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ABSTRACT

Carcinoid tumors are neuroendocrine malignancies
that frequently metastasize and secrete hormones that
cause debilitating symptoms in patients. In this study we
report the effects of valproic acid (VPA), a drug long
used for the treatment of epilepsy, on the growth and
neuroendocrine phenotype of human carcinoid cancer
cells. VPA treatment of gastrointestinal and pulmonary
carcinoid cells resulted in a dose-dependent inhibition
of cancer cell growth. Western blot analysis revealed
degradation of cyclin D1 and an increase in cyclin-de-
pendent kinases p21 and p27 with VPA treatment. Flow
cytometry confirmed that the mechanism of VPA-in-
duced growth inhibition is G1 phase cell cycle arrest.
Furthermore, VPA suppressed expression of the neu-
roendocrine tumor marker chromogranin A. In addi-
tion to these effects, VPA also increased levels of full-

length Notch-1 and the active Notch-1 intracellular
domain. Luciferase reporter assays incorporating the
centromere-binding factor 1 (CBF-1) binding site and
the achaete-scute complex-like 1 (ASCL-1) promoter
confirmed the functional activity of VPA-induced
Notch-1. Transfection of Notch-1 small-interfering
RNA into carcinoid tumor cells blocked the effects of
VPA on Notch-1 activation, ASCL-1 suppression, p21
induction, and cell growth inhibition. VPA also sup-
pressed growth of carcinoid tumors in vivo in a mouse
tumor xenograft experiment. These findings confirm
the important role of Notch-1 in regulating the growth
and neuroendocrine phenotype of carcinoid tumor cells.
On the basis of this study, a clinical trial of VPA for pa-
tients with advanced carcinoid cancer will be
conducted. The Oncologist 2007;12:942–951

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Carcinoid tumors are neoplasms that arise from the dissem-
inated neuroendocrine cell system of the gastrointestinal
(GI) tract, lungs, and other organs. The incidence of carci-
noid tumors in the U.S. is estimated at 1.5 cases per 100,000
people, or approximately 2,500 new cases of carcinoid tu-
mors per year [1, 2]. While they are slow growing compared

to adenocarcinomas, carcinoids frequently metastasize to
the liver, and can cause debilitating symptoms in patients as
a result of tumor secretion of various hormones and pep-
tides. Surgery is the only potentially curative treatment, but
complete resection is often impossible because of wide-
spread disease [3]. Other conventional cancer treatments
such as chemotherapy and external beam radiation are
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largely ineffective against carcinoids [4]. Therefore, there
is a pressing need for the development of new therapeutic
approaches to advanced carcinoid tumor disease.

We have previously reported that ectopic expression of
Notch-1 in carcinoid and other neuroendocrine tumor cells
resulted in decreased production of neuroendocrine tumor
markers and suppression of cancer cell growth [5–8]. We
concluded that activation of Notch-1 signaling was an at-
tractive target for the development of new treatments for
carcinoids and other neuroendocrine tumors. Until now,
however, no small-molecule activators of Notch-1 signal-
ing in carcinoid tumors have been described.

Valproic acid (VPA) is a branched-chain fatty acid that
has long been used for the treatment of patients with epi-
lepsy and other neuropsychiatric disorders [9]. In addition
to other properties, VPA is a well-established histone
deacetylase (HDAC) inhibitor and is currently in clinical
trials for various cancers. Stockhausen and colleagues re-
cently described the ability of VPA to increase Notch-1 pro-
tein levels in neuroblastoma cells [10]. We hypothesized
that VPA may also be able to activate Notch-1 signaling in
carcinoid cancer cells, with antitumor effects.

In this study we describe the effects of VPA on human
GI and pulmonary carcinoid tumor cell lines. VPA treat-
ment resulted in a dose-dependent inhibition of carcinoid
cell growth in vitro. Western blot analysis and flow cytom-
etry demonstrated that this growth inhibition is mediated by
cell cycle arrest at the G1 phase. Besides inhibiting cancer
cell growth, VPA also suppressed production of the neu-
roendocrine tumor marker chromogranin A (CgA). These
effects of VPA on carcinoid cell growth and CgA produc-
tion were associated with Notch-1 signaling activation by
an increase in protein levels of both full-length Notch-1 and
the active Notch-1 intracellular domain (NICD). Luciferase
reporter assays confirmed that the Notch-1 induced by VPA
binds with centromere-binding factor 1 (CBF-1) and the
achaete-scute complex like 1 (ASCL-1) promoter repres-
sor, indicating that it is functionally active. Small-interfer-
ing RNA (siRNA) against Notch-1 countered the effects of
VPA on carcinoid cell growth and neuroendocrine marker
production, providing further evidence that VPA acts
through Notch-1. Finally, VPA inhibited carcinoid tumor
growth in vivo in a xenograft model. These findings dem-
onstrate that VPA has antitumor effects in carcinoid cells in
vitro and in vivo, and suggest that these effects are mediated
by activation of Notch-1 signaling. These data form the ba-
sis for a clinical trial of VPA in the treatment of patients
with advanced carcinoid cancer, a disease for which few ef-
fective therapies currently exist.

MATERIALS AND METHODS

Cell Culture
BON human GI carcinoid tumor cells, kindly provided by
Drs. B. Mark Evers and Courtney M. Townsend, Jr. (Uni-
versity of Texas Medical Branch, Galveston, TX), and
NCI-H727 human pulmonary carcinoid tumor cells (Amer-
ican Type Culture Collection, Manassas, VA) were main-
tained as previously described [11, 12].

Cell Proliferation Assay
Carcinoid tumor cell proliferation was measured by the
methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sig-
ma-Aldrich, St. Louis, MO) rapid colorimetric assay as pre-
viously described [12]. Briefly, cells were seeded in
quadruplicate on 24-well plates and incubated for 24 hours
under standard conditions to allow cell attachment. The
cells were then treated with VPA (2-propylpentanoic acid;
Sigma-Aldrich) in concentrations of 0–4 mM and incu-
bated for up to 6 days. The MTT assay was performed by
replacing the standard medium with 250 �l of serum-free
medium containing MTT (0.5 mg/ml) and incubating at
37°C for 3 hours. After incubation, 750 �l of dimethyl sul-
foxide (Sigma-Aldrich) was added to each well and mixed
thoroughly. The plates were then measured at 540 nm using
a spectrophotometer (�Quant; Bio-Tek Instruments, Wi-
nooski, VT).

Western Blot Analysis
Carcinoid cancer cells were treated with VPA and whole
cell lysates were prepared as previously described [11]. To-
tal protein concentrations were quantified with a bicincho-
ninic acid assay kit (Pierce Biotechnology, Rockford, IL).
Denatured cellular extracts were resolved by SDS-PAGE,
transferred onto nitrocellulose membranes (Schleicher and
Schuell, Keene, NH), blocked in milk, and incubated with
appropriate antibodies. The antibody dilutions were:
1:1,000 for Notch-1 (Santa Cruz Biotechnology, Santa
Cruz, CA), mammalian ASCL-1 (BD Biosciences, San Di-
ego, CA), CgA (Zymed Laboratories, San Francisco, CA),
and cyclin D1 (Cell Signaling Technology, Danvers, MA);
1:2,000 for p21 (Cell Signaling Technology) and p27
(Santa Cruz Biotechnology); and 1:10,000 for glyceralde-
hyde-3-phosphate dehydrogenase (G3PDH; Trevigen,
Gaithersburg, MD). Horseradish peroxidase conjugated
goat anti-rabbit or goat anti-mouse secondary antibodies
(Pierce Biotechnology) were used depending on the source
of the primary antibody. For visualization of the protein sig-
nal, Immunstar (Bio-Rad Laboratories, Hercules, CA) or
SuperSignal West Femto (Pierce Biotechnology) kits were
used per the manufacturer’s instructions.
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Flow Cytometry
GI carcinoid cells treated with or without VPA were labeled
for 1 hour with 10 �M bromodeoxyuridine (Sigma-Al-
drich), counterstained with 50 �g/ml propidium iodide, and
analyzed by two-dimensional flow cytometry (FACSCali-
bur flow cytometer; BD Biosciences) to detect both fluo-
rescein and propidium iodide as previously described [13].
Results were analyzed with FlowJo software (Tree Star,
Ashland, OR).

Luciferase Reporter Assays
GI carcinoid tumor cells were transiently transfected with
luciferase constructs as previously described [6]. Wild-type
(4xwtCBF1Luc; 2 �g) or mutant (4xmutCBF1Luc; 2 �g)
CBF-1–luciferase reporter plasmids were cotransfected
with cytomegalovirus �-galactosidase (CMV-�-gal; 0.5
�g) [14]. In experiments with the �-secretase inhibitor,
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT; EMD Biosciences, Darmstadt, Ger-
many), to inhibit Notch-1 cleavage and activation, cells
were pretreated for 45 minutes with DAPT (50 �M) then
treated with 4 mM VPA. In the second study, a plasmid con-
taining the ASCL-1 promoter construct p-3600/�37 (2 �g)
was cotransfected with CMV-�-gal (0.5 �g), as previously
described [15]. After transfection, cells were treated with or
without VPA for 48 hours. Cells were harvested and lysed,
and luciferase and �-galactosidase assays (Promega, Mad-
ison, WI) were performed in accordance with the manufac-
turer’s instructions. Luciferase levels were measured using
a Monolight 2010 Luminometer (Analytical Luminescence
Laboratory, San Diego, CA). Luciferase activity was ex-
pressed relative to �-galactosidase activity.

Notch-1 RNA Interference Assays
siRNA against Notch-1 and nonspecific siRNA (Santa Cruz
Biotechnology, sc-44226 and sc-37007) were transfected
into BON GI carcinoid cells using Lipofectamine 2000 (In-
vitrogen, San Diego, CA) per the manufacturer’s instruc-
tions. The next day, the medium containing the transfection
complexes was replaced with fresh medium with or without
VPA (4 mM), and the cells were incubated for another 48
hours. The cells were then harvested and cell lysates were
prepared for immunoblotting as described above. To deter-
mine the effect of Notch-1 on carcinoid cell proliferation,
BON cells were transfected with Notch-1 siRNA or non-
specific siRNA and incubated overnight. The next day, the
cells were trypsinized, counted, and plated in equal
amounts (10,000 cells per well) onto 24-well plates. On the
following day, the cells were treated with control or VPA (4
mM) and the MTT assay was performed every 2 days, as
described above.

Xenograft Studies
BON cells (1 � 106) were suspended in Hanks’ balanced
salt solution (Invitrogen) and injected s.c. into the right
flank of 12 male nude athymic NU/NU mice (Charles River
Laboratories, Wilmington, MA) under anesthesia. After
palpable tumors developed, the mice were divided into two
groups of six animals. The control group received daily i.p.
injections of saline while the treatment group received daily
i.p. injections of VPA (366 mg/kg) for 20 days. The length
and width of tumors were measured with a vernier caliper
every 4 days and tumor volumes were calculated using the
formula volume � width2 � length � 0.52. At the end of
the experiment the mice were sacrificed and the tumors
were resected and frozen in liquid nitrogen. Whole tumor
cell protein lysates were prepared for immunoblotting as
previously described [16]. This experiment was performed
in accordance with the protocols of the University of Wis-
consin Medical School Animal Care and Use Committee.

Statistical Analysis
Analysis of variance with Bonferroni post hoc testing was
performed using a statistical analysis software package
(SPSS version 10.0, SPSS, Chicago, IL). A p-value of �.05
was considered significant.

RESULTS

VPA Suppresses Growth of Carcinoid Tumor
Cells In Vitro
VPA has been shown to inhibit the growth of a variety of
human cancer cells, including multiple myeloma [17], lym-
phoid cancers [18], malignant glioma [19], medulloblas-
toma [20, 21], neuroblastoma [10, 22, 23], endometrial
cancer [24], cervical cancer [25], ovarian cancer [26],
breast adenocarcinoma [25], colon adenocarcinoma [25],
sarcoma [25], thyroid cancer [27, 28], and melanoma [29].
However, the effects of VPA on carcinoid tumor cell
growth have not been characterized to date. We utilized the
MTT assay to measure cell viability after VPA treatment of
BON GI and H727 pulmonary human carcinoid tumor
cells. GI carcinoid cells treated with VPA had a profound
dose-dependent inhibition of growth (Fig. 1A). After 6 days
of treatment, growth of cells exposed to 1 mM of VPA was
inhibited by 50% relative to untreated cells. Statistically
significant growth inhibition was also seen in pulmonary
carcinoid cells treated with VPA (Fig. 1B).

The Mechanism of VPA-Induced Carcinoid
Growth Suppression Is Cell Cycle Arrest
After establishing that VPA inhibits cell proliferation in
carcinoids, we were interested in determining the mecha-
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nism of action for this effect. Previously, VPA has been
shown to induce cell cycle arrest in a variety of cancer cell
lines by modulating expression of p21 and other regulatory
proteins [17, 20, 23, 28]. We performed Western blot anal-
ysis using BON cell lysates after 2-day and 4-day treatment
with VPA to measure the effect of the drug on cell cycle
regulators. Treatment of BON cells with 1 mM of VPA re-
sulted in an increase in protein levels of the cyclin-depen-
dent kinase inhibitors p21 and p27 (Fig. 2A). The cell cycle
promoter cyclin D1 was suppressed by VPA, with levels al-
most undetectable after 4 days of treatment with 4 mM of
VPA. Similar results on expression of p21, p27, and cyclin
D1 were seen in H727 cells treated with VPA (data not
shown). To confirm the induction of cell cycle arrest with
VPA treatment, we performed flow cytometry. VPA treat-
ment of BON cells resulted in a dose-dependent, statisti-
cally significant increase in the percentage of cells in the G1

phase of the cell cycle, accompanied by a decrease in cells
in the S phase (Fig. 2B). Taken together, these immunoblot
and flow cytometry data indicate that VPA inhibits carci-
noid cell growth by inducing G1 phase cell cycle arrest.

VPA Decreases Levels of CgA
Neuroendocrine tumors such as carcinoids frequently cause
debilitating symptoms in patients as a result of excess tumor
secretion of various bioactive amines and peptides. CgA is
an acidic glycoprotein that is cosecreted with hormones
such as serotonin by carcinoid tumors. All neuroendocrine
tumors produce CgA, and the protein is thus a useful marker
for this class of malignancies. We were interested in
whether VPA had the ability to alter the neuroendocrine

Figure 2. The mechanism of VPA-induced growth inhibition
is cell cycle arrest. (A): Western blot analysis was performed
on VPA-treated GI carcinoid cancer cells to measure protein
expression of the cell cycle regulators p21, p27, and cyclin D1.
G3PDH was used as a loading control. (B): Flow cytometry
was performed on GI carcinoid cells to measure the proportion
of cells in each cell cycle phase.

Abbreviations: G3PDH, glyceraldehyde-3-phosphate de-
hydrogenase; GI, gastrointestinal; VPA, valproic acid.

Figure 1. VPA suppresses growth of carcinoid tumor cells in vitro. Gastrointestinal (A) and pulmonary (B) carcinoid cancer cells
were treated with VPA (0–4 mM) for up to 6 days, and cell viability was measured with the MTT assay.

Abbreviations: MTT, methylthiazolyldiphenyl-tetrazolium bromide; OD, optical density; VPA, valproic acid.

945Greenblatt, Vaccaro, Jaskula-Sztul et al.

www.TheOncologist.com

 by on Septem
ber 22, 2007 

w
w

w
.T

heO
ncologist.com

D
ow

nloaded from
 

http://theoncologist.alphamedpress.org


phenotype in carcinoid tumor cells, so we performed West-
ern blot analysis for expression of CgA. After 2 days of
treatment of GI (Fig. 3A) and pulmonary (Fig. 3B) carci-
noid cancer cells with VPA, protein levels of CgA de-
creased, indicating a change in the neuroendocrine
phenotype of these tumor cells.

VPA Activates Notch-1 Signaling in Carcinoid
Cells
After establishing that VPA inhibits carcinoid cell growth
and suppresses production of CgA, we wanted to identify
the mechanism of action for these effects. We have previ-
ously shown that Notch-1 signaling is absent at baseline in
neuroendocrine tumors, and that Notch-1 overexpression
with an inducible Notch-1 construct causes inhibition of
cell growth and hormone production [5–8]. Based on a re-
cent report describing the ability of VPA to increase
Notch-1 protein levels in neuroblastoma cells [10], and our
previous research on negative regulation of ASCL-1 by
Notch-1, we hypothesized that VPA might also activate
Notch-1 signaling in carcinoid cells, with antitumor effects.

To assess the effect of VPA on Notch-1 protein expres-
sion, we performed Western blot analysis. There was a lack
of Notch-1 at baseline in the two carcinoid cell lines. Inter-
estingly, VPA treatment of GI (Fig. 4A) and pulmonary
(Fig. 4B) carcinoid cells led to an increase in both full-
length Notch-1 and NICD, the active form of the protein.
We next asked, is the Notch-1 induced by VPA functionally
active? Notch-1 is activated by a series of proteolytic cleav-
age events, mediated by �-secretase and other enzymes, re-
sulting in the liberation of NICD. NICD then translocates
into the nucleus, where it binds with CBF-1 and other pro-
teins to form a DNA-binding complex. This complex acti-
vates transcription of target genes such as hairy enhancer of
split 1 [30–33]. We used a luciferase reporter assay incor-
porating the CBF-1 binding site to measure the functional
activity of Notch-1 induced by VPA [14]. VPA treatment of
GI carcinoid cells transfected with this construct resulted in
a fivefold greater luciferase activity (Fig. 5A). Importantly,
the �-secretase inhibitor DAPT blocked the effect of VPA
on CBF-1 binding, indicating that the increase in CBF-1
binding was a result of induction of NICD.

We have previously shown that activation of Notch-1
signaling in carcinoid cells results in suppression of
ASCL-1, a basic helix-loop-helix transcription factor that
regulates the neuroendocrine phenotype [6, 7]. If VPA is
able to activate Notch-1 signaling in carcinoids, therefore,
we would expect to see a decrease in expression of
ASCL-1. Western blot analysis of VPA-treated GI (Fig.
5B) and pulmonary (Fig. 5C) carcinoid cancer cells
showed a dose-dependent decrease in ASCL-1 protein.

Exposure of H727 cells to 4 mM of VPA for 2 days sup-
pressed ASCL-1 to undetectable levels. To determine the
mechanism of VPA-mediated suppression of ASCL-1,
we used an ASCL-1 promoter construct [15]. As ex-
pected, at baseline, GI carcinoid cells bearing this
construct had a high level of luciferase activity. However,
VPA treatment caused an almost fourfold lower luciferase
activity, indicating transcriptional repression of ASCL-1
(Fig. 5D). Thus, VPA treatment led to a significant reduc-
tion in ASCL-1 transcription. Since Notch-1 is known to
silence ASCL-1 transcription, this provides further evi-
dence that VPA-mediated ASCL-1 reduction is through
Notch-1 signaling.

Notch-1 RNA Interference Blocks the Effects of
VPA in Carcinoid Cells
VPA has diverse biological effects. Besides Notch-1 sig-
naling, VPA is known to influence Akt [34], glycogen syn-
thase kinase-3� [35], inositol [36–38], angiogenesis factors
[39], and HDAC enzymes [40–42]. In order to confirm that
the effects of VPA on carcinoid cells—i.e., inhibition of
growth, induction of cell cycle arrest, and suppression of
neuroendocrine tumor markers—are a result of activation
of Notch-1 signaling, we used RNA interference. BON GI
carcinoid cells were transiently transfected with siRNA

Figure 3. VPA decreases levels of CgA in carcinoid cells.
Western blot analysis of GI (A) and pulmonary (B) carcinoid
cells for protein expression of the neuroendocrine tumor
marker CgA after 2 days of treatment with VPA. G3PDH was
used to confirm equal protein loading.

Abbreviations: CgA, chromogranin A; G3PDH, glyceral-
dehyde-3-phosphate dehydrogenase; GI, gastrointestinal;
VPA, valproic acid.
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against Notch-1, nonspecific siRNA, or vehicle (Lipo-
fectamine) alone, and cell lysates were analyzed by immu-
noblotting. In the absence of siRNA, VPA treatment led to
greater Notch-1 and p21 levels, and a lower level of
ASCL-1 (Fig. 6A, lane 2). Similar results were obtained in
the presence of nonspecific siRNA (Fig. 6A, lane 4). Block-
ade of VPA-mediated Notch-1 induction was achieved with
Notch-1 siRNA. Importantly, the abrogation of Notch-1 in-
duction with siRNA reversed the VPA-mediated changes in
ASCL-1 and p21 expression (Fig. 6A, lane 6).

We next assessed the impact of Notch-1 siRNA on car-
cinoid cell growth in combination with VPA treatment.
BON cells were again transfected with anti–Notch-1
siRNA or controls, treated with or without VPA, and the
MTT cell proliferation assay was performed. Cells trans-
fected with siRNA against Notch-1 were partially protected
from the antiproliferative effect of VPA (Fig. 6B). The dif-
ference in relative cell viability between cells transfected
with Notch-1 siRNA and controls was statistically signifi-
cant. This suggests that the growth inhibition seen with
VPA treatment is mediated in part by Notch-1 signaling.

VPA Inhibits the Growth of Carcinoid Tumors In
Vivo
After confirming that VPA activates Notch-1 signaling and
suppresses carcinoid cell growth in vitro, we were inter-
ested in testing its efficacy in vivo. s.c. human GI carcinoid
tumors were developed in immunocompromised mice,
which were then given daily i.p. injections of VPA, and the
tumors were measured every 4 days for 20 days. The tumors
of the saline-treated control mice grew at a higher rate than
did those of the VPA-treated animals (Fig. 7A). Indeed, the
growth of the tumors in the treatment group was almost
static. On the last day of the experiment, blood was drawn
from each animal in the treatment group 2 hours after i.p.
injection of VPA. Significantly, the median serum VPA
level was 46 �g/ml, which is below the therapeutic range of
50–125 �g/ml commonly used for human patients treated
with VPA for epilepsy.

After the animals were sacrificed, the tumors were re-
sected and frozen, and protein was isolated for Western blot
analysis. As shown in Figure 7B, tumors from the VPA-
treated mice had a lower expression of ASCL-1 than in con-
trols. As ASCL-1 is an established target of Notch-1
signaling [6], the downregulation of ASCL-1 seen in the
VPA-treated tumors provides evidence that systemically
administered VPA is able to activate Notch-1 signaling in
carcinoid tumors in vivo.

DISCUSSION

Notch-1 signaling is minimal or absent in neuroendocrine
tumors such as small cell lung cancer [43, 44], medullary
thyroid cancer [7], and carcinoid tumors [5, 6, 45]. Further-
more, Notch-1 overexpression in medullary thyroid cancer
and carcinoid tumor cell lines results in inhibition of cell
growth and suppression of neuroendocrine tumor markers
and hormones [5, 7, 8], indicating that in neuroendocrine
cancers Notch-1 acts as a tumor suppressor. However, phar-
macologic methods to activate Notch-1 signaling in carci-
noid tumors in vivo have, until now, not been described.

In the current study we report that VPA, a branched-
chain fatty acid that has been used for decades in the treat-
ment of patients with epilepsy and other neuropsychiatric
disorders, activated Notch-1 signaling in human GI and
pulmonary carcinoid cancer cells. At baseline, no detect-
able Notch-1 protein was present in these cells. However,
with VPA treatment, a dose-dependent induction of both
full-length Notch-1 protein and the active, cleaved NICD
was seen. Luciferase reporter assays using the CBF-1 bind-
ing site and the ASCL-1 promoter confirmed that the
Notch-1 protein induced by VPA is functionally active and
signals to established downstream Notch-1 targets.

How VPA is able to induce protein expression of Notch-1

Figure 4. VPA activates Notch-1 in carcinoid cells. GI (A)
and pulmonary (B) carcinoid cancer cells were treated with
VPA (0–4 mM) for 2 days, and cell lysates were immunoblot-
ted for full-length Notch-1 and the active NICD. Equal loading
was confirmed with G3PDH.

Abbreviations: G3PDH, glyceraldehyde-3-phosphate de-
hydrogenase; GI, gastrointestinal; NICD, Notch-1 intracellu-
lar domain; VPA, valproic acid.
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in carcinoid tumor cells is a subject of ongoing investigation.
We know from previous studies that Notch-1 is present in neu-
roendocrine tumors at the mRNA level, but that at baseline no
protein is detectable [5, 6]. Several ligase proteins, including
Sel-10, Itch, c-Cbl, and Deltex, are responsible for Notch-1
ubiquitinization and degradation [46]. VPA may interfere with
this degradation machinery, which would result in an increase
in cellular Notch-1 protein.

VPA is also known to inhibit HDAC enzymes, a prop-
erty we have confirmed in carcinoid tumor cells (data not
shown). HDAC inhibitors modulate gene transcription by
increasing histone acetylation, thereby altering chromatin
structure [47]. Numerous HDAC inhibitors have shown
promising antineoplastic effects in preclinical and clinical
studies in a variety of cancers [48]. Recently Baradari and
colleagues reported antiproliferative effects of several
HDAC inhibitors, including trichostatin A and sodium bu-
tyrate, in GI carcinoid cells [49]. The antitumor effects of
HDAC inhibitors such as VPA in neuroendocrine tumors
may be mediated in part by activation of Notch-1 signaling.

The consequences of Notch-1 activation in carcinoid
cells by VPA include suppression of the neuroendocrine tu-
mor markers ASCL-1 and CgA, and dose-dependent cancer
cell growth inhibition. We have recently shown, in medul-
lary thyroid cancer cells, that Notch-1–mediated silencing
of ASCL-1 gene transcription results in decreased protein
expression of CgA [7]. In the current study, Western blot
analysis and flow cytometry provided evidence that the car-
cinoid cell growth inhibition caused by VPA was mediated
by cell cycle arrest. This is consistent with earlier studies
wherein overexpression of Notch-1 in medullary thyroid
cancer cells and small cell lung cancer cells resulted in an
increase in p21 and induction of cell cycle arrest [7, 43].
RNA interference experiments confirmed that these effects
of VPA on expression of cell cycle regulators and carcinoid
cell proliferation are mediated by Notch-1 signaling. Our
current results with VPA confirm the previous findings that
Notch-1 activation in neuroendocrine tumors represses
ASCL-1 transcription, resulting in a decrease in CgA, and

Figure 5. VPA-induced Notch-1 is functionally active. (A): GI carcinoid cells were transiently transfected with a luciferase
reporter containing the CBF-1 binding site (wild-type or mutant) as well as a CMV-�-galactosidase plasmid and then treated with
VPA with or without the �-secretase inhibitor DAPT. Relative luciferase activity (wild-type/mutant) relative to �-galactosidase
expression is shown. Immunoblot analysis of GI (B) and pulmonary (C) carcinoid cells treated with VPA for ASCL-1, a neuroen-
docrine transcription factor well known to be negatively regulated by Notch-1, was performed. (D): GI carcinoid cells were trans-
fected with an ASCL-1–luciferase reporter plasmid and a CMV-�-galactosidase control plasmid and treated with or without VPA.
Luciferase activity relative to �-galactosidase activity is shown.

Abbreviations: ASCL-1, achaete-scute complex-like 1; CBF-1, centromere-binding factor 1; CMV, cytomegalovirus; DAPT,
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; GI, gastrointestinal; VPA, valproic acid.
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induces p21 expression, resulting in cell cycle arrest and in-
hibition of tumor cell growth.

In this study, in addition to characterizing the effects of
VPA on carcinoids in vitro, we also report the results of a
mouse xenograft experiment. Carcinoid tumors in mice
treated with VPA exhibited a markedly slower rate of
growth than in controls. Importantly, peak VPA serum lev-
els in the treated animals were well below the upper limit of
the therapeutic range for human patients treated with VPA
for epilepsy, and no signs of neurotoxicity were seen in the
mice. Furthermore, Western blot analysis of the resected tu-

mors demonstrated suppression of ASCL-1 in the VPA-
treated group. As ASCL-1 is a well-established target of
Notch-1 signaling, the ability of nontoxic concentrations of
VPA to decrease levels of ASCL-1 provides important ev-
idence that systemically administered VPA can activate
Notch-1 in carcinoid tumors in vivo.

CONCLUSION

In summary, VPA is a small molecule that activates
Notch-1 signaling in human carcinoid tumor cells in vitro
and in vivo, which results in suppression of neuroendocrine
tumor markers and inhibition of cell growth via induction of
cell cycle arrest. As VPA is a drug approved by the U.S.
Food and Drug Administration, with an established safety
profile, it is an attractive candidate for clinical trials. On the
basis of the data presented here, a pilot phase II clinical trial
will be performed at our institution to assess the effective-
ness of VPA in the treatment of patients with advanced car-
cinoid cancer.

Figure 6. Notch-1 RNA interference blocks the effects of
VPA in carcinoid cells. (A): Western blot analysis of GI car-
cinoid cells transfected with Lipofectamine (siRNA: None),
nonspecific (NS) siRNA, or Notch-1 siRNA, and then treated
with or without VPA, for expression of full-length Notch-1,
NICD, ASCL-1, and p21 was performed. (B): MTT cellular
proliferation assay of GI carcinoid cells transfected with Lipo-
fectamine (siRNA: None) or Notch-1 siRNA and treated with
or without VPA for 4 days was also performed.

Abbreviations: ASCL-1, achaete-scute complex-like 1;
GI, gastrointestinal; MTT, methylthiazolyldiphenyl-tetrazo-
lium bromide; NICD, Notch-1 intracellular domain; siRNA,
small-interfering RNA; VPA, valproic acid.

Figure 7. VPA inhibits the growth of carcinoid tumors and
suppresses ASCL-1 in vivo. s.c. GI carcinoid tumors were de-
veloped in immunocompromised mice, which were then given
daily i.p. injections of VPA or saline (control). (A): Tumor vol-
ume in VPA-treated and control animals. (B): Immunoblotting
of resected tumor cell extracts for protein levels of the Notch-1
signaling target neuroendocrine tumor maker ASCL-1.

Abbreviations: ASCL-1, achaete-scute complex-like 1;
GI, gastrointestinal; VPA, valproic acid.
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