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Abstract

Background and purpose: Epigenetics has been defined as the study of mitotically heritable alterations in
gene expression that are not caused by changes in DNA sequence. Epigenetic-mediated silencing of a gene
includes genomic imprinting, histone deacetylation, DNA methylation, and RNA-associated silencing. Cell
growth and cell proliferation are inhibited by some histone deacetylase and histone inhibitors. This study was
designed to investigate the effect of valproic acid (VPA) on extrinsic, intrinsic, and the Janus kinase (JAK)-
signal transducer and activator of transcription (STAT) pathways in neuroblastoma and glioblastoma cell lines.
Experimental approach: The neuroblastoma and glioblastoma cells were cultured and treated with VPA.
MTT assay was done to determine cell viability. Besides, a flow cytometry assay was performed to determine
apoptotic cells and finally, the relative gene expression level was evaluated by qRT-PCR.

Findings / Results: VPA changed the expression level of the genes of the extrinsic, intrinsic, and JAK/STAT
pathways which induced cell apoptosis and inhibited cell growth in the neuroblastoma and glioblastoma cells.
In the neuroblastoma cell lines, VPA upregulated the expression level of FAS, FAS-L, DR4, DRS, and TRAIL
genes significantly. Additionally, it significantly up-regulated the expression level of Bak, Bax, and Bim genes
and down-regulated the expression level of Bel-xL, Bcl-2, and Mcl-1 genes in both neuroblastoma and
glioblastoma cell lines.

Conclusion and implications: VPA induced cell apoptosis through extrinsic, intrinsic, and JAK/STAT
pathways.
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INTRODUCTION Numerous in  vitro  studies  have
demonstrated that tumor suppressor genes
(TSGs) have been indicated to be silenced in
human cancers. The silencing of TSGs is
accompanied by a change in DNA
hypermethylation and histone deacetylation.
These processes are directed by changes in two
groups of genes including oncogenes that
promote cell survival and cell growth and TSGs
alterations that inhibit cell growth. As mentioned,

The term epigenetics describes the study of
the genetic material alterations and refers to the
alterations in gene expression without any
changes in DNA structure. Epigenetic-
mediated silencing of the gene includes
genomic imprinting, histone deacetylation,
DNA methylation, and RNA-associated
silencing (1). Chromatin

(e.g. DNA cytosine methylation and histone
deacetylation) have been associated with
all stages of cancer induction and progression.
These two  processes are  important
epigenetic molecular mechanisms that have
significant roles in gene regulation and gene
expression (2).
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epigenetic alterations include heritable changes
in gene expression and changes in the DNA
sequences (3).
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Human cancer cells indicate DNA
methylation status which is established by the
activity of DNA methyltransferase enzymes
(DNMTs). In mammals, DNA methylation is
achieved by DNMTs (DNMT1, DNMT3A, and
DNMT3B) (4). Enzymatic histone acetylation
and deacetylation represent major S-adenosyl-
L-methionine to DNA cytosine bases (4). These
enzymatic processes represent major molecular
mechanisms controlling gene expression. The
balance between histone acetylation and
histone deacetylation plays a major role in the
transcription and regulation of gene transcription.
Histone acetylation and deacetylation are induced
by histone acetyltransferases and histone
deacetylases (HDACs) activities, respectively.
HDACs comprise a family of 18 enzymes
classified I-IV. In mammals, these enzymes are
classified into HDACs I-III (5). The potential
reversibility of epigenetic alterations offers
valuable opportunities for novel anticancer
drugs that can reactivate epigenetically silenced
TSGs. DNMTs and HDACs inhibition have
been approved for the treatment of various
cancers (6).

DNMT inhibitors (DNMTIs) represent
promising new compounds for cancer treatment.
There are several compounds such as 5-aza,2'-
deoxycytidine (5-azaCdR), and zebularine that
have been characterized as DNMTIs. The most
broadly-used DNMTIs, 5-azaCdR which is
clinically named decitabine, has been indicated to
be capable of transcriptionally activating TSGs
with unmethylated promoters, also leading to
increasing histone acetylation (7).

In addition to DNMTIs, some HDAC
inhibitors (HDACIs) cause tumor cell growth
inhibition. These compounds represent a broad
family of chemical agents that includes four
main structural groups comprising short-chain
fatty acids (e.g. butyrate and valproic acid,
VPA), hydroxamates (such as trichostatin A
and benzamides (e.g. MS-275/SNDX-275), and
cyclic tetrapeptides (8). Previously, we
investigated the effect of VPA on human
hepatocellular carcinoma and colon cancer cell
lines (9).

HDACISs play their apoptotic roles through
various molecular mechanisms. Recently,
in vitro studies have shown that HDACTs exert
their apoptotic role through various molecular
mechanisms. They induce apoptosis via
mitochondrial (intrinsic pathway) and death
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receptor (extrinsic pathway) (10). HDACIs
activates the extrinsic apoptotic pathway which
is initiated by the binding of death receptors,
including tumor necrosis factor receptor-1
(TNFR-1), Fas (Apo-1 or CD95), TNF-related
apoptosis-inducing ligand (TRAIL or Apo2-L)
receptors (DR-4 and -5), DR-3 (Apo3) and DR-6
to their ligands, such as TNF, FAS ligand
(FAS-L), TRAIL, and TL1A (Apo3L), resulting
in activation of caspases. These compounds can
upregulate the expression of both death
receptors and their ligands of transformed cells
in vitro and in vivo. In addition to the extrinsic
pathway, these agents activate the intrinsic
apoptotic pathway which is mediated by
mitochondria, with the release of mitochondrial
intermembrane proteins, such as cytochrome c,
and the consequent activation of caspases. It is
regulated, in part, by pro and anti-apoptotic
proteins of the Bcl-2 family. HDACIs up-
regulate pro-apoptotic proteins of the Bcl-2
families, such as Bim, Bmf, Bak, Bax, and Bik
(11).

Furthermore, DNMTIs can induce cell
apoptosis through both intrinsic and extrinsic
apoptotic pathways (12). Other researchers
have shown that HDACIs can play their roles
through the JAK/STAT pathway, up-regulation
of the suppressors of cytokine signaling (SOCS)
family (e.9. SOCS1 and SOCS3), and inhibition
of JAK/STAT signaling (13). A similar pathway
has been reported for DNMTTs (14).

Our previous work indicated that trichostatin
A and zebularine can up-regulate SOCS-1 and
SOCS-3 gene expression in colon carcinoma
SW48 cell lines (15). All HDACIs have been
reported to activate either an extrinsic or
intrinsic pathway or both of these cell death
pathways in many cancer models. Additionally,
it has been reported that VPA plays its apoptotic
role in a tissue, time, and dose-dependent
manner. Therefore, VPA can indicate different
effects depending on the cell line, time, and
concentration (16).

Regarding the aforementioned manner of
VPA, we decided to examine its effect on
neuroblastoma and glioblastoma cell lines. It
could be the novelty of the present study. The
present study was designed to investigate the
effect of VPA on extrinsic (FAS, FAS-L,
DR4, DRS5, and TRAIL genes), intrinsic
(pro-apoptotic genes: Bak, Bax, and Bim, and
anti-apoptotic genes: Bcl-2, Bcl-xL, and



Mcl-1), and JAK/STAT (SOCS1, SOCS3, JAKI,
JAK2, STAT3, STATSA, and STATSB genes)
pathways in neuroblastoma (IMR-32, UKF-NB-
2, SK-N-AS, UKF-NB-3, and UKF-NB-4) and
glioblastoma (SF-763, SF-767, A-172, U-87 MG,
and U-251 MGQG) cell lines.

MATERIALS AND METHODS

Human neuroblastoma (IMR-32, UKF-NB-
2, SK-N-AS, UKF-NB-3, and UKF-NB-4) and
glioblastoma (SF-763, SF-767, A-172, U-87
MG, and U-251 MQG) cell lines were obtained
from the National Cell Bank of Iran, Pasteur
Institute of Iran, Tehran, I.R. Iran. VPA and
Dulbecco's modified eagle medium (DMEM)
were purchased from Sigma (St. Louis, MO,
USA). To make a work-stock solution the VPA
was dissolved in sterile water. By diluting the
stock solution, further experimental
concentrations were provided. This study was
approved by the Ethics Committee of the
Jahrom University of Medical Science with a
code number of IR.JUMS.REC.1399.078.

Cdll culture and cdll viability

Human neuroblastoma (IMR-32, UKF-NB-
2, SK-N-AS, UKF-NB-3, and UKF-NB-4) and
glioblastoma  (SF-763, SF-767, A-172,
U-87 MG, and U-251 MG) cells were cultured
in DMEM supplemented with fetal bovine
serum 10% (Nichirei Biosciences, Inc.,
Tokyo, Japan) and antibiotics (0.1 mg/mL
streptomycin and 100 U/mL penicillin) at 37 °C
in 5% CO2 for 24 h. Subsequently, all of the
neuroblastoma and glioblastoma cell lines were
seeded into 96-well plates (3 x 10° cells
per well). After one day, the culture medium
was removed and a culture medium containing
various concentrations of VPA was added. The
human neuroblastoma and glioblastoma cells
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were treated with VPA (0, 0.5, 1,2.5,5,7.5, 10,
and 15 uM) for 24 h, the control cells were
treated with the same amount of solvent, sterile
water (concentration zero of VPA). After 24 h
of treatment with VPA, all treated and untreated
neuroblastoma and glioblastoma cells were
evaluated by MTT assay to obtain cell viability,
and the MTT solution (5 mg/mL) was added to
each well and allowed to incubate for 4 h at 37 °C.
To dissolve all of the crystals, the solution was
replaced by DMSO for 10 min. Subsequently, the
absorbance spectrum was determined by a
microplate reader (Bio-Rad Hercules, CA,
USA) at a wavelength of 570 nM.

Cell apoptosis assay

To determine cell apoptosis, the
neuroblastoma (IMR-32, UKF-NB-2, SK-N-
AS, UKF-NB-3, and UKF-NB-4) and
glioblastoma  (SF-763, SF-767, A-172,

U-87 MG, and U-251 MQG) cells were cultured
at a density of 3 x 103 cells/well and incubated
overnight. Then, all of the cell lines were
treated with VPA (IMR-32: 2.697 uM, UKF-
NB-2: 2.560 uM, SK-N-AS: 2.391 uM, UKF-
NB-3: 3.341 puM, UKF-NB-4: 3.703 uM,
SF-763: 6.809 uM, SF-767: 5.385 uM, A-172:
6.269 uM, U-87 MG: 5.999 uM, and U-251
MG: 6.165 uM), based on the half-maximal
inhibitory concentration (ICso) values (Table 1)
for 24 h, the control groups were treated with
the same amount of solvent, sterile water. The
neuroblastoma and glioblastoma cells were
prepared for flow cytometry by trypsinization,
washing twice with cold phosphate-buffered
saline (PBS), and then stained with annexin
V-fluorescein isothiocyanate (FITC,;
eBioscience Inc., San Diego, CA, USA) and
propidium iodide (PI; eBioscience Inc., San
Diego, CA, USA). The apoptotic cells were
determined by FACScan flow cytometry.

Table 1. The ICso values of valproic acid in neuroblastoma and glioblastoma cell lines after 24 h.

Cell line ICso0 (nM) Log (ICs0) R squared
Neuroblastoma IMR-32 2.697 -0.09449 to 0.9620 0.8557
Neuroblastoma SK-N-AS 2.391 -0.1631 to 0.9238 0.8405
Neuroblastoma UKF-NB-2 2.560 0.01641 to 0.7996 0.9090
Neuroblastoma UKF-NB-3 3.341 0.02896 to 1.075 0.8505
Neuroblastoma UKF-NB-4 3.703 0.1668 to 0.9980 0.9046
Glioblastoma SF-767 5.385 0.3505 to 1.168 0.9142
Glioblastoma SF-763 6.809 0.5523 to 1.152 0.9471
Glioblastoma A-172 6.269 0.4999 to 1.130 0.9435
Glioblastoma U-87 MG 5.999 0.3959 to 1.228 0.9077
Glioblastoma U-251 MG 6.165 0.3523 to 1.321 0.8866
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Real-time quantitative reverse transcription-
polymerase chain reaction

Real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) was
done to determine the relative expression of
apoptotic extrinsic genes (FAS, FAS-L,
DR4, DRS5, and TRAIL), intrinsic genes
(pro-apoptotic genes including Bak, Bax, and
Bim and anti-apoptotic genes including Bcl-2,
Bel-xL, and Mcl-1), and JAK/STAT genes
(SOCS1, SOCS3, JAKI1, JAK2, STATS,
STATS5A, and STATS5B). The neuroblastoma
(IMR-32, UKF-NB-2, SK-N-AS, UKF-NB-3,
and UKF-NB-4) and glioblastoma (SF-763, SF-
767, A-172, U-87 MG, and U-251 MQG) cells
were cultured at a density of 3 x 103 cells/well
and treated with VPA (IMR-32: 2.697 uM,
UKF-NB-2: 2.560 uM, SK-N-AS: 2.391 uM,
UKF-NB-3: 3.341 uM, UKF-NB-4: 3.703 uM,
SF-763: 6.809 uM, SF-767: 5.385 uM, A-172:
6.269 uM, U-87 MG: 5.999 uM, and U-251
MG: 6.165 uM), based on ICso values (Table 1),
for 24 h, except the control groups which were
treated with sterile water only. qRT-PCR was
performed to estimate the expression of target
genes using qRT-PCR arrays according to the
manufacturer’s protocol. We extracted total
RNA from each cell line by RNeasy mini kit
(Qiagen, Hilden, Germany) according to the
manufacturer’s protocol and then was treated it
with RNase-free DNase (Qiagen, Hilden,

Germany) to eliminate the genomic DNA. The
RNA concentration was determined using a
BioPhotometer (Biowave II, Germany). Total
RNA (100 ng) was reverse-transcribed to
complementary DNA (cDNA) using the
RevertAid™ first-strand ¢cDNA synthesis kit
(Fermentas, K1622 for 100 reactions, USA)
according to the manufacturer’s instructions.
Next, qRT-PCR was performed by the
Maxima™ SYBR Green/ROX qPCR master
mix (2 x 1.25 mL, K0221). GAPDH was used
as an internal control. RT-PCR reactions were
performed using the Steponeplus (BD FACs
Calibur  StepOne plus v2.2, Applied
Biosystems, USA). Thermal cycling conditions
are followed by 40 cycles of denaturation at 95
°C for 20 s, annealing at 60 °C for 15 s, and
extension at 72 °C for 15 s. Cycle threshold (Ct)
values were transformed to the gene copy
number of the template ¢cDNA using the
comparative Ct method (also known as the
2-AACt method). The primer sequences (17-30)
used in this study are demonstrated in Table 2

Statistical analysis

Data, indicated as mean + SD, from three
independent experiments were analyzed with a
one-way analysis of variance (ANOVA)
followed by Turkey using Graphpad Prism
Software version 8.0. P < 0.05 was considered
significant.

Table 2. The primer sequences of the genes used in the current study.

Genes Forward primer (5'-3") Reverse primer (5'-3") Product length  Reference
DR4 CAGAACATCCTGGAGCCTGTAAC  ATGTCCATTGCCTGATTCTTTGTG 299 bp 17
DRS5 TGCAGCCGTAGTCTTGATTG GCACCAAG TCTGCAAAGTCA 389 bp 17
FAS TTCTGCCATAAGCCCTGTCC TGTACTCCTTCCCTTCTTGG 103 bp 18
FAS-L GCCTGTGTCTCCTTGTGATG TGGACTTGCCTGTTAAATGGG 222 bp 18
TRAIL GAAGCAACACATTGTCTTCTCCAA TTGCTCAGGAATGAATGCCC 103 bp 19
Bax AGTAACATGGAGCTGCAGAGGAT GCTGCCACTCGGAAAAAGAC 77 bp 20
Bak CCTGCCCTCTGCTTCTGA CTGCTGATGGCGGTAAAAA 82 bp 21
Bim ATTACCAAGCAGCCGAAGAC TCCGCAAAGAACCTGTCAAT 101 bp 22
Bcl-2 TGGCCAGGGTCAGAGTTAAA TGGCCTCTCTTGCGGAGTA 147 bp 23
Bel-xL TCCTTGTCTACGCTTTCCACG GGTCGCATTGTGGCCTTT 62 bp 24
Mcl-1 AAAGCCTGTCTGCCAAAT CCTATAAACCCACCACTC 198 bp 25
SOCS1 TTTTTCGCCCTTAGCGTGA AGCAGCTCGAAGAGGCAGTC 119 bp 26
SOCS3 GGCCACTCTTCAGCATCTC ATCGTACTGGTCCAGGAACTC 109 bp 27
JAKI CCACTACCGGATGAGGTTCTA GGGTCTCGAATAGGAGCCAG 213 bp 28
JAK2 GATGAGAATAGCCAAAGAAAACG TTGCTGAATAAATCTGCGAAAT 160 bp 29
STAT3 GCTTTTGTCAGCGATGGAGT ATTTGTTGACGGGTCTGAAGTT 174 bp 29
STAT5A  AATGAGAACACCCGCAACG TTCCTGAAGTGGGCACTGAG 101 bp 29
STAT5B  ACTGCTAAAGCTGTTGATGGATAC TGAGTCAGGGTTCTGTGGGTA 174 bp 29
GAPDH  TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT 116 bp 30
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RESULTS

Cell viability

The cell viability of the neuroblastoma
(IMR-32, UKF-NB-2, SK-N-AS, UKF-NB-3,
and UKF-NB-4) and glioblastoma (SF-763, SF-
767, A-172, U-87 MG, and U-251 MQG) cells
treated with VPA (0, 0.5, 1, 2.5, 5, 7.5, 10,
and 15 pM) for 24 h was investigated by
MTT assay to determine cell viability and ICso
values (Table 1). Figures 1 and 2 show that
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VPA induced a significant cell growth
inhibition in all treated groups in a
concentration-dependent manner. This
experiment was repeated three times for each
group. The ICso values of VPA for each cell line
were obtained as follows; IMR-32: 2.697 uM,
UKF-NB-2: 2.560 uM, SK-N-AS: 2.391 puM,
UKF-NB-3: 3.341 uM, UKF-NB-4: 3.703 uM,
SF-763: 6.809 uM, SF-767: 5.385 uM, A-172:
6.269 uM, U-87 MG: 5.999 uM, and U-251
MG: 6.165 pM.
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Fig. 1. The effect of VPA on the viability of neuroblastoma cell lines; (A) IMR-32, (B) SK-N-AS, (C) UKF-NB-2, (D)
UKF-NB-3, and (E) UKF-NB-4. The cells were treated with different concentrations of VPA for 24 h and then the cell
viability was investigated by MTT assay. *P < 0.05 and ***P < 0.001 indicate significant differences compared to the
control group (untreated cells). VPA, Valproic acid.
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Fig. 2. The effect of VPA on the viability of glioblastoma cell lines; (A) (A) SF-767, (B) SF-763, (C) A-172, (D) U-87
MG, and (E) U-251 MG). The cells were treated with different concentrations of VPA for 24 h and then the cell viability
was investigated by MTT assay. ***P < 0.001 indicates significant differences compared to the control group (untreated

cells). VPA, Valproic acid.

Cell apoptosis

As indicated in Figs. 3-5, VPA significantly
induced apoptosis in all cell lines compared to
their respective control groups. Percentage of
apoptotic cells were obtained as follows; IMR-
32: 96.44%, UKF-NB-2: 94.6%, SK-N-AS:
93.9%, UKF-NB-3: 96.83%, UKF-NB-4:
96.99%, SF-763: 85.4%, SF-767: 86.2%,
A-172: 91.9%, U-87 MG: 88.97%, and U-251
MG: 87.94%. Maximal and minimal cell
apoptosis percentages were seen in UKF-NB-4
and SF-763 cells treated with VPA,
respectively.

Gene expression in neuroblastoma cells
The effect of VPA on apoptotic extrinsic
pathway

The expression level of the FAS, FAS-L,
DR4, DR5, and TRAIL genes was investigated
in neuroblastoma cells (IMR-32, UKF-NB-2,
SK-N-AS, UKF-NB-3, and UKF-NB-4) which
were treated with VPA at ICso values (Table 2).
The result demonstrated that treatment with
VPA significantly up-regulated the expression
level of FAS, FAS-L, DR4, DRS5, and TRAIL
genes in comparison with the control group

(Fig. 6).
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Neuroblastoma cell lines
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Fig. 3. Evaluation of the apoptosis-inducing effect of VPA on neuroblastoma cells through flow cytometry plots using
annexin V-FITC/ propidium iodide (PI) staining. The cells treated with VPA at ICses; IMR-32: 2.697 uM,
UKF-NB-2: 2.560 pM, SK-N-AS: 2.391 uM, UKF-NB-3: 3.341 uM, UKF-NB-4: 3.703 uM. VPA, Valproic acid.

Glioblastoma cell lines

A ot [ B i m | C ] o2 D o1
246% b T24% 1 Josmn [T Taon
10 1’y 10
B = = =
# ) ¢ g 2] 5
g 2 ] e
& [~
' 10’ 10" 3.
@ @ @ LTI @ a3
10" Joen 137% T 118% 16° [otem 268 1145
T e ey - - . - : S \
w 10 10 10 w1 woow 10 ) w e 10 10 10 w' 100
FL1-H:: Aunexin V-FITC FLI1-H:: Annexin V-FITC FL1-H:: Annexin V-FITC FLI-H:: Annexin V-FITC
E o T w2 o G ot o a7 H .1o 5}
L PETE 141% T 1.43% 121% LLIE PE*™ T,
10’ 4 10’ 1w
£ - =
i 104 ; 10t
& 5}
' '
a3 a1 Q1 ]
'’ 380% 0% i d 3420 10" Q4%
PR rent T -
10" 10! 100 100 1w 10 100 10 I w IS 10’ 10 10° 10" 10" 1w 1
FLI-H:: Annexin V-FITC FLI1-H:: Annexin V-FITC FLI-H:: Annexin V-FITC FLI-H:: Annexin V-FITC
I @ a T = ,
L L 10 Jasre T05% A. SE-767, Control B. SF-767 treated cell line
10 C. SF-763, Control D. 5F-763 treated cell line
= 3 E. A-172, Control F. A-172 treated cell line
5 " G. U-87 MG, Control H. U-87 MG treated cell line
&
: 1. U-251 MG, Control J. U-251 MG treated cell line
'
o o1
141% w0 B44%
101 " 10

10 W:‘
FLI-H:: Annexin V-EITC

Fig. 4. Evaluation of the apoptosis-inducing effect of VPA on glioblastoma cells through flow cytometry plots using
annexin V-FITC/ propidium iodide (PI) staining. The cells treated with VPA at ICses; SF-767: 5.385 puM,
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SF-763: 6.809 uM, A-172: 6.269 uM, U-87 MG: 5.999 pM, and U-251 MG: 6.165 pM. VPA, Valproic acid.
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Fig. 5. The apoptotic effect of VPA on glioblastoma and neuroblastoma cells. (A) Glioblastoma cell lines treated with
VPA at ICsos for 24 h; SF-763: 6.809 uM, SF-767: 5.385 uM, A-172: 6.269 pM, U-87 MG: 5.999 pM, and U-251 MG:
6.165 pM versus their respective control groups; (B) neuroblastoma cell lines treated with VPA at ICsos for 24 h;
IMR-32: 2.697 uM, UKF-NB-2: 2.560 uM, SK-N-AS: 2.391 uM, UKF-NB-3: 3.341 uM, UKF-NB-4: 3.703 uM versus
their respective control groups; (C) comparative analysis of the effect of VPA on neuroblastoma and glioblastoma cells.
***%P < 0.001 indicates significant differences compared to the control group (untreated cells). VPA, Valproic acid.

The effect of VPA on apoptotic intrinsic
pathway

The expression level of the Bak, Bax, Bim,
Bcel-xL, Bcl-2 and Mcl-1 genes were
determined in neuroblastoma cells (IMR-32,
UKF-NB-2, SK-N-AS, UKF-NB-3, and
UKF-NB-4) which were treated with VPA at
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ICso values (Table 2). The results of the
gRT-PCR indicated that treatment with
VPA leads to up-regulating the expression level
of Bak, Bax, and Bim genes and down-
regulating the expression level of Bcl-xL,
Bel-2, and Mcl-1 genes significantly

(Fig. 7).
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Fig. 6. The relative expression level of DR4, DRS, FAS, FAS-L, and TRAIL genes, involved in the extrinsic apoptotic
pathway, in neuroblastoma cell lines treated for 24 h with valproic acid at ICsos; (A) IMR-32: 2.697 uM, (B) SK-N-AS:
2.391 uM, (C) UKF-NB-2: 2.560 uM, (D) UKF-NB-3: 3.341 uM, and (E) UKF-NB-4: 3.703 uM. ***P < 0.001 indicates
significant differences compared to the control group (untreated cells).

The effect of VPA on apoptotic JAK/STAT
pathway

To determine the expression level of the
SOCS1, SOCS3, JAKI1, JAK2, STAT3,
STATS5A, and STATSB genes, neuroblastoma
cells (IMR-32, UKF-NB-2, SK-N-AS, UKF-
NB-3, and UKF-NB-4) were treated with VPA
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at ICso values (Table 2). The results of
gRT-PCR demonstrated that treatment with
VPA  up-regulates the expression level of
SOCS1 and SOCS3 genes and down-regulates
the expression level of JAK1, JAK2, STAT3,
STATSA, and STATS5B genes significantly

(Fig. 8).
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Fig. 7. The relative expression level of Bel-2, Bel-xL, Mcl-1 Bax, Bak, and Bim genes, involved in the extrinsic apoptotic
pathway, in neuroblastoma cell lines treated for 24 h with valproic acid at ICses; (A) IMR-32: 2.697 uM,
(B) SK-N-AS: 2.391 uM, (C) UKF-NB-2: 2.560 uM, (D) UKF-NB-3: 3.341 puM, and (E) UKF-NB-4: 3.703 puM.
**%P < 0.001 indicates significant differences compared to the control group (untreated cells).

Genes expression in glioblastoma cells
The effect of VPA on apoptotic extrinsic
pathway

To determine the expression level of the
FAS, FAS-L, DR4, DRS, and TRAIL genes,
glioblastoma cells (SF-763, SF-767, A-172,
U-87 MG, and U-251 MG) were treated with
VPA 1Cso values (Table 2). The results of qRT-
PCR demonstrated that treatment with VPA led
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to up-regulating the expression of FAS, FAS-L,
DR4, DRS, and TRAIL genes in A-172, U-87
MG, and U-251 MG cell lines significantly.
Besides, it up-regulated FAS, FAS-L, and
TRAIL gene expression in SF-767 and SF-763
cell lines significantly, whereas it could not
induce a significant up-regulation of DR4 and
DR5 genes in these cell lines (Fig. 9).
Therefore, we decided to evaluate the



expression of these genes with high
concentrations and more duration of VPA. In
this regard, these two cell lines (SF-767 and
SF-763) were treated with VPA at 7.5 uM and
10 uM for 24 h to evaluate FAS, FAS-L,
DR4, DRS5, and TRAIL genes expression.
Additionally, we treated these two cell lines
with the previous concentrations of VPA
(SF-767 cell line treated with 5.3 and SF-763

ook

Relative gene expression level

Relative gene expression level

Relative gene expression level

Relative gene expression level

Histone deacetylase inhibitors and apoptotic pathways

cell line with 6.8 uM) for 48 h and 72 h to
evaluate FAS, FAS-L, DR4, DRS5, and
TRAIL genes expression. Both methods
indicated that VPA up-regulated DR4 and DR5
gene expressions after 48 and 72 h,
significantly. In addition to these genes,
it induced a strong up-regulation of the
expression of other genes (FAS, FAS-L, and
TRAIL) (Figs. 10-11).

ke

/777777

Fig. 8. The relative expression level of SOCS1, SOCS3, JAK1, JAK2, STAT3, STATSA, and STAT5B genes, involved
in the extrinsic apoptotic pathway, in neuroblastoma cell lines treated for 24 h with valproic acid at ICsos;
(A) IMR-32: 2.697 uM, (B) SK-N-AS: 2.391 uM, (C) UKF-NB-2: 2.560 puM, (D) UKF-NB-3: 3.341 pM, and
(E) UKF-NB-4: 3.703 pM. ***P < 0.001 indicates significant differences compared to the control group

(untreated cells).
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treated for 24 h with valproic acid at ICses; (A) SF-767: 5.385 uM,

(B) SF-763: 6.809 uM, (C) A-172: 6.269 uM, (D) U-87 MG: 5.999 uM, and (E) U-251 MG: 6.165 pM). ***P < 0.001

Fig. 9. The relative expression level of DR4, DRS, FAS, FAS-L, and TRAIL genes, involved in the extrinsic apoptotic
indicates significant differences compared to the control group (untreated cells).

pathway, in glioblastoma cell lines
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Fig. 10. The relative expression level of DR4, DRS, FAS, FAS-L, and TRAIL genes, involved in the extrinsic apoptotic
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FAS, FAS-L, and TRAIL genes in the glioblastoma cell line.

(A'-A%) SF-767 cells were treated with valproic acid at 5.385 puM for 24, 48, and 72 h; and (B'-B?) SF-763 cells treated
with valproic acid at 6.809 uM for 24, 48, and 72 h. ***P <0.001 indicates significant differences compared to the control

Fig. 11. The relative expression level of DR4, DRS,
group (untreated cells).
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The effect of VPA on apoptotic intrinsic

pathway

To determine the expression level of
the Bak, Bax, Bim, Bcl-xL, Bcl-2,
and Mcl-1 genes, glioblastoma cells
(SF-763, SF-767, A-172, U-87 MG,
and U-251 MG) were treated with
VPA at ICso values (Table 2). The

results of qRT-PCR indicated that treatment
with VPA upregulated the expression level
of Bax, Bak, and Bim genes and down-
regulated the expression level of Bcl-xL,

Bel-2, and Mcl-1 genes significantly
(Fig. 12).
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The effect of VPA on apoptotic JAK/STAT
pathway

The expression level of the SOCS1, SOCS3,
JAK1, JAK2, STAT3, STATSA, and STATSB
genes was determined in glioblastoma cells
(SF-763, SF-767, A-172, U-87 MG, and
U-251 MG) which were treated with VPA at
ICso values (Table 2). The relative expression
level was evaluated by analysis. The results of
gRT-PCR indicated that treatment with VPA
up-regulated the expression of the SOCS1 and
SOCS3 and down-regulated the expression of
JAK1, JAK2, STAT3, STAT5A, and STAT5B
genes significantly (Fig. 13).
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Fig. 12. The relative expression level of Bcl-2, Bel-xL, Mcl-1, Bax, Bak, and Bim genes, involved in the
extrinsic apoptotic pathway, in glioblastoma cell lines treated for 24 h with valproic acid at ICses; (A) SF-767: 5.385 uM,
(B) SF-763: 6.809 uM, (C) A-172: 6.269 uM, (D) U-87 MG: 5.999 puM, and (E) U-251 MG: 6.165 uM).
***P < 0.001 indicates significant differences compared to the control group (untreated cells).
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Fig. 13. The relative expression level of SOCS1, SOCS3, JAK1, JAK2, STAT3, STATSA, and STAT5B genes, involved
in the extrinsic apoptotic pathway, in glioblastoma cell lines treated for 24 h with valproic acid at ICses;
(A) SF-767: 5.385 uM, (B) SF-763: 6.809 uM, (C) A-172: 6.269 uM, (D) U-87 MG: 5.999 uM, and
(E) U-251 MG: 6.165 uM). ***P < 0.001 indicates significant differences compared to the control group (untreated cells).

DISCUSSION

Recently, invitro studies have indicated that
the effect of VPA on cell proliferation and
differentiation of various cancer cells, e.g.
neuroblastoma cells, is linked with its effect on
HDAC: activities. Several experimental works
have shown that VPA plays its role through the
reactivation of silenced TSGs (31).

It has been reported that VPA can induce
apoptosis through intrinsic, extrinsic (32), and
JAK/STAT (33) pathways. The result of the
current study indicated that VPA can induce
apoptosis via three molecular mechanisms
including intrinsic, extrinsic, and JAK/STAT
pathways. We demonstrated that VPA induced
apoptosis by these mechanisms in the
neuroblastoma (IMR-32, UKF-NB-2, SK-N-
AS, UKF-NB-3, and UKF-NB-4) and
glioblastoma (SF-763, SF-767, A-172, U-87
MG, and U-251 MG) cell lines. The results
indicated that VPA played its role through
extrinsic, intrinsic, and JAK/STAT pathways, it
up-regulated FAS, FAS-L, DR4, DRS5, TRAIL,
Bak, Bax, Bim, SOCS1, and SOCS3 and down-
regulated Bcel-xL, Bel-2, Mcl-1, JAK1, JAK2,
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STAT3, STATSA, and STATSB gene
expression resulting in cell growth inhibition
and apoptosis induction in the all of the
neuroblastoma (IMR-32, UKF-NB-2, SK-N-
AS, UKF-NB-3, and UKF-NB-4) cell lines.
Similar to our report, Shankar et al. have
shown that HDACIs such as suberoylanilide
hydroxamic acid (SAHA), m-carboxycinnamic
acid bishydroxamide, MS-275, and trichostatin
A induce apoptosis through both extrinsic and
intrinsic pathways; up-regulation of DR4, DRS,
Bim, Bak, Bax, PUMA, and Noxa, and down-
regulation of Bcl-XL, Bel-2, Mcl-1, and cFLIP,
the release of mitochondrial proteins to the
cytosol, and activation of caspases (34).
Several studies have reported that cell death
pathways involve the intrinsic and extrinsic
pathways, autophagic cell death, and mitotic
catastrophe/cell death. The cell response to
HDACIs depends on the nature of HDACISs,
concentration and duration of exposure, and the
cell context. The extrinsic apoptotic pathway is
initiated by the binding of DRs, including Fas,
TNFR-1, DR-3, DR-4, DR-5, and DR-6, to their
ligands, such as FAS-L, TRAIL, TNF, and
TL1IA (Apo3L), leading to activation of
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caspases (8 and 10). These compounds can up-
regulate the expression of both death receptors
and their ligands (35).

Similarly, Nakata et al. reported that
HDACIs such as trichostatin A, SAHA, and
sodium butyrate up-regulates death receptor
expression (extrinsic pathway activation) in
various cancer cell lines (36). Additionally, it
has been reported that VPA induces apoptosis
via the extrinsic (death receptor) apoptotic
pathway (37). Besides, in a study by Catalano
et al. it has been shown that VPA induces
apoptosis by activating the intrinsic pathway,
caspases 3 and 9 activations (38). Further,
HDACIs SAHA, sodium butyrate, and
trichostatin A strongly reduce neuroblastoma
cell viability and induce cell cycle arrest in the
G2/M phase by the activation of the BimEL and
Bid and inactivation of the Bcl-xL, XIAP, and
RIP (39). As we reported in this article VPA
induced apoptosis and inhibited cell growth
through extrinsic, intrinsic, and JAK/STAT
pathways in glioblastoma (SF-767, SF-763, A-
172, U-87 MG, and U-251 MGQG) cell lines.

Similar to our report, other researchers have
shown that VPA increases the mitochondrial
release of cytochrome ¢ and apoptosis-inducing
factor in human glioblastoma cells, intrinsic
apoptotic activation (40). Furthermore, this
compound decreases mRNA and protein levels
of Bcl-2, whereas it increases Bax in the C6
glioma cell line (41).

The results from molecular studies have
demonstrated that cell apoptosis occurs via
activation of the extrinsic and intrinsic
apoptosis pathways in glioblastoma C6 and
T98G cells treated with HDACI, SAHA (42).

In addition, VPA could not upregulate the
expression of DR4 and DRS in glioblastoma
cell lines (SF-763 and SF-767), it up-regulated
FAS, FAS-L, and TRAIL genes expression in
SF-767 and SF-763 cell lines significantly,
whereas it could not induce significant
up-regulation of DR4 and DRS genes in these
cell lines. Significant up-regulation of the
expression of DR4 and DRS5 genes were
observed with increased concentration of VPA
and duration of treatment in SF-767 and SF-763
cell line. Finally, VPA can induce apoptosis
through several molecular mechanisms such as
extrinsic, intrinsic, and JAK/STAT pathways in
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a time- and concentration-dependent manner.
Inconsistent with our result, we could not find
any study to report the significant effect of VPA
on the extrinsic pathway in glioblastoma.
Therefore, an investigation of high
concentrations of VPA on other cell lines of
glioblastoma is recommended.

CONCLUSION

Our findings indicated that VPA can induce
its apoptotic effect through several pathways
including extrinsic, intrinsic, and JAK/STAT
pathways in neuroblastoma (IMR-32, UKF-
NB-2, SK-N-AS, UKF-NB-3, and UKF-NB-4)
and glioblastoma (SF-763, SF-767, A-172, U-
87 MG, and U-251 MG) cell lines.
Additionally, VPA changed the relative
expression level of the genes involved in the
extrinsic pathway in a concentration- and time-
dependent manner. Our findings will form the
basis of further research on the effects of VPA
in neuroblastoma and glioblastoma cells.
Because histone deacetylation is a potentially
reversible change, the epigenetic histone
modification by HDACIs such as VPA
represents new opportunities for cancer
management by reactivation of TSGs silencing
including the genes associated with extrinsic,
intrinsic, and JAK/STAT pathways. This
efficacy of VPA in neuroblastoma and
glioblastoma cancer cells suggests a role for
VPA in the treatment of these cancers.
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