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Abstract

Hepatocellular carcinoma (HCC) is a type of malignant cancer. Notch signaling is aberrantly ex-

pressed in HCC tissues with more evidence showing that this signaling plays a critical role in HCCs.

In the present study, we investigate the effects of the anti-convulsant drug valproic acid (VPA) in
HCC cells and its involvement in modulating Notch signaling. We found that VPA, acting as a
histone deacetylase (HDAC) inhibitor, induced a decrease in HDAC4 and an increase in acetylated
histone 4 (AcH4) and suppressed HCC cell growth. VPA also induced down-regulation of Notch
signaling via suppressing the expression of Notchl and its target gene HESI, with an increase of
tumor suppressor p21 and p63. Furthermore, Notch| activation via overexpressing Notch1 active
form ICNI induced HCC cell proliferation and anti-apoptosis, indicating Notch signaling played an
oncogenic role in HCC cells. Meanwhile, VPA could reverse Notchl-induced increase of cell
proliferation. Interestingly, VPA was also observed to stimulate the expression of G pro-
tein-coupled somatostatin receptor type 2 (SSTR2) that has been used in receptor-targeting
therapies. This discovery supports a combination therapy of VPA with the SSTR2-targeting agents.
Our in vitro assay did show that the combination of VPA and the peptide-drug conjugate camp-
tothecin-somatostatin (CPT-SST) displayed more potent anti-proliferative effects on HCC cells
than did each alone. VPA may be a potential drug candidate in the development of anti-HCC drugs
via targeting Notch signaling, especially in combination with receptor-targeting cytotoxic agents.

Key words: valproic acid, HDAC inhibitor, Notch signaling, hepatocellular carcinoma, recep-
tor-targeting.

Introduction

Hepatocellular carcinoma (HCC) is a type of
malignant primary liver cancer with one of the lowest
five-year survival rates (1). Conventional therapeu-
tics, including chemotherapy and radiotherapy, have
very limited efficacy with severe toxic side effects.
Currently, sorafenib, a dual multiple kinase inhibitor
of Raf kinase and VEGEFR tyrosine kinase, is the only
drug approved for treating advanced HCCs. Thus,
there is an urgent need to develop novel and specific

HCC-targeting drugs.

Reportedly, HCC is strongly associated with
hepatitis (2-4). However, various other signaling
pathways like Hedgehog signaling, are also involved
in HCC progression (5-7). Currently, the precise mo-
lecular mechanisms are not clearly known. Compared
to other cancers, certain gene mutations in HCC cells
such as PIK3CA/PTEN were less or undetectable (7).
Conversely, some others such as Notchl/Notch3 are
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mutated more frequently in HCC cells (5, 7). These
mutations result in an aberrance of the associated
molecular signaling. Many of these signaling path-
ways are involved in the pathogenesis of malignant
HCC, including Wnt signaling, p53 signaling, chro-
matin remodelling, histone acetylation/deacetylation,
Notch signaling, JAK signaling, Hedgehog signaling
and multiple growth factors (5, 7-9). Notch signaling
is frequently reported aberrantly activated in HCCs
and various types of human cancers (10-13) and is
involved in carcinogenesis and cancer progression
(12, 14, 15).

Notch signaling, besides being involved in liver
development, also plays a critical role in HCC car-
cinogenesis (16-20). Most HCC tissues have high
Notch signatures, especially the overexpression of
Notchl, Notch3 and Notch4 (12, 21-23). This accu-
mulating evidence supports that Notch signaling may
play an oncogenic role in HCC cells (5, 16, 21, 23, 24).
Thus, it may be a potential therapeutic strategy for
developing anti-HCC drugs to target Notch signaling
pathways. However, there are other studies showing
that Notch signaling is controversial (25-27). In the
present study, we evaluate the effects of Notch sig-
naling activation in HCC cells.

Meanwhile, histone deacetylase (HDAC) inhibi-
tors have been used to treat cancers and other diseases
(28, 29). Several of these HDAC inhibitors display
effective anti-tumor efficacy by modulating multiple
signaling pathways (15, 30). The HDAC inhibitor VPA
is currently being investigated for treating various
cancers (30-33). Our previous studies have demon-
strated VPA’s anti-cancer efficacy in cervical cancer
cells, with the involvement of Notch signaling (13, 34).
VPA was also found to induce cell growth arrest in
some other HCC cell lines (35-37). In the present
study, we evaluated the role of Notch signaling and
the effects of VPA in HCC HTB-52 cells having a high
Notch signature. We attempt to understand whether
Notch signaling is involved in VPA-mediated cell
growth suppression. VPA also was evaluated for its
effect on the expression of certain G protein-coupled
receptors (GPCRs) and for its use in a combination
treatment with the somatostatin receptor type 2
(SSTR2)-targeting peptide-drug conjugate camptoth-
ecin-somatostatin cytotoxin (CPT-SST).

Materials and Methods

Materials

Valproic acid sodium salt (VPA) was purchased
from Sigma (St. Louis, MO). Antibodies to SSTR2 (Cat.
No.: sc-11609), p21 (sc-756), p63 (sc-8343), histone 4
(H4, sc-10810), HDAC4 (sc-11418), acetylation of his-
tone 4 (AcH4, sc-8660-R), HES1 (sc-25392) and p-actin

(sc-1616-HRP) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA), with Notchl (Cat. No.:
4380) from Cell Signaling Technology (Danvers, MA).
The plasmids are the kind gifts from Dr. Wu (Univer-
sity of Florida). The cytotoxic CPT-SST was synthe-
sized in our laboratories (38).

Cell culture and cell transfection

Human HCC HTB-52 (SK-HEP-1) cells were
purchased from ATCC (American Type Culture Col-
lection, Manassas, VA) and maintained in MEM me-
dium supplemented with 10% fetal bovine serum
(FBS), 1% penicilin/streptomycin and 0.5% kanamy-
cin. For cell transfection, 500 pl of cells (2x105cells/ml)
were plated in each well of 24-well plates. Two pl of
Lipofectamine™ 2000 (Lipo-2000) and 0.8 pg of DNA
were added separately into a vial with 50 pl
Opti-MEM transfection medium, and combined to-
gether after a 5-10 minute incubation. The
DNA/Lipo2000 complexes were continuously incu-
bated for 20-30 minutes and then added to each well.
The transfected cells were incubated for different time
based on different assays and then tested for their cell
cycle and apoptosis, or for a cell proliferation as de-
scribed below. The experiments were done separately
three times.

RT-PCR and real-time PCR

Total RNA was isolated from tumor cells and
RT-PCR was performed as described in the protocols
(Invitrogen, Carlsbad, CA). The primers and condi-
tions for RT-PCR analyses are as previously described
(13, 34). The PCR was regularly amplified with 35
cycles, with more or less cycles due to the difference
in RNA abundance of these investigated genes. Pri-
mers for real-time PCR analyses were the same as
described above. Real-time PCR assays were per-
formed as described (13). B-actin was used as the in-
ternal control and results were calculated by applying
2-4%CT methods. The experiments were done sepa-
rately three times.

Western blot analysis

This assay was employed as described in the
protocol (Santa Cruz). Briefly, cells were harvested,
re-suspended in RIPA buffer with cocktail inhibitors,
homogenized with a 21-gauge needle, mixed with the
loading buffer and heated for 7 minutes in boiling
water. Supernatants were loaded to run on a 8-16%
Tris-glycine gel after centrifugation at 12,000xg for 10
minutes. Protein was transferred to a nitrocellulose
membrane and blocked with a 5% dried milk/TBST
solution, then washed and incubated with primary
antibody. The membrane was washed again and in-
cubated with second antibody (Santa Cruz). Mem-
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branes were developed according to the ECL system
protocol (Amersham Biosciences, England). The ex-
periments were done separately three times.

Cell apoptosis and cell cycle analysis

Cells were plated on 6-well plates and incubated
overnight. The test compounds were added. Cells
were incubated overnight or as required and then
were harvested for the assay. For the apoptosis assay,
the Annexin V-FITC apoptosis detection kit (Cat. No.:
APOAF) was purchased from Sigma (Saint Louis,
MO). Into five hundred pl of cell suspension was
added 5 pl of Annexin V-FITC conjugate and 10 pl of
propidium iodide solution. The mixture was incu-
bated for 10 minutes and assayed to determine fluo-
rescence using a Beckman-Coulter Gallios analyzer.
Data were analyzed with Gallios software. For the cell
cycle assay, the Coulter DNA Prep reagents kit (Cat.
No.: PN 6607055) from Beckman Coulter (Fullerton,
CA) was used. Analysis was done on a Beck-
man-Coulter Epics FC500 analyzer using CXP soft-
ware for acquisition and the ModFit LT v3.1 (Verity
Software) for Cell Cycle Modeling. Both experiments
were repeated three times.

Cell proliferation assay

The cell proliferation assay (Promega, Madison,
WI) was performed as described previously (38).
Briefly, 50 pl aliquots of medium with different con-
centrations of compounds were added to 96-well
plates. All compound concentrations were tested in
triplicate. Fifty pl of the BON cell stock (1x105cells/ml
of media) was dispensed into each test well and the
plates were incubated at 37°C in a CO; incubator for 3
days. Following the incubation period, 15 ul of the
dye solution was added to each well and the plates
were then incubated at 37°C for 4 hours, followed by
the addition of 100 pl per well of the solubilization
solution. The plates were incubated at 37°C until the
contents in each well became a uniform-colored solu-
tion. The absorbance was measured and recorded at
570 nm by a Victor Plate Reader (PerkinElmer, Boston,
MA).

Cell morphological change and cell attach-
ment

One ml of cells (1x10° cells/ml) were plated in
24-well plates and treated with or without the test
compound (VPA). VPA-induced cell morphological
changes were inspected and photographed under an
inverted light microscope at 10x magnification. The
cell attachment assay (ECM205) was used to study the
effects of VPA on cell attachment components in-

cluding fibronectin, vitronectin, laminin, collagen I
and collagen IV (ECM205, Chemicon). The assay was
performed after a 72-hour incubation according to the
kit instructions. The treated cells were harvested with
enzyme-free cell dissociation buffer and added to
each well of strips that were pre-rehydrated with PBS
buffer. The strips were incubated for 45-60 minutes at
37°C in the incubator. The strips were washed 3-5
times, stained with 0.2% crystal violet for 5 minutes
and washed 3-5 times. One hundred pl of solubiliza-
tion buffer was added to each well and the absorbance
at 570 nm was determined after the cell-bound stain
was completely solubilized. The assays were normal-
ized by cell proliferation assays.

Results

VPA has demonstrated its cancer cell growth
suppression in various types of cancer cells (13, 31,
32). In its anti-cancer effects, VPA serves as a HDAC
inhibitor and is also believed to act as a Notch sig-
naling regulator (13, 32, 33). Notch signaling is aber-
rant in HCC cells and is strongly associated with HCC
progression. Thus, in the present study, we investi-
gated for VPA’s effects on HCC cell growth and the
involvement of Notch signaling in VPA-meditated
HCC cell growth arrest.

1.VPA acting as a HDAC inhibitor induces cell
proliferation suppression

VPA is believed to act as a HDAC inhibitor in its
tumor suppression in various cancers (15, 33). Thus,
we first investigated the effects of VPA on histone
acetylation/deacetylation in HCC HTB-52 cells.
Western blot analysis showed that VPA reduced the
expression of HDAC4 and induce the acetylation of
histone H4 (AcH4), with no obvious change of histone
H4 (Fig.1B). We further did cell proliferation assay
and found that VPA displayed anti-proliferative abil-
ities in HCC HTB-52 cells. As shown in Fig.1, VPA
significantly induced cell proliferation suppression in
a dose-dependent manner, with the suppressive rates
being nearly 50% (VPA: 2.5 mM) and 70% (5 mM),
respectively (Fig.2A). VPA-induced decrease of the
proliferation marker PCNA (0.35-fold) assayed by
real-time PCR was observed as well (Fig.1C). Another
HDAC inhibitor trichostatin A (TSA), and the Notch
signaling inhibitor dibenzazepine (DBZ) also dis-
played their suppressive effect on HTB-52 cell growth,
with TSA at 1uM having more potent an-
ti-proliferation and DBZ at 20 uM less (data not
shown).
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Fig.1. The effects of VPA on gene expression in HCC HTB-52 cells. A, RT-PCR assay at mRNA level showed that VPA at a dose-dependent manner induced a decrease of
Notch1 and Notch2, and an increase of p63, p21, SSTR2, GRPR and BRS3; B, western blot assay at protein level showed that VPA at a time-dependent manner induced a decrease
of HDACH4, full Notch1, Notch| fragment and Notch target gene HES1, and also an increase of AcH4, p21, p63 and SSTR2, with no obvious change of H4; C, real-time PCR assay
showed that VPA regulated the expression of certain genes, with an increase, a decrease or no change while the value > 1, <1 or =1, respectively. The average change has been
acquired from three independent assays, with VPA-induced increase of p63 (3.4-fold), Ecadherin (8-fold), MMP2 (9.8-fold), Fibronectin (15-fold) and SSTR2 (20.6-fold), and
decrease of Notch1 (0.56-fold), Notch2 (0.7-fold), HES1 (0.26-fold), Twist(0.58-fold), c-Myc (0.6-fold), PCNA (0.35-fold) and BCL-2 (0.6-fold).

2. VPA induces cell apoptosis

We also investigated the effects of VPA on cell
apoptosis in HCC HTB-52 cells and found that VPA
significantly induced cell apoptosis. VPA at 4 mM and
a 72-hour incubation induced apoptosis, with an
apoptotic rate (early apoptosis and necro-apoptosis
together) of 31% compared to 20% in the control
(Fig.2B). There was also a decrease of the an-
ti-apoptotic marker BCL-2 (0.6-fold), detected at the
mRNA level by real-time PCR assay (Fig.1C). Mean-
while, the HDAC inhibitor TSA at 1 pM markedly
induced an apoptotic increase with the apoptotic rate
of 68%, but Notch signaling inhibitor DBZ at 20 uM
obviously have no effect, being similar to the DMSO
control (data not shown).

3. VPA induces cell cycle arrest

Besides its suppression of cell proliferation and
induction of cell apoptosis as described above, VPA
also was evaluated for its effects on the cell cycle. VPA
at 4 mM and with an 18-hour incubation was found to
induce cell cycle arrest at phase G2, with TSA at 1uM
at G2, but DBZ did not cause arrest when compared to
the effect of the DMSO control (data not shown).The
time course analysis further showed the VPA-induced
cell cycle arrest at phase G2 can be observed at an
incubation of 18 (an increase of rate at phase G2: 10%)
and 72 hours (13%) compared to control (5%), with
less effect at a 3-hour incubation (7%) (Table 1). VPA
also induced an increase of the tumor repressors p21
and p63 at the mRNA level as seen by RT-PCR and
real-time PCR and at the protein level by Western blot
analysis (Fig.1A, 1B, 1C). These assays showed that
the HDAC inhibitor VPA might suppress HCC cell
growth via inducing cell cycle arrest.
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Fig. 2. The effects of VPA on cell proliferation and cell apoptosis in HCC HTB-52
cells. A, cell proliferation assay showed that VPA induced a cell growth suppression in
a dose-dependent manner, with inhibitory rates being 48.4% (2.5 mM) and 68.9% (5
mM). Asterisk (*¥) shows a significant difference compared to control, with P value <
0.01 (One-way ANOVA analysis); B, Apoptosis assay showed that VPA obviously
induced cell apoptosis. Assays from three experiments showed an increasing apop-
totic rates at early apoptosis (VPA/Control: 23.6 = 0.5% / 17.8 + 2.9%) and
necro-apoptosis (7.5 + 0.6% / 2.0 = 0.3%), with P value < 0.01 (t-test analysis).

Table 1. VPA-induced cell growth arrest at phase G2 in HCC
HTB-52 cells via cell cycle analysis.

Time (hrs) Phase Arrest
Gl G2 S

0 80.80+2.25 4.7241.40 14.99+2.10

3 75.51 +2.86 6.60 £2.12 17.69+1.31 -

18 79.28 +3.65 10.32+1.63 10.39 +2.40 G2

72 81.52+ 2.68 12.76 + 0.79 5.50 £1.55 G2

4. VPA induces cell morphological change and
cell attachment suppression

Another major function of VPA is to induce cell
morphological changes that are associated with dif-
ferentiation and cell migration. Previously, we ob-
served VPA-induced cell morphological change in
many different cancer cells. Thus, VPA also was
evaluated for its effects on cell morphological changes
and on cell attachment in HTB-52 cells with epithelial
morphology. VPA at 4mM and a 72-hour incubation
was observed to induce cell morphological change
(Fig.3B). We further did attachment assay to evaluate
the effects of VPA on cell attachment. In our previous
study, we found that HCC HTB-52 cells more strongly
attached to ECM component laminin, not to other

components including fibronectin, vitronectin, colla-
gen | and collagen IV. We further observed that VPA
at 2 mM and 4 mM with a 72-hour incubation resulted
in a significant suppression of cell-laminin attach-
ment, with the inhibitory rates being 24 % (2 mM) and
51% (4 mM) (Fig.3C). The observation was also ac-
quired with the effects of VPA on MMP2 (cell invasive
and metastasis marker) and E-cadherin (an epithelial
cell marker) that are related to cell differentiation and
migration (Fig.1C).VPA was found to induce an in-
crease of MMP2 (8-fold) and E-cadherin (7-fold) in
HTB-52 cells. These findings support that VPA may
inhibit HCC metastasis via blocking cell migration.

c
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Fig. 3. The effects of VPA on cell morphological change and cell attachment. A&B,
VPA at 4 mM and 2-day incubation induced a epithelial type of morphological change
(B) compared to control (A); Cell attachment assay showed that VPA at 2 and 4 mM
inhibited HCC HTB-52 cells to attach to ECM component laminin, with the inhibitory
rates being 24.8% (2 mM) and 50.5% (4 mM) and P value < 0.01 (One-way ANOVA
analysis).

5. Notch signaling plays an oncogenic role

Notch signaling is aberrantly expressed in HCC
cells and plays a critical role in HCC progression (25,
27, 39). Thus, we evaluated the effects of Notch sig-
naling in HCC HTB-52 cells. By investigating the ex-
pression profiles of four Notch receptor genes. We
first found that Notchl and 2 receptors were ex-
pressed at a higher level in HCC HTB-52 cells com-
pared to undetected Notch3 and Notch4 (data not
shown). We further investigated the effects of Notchl
activation on HCC cell growth. HCC HTB-52 cells
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were transiently transfected with the Notchl active
form ICN1 and assayed for the effects of ICN1 on cell
proliferation. We found that ICN1 overexpression
stimulated HCC HTB-52 cell proliferation in a
dose-dependent manner, with an increase of 9%
(ICN1: 200 ng), 18% (400 ng) and 67% (800 ng), re-
spectively (Fig.4A). We also observed that all the
other three Notch active form ICN2, ICN3 and ICN4
stimulated HCC cell proliferation (data not shown).

Also, ICN1 was investigated for its effects on
HCC cell cycle and cell apoptosis. The cell cycle assay
showed that ICN1 resulted in an significant accumu-
lation at phase G1 with the rate over 80% compared to
68% of the control vector (transfected with pcDNA
vector only) (Fig.4B), different from VPA-induced
cycle arrest at phase G2 as mentioned above (Table 1).
The apoptosis assay also showed that ICN1 overex-
pression induced anti-apoptosis, with the total apop-
totic rate being 24 % compared to 48% in the control
(data not shown). These findings indicate that Notch
signaling stimulates cell growth by playing an onco-
genic role in HCC HTB-52 cells.
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Fig. 4. The effects of Notchl active form ICNI on cell proliferation and cell cycle
arrest. Cells (0.5 ml medium/per well) were plated in 24-well plates and cultured
overnight, then transfected with ICN1 or pcDNA (control) and incubated for 5-6
hours. 1.5 ml fresh medium were added and cell were cultured for different time (3
days for cell proliferation, overnight for cell cycle). A, the proliferation assay from
three experiments showed that ICN1 induced cell proliferation, with an increase of
9% (ICN1: 200 ng), 18%(400 ng) and 67% (800 ng), respectively. One-way ANOVA
showed an significant increase by the dose trend and the highest (Asterisk *) com-
pared to control, with P < 0.01. B, the cell cycle analysis from three experiments
showed that ICN1 overexpression induced an increase at phase G1 of cell cycle, with
arate 82.9 + 0.8% compared to 67.3  1.3% of control, a decrease at phase G2 with
arate 1.7 £ 0.1% (control: 3.9 £ 1.7% and phase S with a rate 15.4 + 0.9 % (control:
28.8 + 1.6%).

6. VPA suppresses Notch signaling and re-
verses Notchl-stimulated cell proliferation

As described above, VPA acted as a tumor sup-
pressor with Notch signaling activation playing an
oncogenic role. This implies a connection between
VPA and Notch signaling. We further evaluated the
effects of VPA on the expression of Notch receptors in
these cells. HCC cells were treated with VPA at a se-
rial dose of 0, 1, 2, 4, and 8 mM. Further assays
showed that VPA down-regulated the expression of
Notchl and Notch2 at the mRNA level as seen by
RT-PCR (Fig.1A) and real-time PCR (Fig.1C). Western
blot assays also confirmed VPA-induced suppression
of Notchl and the Notch downstream target gene
HES1 at the protein level (Fig.1B). We further
co-treated HCC HTB-52 cells with ICN1 and VPA by
first transfecting ICN1 for 4-5 hours and then adding
VPA at 4 mM. After a 72-hour incubation, we found
that Notchl-induced cell proliferation was reversed
by VPA (Fig.5), indicating that VPA functions as a
tumor suppressor, possibly via blocking the onco-
genic Notch signaling.

150+ *
E 100 [
=
o
(db] »*
‘s
2 501

O T T T T
VPA : B - + -
ICN1 : - - + -

Fig. 5. VPA reversed the stimulatory effects of Notchl activation (ICNI) on cell
proliferation. HCC cells were pre-plated in 24-well plates, transfected next day and
incubated for 5-6 hours. 1.5 ml fresh medium were added with/without VPA and cells
were continuously cultured for 3 days. As shown, ICNI significantly induced cell
proliferation with an increase rate 26.6% and VPA significantly reduced cell prolif-
eration with a decrease rate 41.8%. The combination of VPA and ICN1 showed that
VPA reversed the stimulatory effects of Notchl activation, with no significant
difference from control. Asterisk (*¥) shows a significant difference compared to
control, with P value < 0.01 (t-test analysis).

7. The application of VPA in combination with
SSTR2-targeting cytotoxin

Due to its effects on certain GPCR members,
particularly SSTR2 which is aberrantly expressed in
many cancer cells and has been used for recep-
tor-targeting therapeutics, VPA was used in combi-
nation therapy with receptor-targeting peptide-drug
conjugates (13, 34). Thus, presently, VPA also was
evaluated for its effects on some GPCRs in HCC
HTB-52 cells. We found that VPA significantly in-
creased the expression of SSTR2, bombesin receptor
subtypes (GRPR and BRS3) at the mRNA level
[Fig.1A], the increase of SSTR2 being confirmed by
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real-time PCR and Western blot assays [Fig.1B, 1C].
Thus, VPA in combination with receptor-targeting
agents could be a potential strategy for HCC treat-
ment. Our in vitro proliferation assay further identi-
fied that the combination of VPA and SSTR2-targeting
CPT-SST could greatly enhance cell growth suppres-
sion compared to each alone [Fig.6]. The in vivo assay
is under preparation.
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WL e

5251050 5251050 10 5 1 01 0
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% of Control

VPA (mM)
+ CPT-SST (5uM)

Fig. 6. The combination of VPA and SSTR2-targeted peptide-drug conjugate
CPT-SST enhanced cell growth suppression compared to each alone.

Discussion

Traditional radio- and chemo-therapies, being
severely toxic to the liver, are of limited use in HCC
treatments except sorafenib, the only FDA-approved
anti-HCC drug, being well-tolerated by HCC patients
(40) (NCI website: http://www.cancer.gov). Thus, it
is necessary to search and develop more effective an-
ti-HCC drugs. VPA as an anti-convulsant drug and a
HDAC inhibitor displayed wide anti-cancer activities
in many different types of cancers (15, 31, 32). Our
previous studies also showed that VPA suppressed
cervical cancer cell growth and tumor growth (13, 34).
In this study, VPA was identified as a HDAC inhibitor
to suppress HDAC4 and induce acetylated histone H4
in HCC HTB-52 cells. We also found that VPA in-
duced cell proliferation suppression, cell cycle arrest
and cell apoptosis, identical to other reports showing
the suppressive effects of VPA on other HCC cells
(35-37). VPA was also observed to induce cell at-
tachment in HCC HTB-52 cells. These findings sup-
port that VPA may be a potential agent for HCC
treatment.

Accumulating evidence shows that Notch sig-
naling may most likely be a HCC diagnostic marker.
The activation of this signaling is frequently seen in
human HCCs. There is a high Notchl signature in
most HCC tissues compared to the adjacent normal
tissues (12, 14, 21). Dr. Bolondi reported high expres-
sion of Notch3 and Notch4 in most HCC tissues (22).
In other reports, the high frequency of Notchl and
Notch3 were observed in HCC tissues (12, 14, 41).

Moreover, HBV X protein (HBx), that is a critical fac-
tor in HCC carcinogenesis, is also found to
up-regulate Notch signaling (5, 12, 42). These findings
support that Notch signaling is critical for HCC de-
velopment. However, different reports showed that
Notch signaling may display controversial functions
in HCC cells. The observations from several other
studies show that Notch signaling may play a tu-
mor-suppressive role (21, 25-27). Thus, the function of
Notch signaling is not determined fully, with the pre-
cise Notch-mediated mechanisms remaining unclear.

We evaluated the effects of Notch signaling ac-
tivation in HCC cells. Our assays showed that Notchl
activation stimulated cell proliferation and reduced
cell apoptosis, and conversely, its knockdown could
suppress cell growth. We also found the positive ef-
fects of all other three Notch receptors (ICN2, ICN3,
ICN4) on multiple HCC cells and identified the role of
Notch signaling in serving as an oncogenic player in
HCC cells, identical to the role of Notchl.Thus, the
activation of Notch signaling in HCC cells plays an
oncogenic role (5, 8, 23, 24). it may be a promising
anti-HCC approach to target oncogenic Notch sig-
naling. In our present study, the HDAC inhibitor VPA
was found to act as a Notch signaling inhibitor to
suppress the expression of Notchl and the Notch
target gene HES1. Furthermore, VPA could reverse
cell growth stimulated by Notch1 activation. Thus, the
HDAC inhibitor VPA may possibly suppress HCC
cell growth via acting as a Notch signaling inhibitor.
Tumor suppressors like p53 and p27 also were re-
portedly associated with regulation of Notch signal-
ing in HCC cells. In Dr. Giovannini’s report, Notch3
knockdown increases the expression of the tumor
suppressors p53 and p27, and enhances doxorubi-
cin-induced apoptosis and DNA damage in HCC
HepG2 cells (14). We also found that VPA induced an
increase of tumor repressor p21 and p63, supporting
VPA’s suppressive effects in HCC cells.

More importantly, VPA was found to signifi-
cantly increase the expression of SSTR2 and GRPR in
HCC HTB-52 cells. This provides a potentially novel
opportunity for a receptor-targeted chemotherapy
with VPA and a SSTR2- or GRPR-targeting pep-
tide/antibody conjugate by taking advantage of
VPA’s dual functions of tumor suppression and re-
ceptor upregulation. Normally, due to its limited ef-
fects, VPA more frequently serves as an adjuvant for
the combination treatments. VPA in combination with
other anti-cancer agents such as sorafenib and acyclic
retinoid was also reported to inhibit HCC cell growth
(15, 35, 39, 43). However, these combination treat-
ments are not specific to HCC cells. Our new strategy
showed that VPA in combination with recep-
tor-targeting agents displayed a more effective syner-
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gic effect. In the present study, the combination of
VPA and the SSTR2-targeting CPT-SST enhanced the
suppression of HCC cell growth compared to each
alone. Similar results were observed from our previ-
ous study in that the combination displayed synergic
in vitro and in vivo anti-tumor effects on cervical can-
cer tumor growth (13, 34). Due to receptor-targeting
therapeutics could more specifically induce tumor
suppression via binding with the specific receptor and
increasing the internalization of the cytotoxic agents
(44), VPA-induced increase of the target receptors can
provide an enhanced synergic effect via a combina-
tion of VPA and receptor-targeting cytotoxins. This
combination strategy is under preparation for in vivo
evaluation.

Conclusively, Notch signaling is highly ex-
pressed in HCC tissues, with more evidence showing
it serving as a HCC oncogenic marker. The HDAC
inhibitor VPA displayed its efficacy against HCC cell
growth via targeting Notch signaling and tumor re-
pressor.  Particularly, the characteristics of
VPA-mediated increase of receptors may provide us a
novel and promising anti-HCC therapeutic approach
with the combination of VPA and receptor-targeting
cytotoxic agents.
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