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Abstract: Tyrosine kinase receptors such as c-Met and its ligands are interesting therapeutic targets that have been 
reported to be involved in the progression of several types of cancers. Histone deacetylase inhibitor, valproic acid 
(VPA) is one such compound with promising anti-cancer properties. The current study was designed to evaluate 
the c-Met activity of VPA in thyroid carcinoma. A total 36 nu/nu mice with SW1736 cells-induced tumours were 
randomised into three treatment groups (5, 15, 30 mg/kg/day p.o. VPA; n = 9/group). Various cellular and enzy-
matic assays were performed to evaluate the dose-response relationship of VPA in c-Met inhibition. In vitro assays 
revealed that VPA (IC50, 5-26 nmol/l) shows c-Met phosphorylation and c-Met-dependent inhibition of cellprolifera-
tion. This causes inhibition of downstream signalling pathways in human thyroid cancer cell lines (SW1736, WRO). 
Additionally, VPA also showed anti-angiogenetic activity in HGF-stimulated endothelial cell. VPA showed significant 
reduction in tumour size in xenograft model (P = 0.023) with high levels of c-Met expression. The anticancer activity 
was found to be dose dependent and strongly correlated with c-Met expression. Thus, this novel finding paves way 
for investigation of new mechanism of action and its validation in clinical settings.
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Introduction

Oncogenic receptor tyrosine kinases (RTK) tar-
geted inhibitors have emerged as new prospec-
tive targets for cancer treatment. These recep-
tors have beenreported to be mutated or exhib-
it impaired regulation in advanced cancers [1, 
2]. The latest evidence in favour of this inter-
ventional strategy has been highlighted by use 
of imatinib, a RTK inhibitor in gastrointestinal 
stromal tumors (GIST), erlotinib in non-small 
cell lung cancer (NSCLC), trastuzumab in HER-2 
positive breast cancer and sutinib in renal cell 
carcinoma (RCC) [3]. Besidesthese, one com-
monly altered RTK in advanced tumours is 
c-Met making it an important in advance 
tumours [4].

The c-Met family of RTKs does not share struc-
tural similarity with other RTKs [5, 6]. Addi- 
tionally it has been reported that conjunction of 
HGF and c-Met extracellular domain results in 
phosphorylation and multimerisation of the 
intracellular region [5, 6]. The catalytic activity 

of the C-Met is facilitated by phosphorylation at 
c-Met juxtamembrane. This enables docking of 
the regulatory substrates and also controls the 
internalisation process [7-9]. Further, the acti-
vation of C-Met causes the adaptor proteins 
such as members of growth factor receptor 
binding protein family, c-Cbl and Src homology 
and collagen (Shc) to bind and undergo phos-
phorylation. This in turn facilitates the activa-
tion of signal transducers such as STAT, ERK, 
Akt and phosphoinositide-3-kinase [10].

C-Met and HGF are expressed in numerous tis-
suesand for each of the cells their expression is 
of epithelial and mesenchymal origin [11, 12]. 
C-Met and HGF have been reported to play vital 
role in several processes which include, but are 
not limited to, mesenchymal interactions, cell 
migration, cell proliferation and angiogenesis 
[13-16]. In recent decades the incidence of thy-
roid carcinoma has increased worldwide [17, 
18]. Among thyroid carcinoma phenotypes, the 
papillary thyroid carcinoma (PTC) accounts for 
around 90% of all thyroid cancer [19]. Genetic 
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and epigenetic alterations such as inappropri-
ateactivation of oncogeneor dysregulation of 
tumor suppressor genes are some of the fac-
tors that regulate progression of thyroid carci-
noma [20]. However, the molecular mechanism 
and the progression of thyroid carcinoma are 
still poorly understood and there is a pressing 
for further systematic studies [20, 21]. It is well 
established in literature that unlike normal tis-
sues, c-Met is highly expressed thyroid carci-
noma [22, 23].

Valproic acid (VPA, 2-propyl main acid) as an 
anti-epileptic drug is a short-chain branched 
fatty acids [24]. Recently, VPA a histone deacet-
ylase (HDAC) inhibitor has received consider-
able attention for its anti-cancer activity [24]. 
The anticancer activity of VPA has been shown 
in solid tumours such as prostate cancer [24]. It 
has been observed that VPA modulates multi-
ple pathways and causes apoptosis or targets 
angiogenesis [25, 26]. However; the associa-
tion between the c-Met signalling and VPA has 
not been studied till date. The present study 
was therefore designed to investigate the c-Met 
inhibitory effect of valproic acid in thyroid 
cancer.

Materials and methods

Chemicals and compounds

Valproic acid and other chemicals were of 
reagent grade and purchased from Sigma 
Chemical Co. (St. Louis, Missouri, USA) unless 
otherwise mentioned. Anti-total human c-Met 
was obtained from ebiosciences (San Diego, 
CA, USA. Anti-CD31 and anti-phospho-tyrosine 
(PY-20) were purchased from Abcam (Cam- 
bridge, UK). Mouse specific antibody to c-Met 
was obtained from Thermofischer scientific 
(Waltham, Massachusetts, United States). All 
other antibodies were obtained from R&D sys-
tems (Minneapolis, MN, USA). For immunohis-
tochemistry studies anti-phospho-c-Met and 
anti-Ki67 were obtained from Cell Signaling 
Technology (Danvers, MA, USA).

Cells

The human thyroid cancers cell lines SW1736, 
WRO, MDCK and rat cell line FRTL were pur-
chased from X-Zell Biotec Co. Ltd (Bangkok, 
Thailand). MDAMB231 cells (negative for c-Met;  
ATCC® HTB 26TM) were obtained from American 
Type Culture Collection (ATCC, Manassas, VA, 

USA) The cells were cultured in RPMI 1640 
complete medium supplemented with 10% 
fetal bovine serum and maintained at 37°C 
with supply of 10% CO2. All other culture 
reagents were purchased from Life Tech- 
nologies, Inc (Carlsbad, California, United 
States).

Xenograft models in nude mice

Five to eight week old nu/nu mice (n = 36) were 
usedfor the study. The animals were provided 
by Beijing Institute of Organism Inspection 
(Beijing, China). All animals were maintained in 
asepticcages with free access to food and 
water. The procedures were performed as per 
the guidelines of the Care and Use of Laboratory 
Animals. The study was approved by the Animal 
Ethical Care and Use Committee of the China-
Japan Union Hospital of Jilin University, China.

Apoptosis assay

The apoptosis inducing potential of valproic 
acid in SW1736 and WRO cells was determined 
by using commercially available Annexin V-FITC 
Apoptosis Detection Kit (BD Pharmingen) and 
analysed by flow cytometry as per manufactur-
er’s specified protocol. Percentage of annexin 
positive cells, post treatment with VPA (0.1, 
1.0, 10 μM) for 6 h and 24 h respectively were 
considered as apoptosis positive.

Kinase inhibition and catalytic activity assays

The catalytic activity of c-Met was evaluated by 
continuous-coupled spectrophotometric assay 
based on the principle of time-dependent con-
sumption of NADH by ADP. Spectrophotometry 
readings were obtained at 340 nm. Various 
concentrations of VPA were added to the test 
wells for 10 min. Thereafter, the Ki values were 
obtained by initiating the reaction by the addi-
tion of c-Met enzyme. The Half-maximal inhibi-
tory concentration (IC50) was evaluated using 
poly (Glu, Tyr) peptide as substrate at ATP con-
centrations or below the Km for each respec-
tive kinase.

Cellular kinase phosphorylation assay

Owing to the high expression of c-Met and its 
role in tumour survival, SW1736 tumor model 
was used to evaluate the effect of valproic acid 
on inhibition of tumor growth in vivo. VPA at 
concentration of 5, 15, 30 mg/kg/day (n = 12 
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per group) was administered p.o. to nude mice. 
Thereafter, the SW1736 tumours were harvest-
ed at 1, 3, 6, 12 and 24 h and c-Met phosphor-
ylation was carried out using ELISA Kit (R&D 
systems, Minneapolis, MN, USA) as per manu-
facturer’s instructions.

Evaluation of cell proliferation/survival 

A concentration of 105 SW1736 cells per well 
were plated in a 96-well plates and subjected 
to appropriate VPA treatment for 24 to 72 h. 
The antiproliferative activity was evaluated by a 
commercially available MTT assay kit (Sigma 
Aldrich, St. Louis, Missouri, USA) as per manu-
facturer’s protocol. In an independent experi-
ment, Human umbilical vascular endothelial 
cells (HUVEC) were seeded in 96-well plates 
overnight and already identified concentration 
of valproic acid were added to each well. This 
was followed by the addition of HGF (100 ng/
mL) after 1 h. Finally MTT assay kit (Sigma 
Aldrich, USA) was to evaluate the antiprolifera-
tive effect of VPA.

Cell migration assay

The migration and invasion capability of 
SW1736 was determined using the commer-
cially available Matrigel invasion kit (Corning 
Inc, Tewksbury, MA, USA) as per the manufac-
turer’s specification. Briefly, 4 × 105 cell/ml of 
trypsinized cells were added to the plate inserts 
(either migration or invasion chamber) for 24 h. 
In the lower compartment 0.75 mL of HGF (25 
ng/mL) was added to facilitate migration. The 
migrated cell were treated with paraformalde-
hyde and counter stained with 4’,6-diamidino-
2-phenylindole for 15 min. The cells were 
washed and number of invading cells was 
quantified using Image J software (National 
Institute of Health, USA).

Human dermal microvascular endothelial cells 
vascular sprouting assay

Endothelial cells vascular sprouting assay was 
performed using the commercially available 
human dermal micro vascular endothelial cells 
(HMVEC-D) (Lonza, Basel, Switzerland), low 
concentration (500 cells/well) of HMVEC-D 
were added to the 96-well plates and incubat-
ed overnight in EGM-2 medium. The Spheroids 
obtained were subjected to valproic acid (0.02 
µmol/L, 0.2 µmol/L and 2 µmol/L) treatment at 
standard culture condition on 7th day the cells 

were observed under an inverted microscope 
(Eclipse TS100, Nikon, Japan).

Madin-darby canine kidney (MDCK) cell scat-
tering assay 

MDCK cells at concentration of 25 cells/ml 
were seeded in a 96 well culture plates in mini-
mum essential medium (MEM) and incubated. 
50 ng/ml of HGF was added to stimulate the 
cells in presence of various concentration of 
valproic acid. At the end of the treatment the 
cells were fixed with paraformaldehyde and 
stained using crystal violet (0.2%) and analysed 
using Image J software (National Institute of 
Health, USA).

Evaluation of c-Met signal transduction and 
pharmacodynamic

The tumour xenograft model was developed 
using s.c. injection of 2-5 × 106 of SW1736 cells 
in the hind-flank region of each mouse. To sup-
ply the bioactive human HGF, MRC-5 cells were 
mixed with SW1736 cells in 2:1 ratio. After 30 
days the mice were randomised into four 
groups (n = 9 per group) and size of tumour was 
evaluated (every alternate day). The three treat-
ment groups (n = 9 in each) were administered 
5 mg/kg/day, 15 mg/kg/day and 30 mg/kg/
day VPA respectively, and the control group did 
not receive any therapeutic intervention. Nude 
mice with xenograft tumour volume in the range 
of 100-500 mm3 were included in the pharma-
codynamics study. 

The tumour size and volume were recorded 
using Vernier calipers. Total protein was isolat-
ed using TPETM kit (GE Biosciences, Sunnyvale, 
California, USA) from tumour lysate to carry  
out the immunoblotting and immunoassay 
procedures.

Immunohistochemistry

The resurrected tumour tissue from nude mice 
were fixed in paraformaldehyde for 24 h and 
then fixed in paraffin. Four micron thick sec-
tions of the paraffin embedded tissue were 
obtained on a poly-Lysine coated slide. After 
antigen retrieval, primary Ki-67 antibody (anti-
c-Met (Abcam, Cambridge, USA; Cat# ab15580) 
was added for overnight followed by secondary 
antibody (anti-rabbit). The sections were coun-
terstained with haematoxylin and observed un- 
der light microscope (Nikon, Japan), the image 
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Figure 1. Induction of apoptosis by different concentrations (0.1, 1.0, 10 μmol) of VA (A) SW1736 and (B) WRO cells were treated with indicated concentrations of  
VPA for 6 and 24 hrs. Results expressed as Mean ± SD. *P<0.05.
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were quantified using Image J software (Na- 
tional Institute of Health, USA). 

Statistical analysis

Statistical analysis was performed using Sig- 
maStat® software version 3.5 (Systat Software 
Inc, San Jose, CA, USA). Statistical treatment 
was performed by using one-way ANOVA, Mann-
Whitney U-test, and Duncan’s multiple range 
tests. Results were expressed as mean ± SEM, 
and significance was defined as P≤0.05.

Results

Valproic acid showed inhibition of catalytic ac-
tivity of c-Met

Valproic acid showed a mean Ki of 3.8 nmol/L 
in inhibiting human c-Met kinase suggesting a 

potent c-Met inhibitory activity. In FRTL cells, 
VPA showed IC50 of 4 nmol/L.

Valproic acid inhibited c-Met-dependent can-
cer cells

Treatment of SW1736 and WRO cell lines with 1 
µmol and 10 µmol for 24 h showed significant 
increase in apoptosis (P = 0.029) as compared 
to non-treated (control) cells. However, no sig-
nificant increase in apoptotic cells was ob- 
served for the same concentration of VPA but 
at 6 h of incubation (Figure 1A, 1B). The control 
cell (non-treated) cells showed apoptosis of 
10%. At 10 µM the apoptosis in SW1736 and 
WRO cells was 17% and 24% respectively. 
There was no statistical increase in apoptosis 
on treatment with 0.01 and 0.1 µM of VPA in 
both SW1736 and WRO cell lines.  

Figure 2. VPA inhibited tubulogenesis in HMVEC endothelial cell at indicated concentrations. Using a collagen-fibrin 
matrix, the HMVEC cells were plated and tubulogenesis was observed within 7 days after plating.
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Valaproic acid showed an IC50 of 10 nmol/L  
and inhibited anaplastic thyroid carcinoma 
(SW1736) cell migration and invasion. In HUVEC 
studies, valproic acid inhibited phosphorylation 
of c-Met invigorated by HGF (IC50, 10.5 nmol/l), 
cell survival (IC50, 12.8 nmol/l), and matrigel 
invasion (IC50, 36 nmol/l) (Figure 2). On the 
basis of the inhibitory activity of c-Met phos-
phorylation and its correlation with IC50, we 
assumed that the pharmacological activity  
of valproic acid is mediated through c-Met 
inhibition.

c-Met phosphorylation inhibition by valproic 
acid in xenograft model

Administration of 30 mg/kg of VPA resulted in 
100% inhibition of c-Met activity after 24 h, 
which correlated with total inhibition of tumour 
growth (P = 0.023). Concentration of 15 mg/Kg 
showed only partial inhibition of both C-Met 
and tumour growth, further supporting the 
hypothesis that the inhibitory activity of valpro-
ic acid is dose dependent (Figure 3A). At 5 mg/
kg/day the inhibition of tumour growth (P = 
0.062) correlated with 25-50% inhibition of 
c-Met phosphorylation. 

Similarly at 15 mg/kg/day 50% inhibition of 
tumour growth was observed, which correlated 
with 75-90% inhibition of c-Met phosphoryla-
tion at 1-6 h. The impediment of signalling 
events due to inhibition of downstream targets 
of c-Met were found to be pharmacologically 

relevant and correlated with anti-tumour effi-
cacy of VPA.

In vivo effect of valproic acid on tumour re-
lated signal transduction pathways 

The c-Met-dependent signalling effect of val-
proic acid was investigated through western 
blotting using xenograft tumour tissue. The 
study showed significant inhibition of phos-
phorylated c-Met and proteins such as p-AKT, 
STAT3, ERK and AKT in SW1736 tumors after 
treatment with valproic acid (Figure 3B). The 
inhibition of these signalling proteins was found 
to correlate with antitumor efficacy and inhibi-
tion of c-Met phosphorylation rendered by val-
proic acid (Figure 3B).

Evaluation of pharmacological activity of val-
proic acid in c-Met-dependent models

The effect of VPA on caspase-3 activation 
(apoptosis) and tumor mitotic index (Ki67) was 
evaluated through immunohistochemistry. Th- 
ere was a three times decrease in the Ki67 
expression on day 18 at concentration of 30 
mg/kg/day of VPA in SW1736 cell lines which 
correlated with tumour efficacy (Figure 4). 

The dose dependent anti-angiogenic activity of 
VPA in vitro was evaluated through change in 
the microvessel density (MVD) through immune 
staining for CD31. VPA showed dose dependent 
inhibition of CD31-positive microvessel at do- 
ses of 5, 15 and 30 mg/kg in SW1736 tumour 

Figure 3. A. Valproic acid shows inhibition of 
tumour growth in SW1736 xenograft model. 
B. Valproic acid induced inhibition of c-Met 
phosphorylation and downstream signaling 
pathways in SW1736 tumors. 
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Figure 4. A. Immunohistochemical evaluation of Ki67 expression after administration of valproic acid. B. Dose de-
pendent inhibition of c-Met phosphorylation in xenograft model. C. Inhibition of tumour cell proliferation. *, P≤0.01, 
shows values are statistically significant. 
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models (Figure 5). However, the MVD model 
was only evaluated for short period. Admi- 
nistration of valproic acid showed reduction in 
plasma VEGF and IL-8, observed due to the 
anti-angiogenic effects on the tumour vessels 
or may be an indirect effect. There was a dose-
dependent decrease in the plasma levels of 
VEGF and IL-8 in the SW1736 model (P<0.05). 
The reduction in the cytokines (VEGF and IL-8) 
correlated well with the reduction in tumour 
size in the xenograft model. 

Discussion

Our study highlights the c-Met signalling activity 
of VPA and its effect on the inhibition RTK tar-
gets in thyroid cancer. Valproic acid was found 
to exhibit dynamic effect on inhibition of c-Met 
phosphorylation in human thyroid cancer cell 
lines and xenograft model. Moreover, the c-Met 
inhibitory activity of VPA correlated to antian-
giogenic activity in nude mice model of thyroid 
carcinoma. Our results are well supported by 
previous studies investigating VPA in thyroid 
cancer [27, 28]. While as some studies have 
shown that VPA promotes the Erk1/2 activation 
[28-30], still others have reported Erk1/2 inhib-
itory activity of VPA [31]. However, the present 
study for first times reports the c-Met signalling 
activity of VPA. 

The disease model utilized in this study for 
studying the pharmacology of c-Met dependent 
kinase do not express ALK indicating that the 
pharmacological activity of VPA is due to the 
inhibition of c-Met. However, the fact that some 
wild-type ALK is expressed in endothelial cells 
and therefore its attribution towards pharmaco-
logical activity of VPA cannot be neglected [32]. 
This study shows dose dependent inhibition of 
thyroid cancer cell lines and induction of apop-
tosis in experimental model (mice xenograft). 
Therefore, the c-Met inhibitory mechanism may 
directly account for inhibitory effect of VPA on 
tumour cells. Shen et al. showed that down-
regulation of bcl-2 and bcl-xl in thyroid cancer 
using VPA [33]. Therefore investigation into 
regulation of pro-apoptotic genes in thyroid 
cancer in responseto VPA may enable explora-
tion of additional mechanisms.

VPA also showed inhibition of migration and 
survival of HGF-stimulated endothelial cells 
and inhibition of tubulogenesisas well. This 
suggests an anti-angiogeneic effect of VPA in 
cancer cells. However, its relation with VEGF 
pathway needs to be further investigated [34]. 
Of note, antineoplastic activity of VPA has been 
reported to sustain upto seven days, in our 
study we investigated it only for 24 h and may 
form one of the limitations of the current study 
[35, 36]. 

The study confirms the pharmacologic effects 
of valproic acid on human thyroid carcinoma. 
Its established safety profile in patients with 
seizures and its strong antineoplastic and anti-
angiogenic activity support the use of this drug 
in a clinical setting. In addition, the role of c-Met 
in thyroid cancer has already been established. 
However, a proof of concept clinical trial will fur-
ther validate its efficacy in patients with thyroid 
carcinoma.
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