
Toxicology Research

PAPER

Cite this: Toxicol. Res., 2016, 5, 859

Received 18th December 2015,
Accepted 16th February 2016

DOI: 10.1039/c5tx00476d

www.rsc.org/toxicology

Valproic acid causes radiosensitivity of breast
cancer cells via disrupting the DNA repair pathway
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Valproic acid (VPA) is one of the representative compounds of histone deacetylase inhibitors (HDACis) and

is used widely for the clinical treatment of epilepsy and other convulsive diseases. Current reports indicate

that HDACis may also be an attractive radiosensitizer for some tumor cells; however, it is unknown

whether the safe blood concentration of VPA (0.3–0.8 mM) used for the treatment of epilepsy can also

induce radiosensitivity in breast cancer cells. In addition, the mechanism by which VPA may induce radio-

sensitivity in breast cancer cells is yet to be determined. Our results clearly indicated that VPA at a safe

dose (0.5 mM) could significantly increase the radiosensitivity of MCF7 breast cancer cells and result in

more accumulation of DNA double strand breaks in response to DNA damage. After VPA treatment, the

frequencies of homologous recombination (HR) and non-homologous end joining (NHEJ) tested by

recombination substrates, pDR-GFP and EJ5-GFP, were dramatically decreased in the cells without the

change of the cell cycle profile. It was further found that VPA could inhibit the recruitment of key repair

proteins to DNA break areas, such as Rad51, BRCA1, and Ku80. Thus, our results demonstrated that a safe

dose of VPA causes radiosensitivity in breast cancer cells through disrupting the molecular mechanisms

of both BRCA1-Rad51-mediated HR and Ku80-mediated NHEJ pathways.

Introduction

Increasing evidence shows that most cells in multicellular
organisms have undergone epigenetic modifications caused by
histone deacetylases (HDACs) and DNA methyltransferase,
which are associated with cancer development and tumor pro-
gression.1,2 It was found that HDACs are overexpressed in
breast, colon, prostate and other cancers, indicating that
HDACs may be an attractive anticancer target.3–6 HDAC inhibi-
tors (HDACis) have recently emerged as novel anti-cancer
drugs that are toxic to malignant cells, but show minimal tox-
icity towards normal cells,7 HDACis act by targeting HDAC
activity and non-histone proteins directly, and may also play a
crucial role in the regulation of gene transcription leading to
cell-cycle arrest, differentiation, ROS generation, autophagy
and inhibition of tumor angiogenesis.2,8

Valproic Acid (VPA) is a short chain fatty acid containing
eight carbon atoms and one of the representative compounds
of HDACis. To date, VPA is mainly used for the treatment of
epilepsy patients in the clinic.9–12 Further studies on the bio-
logical effects of VPA demonstrated that this drug not only
suppresses the growth of some tumor and transforming cells
in various tissues,11,13 but also increases the radiosensitivity of
tumor cells at high concentrations (2 or 5 mM),9,14,15 thus
suggesting that VPA may be a potential radiosensitizer to
cancer cells. However, it needs to be determined whether the
clinical dose of VPA used for epilepsy patients could also be
used to enhance the radiosensitivity of breast cancer cells.

Some reports demonstrated that the mechanism of
HDACis-induced radiosensitization may be related to apopto-
sis, autophagy or the DNA damage repair function.2,3,16,17

Several studies indicate that disruption of DNA repair activity
may be associated with HDACis-mediated radiosensitiza-
tion.1,18,19 It is widely known that mammalian cells rely mainly
on the homologous recombination (HR) and non-homologous
end joining (NHEJ) mechanisms to repair DNA double strand
breaks (DSBs),20–22 and studies demonstrate that HDACis can
inhibit DNA repair by downregulating the activity of DNA
repair proteins, such as Rad51 and DNA-PKcs, in cancer
cells.23,24 This evidence indicates that there may be a close
relationship between the DNA repair function and VPA-
mediated radiosensitization.†These authors contributed equally to this work.
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The safe blood concentration of VPA for the treatment of
epilepsy is 50–100 mg per 1 L of blood, which is equal to
0.3–0.8 mM.12 In this study, a safe dose of 0.5 mM and a criti-
cal safe dose of 1 mM were chosen to explore the effect of VPA
on the radiosensitivity and its mechanism in breast cancer
MCF7 cells. Our results suggest that VPA at the safe dose and
critical safe dose causes the accumulation of DNA DSBs in the
nucleus of cells in response to DNA damage. In addition, VPA-
induced radiosensitization was associated with the disruption
of HR and NHEJ through targeting the activity of DNA repair
proteins, such as BRCA1 (breast cancer susceptibility gene 1),
Rad51 and Ku80. Finally, apoptosis of MCF7 cells was not
induced due to the lack of apoptosis related gene-caspase 3,
and VPA at the safe concentration had no effect on the cell
cycle, which suggests that the inhibition effect on DNA repair
activity might be the key mechanism for VPA-induced radio-
sensitivity in breast cancer cells.

Results
VPA at safe dose can cause DNA DSBs in the cells in response
to DNA damage

DSBs generated by ionizing radiation (IR) are the most
dangerous DNA lesions to the cells. It was previously demon-
strated that DSBs result in the phosphorylation of H2AX on
serine 139 to form γH2AX,25–27 which is commonly con-
sidered to represent DNA DSBs. Thus, γH2AX was used as a
DSBs marker to determine whether VPA can induce or
enhance IR-induced DNA DSBs. At first, γH2AX expression
was detected for this idea. The results by immunoblotting
showed that VPA at the concentration of 0.5 mM and 1 mM
for 24 h could induce γH2AX expression as compared with
the cells without VPA treatment (Fig. 1A). After MCF7 cells
pretreated with VPA were further irradiated by 8 Gy, at 6 h
post-IR, the VPA pretreatment with 0.5 mM and 1 mM for
24 h significantly increased the γH2AX expression as com-
pared with the single IR exposure group (Fig. 1A), suggesting
that VPA can accumulate unrepaired IR-associated DSBs in
MCF7 cells. Next, these results were confirmed by γH2AX foci
formation via immunofluorescence staining. After treatment
with VPA alone, the percentage of cells with γH2AX foci for-
mation in MCF7 cells showed a significant increase in a time-
dependent manner (Fig. 1B). After MCF7 cells were treated
with 0.5 mM VPA for 24, 48 and 72 h, the percentage of cells
with γH2AX foci formation was increased by 5.30% (P < 0.05),
7.11% (P < 0.01) and 12.24% (P < 0.01), respectively, as com-
pared with the percentage of 5.51% in the control group
without VPA treatment (Fig. 1B). The percentage of cells with
γH2AX foci formation in the group of 1 mM VPA presented
the same tendency as the group of 0.5 mM VPA, which was
increased by 9.33% (P < 0.05), 13.91% (P < 0.01) and 17.38% (P
< 0.01), respectively (Fig. 1B), compared to the control group
with the percentage of 5.51% (Fig. 1B), indicating that VPA
alone at safe and critical safe doses is able to induce DSBs in
unirradiated breast cancer cells.

We further analyzed the effect of VPA on IR-associated
γH2AX foci in MCF7 cells. At 6 h post-8 Gy, we found that
γH2AX foci formation was present in all the MCF7 cells
(Fig. 1C upper). However, according to the form of the foci, the
cells were divided into two types, A and B:28 Type A cells
contain smaller, darker γH2AX foci, which represents slighter
DNA damage (Fig. 1C upper, thin arrow), and Type B cells
contain only larger and brighter γH2AX foci or two kinds of
smaller and larger foci, which represents severe DNA damage
(Fig. 1C upper, thick arrows). The pattern of γH2AX foci for-
mation in MCF7 cells treated with IR alone is mainly Type A
cells, and its percentage was around 83.49% but the frequency
of Type B was only 16.51%. After the cells were pretreated with
VPA and then irradiated with 8 Gy IR, at 6 h post-IR, the per-
centage of Type B cells is obviously increased as compared
with the single IR exposure group (Fig. 1C lower). Moreover,
the percentage of Type B cells was obviously enhanced follow-
ing the prolonged pretreatment time of VPA, which was
carried out in a time-dependent manner (Fig. 1C lower). After
MCF7 cells were pretreated with 0.5 mM VPA for 24, 48 and
72 h, followed by 8 Gy treatment, the percentage of Type B
cells was increased by 12.43% (P < 0.05), 41.46% (P < 0.01) and
54.25% (P < 0.01) respectively, as compared with the single IR
exposure group rate of 16.51% (Fig. 1C lower left); the fre-
quency of Type A and B cells treated with the combination of
1 mM VPA with IR was similar to the combination of 0.5 mM
VPA and IR, the percentage of Type B cells was increased by
31.75% (P < 0.05), 51.19% (P < 0.01) and 54.92% (P < 0.01),
respectively (Fig. 1C lower right). Here, the neutral comet assay
was used to detect DSBs in VPA-treated cells in order to
confirm the above results. Before IR treatment, VPA can
obviously enhance the olive moments as compared to the
control group (P < 0.05, Fig. 1D upper and lower left). At 0 min
post-8 Gy, the olive moments in 0.5 mM VPA pretreated cells
were significantly increased as compared with VPA-untreated
cells (P < 0.01, Fig. 1D upper and lower left). After the data
from the groups of IR alone or the combination of IR with VPA
were corrected by the results of each corresponding group at
0 min post-IR respectively, it was further found that at both
30 min and 120 min post-IR the relative olive moments in
VPA-pretreated cells were also obviously higher than in the
cells without VPA treatment (P < 0.01, Fig. 1D lower right),
which was consistent with the results of testing γH2AX activity.
Thus, through two different assays, our data implied that VPA
at both safe and safe critical doses not only induces DSBs
accumulation but also has the ability to result in IR-induced
DSBs retention in breast cancer cells.

The effect of VPA at safe dose on the radiosensitivity of breast
cancer cells

Since the data demonstrated that VPA at safe and safe critical
doses can increase DNA DSBs accumulation, it was assessed
whether radiosensitivity in MCF7 cells could be influenced by
VPA. At first, the MTT assay was used to test the dynamic
change of cell survival; the results from Fig. 2A showed that
the survival of cells treated with 0.5 mM or 1 mM VPA alone
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can be suppressed after 5 days (P < 0.05), and 4Gy of IR can sig-
nificantly increase cell sensitivity at the indicated time points
(Fig. 2A, P < 0.01). Importantly, after the cells were pretreated

with 0.5 or 1 mM VPA for 24 h and then irradiated with 4 Gy,
at 4 days post-IR treatment the percentage of cell survival
obviously decreased as compared with the single IR group

Fig. 1 The effect of VPA on γH2AX activity in MCF7 cells before and after IR treatment. (A) γH2AX expression in the cells treated with 0.5 or 1 mM
VPA and in combination with IR was detected by western blotting; p84 was used as a loading control (left). The density of the γH2AX expression in A
(left) was analyzed by “Image J” (right). (B) The images represent γH2AX foci formation in the cells treated with 0.5 mM VPA (left). The percentage of
cells with γH2AX foci formation was calculated after VPA treatment (right panel, the cell with >10 foci was called positive and counted). (C) The
images represent IR (8 Gy)-induced γH2AX foci formation in the cells pretreated with 0.5 mM VPA, thin and thick arrows separately exhibited Type A
and B of γH2AX foci formation (upper). The percentage of cells with Type A and B of IR-induced γH2AX foci formation was calculated in the cells
treated with the combination of IR with 0.5 mM and 1 mM VPA (lower). (D) The 0.5 mM VPA-treated and -untreated cells before and after 8 Gy treat-
ment are presented in the images from comet assay (upper), and the olive moment was further analyzed (lower left); after correcting the data, the
relative olive moment at 0 min, 30 min and 60 min was exhibited in the cells (lower right). DAPI was used for nuclear staining. Each data point in the
graphs was from three independent experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).
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(Fig. 2A, P < 0.01), suggesting that VPA can sensitize breast
cancer cells to irradiation (the percentage of cell survival for
the combination group was corrected by VPA alone). Next, to
confirm this result, the cell survival in breast cancer cells
treated with VPA was further assessed by the clonogenic survi-
val assay, and colony survival was determined 21 days later.
Fig. 2B shows that VPA alone at the safe dose significantly

reduced cell survival by 30% relative to cells without VPA treat-
ment (P < 0.01). After the cells were pretreated with 0.5 mM of
VPA for 24 h and then exposed to different doses of IR (2, 4, 6
Gy), a significant reduction in 4 Gy and 6 Gy-induced clono-
genic survival in the cells was shown as compared with IR
alone (Fig. 2C, P < 0.05 or 0.01, the survival fraction for the
combination group was corrected by VPA alone), which is con-

Fig. 1 (Contd).

Fig. 2 Radiosensitivity was detected in MCF7 cells after the treatment with VPA or the combination with IR. The cell growth was tested by the MTT
assay in the cells in VPA alone or the combination treatment of 0.5 mM or 1 mM VPA with 4 Gy of IR (A). The clonogenic survival assay was used to
detect the plating efficiency in the cells treated with 0.5 mM alone (B) and surviving fraction in the cells treated with both 0.5 mM and different
doses of 0, 2, 4 or 6 Gy (C). Each data point in the graphs was from three independent experiments (mean ± SD). P-values were calculated by
Student’s t-test (*P < 0.05, **P < 0.01).
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sistent with the results from the MTT assay. Therefore, our
data obtained by two different approaches suggested that VPA
at a safe concentration can inhibit cell survival and enhance
the radiosensitization of breast cancer cells, which may be
associated with VPA-induced DSBs accumulation.

VPA at safe dose can lead to the dysfunction of HR
repair pathway

Based on the above results, it would be very interesting to
know the mechanism of VPA-induced radiosensitization in
breast cancer cells. Since VPA can lead to the accumulation of
DSBs in the cells, it is possible that VPA can also influence the
activity of DNA repair. To detect this possibility, the effect of
VPA on the time it takes for IR-induced γH2AX foci to dis-
appear was observed by immunofluorescence staining. As shown
in Fig. 1B, the percentage of cells with γH2AX foci in the
control group has no significant change during 0 h–72 h. At
6 h post-IR, in all of the cells with or without VPA pretreatment
there was γH2AX foci formation (Fig. 3A, Fig. 1C). However, at
24 h post-IR, we found that the percentage of irradiated cells
with γH2AX foci has decreased to 26.27% (Fig. 3A), indicating
that most of the DNA damage caused by irradiation was
repaired under these conditions. In contrast, at this time
point, the proportion of γH2AX foci in irradiated cells pre-
treated with 0.5 mM or 1 mM VPA for 24 h was decreased to
45.63% and 52.11% (Fig. 3A), respectively, which was signifi-
cantly higher than cells with IR exposure alone (Fig. 3A,
P < 0.01), indicating that VPA may lead to the delay of IR-induced
DNA DSBs repair; in other words, the DNA repair capacity in
breast cancer cells was inhibited by VPA at a safe dose.

Since mammalian cells rely mainly on HR and NHEJ
mechanisms to repair DSBs, the effect of VPA on the frequency
of HR and NHEJ was measured in our working system. First,
we employed breast cancer cell line MCF7 to express the
pDR-GFP recombination reporter for the HR frequency assay
(Fig. 3B). Prescreening results demonstrated that the HR fre-
quency can be tested by flow-cytometry after the generation of
I-SceI-induced DSBs (Fig. 3C). It was found that cells treated
with 0.5 mM VPA for 24 h can dramatically decrease HR fre-
quency by 42.59% as compared to the cells without VPA treat-
ment (Fig. 3D, P < 0.01). Also, 1 mM VPA treatment for 24 h
showed a significant reduction of 37.58% in HR relative to the
VPA-untreated group (Fig. 3D, P < 0.01), but there was no
difference in the HR function between the doses of VPA at
0.5 mM and 1 mM (P > 0.05), indicating that VPA at a safe
dose is sufficient to cause the disruption of the HR pathway.
Since HR functions mainly in the S and G2 phases of the cell
cycle, where the identical sister-chromatid is available for HR
repair as a template,29–31 cell cycle profiling was tested in VPA-
treated cells by flow cytometry. The results displayed that the
percentage of cells at the G1, S and G2 phases in VPA-treated
cells did not alter as compared with untreated cells (Fig. 3D),
indicating that the change of HR is not associated with the cell
cycle. In addition, we discovered that a higher dose of VPA
(5 mM) can also dramatically reduce the HR frequency to 40%,
but most of the cells (around 80%) accumulated at the G1

phase under this situation (data not shown). This suggests
that a high dose of VPA can trigger the secondary effect to
influence the cell function, but a low dose of VPA (such as
0.5 mM) can only exhibit the primary mechanism.

VPA at a safe dose can suppress the Rad51 and BRCA1 activity
before and after IR treatment

Our data demonstrated that VPA can affect the HR function in
response to DNA damage, and it was reported that a number
of DNA repair proteins are involved in the HR process for
repairing damaged DNA. One such protein, recombinase
Rad51, plays a central role in the HR mechanism, thus we
investigated whether VPA influences the Rad51-mediated HR
pathway. The results from immunoblotting displayed that
0.5 mM and 1 mM VPA treatment for 24 h did not affect the
Rad51 protein level in breast cancer cells before irradiation
(Fig. 4A). At 6 h post-IR, the Rad51 protein level underwent
around 50% reduction in the cells pretreated with 0.5 mM and
1 mM VPA (Fig. 4A right). Some reports indicate that Rad51
foci still form in response to DNA damage even when there is
a lower protein level of Rad51 in the cells,32,33 so we deter-
mined whether IR-induced Rad51 foci formation was inacti-
vated by VPA. The results from the immunofluorescence assay
showed that the percentage of the cells with Rad51 foci for-
mation in the 0.5 mM VPA-treated group was slightly
decreased as compared with the control group (P > 0.05) and
1 mM VPA treatment reduced Rad51 foci by 2.03% (P < 0.05)
as compared with the control group (4.33%) (Fig. 4B). In
response to DNA damage, MCF7 cells pretreated with 0.5 or
1 mM VPA for 24 h before 8 Gy treatment showed a more sig-
nificant decrease in the percentage of cells with Rad51 foci for-
mation, which were reduced by 6.64% (P < 0.01) and 6.59%
(P < 0.01) respectively, as compared with the single IR exposure
group (12.55%) (Fig. 4B). This indicated that VPA at a safe
dose impaired Rad51 activity after irradiation, and the VPA-
inhibited HR pathway is Rad51-dependent.

BRCA1 is another important protein that mediates DNA
repair and regulates HR via interaction with Rad51,34 so we
also determined whether BRCA1 activity was influenced by
VPA. The BRCA1 protein level was slightly decreased in non-
irradiated cells treated with 0.5 mM VPA, however, 1 mM VPA
caused more reduction of the BRCA1 protein level (Fig. 4C). At
6 h post-IR, it was found that the protein levels of BRCA1 sig-
nificantly decreased (Fig. 4C), which is consistent with the
pattern of change of VPA-induced Rad51 protein expression
mentioned in Fig. 4B. Also, the immunofluorescence assay was
used to determine BRCA1 foci formation in VPA-treated cells.
After MCF7 cells were treated with 0.5 mM VPA for 24 h and
48 h, there was no difference in the percentage of cells with
BRCA1 foci formation as compared with the control group;
however, the percentage of the cells with BRCA1 foci formation
at 72 h in VPA-treated cells was significantly reduced by 3.84%
(P < 0.01) as compared with 5.13% in the control group (posi-
tive cells with ≥10 foci, Fig. 4D). MCF7 cells pretreated with
0.5 VPA for 24, 48 and 72 h before 8 Gy IR showed a more sig-
nificant decrease in the percentage of cells with BRCA1 foci
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formation, which were reduced by 3.48% (P > 0.05), 23.57%
(P < 0.01) and 30.83% (P < 0.01) respectively, as compared
with 38.45% in the single IR exposure group (Fig. 4D). IR-
induced BRCA1 foci formation in the cells treated with 1 mM
VPA exhibited the same tendency as 0.5 mM VPA (data not
shown). Therefore, VPA can impair the recruitment of BRCA1

to DNA breaks, thus inhibiting the DNA damage repair
pathway.

It was reported that BRCA1 regulates the Rad51-mediated
HR repair pathway in response to DNA damage, and both pro-
teins can occur in the same DNA break areas. Here we investi-
gated the colocalization of BRCA1 and Rad51 foci formation in

Fig. 3 The effect of VPA on HR activity. (A) The dynamic change of IR-induced γH2AX foci formation in the cells treated with 0.5 and 1 mM VPA was
observed after 8 Gy treatment. The images represent γH2AX foci formation in the VPA-treated cells at 6 h and 24 h post-8 Gy, DAPI was used for
nuclear staining (left). The percentage of γH2AX foci formation in A (left) was evaluated (right). (B) The working schematic of the recombination sub-
strate, pDR-GFP, was presented. (C) MCF7 cells with pDR-GFP expression were transfected with plasmid of I-SceI or GFP and then treated with
0.5 mM or 1 mM VPA for 24 h. GFP was used as a positive control to represent transfection efficiency. The images showed that the results of HR fre-
quency in VPA-treated cells were measured by flow cytometry. (D) The relative HR frequency was analyzed, and the percentage of each phase in the
cell cycle was tested by flow cytometry. Each data point in the graphs was from three independent experiments (mean ± SD). P-values were calcu-
lated by Student’s t-test (**P < 0.01).
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Fig. 4 The effect of VPA on HR associated proteins. (A) Rad51 protein level was detected by western blotting in VPA-treated cells before and after 8
Gy treatment, p84 was used as a loading control (left). The density of the Rad51 protein level in A (left) was analyzed by “Image J” (right). (B) IR-
induced Rad51 foci formation in 0.5 mM VPA-treated cells was exhibited in the images (left). The percentage of the cells with Rad51 foci formation
was evaluated in VPA-treated cells at 6 h post-IR (right). (C) The BRCA1 protein level was detected by western blotting in VPA-treated cells before
and after 8 Gy treatment (left). The density of the BRCA1 protein level in C (left) was measured by “Image J” (right), p84 was used as a loading
control. (D) IR-induced BRCA1 foci formation in VPA-pretreated cells was observed in the images at 6 h post-8 Gy (left), the percentage of IR-
induced BRCA1 foci formation in 0.5 mM VPA-pretreated cells was calculated (right). (E) The colocalization of Rad51 and BRCA1 foci formation was
presented at 6 h post-8 Gy irradiation. DAPI was used for nuclear staining in the images. Each data point in the graphs was from three independent
experiments (mean ± SD). P-values were calculated by Student’s t-test (*P < 0.05 **P < 0.01).
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our working system. In response to DNA damage, it was
observed that BRCA1 foci can perfectly colocalize with Rad51
foci at DNA break areas (Fig. 4E), and 0.5 mM VPA can
decrease the association of both the proteins in IR-treated
cells, implying that VPA maybe inhibit the BRCA1-Rad51-
mediated HR repair pathway, thus sensitizing breast cancer
cells to irradiation treatment.

The effect of VPA at safe dose on NHEJ repair pathway

NHEJ is another important mechanism to repair DNA DSBs.
To test the possibility that VPA may influence the NHEJ func-
tion in our working system, we used U2OS cells expressing the
EJ5-GFP reporter to measure the NHEJ frequency35,36 (Fig. 5A).
Prescreening results demonstrated that the NHEJ frequency
can be tested by flow-cytometry after the generation of I-SceI-
induced DSBs (Fig. 5B). It was discovered that the NHEJ fre-
quency dramatically decreased by 40% in the cells treated with
0.5 mM VPA for 24 h as compared with untreated cells
(Fig. 5C, P < 0.01). Cells treated with 1 mM VPA for 24 h
showed a significant reduction of around 45% in NHEJ relative
to the control group (Fig. 5C, P < 0.01). There was no difference
between 0.5 mM and 1 mM VPA groups (Fig. 5C, P > 0.05),
indicating that VPA at a safe dose also leads to the disruption
of the NHEJ pathway. Here cell cycle profiling was tested in
VPA-treated U2OS cells by flow cytometry, and the results
demonstrated that the proportion of cells at the G1, S and G2
phases in VPA-treated cells had no change as compared with
control cells (Fig. 5C). Thus, VPA at a safe dose can suppress
the NHEJ repair capacity.

A number of proteins are involved in the NHEJ repair
pathway, such as DNA-PKcs, Ku70, Ku80, etc. Since our data
demonstrated that VPA had a suppressive effect on NHEJ, it
would be reasonable to detect whether VPA can influence the
major NHEJ-associated proteins. The results from the immuno-
blotting assay demonstrated that the DNA-PKcs and Ku70
protein level had no significant change between the cells with
or without VPA treatment before and after 8 Gy IR. However,
the protein expression of Ku80 in the cells treated with
0.5 mM VPA for 24 h before and after irradiation was signifi-
cantly decreased as compared with the control and IR alone
groups, potentially declaring that VPA may suppress NHEJ via
targeting Ku80 protein expression.

Discussion

It has been reported that overexpression of HDACs was discov-
ered in many cancers.2,17 HDACs can inhibit histone acetyl-
ation and result in transcriptionally inactive chromatin.3,4,8

HDACis is able to increase the histone acetylation level via sup-
pression of HDACs activity and affect chromatin structure and
gene regulation.2,3,6,17 VPA, a representative compound of
HDACis and a drug used for anticonvulsant treatment in the
clinic, was investigated in this study. Our data here have indi-
cated that 0.5 mM VPA used for the treatment of epilepsy in
the clinic can also inhibit breast cancer cell proliferation and
induce radiosensitivity by disrupting BRCA1-Rad51-mediated
HR and Ku80-mediated NHEJ repair pathways, which are
associated with the accumulation of IR-induced DSB cells.
This indicates that VPA at a safe dose may be a promising anti-
cancer drug and radiosensitizer (Fig. 6).

Increasing evidence has shown that a number of HDACis
not only have potential anticancer effects but also are
radiosensitizers for some tumors at cellular and animal

Fig. 5 The effect of VPA on NHEJ activity. (A) The working schematic of
the EJ5-GFP reporter for the NHEJ assay is presented. (B) U2Os cells
expressing EJ5-GFP were transfected with the plasmid of I-SceI or GFP
and then treated with 0.5 mM or 1 mM VPA for 24 h. GFP was used as a
positive control to represent transfection efficiency. The results of NHEJ
frequency in VPA-treated cells as measured by flow cytometry are
shown in the images. (C) The relative NHEJ frequency was analyzed in
0.5 mM and 1 mM VPA-treated cells, and the percentage of each phase
in the cell cycle was evaluated by flow cytometry. (D) The NHEJ-associ-
ated proteins, such as DNA-PKcs, Ku70 and Ku80, in VPA-pretreated
cells were detected at 6 h before and after 8 Gy treatment. Actin was
used as a loading control. Each data point in the graphs was from three
independent experiments (mean ± SD). P-values were calculated by Stu-
dent’s t-test (**P < 0.01).
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levels;1,4,10,19,24 however, the molecular mechanism of HDACis-
induced sensitivity to IR remains unknown. In the present
study, besides the effect of VPA on DNA damage repair, it was
also found that both 0.5 mM and 1 mM VPA did not affect cell
cycle profiling. Only a higher dose of VPA at 5 mM can cause
the accumulation of the cells in G1 phase, indicating that
lower dose VPA-induced cell death is independent of the cell
cycle control. It was also reported that apoptosis resistance in
MCF-7 breast carcinoma cells subject to IR was independent of
p53 and cell cycle control since MCF7 cells carry defective
caspase-3,37 suggesting that IR could not induce apoptosis in
MCF7 cells. Based on the study, it is clearly indicated that the
disruption of the DNA repair pathway caused by VPA at a safe
dose is the key mechanism for its effects of radiosensitization
and anticancer in breast cancer. The following reasons
strongly support the close relationship between VPA-mediated
radiosensitization and the disruption of DNA repair. Firstly,
our and other reports obviously demonstrated that VPA and
other HDACis can enhance accumulation of DSBs in breast
cancer cells (Fig. 1) in response to DNA damage,10 and prolong
the resolution of DNA DSBs (Fig. 3A),4,10,38 indicating that
DNA repair activity was damaged in HDACis-treated cells. Sec-
ondly, the inhibition of DNA repair is directly associated with
the inactivation of both HR and NHEJ measured by the re-
combination reporters, pDR-GFP and EJ5-GFP (Fig. 3B–D and
5A–C). However, there is a contrasting report that HDACis target-
ing drugs (such as SAHA or TSA) did not alter the HR fre-
quency but induced significant increase in NHEJ activity in
HeLa cells.19,23 Therefore, it is indicated that different HDACis
may initiate different mechanisms for radiosensitization, and
HDACis-triggered mechanisms may also rely on the type of
cancer cells. Thirdly, the key question to be answered is how
DNA repair-associated proteins play a role in VPA-treated
cancer cells. The activity of crucial proteins in HR, BRCA1 and
Rad51, were evidently down-regulated and were not efficiently

recruited to DNA DSB areas after VPA treatment (Fig. 4). In
addition, other HDACis (such as Vorinostat and PCI-24781)
can also decrease Rad51 and BRCA1.24,39,40 In terms of NHEJ,
only Ku80 was found to be down-regulated in VPA-treated cells
(Fig. 5D), indicating that the recruitment of the Ku70/80 hetero-
dimer to DSBs to activate the classical mechanisms of NHEJ
was suppressed. This is consistent with other reports indicat-
ing that HDACis (such as Vorinostat, TSA etc.) attenuated up-
regulation of Ku80, DNA-PKcs etc. in prostate and colon cancer
cells.41 Most importantly, the mechanisms by which VPA or
other HDACis are able to target DNA repair proteins and affect
repair pathways in cancer cells require further verification.

Currently radiotherapy remains one of the most common
forms of cancer therapy, even though the pre-clinical study of
VPA in combination with radiation for some cancer treatments
has been carried out,42 there is little evidence for the combi-
nation of VPA with radiation in the treatment of breast cancer.
The safe blood concentration of VPA in the treatment of epi-
lepsy is 0.3–0.8 mM, and the safe dose (0.5 mM) of VPA in the
present study successfully resulted in the radiosensitization in
breast cancer cells (Fig. 2), which provide reliable evidence for
additional studies. The urgent studies would be done at the
animal level and probably preclinical stage since the pharmaco-
logical activities of VPA at a safe dose in the clinic are well-
known. Given that the inhibition of DNA repair activity is the
key mechanism for VPA-induced radiosensitization, it would
be very interesting to identify whether HR- or NHEJ-associated
proteins could be used as efficient biomarkers to predict those
patients who would benefit from either VPA therapy alone or
in combination with radiotherapy.

Materials and methods
Cell culture

MCF7 and U2OS cell lines (American type culture collection)
were maintained in DMEM (Gibco) supplemented with 10%
FBS (Gibco) under a humidified atmosphere of 5% CO2 at 37 °C.

VPA and irradiation treatment

Cells with 0.5 or 1 mM VPA (Sigma) pretreatment for 24, 48 or
72 h were irradiated by different doses of X-ray with a Primus
linear accelerator (Siemens, 6 MV X-ray, absorbed dose rate:
2.33 Gy per min, field size: 40 cm × 40 cm).

Immunoblotting and Immunofluorescence analysis

The methods are mentioned in our published paper.43 The
primary antibodies used for immunoblotting analysis are
mouse anti-BRCA1 (D9, Santa Cruz Technology), anti-Rad51
(Ab-2, Calbiochem), anti-DNA-PKcs (Abcam), anti-Ku70 (Santa
Cruz Biotechnology), anti-Ku80 (Santa Cruz Biotechnology),
anti-γH2AX (Ser139, clone JBW301, Millipore), anti-P84
(Abcam), and anti-β-actin (Sigma). Secondary antibodies used
were the goat anti-rabbit IgG horseradish peroxidase conju-
gated, goat anti-mouse IgG-horseradish peroxidase conjugated
(Pierce, Rockford, IL), AlexaFluor 594-labeled goat anti-mouse

Fig. 6 The working model of the effect of VPA at safe and critical doses
on anti-cancer radiosensitization through inhibiting BRCA1-Rad51-
mediated HR and Ku80-mediated NHEJ pathways.
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IgG, and AlexaFluor 488-labeled chicken anti-rabbit (Molecular
Probe).

Comet assay

The neutral comet assay was performed for detection of
DSBs by using the Comet Assay kit (Trevigen, Gaithersburg, MD)
following the manufacturer’s instructions. Olive Moment was
analyzed using CometScore software (TriTek, Sumerduck, VA).

Clonogenic survival assay

The method was described in our previous paper.43 The
number of cell colonies (≥50 cells per clone) was counted and
the ability of cell survival was presented by the survival fraction
(SF), SF = (the number of clones/seeded cells)/plating
efficiency (PE).

MTT assay

MTT solution (5 mg ml−1, Sigma) was added to the treated
cells and incubated for 4 h. Then the medium was replaced
with dimethyl sulfoxide. The absorbance of the solution was
measured using an enzyme immunoassay analyzer at 490 nm.

HR assay

MCF7 cell line carrying a pDR-GFP reporter was used for this
assay to measure the HR frequency.43 Cells were transfected
with I-SceI, GFP, pcDNA3 plasmids and subjected to flow cyto-
metry for analysis of GFP-positive cells.

NHEJ assay

U2OS cell line with the expression of End Joining reporter
(EJ5-GFP) in the genome was applied to measure the NHEJ fre-
quency.36 The nucleofector (Amaxa, USA) was used for cell
transfection with I-SceI, GFP or pcDNA3 plasmids. The NHEJ
frequency was analyzed by flow cytometry.

Cell cycle analysis

The cells were collected and fixed with 70% cold ethanol over-
night and stained with prodidium iodide solution for cell cycle
analysis by flow cytometry as mentioned in our previous paper.43
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