
Abstract. Background/Aim: Only a minority of men succumb
to prostate cancer (PCa). Therapy to prevent progression
would change treatment paradigms. We investigated the effect
of valproic acid (VPA) on PCa cell proliferation and the
effects on both angiogenesis and PCa-specific signaling.
Materials and Methods: LNCaP cells were treated with VPA
for 72 h and proliferation was measured. Cellular RNA
extracts were used to measure gene expression with RT-
profiler2 arrays. Genes with alterations were validated using
real-time polymerase chain reaction and western blot. Results:
VPA led to a dose-dependent decrease in proliferation.
Expression array data revealed an impact on modulators of
angiogenesis. Additionally, several cell-cycle control
transcripts were affected. There was a strong correlation
between gene and protein expression levels for validated
targets. Conclusion: VPA decreases cellular proliferation of
PCa cells in vitro and also affects gene expression suggestive
of anti-angiogenic effect with a concomitant decrease in
proliferation-related genes.

In 2015, there were an estimated 220,800 incident cases of
prostate cancer (PCa) with 27,540 patient deaths (1). Despite
these sobering statistics, a majority of disease continues to
be low-grade in nature with an excellent prognosis. Often,
the complications of therapy can outweigh the risk of low-
grade cancers that have reduced oncologic potential. There
remains a need for therapy in these low-risk cancers that can

halt progression to higher-risk disease while minimizing the
morbidity of treatment. 

Chemoprevention via anti-angiogenic therapy (AAT) is a
targeted strategy that could limit further tumor growth. As a
tumor continues to grow, there is development of an impaired
blood supply and a resultant hypoxic tumor microenvironment.
It is hypothesized that this stress may allow cancerous lesions
to evade immune surveillance and, ultimately, may apply
selective pressure favoring cells that possess invasive and
metastatic capability (2). With this in mind, AAT early in PCa
development could restore a normal tumor microenvironment
by alleviating hypoxia and, thus, halting progression. These
effects stem from the “normalizing” effects on the vasculature
by prudent AAT use. Consistent with this, in vitro and murine
models have demonstrated that AAT is more effective when the
PCa burden is minimal (3).

While some AAT directly target vascular endothelial
growth factor (VEGF) or its effectors, one mechanism that
has received less investigation is epigenetic modification, in
particular the acetylation of histones. Cancerous cells are able
to alter their histone acetylation status and, thus, gene
expression (4). Therapies that act as histone deacetylase
inhibitors (HDACi) can modulate this phenomenon (5).
HDACi have been tested in multiple in vitro and in vivo
cancer models (6), as well as progressing to clinical trials (7). 

One of the well-known and commonly used HDAC
inhibitors is valproic acid (VPA) (8), which has been safely used
for over 50 years as an anti-seizure medication. We have
previously shown that VPA decreases urothelial cancer cell
proliferation and induces the expression of thrombospondin-1
(TSP1), an extracellular matrix protein that functions as a potent
inhibitor of angiogenesis (9). We sought to investigate the
intracellular signaling alterations caused by VPA administration
to PCa cells. Our hypothesis was that VPA would inhibit PCa
growth through modifications in both angiogenic signaling and
pathways known to be associated with PCa growth and
progression. Furthermore, we postulated that TSP1 would be a
central regulator in these signaling cascades. 
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Materials and Methods

Cell culture. The androgen-sensitive LNCaP clone FGC (CRL-
1740™) PCa cell line was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). These cells were
cultured in RPMI 1640 (Corning, Tewksbury, MA, USA) media
with 10% fetal bovine serum and 5% penicillin/streptomycin. Cells
were incubated at 37˚C in atmosphere containing 5% CO2.

Treatments. Sodium valproate was purchased from Westward
pharmaceuticals (Eatontown, NJ, USA) as a stock 100 mg/ml
solution and stored at room temperature as previously described (9). 

Proliferation assay. LNCaP were plated in quadruplicate at 30%
confluency in a 24-well plate and incubated overnight. Media was
replaced the following day with media containing VPA and
incubated for 72 h. Media was aspirated and replaced with 300 μl
media containing 10% alamar blue. Absorbance measurements at
570 and 600 nm were taken hourly for four hours. The ratio of
absorbance at 570 to 600 nm was scaled from zero for the unseeded
wells to 100% for the untreated wells. 

RNA harvest and cDNA synthesis. LNCaP cells were grown in 75 cm2
flasks (Corning) until 50% confluency and treated once with 1 mM
VPA. After 72 h, cells were scraped into a PBS solution and RNA was
harvested using RNAeasy (Qiagen, Valencia, CA, USA) kit as per
manufacturer’s instructions. RNA was quantified using NanoDrop
spectrophotometer (Wilmington, Delaware, USA) at 260 nm. Reverse
transcription was performed using Bio-Rad iScript cDNA synthesis kit
(Hercules, CA, USA) as per manufacturer’s instructions to yield 1,000
ng of cDNA. 

Expression arrays. Human Angiogenesis RT2 Profiler™ and Human
Prostate Cancer RT2 Profiler RNA RT-PCR Arrays were purchased
from SABiosciences (Qiagen, Valencia, CA, USA). Both Human
Angiogenesis and Human Prostate Cancer templates were used to
screen gene expression alterations caused by VPA in LNCaP cells.
Arrays were run as per manufacturer’s instructions with 1,000 ng of
RNA from untreated and 1 mM VPA-treated LNCaP cells using Bio-
rad iTaq Universal SYBR Green Master mix as described below. 

Real-time polymerase chain reaction (RT-PCR). Bio-rad iTaq Universal
SYBR Green Master mix was used for RT-PCR reactions as per
manufacturer’s instructions. PCR primers spanned two exons. Each
reaction was run in triplicate on a Bio-Rad CFX Connect light cycler.

RNA expression data analysis. The reference genes selected were
RPL13A, HPRT-1 and RPL0 (10, 11). RT profiler data were analyzed
using SABiosciences data analysis software (http:// pcrdataanalysis.
sabiosciences.com/pcr/arrayanalysis.php). In validation studies the
ΔΔCT method was used to calculate relative fold change as done
previously (9). 

Protein extraction and western blotting. All protein-based
experiments were conducted as described previously (12). Primary
antibodies for Akt1 (#9272), Cyclin D1, (#2922) and Cyclin D2
(#3741) were obtained from Cell Signaling (Danvers, MA, USA).
TSP1 (sc-59887) was obtained from Santa Cruz Biotechnology
(Dallas, TX, USA) and β-actin (ab8227) was purchased from
Abcam (Cambridge, MA, USA). 

Statistical analysis. T-tests were used to analyze proliferation data
(JMP statistical software, Cary, NC, USA). Validation of gene
expression was tested for statistical significance using one-way
ANOVA (graph-pad prism 6.0 for Macintosh, La Jolla, CA, USA). 

Results

Anti-proliferative effects of VPA. LNCaP cells were treated
with 1, 2.5 and 5 mM VPA as shown in Figure 1. Each dose
demonstrated a significant reduction of proliferation
compared to the untreated control. Additionally, proliferation
further decreased as VPA increased to 5 mM.

Expression array analysis. Waterfall plots illustrating gene
expression changes induced by 1 mM VPA for the
Angiogenesis and Prostate Cancer RT2 Profiler™ Gene
Expression Arrays are shown in Figure 2A and B,
respectively. As can be seen from the graph, the expression
of anti-angiogenic secreted extracellular matrix proteins,
such as TSP1 (named THBS1 on waterfall graph) and tissue
inhibitor of matrix metalloproteinases (TIMP) 1, 2 and 3 was
increased. The brain-specific angiogenesis inhibitor 1 (BAI1)
was increased in expression in concert with increased levels
of angiogenic stimulators nitric oxide (NO) synthetase 3
(NOS3) and VEGF-B isoform. VEGF-A expression was
decreased. Transforming growth factor beta (TGFβ)
expression was increased, while its receptor was decreased. 
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Figure 1. Proliferation inhibition of LNCaP cells in response to a dose-
escalation of VPA. Statistically significant differences from control are
annotated with an asterisk (t-test, p<0.05). All doses of VPA show a
statistically significant reduction compared to no treatment.
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Figure 3. Continued



In terms of PCa-specific signaling, the expression of trophic
molecules, such as insulin-like growth factor 1 (IGF1) and the
androgen receptor (AR) were reduced. Interestingly, a carrier
protein for IGF, insulin-like growth factor binding protein 5
(IGFBP5) showed increased expression. Several cell-cycle
transcripts were impacted, including down-regulation of
protein kinase B (AKT1) and cyclin D1 (CCND1), while
cyclin D2 (CCND2) was increased.

Targeted gene and protein expression validation
Angiogenesis. Genes with major alterations in expression
from the array analysis were selected for validation. RNA
and protein expression was measured in cells dosed with
VPA (0,1, 2.5 mM) for 72 h. These genes were grouped by
the array from whence they came. For angiogenic gene
expression (Figure 3A), TSP1 showed a dose dependent
increase in expression. AKT1 decreased at 1 mM as
expected, yet increased in expression above baseline at 2.5
mM. NOS3 increased expression at 1 mM VPA, as it did on
the array, yet this was attenuated as the VPA dose was raised
to 2.5 mM. TIMP2 decreased in expression at 1 mM, as on
the array, but sharply increased at 2.5 mM. VEGF-A, which

did not significantly decrease in expression on the
angiogenesis array, followed this decreasing pattern on
validation analysis, and continued to significantly decrease
at the highest VPA dose. At the protein level, TSP1 and
Akt1 expression matched with the gene expression array
data (Figure 3B). 

Prostate cancer-specific signaling. The PCa specific genes
CCND1, CCND2, TGFβ and IGF1 followed the expression
pattern seen on the arrays (Figure 3A). The AR, however,
while increasing slightly in expression at 1 mM (as opposed
to the ~2.5-fold decrease seen on the array), increased to a
much higher expression level at 2.5 mM VPA, though this
increase was not statistically significant. CCND1 and
CCND2 protein levels changed similarly to the RNA
expression alterations observed (Figure 3B). 

Discussion

In the present study we examined the effects of VPA
administration on LNCaP cells to understand the effects that
VPA has on angiogenic and trophic gene expression.
Consistent with previous studies, we demonstrated VPA
decreases LNCaP proliferation, with a trend towards dose-
dependency (13). Next, we illustrated the broad effects of
VPA on both angiogenic and PCa-related gene expression.
Finally, we validated expression from our array analysis at
the RNA and protein level in response to a dose escalation
of VPA. These data demonstrate that VPA may induce a shift
of the intracellular signaling environment away from lesion
growth and towards decreasing angiogenic expression. 

Our expression array and subsequent validation data
reveal a marked impact by VPA on secreted and extracellular
matrix proteins, including up-regulation of TSP1, multiple
TIMP isoforms and TGFβ, while expression of IGF1 and
VEGF were reduced. This supports VPA as a potential
modulator of angiogenesis, migration and invasion of PCa.
We focused on TSP1 as this protein has been shown to
inhibit endothelial cell proliferation, migration and
neovascularization (14). Indeed, TSP1 is a critical regulator
on the initiation of angiogenesis through suppression of
VEGF and NO signaling (15). Clinically, it has been
demonstrated that, as PCa progresses from prostatic
intraepithelial neoplasia to invasive adenocarcinoma, TSP1
expression is lost (16). Other modulators of angiogenesis
were affected concurrently with TSP1. Akt1 is known to
stimulate cell survival, cell-cycle progression, metabolism
and vascular tube formation (17). The TIMP family, and
specifically TIMP2, inhibits angiogenesis and invasion (18).
TIMP2 has been shown to be down-regulated or silenced in
a variety of cancers via epigenetic inactivation (18). Our
work confirms the effects of VPA on these pathways, thus
highlighting a potential anti-angiogenic mechanism. 
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Figure 3. Validation of selected genes from expression arrays. Five
genes from each array were selected for validation at the RNA level.
Two of these five were further confirmed at the protein level. A: Relative
gene expression changes are illustrated, grouped by array (ANOVA,
p<0.05). B: Two targets from each group were further validated at the
protein level  



While TSP1 is not necessarily known to be directly related
to other, more broadly known trophic PCa regulators, we
nonetheless demonstrated the effects of VPA in these
cascades. For example, IGF1 is important for initiation PCa
(19). Clinical data also support the role of IGF1 in increasing
risk for PCa (20). TGFβ has been shown to have differential
effects as PCa progresses, having inhibitory effects on
growth in less mature lesions (21). The effect of the cyclins
on PCa growth is less clear. CCND1 is a potent mitogen and
has specific inhibitory effects on TSP1 through repressing its
promoter (22). In contradistinction, CCND2 expression
reduces proliferation by functioning as a tumor suppressor

and this was validated in a report of VPA-mediated inhibition
of PCa proliferation through re-expression of CCND2 (23).
Our data appear to confirm this finding. The interplay of
these various signals is illustrated graphically in Figure 4.

VPA has been studied in vitro and shown to be anti-
proliferative through many mechanisms, including the
induction of cell cycle arrest and apoptosis (24). VPA
administration also decreases PCa xenograft growth (25)
without inducing neuroendocrine differentiation (26), limits
microvessel density and can function as AAT through a
decrease in eNOS expression in endothelial cells (27). Yet
the clinical data of VPA is mixed, as a retrospective study
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Figure 4. Valproic acid (VPA) mitigates trophic and angiogenic signaling within human prostate cancer cells. VPA inhibits angiogenesis through
increasing TSP1 expression, which opposes angiogenesis through antagonizing VEGF. TSP1 also suppresses NO production and promotes apoptosis.
This results in reduced endothelial cell survival and proliferation. TSP1 is repressed by CCND1 (which promotes cell cycle progression), which is
also reduced by VPA. CCND2 is increased by VPA, which opposes CCND1 and has anti-proliferative effects. In addition to TSP1 and CCDN2
expression, an increase in expression of the tissue inhibitors of matrix metalloproteinases (TIMPs) further inhibits angiogenesis. TIMP expression
also reduces tumor cell invasion through inhibiting matrix metalloproteinases. Therefore, VPA reduces prostate cancer cell survival in a multifaceted
manner through inhibiting angiogenesis, reducing tumor cell invasion, supporting endothelial cell survival and promoting cell cycle progression.



showed a decreased risk of PCa (28), while another showed
no effect (29). While a phase II study of VPA in castrate-
resistant PCa was ineffective (30), there are ongoing phase
II studies of VPA in lower grade PCa (https://
clinicaltrials.gov/ct2/show/NCT00670046). This study may
shed light on potential new PCa populations in which VPA
could have utility.

Our study has a number of limitations. We did not validate
all significantly altered genes on the arrays and we also
performed western blots on selected, but not all genes
validated by RT-PCR. Additionally, our study was performed
in a single cell line that is androgen-sensitive and, therefore,
we do not know if the same findings would be observed if
multiple hormone-sensitive lines were used or our experiments
were performed in a castrate-resistant environment.
Furthermore, we lack animal data. Despite these limitations,
our data provide comprehensive assessment of angiogenesis
and prostate cancer-specific signaling expression in the
HDAC-treated prostate cancer cell line and may potentially be
useful for future studies and assessment of therapeutic
potential in prostate cancer patients. 

Conclusion

The Authors have shown that VPA administration induces
changes in proliferation and gene expression in a PCa model.
They have also observed up-regulation of anti-angiogenic
proteins, a promising mechanism for this potentially novel
treatment for PCa. This mechanism can be exploited in
future PCa clinical trials.
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