12 hours in
the samples examined (Table 1). To address whether
1. Effect
 orinostat on the
 ession of CD
 n clinical tumor samples
duction
d level
of CD146 transcr
of CD146 protei
iption gave rise to t
n, cultured HeLa ce
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 al diagnosis
 fication
 Time
 e (h)
2

t 1
 emia
 LL
 0.28
 ± 0.15
 ± 0.02

t 2
 emia
 LL
 1.33
 ± 3.25
 ± 2.16

t 3
 emia
 ML
 1
 3.05
 ± 4.23
 ± 2.55

t 4
 emia
 ML
 2
 2.26
 ± 2.14
 ± 3.54

t 5
 emia
 LL
 2
 4.65
 ± 3.92
 ± 3.15

t 6
 phoma
 D
 1.36
 ± 2.57
 ± 2.25

t 7
 phoma
 HL
 0.84
 ± 3.11
 ± 2.03

t 8
 phoma
 HL
 1.78
 ± 3.35
 ± 2.61
en Lym N 1 9.22 ± 21.56 18.65

ent 9 Myeloma Multiple 1 8.35 ± 0.93 15.70 ± 2.64 13.22 ± 2.13
ent 10 Ovarian cancer Serous 1 77.2 ± 9.36 16.19 ± 1.56 16.83 ± 2.87

E: Data are expressed as fold increase (mean ± SE) of CD146 mRNA from vorinostat-treated cells relative to that from medium-
ted cells. Each data was analyzed at least in three independent experiments.
reviations: ALL, acute lymphoblastic leukemia; AML, acute myelocytic leukemia; CML, chronic myelocytic leukemia; CLL,
he upre-
lls were
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d with vorinostat or DMSO and examined for the
6 protein using immunofluorescence. As expected,
ent of vorinostat significantly enhanced the positive
noreactivity of CD146 in HeLa cells (Fig. 2E, left).
creased expression of CD146 protein was also con-
by Western blotting in three cell lines (Fig. 2E, top

. Furthermore, the induction of CD146 gave rise to
ed expression levels of CD146 protein in a primary
lymphoblastic leukemia sample (Fig. 2E, bottom
. The vorinostat-induced expression of CD146 protein
rther confirmed by flow cytometry analysis in other
ry samples from patients with acute lymphoblastic
mia, acute myeloid leukemia, or chronic myeloge-
leukemia (Supplementary Fig. S1).
ddresswhether the induction of CD146 occurs in vivo,

and HepG2 tumor-bearing mice (n = 10) were trea- anti-C

es. HeLa (C) and HepG2 (D) cells were treated as depicted for 24 h and examined f
ctin. VT, vorinostat treatment (5 μmol/L for all the cell lines).

acrjournals.org
5). Similarly, CD146 expression was remarkably
ed in the tumor cell membrane 24 hours after treat-
with vorinostat, as determined by immunohisto-
stry and quantified by LSC (Fig. 2F); total positive
r CD146 of HeLa tumor treated with vorinostat ver-
eated with DMSO: 41 ± 2% versus 32 ± 1%, P <
total positive rate for CD146 of HepG2 tumor trea-
ith vorinostat versus treated with DMSO: 44 ± 2%
36 ± 1%, P < 0.05.

ting CD146 substantially enhanced vorinostat-
ed killing via suppression of the Akt pathway in
r cells
understand the significance of vorinostat-induced
6 expression in cancer cells, we chose AA98, an

D146 mAb, to selectively target CD146 (24). Where-
ith vorinostat at 25 mg/kg based on earlier studies as AA98 alone did not induce significant apoptosis with

Targeting CD146 substantially enhanced vorinostat-induced death via suppression of the Akt pathway in cancer cells. A, tumor and nonmalignant
ere exposed to mAb AA98 (10 μg/mL for Molt-4; 20 μg/mL for all the other seven cell lines), vorinostat (0.5 μmol/L for Molt-4; 5 μmol/L for
ther seven cell lines), or both agents for 48 h and subjected to apoptosis analysis using flow cytometry. Each data point represents the mean
sis ± SD of three replicates (***, P < 0.001). B, cells were treated with mAb AA98 (5 μg/mL for Molt-4, 10 μg/mL for HeLa) or vorinostat (0.3 μmol/L
t-4, 2.5 μmol/L for HeLa) + isotype-matched mIgG, or vorinostat + mAb AA98 for 24 h and then subjected to the soft agar colony-forming assay
0.001). Results are expressed as a percentage of colonies in the DMSO-treated group. Each data point represents the mean ± SD of three
or protein levels of total Akt, p-Akt, p-4E-BP1, p-S6K1, p-GSK-3β,
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ception of T47D and MCF-7 cells, it substantially
ized cancer cells to vorinostat-induced apoptosis in
cell lines examined (Fig. 3A). On the other hand,
did not significantly sensitize nontransformed cells
-10A, BEAS-2B) to vorinostat-induced cell death
A). These results were further supported by a quan-
e colony-forming assay. AA98 synergized with vori-
t to significantly reduce tumor colonies in Molt-4
eLa cells (Fig. 3B). Moreover, AA98 alone or in com-
on with vorinostat significantly inhibited tumor col-
in tumor cell lines (HepG2, T47D, and MCF-7) in
AA98 showed significant killing activity (Supple-
ry Fig. S2). To further confirm that targeting of
6 sensitizes tumor cells to HDACi treatment,
6 expression was knocked down in HeLa or HepG2
rior to vorinostat treatment (Supplementary Fig.

rage blood vessels under a confocal microscope, only the vessels with in
nesis in corneal tumors after treatment. Right, each data point represents
Although CD146 RNAi alone did not significantly
e apoptosis, it substantially sensitized tumor cells

menta
CD14

ancer Res; 16(21) November 1, 2010
inostat-induced apoptosis (Supplementary Fig. S3B
). Because data previously showed a link between
6 expression and Akt activation (33, 36), we sought
termine the effects of vorinostat/AA98 on the Akt
ay in HeLa and HepG2 cells. Vorinostat induced
hosphorylation of AKT and downstream targets,
A98 coadministration reverses the activation of
athway induced by vorinostat in a dose-dependent
er (Fig. 3C-D). To further confirm whether Akt really
protective effect on vorinostat/AA98 induced apo-
, overexpression/inhibition experiments had been
by using AAkt2 plasmid transfection or triciribine
ent. Although transfection of AAkt2 inhibited vori-
t/AA98-induced apoptosis, the inhibition of Akt
horylation by triciribine substantially sensitized
cells to vorinostat/AA98-induced killing (Supple-

oss-sectional view were calculated. Left, typical results of
ean ± SD (n = 6; ***, P < 0.001).
Combination of HDACi with CD146 mAb has synergistic antiangiogenic effects. A, the CAM of individual embryos was treated with small filter
arrying PBS, 2.5 μg mAb AA98, 2.64 pg vorinostat + isotype-matched mIgG, or vorinostat + mAb AA98. After 72 h of incubation, neovascularization
en CAM was determined. Left, representative images of neovascularization in chicken CAM. Right, quantitative data of neovascularization in
CAM. The data represent the mean ± SD of 10 embryos. B, for mouse corneal tumor model, one piece of TC-1 tumor tissue was implanted into the
cornea. Mice were grouped (n = 6) and treated with 8 mg/kg of mAb AA98, 20 mg/kg of vorinostat + isotype-matched mIgG, or vorinostat +
98 to the eye twice daily for 2 wk. Corneas were collected for determination of average corneal tumor length and angiogenesis. Left, typical results
se corneal tumor after treatment. Newly formed vessels were indicated by white arrows. Right, quantitative data of average corneal tumor
Each data represents the mean ± SD of six samples (***, P < 0.001). C, cornea tumor sections were stained with CD34 (red) and analyzed for

tact cr
ry Fig. S4). To answer whether the synergy of anti-
6 was limited to HDACi or more generally to other
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Combination of HDACi with CD146 mAb has synergistic antitumor effects on tumor growth and metastasis in vivo. A, when the tumor reached
ter of 5 to 6 mm, HeLa (A) or HepG2 (B) tumor-bearing mice were grouped (n = 10) and administered i.p. with PBS (black), mAb AA98 (green),
tat plus mIgG (brown), or vorinostat plus mAb AA98 (blue). Mean tumor volumes were monitored at specific time points after treatment. Each
int represents mean ± SD (**, P < 0.01; ***, P < 0.001; n = 10). C, Kaplan-Meier survival curves of HeLa tumor-bearing mice following various
nts as indicated. Each group included 10 animals. D, HeLa tumor-bearing mice were treated with PBS (black), mAb AA98 (green), vorinostat
gG (brown) or vorinostat plus mAb AA98 (blue). Sections of tumors were stained with CD31 (D) or Ki67 (E). Left, quantitative data of novel vessels
i67-positive areas (E) per microscope field. Each data point represents the mean of the triplicate microscope field obtained from each tissue
. Right, representative 200× images. Different treatments were labeled with various colors. PBS. F, expression of CD146 in important organs of
6 was examined 24 h after treatment with vorinostat or DMSO. G, when TA2 lymphoma reached a diameter of 5 to 6 mm, the TA2 mice were
d (n = 8) and administered i.p. with PBS (black), mAb AA98 (green), vorinostat plus mIgG (brown) or vorinostat plus mAb AA98 (blue) twice a week

. The cumulative probability of tumor formation was determined by the appearance of neoplasms in the inguinal groove muscle and (H) tumor
was monitored. Each data point represents mean ± SD (**, P < 0.01).
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therapeutic agents, HeLa cells were treated by AA98
bination with cisplatin and subjected to apoptosis
is. In contrast to AA98 plus vorinostat, AA98 did not
cantly sensitize HeLa to cisplatin-induced cell death,
iled to suppress AKT phosphorylation (Supplemen-
ig. S5).

ting CD146 synergized with vorinostat to
it angiogenesis
ause both vorinostat and anti-CD146 mAb have
previously reported to inhibit angiogenesis (15,
8), we next examined whether targeting CD146
synergize with vorinostat to inhibit angiogenesis.

ugh an extremely low dose of 2.5 μg of AA98 or
pg of vorinostat failed to inhibit angiogenesis in
AM assay, a combination of the two agents com-
y abolished angiogenesis (Fig. 4A). In four indepen-
experiments, the combination of AA98 with
stat consistently showed over 10-fold more potent
tion of angiogenesis than either AA98 or vorinostat
(Fig. 4A; Supplementary Table S2). Next, a tumor-
ated angiogenesis model was used to test whether
mbination would inhibit tumor-induced angiogen-
he corneal tumor angiogenesis model is considered
f the best in vivo models. The cornea itself is avas-
Thus, any vessels seen in the cornea after tumor
ntation are new vessels. The progress of angiogene-
d vascular response can be monitored by direct ob-
ion (39, 40). As shown in Fig. 4B, implantation of
tissues into the corneal micropockets resulted in

owth of tumors expanding from the micropockets
limbus. Corneal tumor neovascularization became
ly visible by gross examination 2 weeks after im-
tion. These newly formed tumor vessels, sprouting
the limbal vessels, infiltrated the entire area of the
r tissue. Treatment with mAb AA98 slowed down
growth, but had no obvious effect on angiogene-

hereas vorinostat + mIgG seemed to be a potent in-
r of angiogenesis in the corneal tumor. It is of note
he combined treatment with vorinostat and mAb
resulted in an almost complete loss of tumor
vessels and retardation of tumor growth. Immuno-
scence analyses of corneal tissues using an anti-
antibody confirmed the differences in vascular

ty caused by the different treatments (Fig. 4C;
< 0.001). Collectively, these data showed the tar-
of CD146 through synergism with vorinostat to
ntially inhibit angiogenesis.

ting CD146 synergized with vorinostat to
antially inhibit tumor growth and
tasis in vivo
etermine the in vivo antitumor efficacy of combined
stat and AA98, we chose lower doses of the two
than those previously reported (24, 34). In the first
n of the animal study, when the tumor reached a

ter of 5 to 6 mm, HeLa or HepG2 tumor bearing
were grouped (n = 10) and administered i.p. with

lecula
sion

ancer Res; 16(21) November 1, 2010
or vorinostat. Although no tumor complete regres-
as observed in any groups with different treatments,
r growth was significantly retarded in the group with
ined vorinostat and AA98 (Fig. 5A and B). Further-
, combined vorinostat and AA98 significantly im-
d the survival in HeLa tumor-bearing mice (Fig. 5C;
.0361). To further examine the correlation between
arity and tumor growth, we counted CD31-positive
vessels in the tumor sections of mice treated for 21
Fig. 5D). We observed a more significant reduction of
vessel density in tumors treated with vorinostat +
AA98 compared with tumors treated with either drug
(P = 0.042, vorinostat + mAb AA98 versus vorinostat
G; P = 0.015, vorinostat + mAb AA98 versus mAb
). Furthermore, the proliferation of the tumor as de-
by positive staining of the Ki-67 antigen was substan-
inhibited by combined vorinostat and AA98
ent (Fig. 5E). We also tested the effect of vorinostat
ajor organs of C57BL/6, such as heart, liver, spleen,
and kidney. It was showed that the expression of
6 was only upregulated in the lung after treatment
inostat for 24 hours (Fig. 5F).
determine the effect of combined vorinostat and
on tumor onset and metastasis, a TA2 mouse lym-
a model was used. The model was derived from
aneous lymphoma in a TA2 mouse and remained
past 43 generations by successful transplantations
2 mice over 4 years. The lymphoma grows rapidly
ventually develops invasive metastases in all mice.
rtantly, the combination of vorinostat with mAb
significantly decelerated the formation of lympho-
compared with vorinostat or mAb AA98 alone (rate
mation of lymphoma in TA2 mice 26 d after vori-
t + mIgG treatment versus vorinostat + mAb AA98
ent: 70% versus 30%, P < 0.05; Fig. 5G). More sig-
ntly, we observed the dissemination of lymphoma as
d by the appearance of remote lymph nodes in all
mAb AA98-, and vorinostat + mIgG–treated mice
26 days of inoculation. Furthermore, the combina-
f vorinostat with mAb AA98 significantly inhibited
owth of lymphoma (Fig. 5H), and only four out of
mice were found to have developed tumors 30 days
noculation.

ssion

targets of HDACi are so extensive that it is not sur-
g that HDACi would initiate both antiapoptotic
roapoptotic therapeutic responses. In fact, HDACi
y display relatively low potency when used as a sin-
ent. Unfortunately, most of the current HDACi
ination strategies are more empirical than mecha-
based applications, and accordingly, are not opti-
or this class of drugs (18). The present findings
e the first evidence that an undesired protective
is initiated by HDACi and highlight a novel mo-

r mechanism by which HDACi induces the expres-
of CD146 as a protective response to offset the
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mor efficacy. On the other hand, the induction of
6 could be exploited as a novel strategy for the en-
d killing of cancer cells, but not nontransformed
onsidering that HDACi could modulate the expres-
f a large amount of genes, the induction of molecules
than CD146 might serve as a generally applicable
y for the optimal design of HDACi-containing regi-
The findings presented here argue that dissecting the
i-induced programs is fundamentally important for
hanism-based combined application of HDACi with
agents.
he present study, the expression of a large number of
ive molecules was induced by treatment with HDACi
ell type–specific pattern. Previously, other investiga-
ad shown HDACi-induced expression of adhesion
ules on acute myeloid leukemia cells including
as well as ICAM-1 (41). Interestingly, the induction
146 or integrin β1 is a common phenomenon in
stat-treated cancer cells. On the other hand, target-
D146 with antibody had been shown to inhibit tu-
rowth and angiogenesis (24). In our hands, AA98
also showed killing activity in T47D and MCF-7. Al-
h the mechanism underlying the antitumoral activity
98 as a single agent is currently unknown, some in-
ators proposed that the engagement of AA98 with
6 inhibited tumor metastasis by suppression of
itogen-activated protein kinase phosphorylation
F-κB activation (15). Nevertheless, the HDACi-
ed expression of CD146 as a protective program is
l finding. Interestingly, targeting CD146 substantial-
sitized tumor cells to vorinostat-induced killing.
ent of vorinostat plus CD146 mAb also preferen-

ablates cancer colony formation, whereas nontrans-
d cells seem largely unaffected. Significantly, the
ined regimen of HDACi and CD146 mAb signifi-
inhibits the activity of the Akt pathway. Recent clin-
valuation of pharmaceutical-grade antibodies and

tic cyclic RGD peptides against adhesion molecules
oon provide opportunities to test the therapeutic
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our present data indicate that the profound inhibi-
ffect on angiogenesis is likely to be another aspect
nsible for the enhanced antitumor efficacy. Given
ngiogenesis plays a critical role in the progression
ors, the potential therapeutic implications of the

ination are substantial and attractive in a clinical set-
urrently available antiangiogenic agents have been
ped based on the understanding of general rather
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s targeting tumor-derived endothelial cells rather
genetically normal endothelial cells are urgently
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