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The aim of our work was to evaluate mechanisms leading to radiosensitization of MOLT-4 leukemia cells fol-
lowing valproic acid (VA) treatment. Cells were pretreated with 2 mM VA for 24 h followed by irradiation with a
dose of 0.5 or 1 Gy. The effect of both noxae, alone and combined, was detected 1 and 24 hours after the irra-
diation. Induction of apoptosis was evaluated by a flow cytometry. The extent of DNA damage was further de-
termined by phosphorylation of histone H2AX using confocal microscopy. Changes in protein expression were
identified by SDS-PAGE/immunoblotting. Two-millimolar VA increased apoptosis induction after irradiation
as well as phosphorylation of H2AX and provokes an increase in the level of p53 and its phosphorylation at
Ser392 in 4 h post-irradiation. Likewise, p21 protein reached its maximal expression in 4 h after the irradiation
of VA-treated cells. Twenty four hours later, only the pS3 phosphorylated at Ser15 was detected. At the same
time, the protein mdm2 (negative regulator of p53) was maximally activated. The 24-hour treatment of MOLT -
4 leukemia cells with 2 mM VA results in radiosensitizing, increases apoptosis induction, H2AX phosphoryla-

tion, and also p53 and p21 activation.
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INTRODUCTION

Valproic acid (VA) is an established drug used in the
treatment of epileptic seizures and mania in bipolar
disorders [1]. In addition, it has recently been found
that VA possesses an anti-tumor activity of histon
deacetylase inhibitors-HDACI [2]. Generally, HDACi
induce the accumulation of hyperacetylated histones
and cause transcriptional activation of genes. Follow-
ing HDACI treatment, chromatin becomes more re-
laxed and accessible for transcription factors [3]. VA
inhibits co-repressor-associated HDACs at therapeu-
tically employed concentrations [4]. VA is a class I
HDAC,I. Such activity might be explained by the abil-
ity of the compound to fit into the enzyme pocket of
class I HDACs and form a complex with a Zn?* ion
[5]. Kramer et al. [6] discovered that VA triggers the
proteasome-mediated degradation of HDAC?2. Thus,
VA acts as an isoenzyme-selective down-modulator of
HDAC?2.

HDACi may modulate the cell cycle, the induction
of growth arrest and differentiation and the inhibition

Abbreviations: VA — valproic acid; HDAC— histondeacetylase;
HDACi — histondeacetylases inhibitors; IOD — integral optical
density; IR — ionizing radiation; DSB — double strand break.
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of proliferation or it may promote apoptosis. HDACi
alter the expression of approximately 2—10% of genes,
mainly those involved in the events mentioned above
[7]. Many studies have shown that HDACi exhibit se-
lective cytotoxicity against a wide range of cancer cells
and are relatively nontoxic for normal cells [8].

Modulation of tertiary chromatin structure repre-
sents one mechanism for HDACi activity. Another
possible activity is deacetylation and alteration of non-
histone proteins, such as the transcription factor p53.
Protein p53 influences the expression of more than
150 genes that mediate the arrest of cells in the cell cy-
cle checkpoints or that induce apoptosis [9]. Acetyla-
tion of p53 increases its DNA binding as well as its
transcriptional activity at the p2l1 promotor [10].
HDAC: induce p21 in a p53-dependent, but more im-
portantly in a p53-independent manner, which occurs
via the Sp1/Sp3 pathway [11]. However attempts are
made to combine p53 therapy with HDAC inhibitors
treatment [12].

Radiotherapy is a frequently used technique in the
treatment of cancer. lonizing radiation (IR) causes
one of the most severe types of damage to DNA —
double strand breaks (DSB) [13]. The first response to
DNA damage is represented by ATM (ataxia telang-
iectasia mutated) kinase. ATM kinase transmits the
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signal to down-stream targets through a transduction
cascade to activate the signaling mechanisms for cell-
cycle arrest and induction of repair, or cell death if the
damage is irreparable [14]. Histone H2AX is rapidly
phosphorylated in the chromatin micro-environment
surrounding DSB. Phosphorylated H2AX (YH2AX) is
required for the accumulation of numerous essential
proteins responsible for DNA reparation into irradia-
tion induced foci-IRIF [15]. The number of these foci
can be used as a marker of DNA damage and its repair.
Valproic acid at a concentration of 2 mM also pro-
voked the phosphorylation of histone H2AX after 4 h
or 24 h of the treatment [16].

A therapeutic potential of radiotherapy can be in-
creased by the application of radiosensitizing agents
before irradiation. HDACi can modulate the cellular
response to ionizing radiation by enhancing the radia-
tion sensitivity of cells. Trichostatin A (TSA) is a po-
tent radiation sensitizer in K562 cells. Exposure of
cells to TSA prior irradiation results in decreased sur-
vival [17]. Similarly, suberoylanilid hydroxamic acid
(SAHA) reduces clonogenic survival and enhances the
radiation-induced apoptosis in human prostate and
glioma cancer cell lines [18].

In our previous work, we proved the combination of
VA and IR decreasing clonogenical survival of MOLT-4
leukemia cells when VA is applied before as well as af-
ter the irradiation [19]. A combination of irradiation at
adose of 1 Gy and 0.5 mM VA treatment had a synergic
effect in respect to the apoptosis induction. In HL-60,
the radiosensitizing effect of VA was caused by induc-
tion of p21 leading to the differentiation of HL-60
cells, but not by the abrogation of G2/M cell cycle ar-
rest [20]. In this work, properties of 2 mM VA as a ra-
dio-enhancer were studied in MOLT-4 leukemia cells.
An increased apoptosis induction, change in histone
H2AX phosphorylation at Ser139, and the effect on
ATM down-stream targets such as p53 and its related
proteins have been detected.

EXPERIMENTAL

Cell cultures and culture conditions. Human T-lym-
phocytic MOLT-4 leukemia cells from the American
Type Culture Collection (“ATCC-LGC Standards”,
USA) were cultured in Iscove’s modified Dulbecco’s
medium (“Sigma”) supplemented with 20% fetal calf
serum in a humidified incubator at 37°C ina 5% CO,
atmosphere. The culture was divided by a dilution in a
concentration of 2 x 103 cells/mL every 2™ day. The
cell counts were performed with a hemocytometer,
whereas a cell membrane integrity was determined us-
ing the trypan blue exclusion technique. The cell lines
in a maximal range of up to 20 passages were used for
this study. MOLT-4 p53 has a G—A point mutation at
codon 248 (not leading to a substition in the amino ac-
id sequence of p53 protein), thus its function is not
compromised.
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Gamma irradiation. The exponentially growing
MOLT-4 cells were suspended at a concentration of
2 x 10° cells/mL in the complete medium. Aliquots of
10 mL were plated into the 25-cm? flasks (“Nunc”)
and irradiated using the [*°Co] gamma-ray source with
a dose-rate of 0.4 Gy/min. Afterwards, the flasks were
placed in a 37°C incubator with 5% CO, and aliquots
of the cells were removed for analysis at various times
after the irradiation.

Valproic acid (VA). VA (“Sigma-Aldrich”) was add-
ed into the cultivation flask for a specific amount of
time at a final concentration of 2 mM. The VA sodium
salt was dissolved in PBS at stock concentration of
100 mM and stored at —20°C.

Flow cytometric analysis of apoptosis induction.
The apoptest-FITC kit (“DakoCytomation”, Czech
Republic) was used for apoptosis detection. During
apoptosis, cells expose phosphatidylserine at the cell
surface. Annexin V, a phospholipid binding protein,
binds selectively and with high affinity for phosphati-
dylserine in the presence of calcium ions. Flow cyto-
metric analysis was performed on a Coulter Epics XL
flow cytometer equipped with a 15-mW argon-ion la-
ser with excitation capabilities at 488 nm (“Coulter
Electronic”, USA). A minimum of 10000 cells was
collected for each sample in a list mode file format.

Activity of caspases 3/7, 8, and 9. The activity of
caspases was measured using the Caspase-Glo® lumi-
nescent assay (“Promega”, USA).

Immunocytochemistry. The cells were fixed with
the 4% freshly prepared paraformaldehyde for 10 min
at room temperature (RT), washed in PBS, permeabi-
lized in 0.2% Triton X-100/PBS and washed. Before
incubating with primary antibodies (overnight at 4°C),
the cells were blocked with 7% inactivated FCS + 2%
bovine serum albumin in PBS for 30 min at RT. The
mouse monoclonal anti-phospho-histone H2A.X
(“Upstate”, USA) was used for detecting YH2AX. The
affinity pure donkey anti-mouse-FITC-conjugated
antibody was purchased from Jackson Laboratory (Bar
Harbor, USA). The images were obtained by a high-
resolution confocal cytometry with use of a complete-
ly automated Leica DM RXA fluorescence micro-
scope equipped with a CSU-10a confocal unit (“Lei-
ca”, Japan) and CoolSnap HQ charged-coupled de-
vice camera (“Photometrix”, Australia). An integral
optical density (IOD) was measured using the image
analysis Software ImagePro 4.11 (“MediaCybernet-
ics,” USA).

Western blotting. Following the VA treatment and
irradiation, the MOLT-4 cells were used for the whole
cell lysate preparation. Lysates containing an equal
amount of protein (20 pg) were loaded into every lane
of a polyacrylamide gel. After electrophoresis, the pro-
teins were transferred to a PVDF-membrane. The
membranes were blocked in Tris-buffered saline con-
taining 0.05% Tween 20 and 5% non-fat dry milk and
then incubated with the primary antibody against p53,
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Fig. 1. Flow-cytometric analysis of apoptotic cells. MOLT-4 cells were treated with 2 mM valproic acid (VA) for 24 h and/or ir-
radiated with a dose of 0.5 or 1 Gy. Cells were stained with propidium iodide and annexin V and analysed 1 h (a) and 24 h (b) after
the irradiation. Early apoptotic cells (annexin V positive/propidium iodide negative) are presented in the right bottom corner, late
apoptotic or necrotic cells (annexin V positive/propidium iodide positive) are in the right upper one.

p53_S392-Exbio; B-actin, p21 (“Sigma”); lamin B,
p53_S15-Calbiochem, mdm2_S166 (“Cell Signal-
ling”, USA) at 4°C overnight. After washing, the blotts
were incubated with the appropriate secondary anti-
body (“Dako”, Denmark) and the signal was devel-
oped with a chemiluminiscence (ECL) detection kit
(“Boehringer”, Germany). For detecting lowly abun-
dant proteins in the whole cell lysate (eg. phosphory-
lated p53), we used Imobilon Western (“Milipore”,
USA) or SuperSignal West Femto (“Pierce”, USA)
chemiluminiscence substrate and longer exposition
times. Thus, a discrepancy can be observed when the
level of the phosphorylated protein seems to exceed
the level of the total protein.

Statistical analysis. Descriptive statistics of the re-
sults were calculated and charts were made in Mi-
crosoft® Office Excel 2003 (“Microsoft, Inc.*“, USA);
a detailed statistical analysis (dot plots) was performed
in NCSS 6.0.21 (“NCSS*, USA).

Obtained values of integral optical density did not
correspond to a normal distribution; therefore they are
presented as medians and ranges of the values. The
Mann—Whitney U-test was used to represent the dif-
ferences in results between the controls and various
experimental groups. The test was rejected at a level of
significance of o = 5%. The results are shown as the
median with the first and third quartile indicated.

To analyze data on caspase activity F-test and two-
sample t-test were used. A value of p < 0.05 was con-
sidered statistically significant.

RESULTS

We evaluated the effect of VA as a radiosensitizer in
MOLT-4 cells. Such parameters as an apoptosis in-
duction, DNA damage and expression of proteins re-

sponsible for cell cycle arrest and apoptosis induction
were compared at three different experimental condi-
tions, namely: i) cells were pretreated with 2 mM VA
for 24 h and then irradiated with a dose of 0.5 and 1 Gy
(i.e. VA present in the medium during the whole inter-
val, 48 h); ii) cells were only irradiated; iii) cells were
treated with VA only.

Apoptosis induction

A flow-cytometric analysis of annexin V/propidi-
um iodide stained cells was used for the study on apo-
ptosis induction. The general effect on apoptosis in-
duction regardless of a stage of the process was evalu-
ated.

The treatment of the 2 mM VA induced apoptosis
in approximately 40% of the cells (fig. 1). One hour af-
ter irradiating at a dose of 0.5 or 1 Gy about 20% of ap-
optotic cells were detected. The ratio of apoptotic cells
in the VA-only treated or the 0.5 Gy-only irradiated
cells remained unchanged throughout the entire treat-
ment. On the contrary, the number of apoptotic cells
increased in time after combined treatment. One hour
after the irradiation of the VA-pretreated cells the ap-
optosis induction varied from 40% (VA + 0.5 Gy) to
50% (VA + 1 Gy) of the cells. Twenty four hours later,
it increased to 65% (VA + 0.5 Gy) and even up to 81%
(VA + 0.5 Gy). Altogether, the percentage of dead cells
increased in time.

The induction of apoptosis was confirmed by the
activation of caspases 3/7, 8, and 9. The combined
VA+IR treatment caused a significantly higher activity
of caspases in 24 h post-irradiation (fig. 2).
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Fig. 2. Activity of caspases 3/7, 8, and 9 after the VA treatment and irradiation. Data are presented as a luminiscence intensity
(the mean value = SEM). Hereinafter, statistically significant results are marked by (*).

Phosphorylation of histone H2AX

The phosphorylation of histone H2AX at Ser139,
an important sign of double strand breaks and the cor-
responding extent of DNA damage, was evaluated by a
confocal microscopy. Difference in levels of the H2AX
Ser139 phosphorylation at early (1 h) and late (24 h)
points in time following IR was studied.

The VA-only treated cells contained homogenous-
ly situated foci of phosphorylated histone H2AX. The
IR alone is a significantly more potent inductor of
H2AX phosphorylation than VA. After the irradiation
(doses of both 0.5 and 1 Gy for 1 h) followed the VA
treatment phosphorylation of histone H2AX increased
significantly compared to the noxae used separately.
The rate of H2AX phosphorylation is expressed as an
integral optical density measured by the image analysis
Software ImagePro 4.11.

In the late interval (24 h after irradiation), the
phosphorylation status of H2AX was completely dif-
ferent. The level of phosphorylation was comparable
to that of the control in irradiated cells only, indicating
that surviving cells repaired DNA damage. Some foci
of the phosphorylated histone H2AX could be seen in
VA-only treated cells. The most pronounced differ-
ence was observed for cells pretreated with VA and
then irradiated. 24 h after the IR a few separated large
foci of YH2AX could be observed (fig. 3) that shows
persisting DNA damage being not successfully re-
paired. On the contrary, cells possess numerous ho-
mogenously situated H2AX foci in the early (1 h) in-
terval.

Nel 2012
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Changes in phosphorylation and expression
of non-histone proteins

For evaluating a level of phosphorylation and ex-
pression of proteins SDS-PAGE and Western-blotting
assays were used.

The expression of p53 protein slightly increased
against control cells and reached its maximum 4 h af-
ter IR (fig. 4).

The highest increase in the p53 was observed in the
irradiated cells pretreated with VA. Interestingly, a lev-
el of p53 protein decreased 24 h after irradiating the
VA pretreated cells at a dose of 0.5 Gy, whereas at a
dose of 1 Gy p53 protein expression was not detected
at all (fig. 5).

Protein p53 underwent numerous post-translation
modifications. Phosphorylation of p53 at Ser392 cor-
related with p53 expression, reaching the maximal lev-
el 4 h after irradiating VA pretreated cells. In irradiat-
ed-only cells phosphorylation of p53 at Ser392 was ob-
served 24 h after the IR. Phosphorylation of p53 at
Serl5 occurred after activation with both noxae
throughout the entire length of treatment and was
most pronounced after irradiating at a dose of 1 Gy

(fig. 5).

Induction of p21 protein followed the activation of
p53 protein. The 48-hour-long treatment of cells with
VA led to the up-regulation of p21, which is enhanced
by irradiation at doses of 0.5 Gy and particularly 1 Gy.
The IR alone did not cause an induction of p21 during
the whole interval of the experiment (fig. 5).
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Fig. 3. Phosphorylation of histone H2AX. MOLT-4 cells were treated with 2 mM VA for 24 h and/or irradiated at a dose of 0.5 or
1 Gy. In time intervals 1 h and 24 h after the irradiation, cells were incubated with the primary antibody against Ser139 phospho-
rylated histone H2AX (gamma H2AX). Images were obtained with a use of a high-resolution microscope with the confocal unit
(a). Integral optical density (I0D) was measured using the image analysis Software ImagePro 4.11. The data are presented as median

+ 1%t and 3" quartile (») and individual values for each cell (c).

The IR caused phosphorylation of mdm2 protein
at Ser166 (an activating modification allowing mdm?2
to enter a nucleus). A significant increase of phospho-
rylation was observed 24 h after irradiating VA pre-
treated cells (fig. 5).

VA -  + - - 4 4

Gy — — 0.5 1 0.5 1
p53 _—_-’-.
p53_S392 = e —

Fig. 4. Expression of p53 and its phosphorylation at Ser392
(p53_S392) 4 h after irradiation at a dose of 0.5 or 1 Gy.
Cells were either left untreated or treated with VA for 24 h
before the irradiation. Maximal expression is visible for
VA + IR (1 Gy dose) treated cells.

DISCUSSION

Ionizing radiation is one of the most frequently
used approaches in therapy of malignant diseases.
Consequently, the aim of numerous studies is to find a
radiosensitizing agent that would allow one to de-
crease the effective dose of radiation with no side effect
on normal cells. No such agent has been approved so
far. Although some compounds seem to have promis-
ing properties, e.g. the inhibitors of histondeacetylas-
es, the precise mechanism of the synergistic action of
HDAC: and IR remains to be elucidated.

One of the earliest events in cells exposed to IR is
the phosphorylation of histone H2AX at Ser139
(YH2AX) catalyzed by ATM kinase. The YH2AX de-
notes DSB foci and, thus, enables binding of down-
stream and repair proteins. The IR is a potent inducer
of DSB, at doses of 0.5 and 1 Gy provoking significant
phosphorylation of histone H2AX at Ser139. In the
same manner, VA, a member of the short-chain fatty
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Fig. 5. Expression of p53 and its related proteins in MOLT-4 cells. Cells were untreated or treated with 2 mM VA for 24 h and
then irradiated at a dose of 0.5 or 1 Gy. Electrophoresis and Western-blotting analysis of the total cell lysates 1 h and 24 h after

irradiation were performed.

acids, at the 2 mM concentration induces phosphory-
lation of histone H2AX [16]. In this study, we proved
that the 24-hour-long preincubation of MOLT-4 cells
with VA followed by irradiation at doses of 0.5 or 1 Gy
leads to enhanced phosphorylation of H2AX com-
pared to both noxae acting separately. One hour after
irradiation, YH2AX forms diffused foci in the whole
content of the cell nucleus. Its abundance was signifi-
cantly higher (evaluated as IOD) compared to the IR-
only or VA-only treated cells. On the other hand, foci
persisting in the cell were unique 24 h after irradiation,
irregular and more pronounced than those for the
shorter time interval. Generally, the disappearance of
foci is linked with the reparation of injury and the in-
dividual strand breaks are usually repaired rapidly, typ-
ically within 2 h [21]. Persisting foci are a sign of unre-
paired lesions resulting either from initial increased
DSB formation or from interactions with the repara-
tion proteins, what leads to prolonged or unsuccessful
reparation. Thus, pretreatment with VA can be linked
to increased DSB formation after IR that probably re-
sults from relaxed chromatin structure. Harikrishnan
et al. [22] proved increased YH2AX foci formation in
active euchromatine, where acetylation of nuclear hi-
stones is also more pronounced compared to hetero-
chromatin.

Histone deacetylases are indispensable in cases re-
quiring DNA repair for the formation of original chro-
matin structure. This can also be a source of possible
post-radiation sensitization. Human glioma cells
treated with VA had a lower survival rate after irradia-
tion [21]. In MOLT-4 cells 14 days after irradiation at
adose of 1 Gy, the effective concentration, ECs,, of VA
decreased from 0.97 to 0.38 mM [19].

A decrease in the repair capacity of cells through
the interactions of histondeacetylases with repair pro-
teins can represent another possible mechanism of the
radiosensitizing effect. Acetylation of yYH2AX that oc-
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curs after the VA treatment can affect the repair com-
plex dispersion [21].

A three-day-long incubation of MOLT-4 cells with
2 mM VA decreases the DO (dose, that reduces num-
ber of surviving cells to 37%) value from 0.7 to 0.2 Gy
[19]. Karagiannis et al. [23] also observed decreasing
the clonogenic survival of K562 cells after 24-hour-
long incubation with 10 mM VA followed by IR. An-
other HDAC,, trichostatin A, has a radiosensitizing
effect which causes a decrease in the clonogenic sur-
vival of cells, an increase in apoptosis induction, and
enhances phosphorylation of H2AX [17].

Apoptosis induction is tightly bound to p53 pro-
tein. The VA by itself, at a concentration of 2 mM,
causes an increase in the level of this nuclear protein
after 2 h of treatment and simultaneously its phospho-
rylation at Ser392 [19]. In this study, we showed that
the combination of VA and IR initially enhances the
expression of p53 and its phosphorylation at Ser392.
Level of the Ser392 phosphorylation reached its max-
imum 4 h after IR. However, 24 h after IR only Serl5-
phosphorylated form of the p53 was detected. This
post-translation modification protects p53 from bind-
ing to its negative regulator mdm2. Protein mdm?2,
phosphorylated at Ser166, can penetrate into the nu-
cleus, bind to p53 and provoke its degradation [24]. As
it has been shown here, the disappearance of p53 in ir-
radiated cells treated with VA occurred in the same
time period as the mdm2 phosphorylation reached
maximal level.

HDAC: are potent inducers of p21, generally in a
p53-independent manner. We proved that the induc-
tion of p21 follows an increase in pS53-positive cells
treated with VA [19]. Also, the maximal expression of
p53 (4 h after IR) is followed by the induction of p21
(24 h after IR) in the case of VA pretreated and irradi-
ated cells. As it was described by Szkanderova et al.
[25], p53-dependent accumulation of p21 in MOLT-4
appeares after IR alone, when high doses were used.
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Apoptosis is mainly provoked by the 24-hour-long
pre-incubation with VA 1 h after the IR. On the other
hand, 24 h later the effect of the IR itself is already ap-
parent.

Thus, VA has been shown here to possess radiosen-
sitizing properties in terms of increased apoptosis in-
duction. In addition, it affects a range of proteins im-
portant in DNA damage repair, such as YH2AX as well
as the proteins responsible for apoptosis induction,
such as p53, and those responsible for cell cycle arrest,
such as p21. Therefore, valproic acid, already well-
known in clinics, represents a promising radiosensitiz-
ing drug.
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