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Abstract: The present study investigated the effect of valproic acid (VPA) on the inhibition of RET signaling and
induction of apoptosis in human thyroid carcinoma cells. VPA inhibited the viability of ARO and WRO cells and also
inhibited cyclin D1 and caused caspase-3 cleavage. VPA decreased the level of RET protein and blocked the activa-
tion of RET downstream targets including phosphorylated ERK, phosphorylated AKT, and p70S6K/pS6. VPA induced
metabolic stress, activated AMP-activated protein kinase and increased autophagic flux. Pharmacological inhibition
of autophagy (chloroquine) augmented VPA-inducible cytotoxicity, suggesting that autophagy was protective in VPA-
treated cells. VPA has a wide spectrum of activity against human thyroid carcinoma cells, and its cytotoxicity can be
augmented by inhibiting autophagy. Expression of VPA molecular targets in metastatic human thyroid carcinoma
cells suggests that VPA has a potential to become a thyroid cancer therapeutic agent.
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Introduction

Histone deacetylase inhibitors (HDIs) comprise
of a potent class of antineoplastic agents which
enhance the apoptotic activity of DNA [1-3] and
tubulin [4] targeting drugs. Usually HDIs pro-
mote the activity of the drugs which induce
differentiation, growth arrest and cells apopto-
sis [5-7]. It is reported that imatinib-induced
growth arrest and apoptosis in imatinib-sensi-
tive and-resistant leukaemic cell lines is pro-
moted by HDIs including SAHA [8], LAQ824 [9],
MS-275 [10] and valproic acid [11]. The present
study demonstrates the activity of valproic acid
(VPA), to ER stress, autophagy, and oxidative
stress in the MTC cells.

Thyroid cancer incidence has increased dra-
matically over the past few decades due to
improvement in diagnostic accuracy and small
papillary cancer detection [12]. It is believed
that increase in the risk of various cancer types
is associated with excess in body weight [13].
The value of height and body mass index has

been shown to be related with increased thy-
roid cancer risk [14]. Among human cancers
thyroid cancer which is a common endocrine
malignant tumor accounts for 1% cancers.
Anaplastic thyroid carcinoma (ATC) has a medi-
an survival period of 6 months subsequent to
diagnosis and comprises a lethal disease [15-
18]. ATC patients have extraglandular spread
at the time of diagnosis and most of them
develop distant metastases [19, 20]. Although
medullary thyroid carcinomas (MTC) only com-
prise 3-5% of thyroid malignancies, but they
are responsible for 14% of all thyroid cancer
deaths [21, 22]. MTC is associated with muta-
tions in the RET protooncogene and induce acti-
vation of the mitogenic MAPK kinase/ERK cas-
cade and the antiapoptotic phosphoinositide
3-kinase (PI3K)/AKT pathway [23]. MTC patients
with RET-positive are found to have increased
probability of persistent disease and a lower
survival rate [24]. Prognosis in patients with
MTC depends most significantly on the stage of
tumor progression at the time of diagnosis [24,
25].
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Materials and methods
Human thyroid tissue samples

The tissue samples from 28 patients with MTC
were obtained from Uniformed Services Uni-
versity of the Health Sciences immediately fol-
lowing extraction and after paraffin-embedding
stored at -80°C. Genetic analysis revealed
mutations in the RET oncogene 14 cases (5
MTCs were positive for RET643 mutation and
8 MTCs were positive for RET918); 1 MTC
harbored H2RAS mutation. The study was
approved by the Institutional Review Boards at
the Medstar Washington Hospital Center and
the Human Use Committee at the Uniformed
Services University of the Health Sciences.

Cell lines and culture

ARO (C634W RET mutated) and WRO (M918T
RET mutated) human thyroid carcinoma cell
lines were purchased from the Japanese
Collection of Research Bioresources (JCRB,
Shinjuku, Japan). The cells were maintained
in minimum essential medium Eagle (MEM)
(Gibco-BRL, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco-BRL)
and 1% penicillin/streptomycin. Cultures were
maintained at 37°C in humidified atmosphere
of 5% CO,,.

Cell viability assays

We used MTT assay to examine the viability of
ARO and WRO cells. Briefly, the cells were plat-
ed at a density of 2.5 x 10° cells per well onto
96-well plates for 12 h. The media were
replaced by the fresh media containing either
saline (control) or various concentrations of
VPA and incubated. After 48 h, 100 yL MTT
solutions were added to each well and incuba-
tion was continued for 4 h more. Dimethyl sulf-
oxide (DMSO) was added to dissolve the forma-
zan crystals formed by MTT. The microplate
reader was used to measure the absorbance at
540 nm. All the analyses were performed three
times.

DNA extraction and detection of mutations

The formalin-fixed and paraffin-embedded tis-
sues obtained from MTC samples were subject-
ed to DNA extraction by using QlAamp DNA
FFPE tissue kit (QIAGEN). The mutations in RET,
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H, N, and K RAS were examined by employing
the gBiomarker somatic mutation PCR arrays
(QIAGEN).

Protein extraction and western blot analysis

The phosphate-buffered saline (PBS) washed
cells were lysed with TNN buffer containing 1%
Triton X-100, 1% Nonidet P-40, as well as the
following protease and phosphatase inhibitors:
aprotinin (10 mg/ml), leupeptin (10 mg/ml)
(ICN Biomedicals, Inc., Asse-Relegem, Belgium),
phenylmethylsulfonyl fluoride (1.72 mM), NaF
(100 mM), NavO, (500 mM) and Na,P,0O, (500
mg/ml) (Sigma-Aldrich). After SDS-PAGE sepa-
ration the protein were transferred onto PVDF.
The blots were immunostained with primary
antibodies followed by the secondary antibod-
ies conjugated to horseradish peroxidase and
detection by enhanced chemiluminescence
reagent (ELPS, Seoul, Korea). The primary anti-
bodies includedphosphorylated (p)-AKT1/2/3
(Ser473), total AKT, pERK1/2, total ERK, p-AMP-
activated protein kinase (AMPK), p-p70S6K,
total p70S6K, pS6, pERK, p-eLF2a, CCAAT/
enhancer-binding protein homologous protein,
cyclin-dependent kinase (CDK)-4, cleaved cas-
pase-3, and cleaved poly(ADP-ribose) poly-
merase (PARP) (Cell Signaling Technology);
HSP9O0, E-cadherin, connexin-43, connexin-31,
cyclin D1.

The ECL Plus system (Amersham Pharmacia
Biotech, Inc., Piscataway, NJ, USA) was used for
the visualization of bands.

Immunostaining

The tissue-array device containing a 2 mm nee-
dle was used to prepare tissue microarrays of
the samples obtained from 28 patients with
MTC. For tissue microarray sections and cancer
cell lines immunohistochemistry was perform-
ed anti-HSP9O, anti-pERK, and anti-LC3B.

Statistical analysis

The data presented are the mean of + SD, and
ANOVA and an unpaired Student’s t-test was
used for statistical analysis. The differences
were considered statistically significant at P <
0.05. SPSS software for Windows operating
system (version 10.0; SPSS, Chicago, IL, USA)
was employed for statistical calculations.
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Results

VPA inhibits growth, induces apoptosis, and
sensitizes MTC cells to anoikis

We used MTT assay to investigate the effect of
VPA on the viability of ARO and WRO cells and
observed a concentration and time dependent
effect (Figure 1A, 1B). VPA exhibited a signifi-
cant inhibitory effect on the viability of ARO
and WRO cells at a concentration of 20 uyM
after 48 h. The results of MTT assay were con-
firmed by employing Vi-CELL cell viability ana-
lyzer (Beckman Coulter) based on calculation
of cell number. VPA decreased the cyclin D1
expression and induced apoptosis in ARO and
WRO cells as revealed by western blot analysis
(Figure 1C). In WRO cells VPA cells VPA induced
apoptosis at a concentration of 20 uM after 48
h along with caspase-3 and PARP cleavage.

ARO cells were cultured to induce the formation
of multicellular spheroids in nonadherent con-
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Figure 1. VPA inhibits viability and induces apopto-
sis in ARO and WRO cells. ARO and WRO cells were
incubated with (A) various doses on VPA for the in-
dicated (B) time. (C) Western blot analysis demon-
strating the effects of VPA on molecules controlling
cell cycle progression and markers of apoptosis.
(D) The viability of ARO cells in non-adherent con-
ditions was assessed by JC-1 staining. (E) Western
blot analysis demonstrating inhibitory effects of VPA
on molecules controlling cell adhesion in ARO cells.

ditions and then treated with VPA. After 48 h,
cell viability was inhibited and the cells
detached from the spheroid-like structure
(Figure 1D). HSP9O client proteins including
E-cadherin, SRC, and connexin-43 play a cru-
cial role in the regulation of cell adhesion. The
results from western blot analysis revealed
reduction in the expression of HSP9O proteins
on VPA treatment (Figure 1E). Thus VPA inhibits
growth, induces apoptosis, and sensitizes to
anoikis the ARO cell line, which harbors a
C634W Ret mutation. At similar concentra-
tions, VPA had diminished effects on WRO with
the M918T Ret mutation.

VPA inhibits RET signaling in MTC-derived cells

The level of HSP90 expression on mRNA or pro-
tein levels was not significantly different in ARO
and WRO cell lines and was not affected by VPA
(Figure 2A). The protein level of known HSP9O
clients (EGFR, SRC, and CDK4) in MTC cells was
diminished after treatment with increasing con-
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Figure 2. The effects of VPA on activation of RET signaling in thyroid cancer cells. A. ARO and WRO cells were treated
with VPA at indicated doses for 48 hours and subjected to Western blot analysis with specific antibody as indicated.
HSP9O0 protein levels remain unchanged; however, HSPOO0 client protein levels were diminished. B. In ARO and WRO
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cells inhibition of RET signaling was achieved. C. Immunostaining demonstrating loss of RET and pERK immunore-

activity in ARO cells that were treated with VPA.
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Figure 3. The effects of VPA on ER stress, metabolic stress, and autophagy. A. ARO and WRO cells were treated with
VPA for 48 hours and subjected to Western blot analysis with antibody against molecular markers of ER stress and
metabolic stress. B. Western blot demonstrating expression of autophagy markers in ARO cells treated with VPA for
48 hours. VPA induced expression of the lower migrating band of LC3B (LC3B-Il) and increased the ratio of LC3B-II
(16 kDa) vs. LC3BI (18 kDa). p62 expression was inhibited. C. MTC cells were treated with VPA 10 uM for 48 hours,

with or without CQ.

centration of VPA. VPA decreased the level of
RET protein in ARO and WRO cells at concentra-
tions of 5 and 15 uM, respectively (Figure 2B).
Treatment with increasing concentrations of
VPA (up to 20 uM) did not affect the level of RET
mRNA either in ARO and WRO cells. Analysis of
RET downstream signaling showed that loss of
RET protein was associated with inhibition of
pERK in both MTC cells (Figure 2B). The level of
total ERK was not affected by VPA in ARO and
WRO cells. Inhibition of pAKT was noted only in
ARO cells, and the loss of pAKT correlated with
a decreased protein level of total AKT. Because
RET-dependent activation of mammalian target
of rapamycin signaling was demonstrated in
MTCs, we examined the phosphorylation status
of the mammalian target of rapamycin down-
stream target, p70S6K. VPA decreased the
level of phosphorylated p70S6K in MTC cells
in a dose-dependent manner. Immunostaining
with anti-HSP9O0, anti-RET, and anti-pERK dem-
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onstrated the inhibition of RET and pERK in
VPA-treated ARO cells (Figure 2C).

VPA induces metabolic stress and autophagy
in MTC-derived cells

The investigation of the effect of VPA on molec-
ular markers of ER stress expression in ARO
and WRO cells revealed no significant change
on pERK and phosphorylated eukaryotic initia-
tion factor 2a expression (Figure 3A). However,
the expression of ribosomal protein S6 was
inhibited in both the cell lines on VPA treatment
after 48 h. VPA treatment also resulted in the
AMPK phosphorylation. In addition, the expres-
sion of lipidated LC3B (LC3B-Il) was induced
and p62 was reduced on treatment with VPA
in ARO cells (Figure 3B). For the purpose of
autophagy confirmation by VPA, autophagy
inhibitor chloroquine (CQ) was used. Exposure
of the ARO and WRO cells to CQ for 48 h caused
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accumulation of LC3B-Il protein (Figure 3C).
Treatment with the combination of VPA and CQ
exhibited synergistic effect on cleavage of cas-
pase-3 in ARO and WRO cells (Figure 3C).

Discussion

In this study we examined the effects of VPA on
ARO and WRO cells at concentrations ranging
from 5 to 30 uM. Our results demonstrated
that VPA treatment induced both time- and
dose-dependent degradation of RET kinase
and subsequently inhibited RET downstream
signaling. There was decrease in the expres-
sion of HSP9O, EGFR, SRC and CDK4 which
indicates that VPA exhibits inhibitory effect on
HSP90. VPA treatment induced apoptosis in
ARO and WRO cells after 48 h. The molecules
with the ability to inhibit HSP9O in mitochondria
of the carcinoma cells and induce apoptosis
are known [25, 26]. Our results also showed
that VPA induces apoptosis in ARO and WRO
cells by targeting the mitochondrial HSP9O. It is
reported that out of two components of RET,
extracellular component has RET634 mutation
and intracellular component has RET918 muta-
tion. The sensitivity of RET643-positive ARO
and WRO cells to VPA may be associated with
its interaction with membrane-bound lipid
rafts. Our study demonstrated that VPA target-
ed the adhesion kinase, Fyn, and Src kinases.
The expression of these genes is believed to
control the process of cell adhesion [27]. In car-
cinoma cells ER stress is induced on HSP9O
signaling suppression and leads to accumula-
tion of unfolded proteins [13-16]. VPA treated
ARO and WRO cells induced inhibition of pS6
and activation of AMPK which indicates that
VPA causes metabolic stress.

Metabolic stress is known to induce the pro-
cess of autophagic flux. Our results revealed
that VPA treatment induced autophagic vesicle
associated form of LC3B (LC3B-Il) in ARO cells
after 48 h. It also caused sequestrosome 1
(p62) degradation and simultaneously induced
LC3B-Il suggesting autophagic flux activation
in VPA-treated ARO cells. It is reported that
autophagy can trigger cell death, but at the
same time it can promote survival under condi-
tions of metabolic stress. To investigate the
role of autophagy in ARO and WRO cells, we
used an inhibitor of autophagy, CQ. ARO and
WRO cells showed apoptosis on treatment with
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VPA and CQ combination but exhibited no effect
on cell viability when used separately. Thus
suggesting that inhibition of autophagy with CQ
enhanced the effects of VPA against cancer
cells. Activation of autophagy may enhance or
inhibit tyrosine kinase activity in various types
of cancers. Our data suggest that induction of
autophagy reduces the load of the toxic pro-
teins in VPA treated ARO and WRO cells and
therefore enhances cell survival. In conclusion,
VPA can be a potent agent for the thyroid can-
cer therapeutic agent.
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