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Abstract

Dysfunction of histone acetylation inhibits topoisomerase lla (Topo lla), which is implicated
in benzene-induced hematotoxicity in patients with chronic benzene exposure. Whether his-
tone deacetylase (HDAC) inhibitors can relieve benzene-induced hematotoxicity remains
unclear. Here we showed that hydroquinone, a main metabolite of benzene, increased the
HDAC activity, decreased the Topo lla expression and induced apoptosis in human bone
marrow mononuclear cells in vitro, and treatment with two HDAC inhibitors, namely trichos-
tatin A (TSA) or a mixture of ribosome-inactivating proteins MCP30, almost completely
reversed these effects. We further established a benzene poisoning murine model by inhal-
ing benzene vapor in a container and found that benzene poisoning decreased the expres-
sion and activity of Topo lla, and impaired acetylation of histone H4 and H3. The analysis of
regulatory factors of Topo lla promoter found that benzene poisoning decreased the mRNA
levels of SP1 and C-MYB, and increased the mRNA level of SP3. Both TSA and MCP30
significantly enhanced the acetylation of histone H3 and H4 in Topo lla promoter and
increased the expression and activity of Topo lla in benzene poisoning mice, which contrib-
uted to relieve the symptoms of hematotoxicity. Thus, treatment with HDAC inhibitors repre-
sents an attractive approach to reduce benzene-induced hematotoxicity.

Introduction

Benzene, a ubiquitous environmental pollutant due to its wide range of practical applications
as an industrial solvent or as a starting material in making other chemicals worldwide, is an
established human hematotoxicant and leukemogen. Chronic exposure to benzene commonly
causes bone marrow suppression that often initially manifests clinically decreased peripheral
blood cell counts, and ultimately leads to the onset of various disorders, including
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pancytopenia, aplastic anemia, and myelogenous leukemia [1-3]. Hematopoietic stem and pro-
genitor cells are sensitive targets for cytotoxicity and genotoxicity induced by benzene [4]. Ben-
zene is metabolized in the liver and bone marrow, and its metabolites can damage
hematopoietic cells through multiple mechanisms, including apoptosis, gene-expression alter-
ation, and epigenetic regulation [5,6].

DNA topoisomerases are conserved nuclear enzymes that modify DNA topology in a very
precise fashion. Therein, topoisomerase Ilo. (Topo IIc:) has been shown as a key player in sev-
eral crucial cell processes, including replication, transcription, chromosome separation and
segregation [7]. Accumulating evidences have demonstrated that active metabolites of benzene
including hydroquinone (HQ) inhibit Topo Ila: and subsequently lead to DNA damage, cell
apoptosis or aberration, and eventually carcinogenesis [8-11]. Our previous study has also
demonstrated that the expression and activity of Topo Ila. are reduced in patients with chronic
benzene exposure [12], supporting the notion that benzene can induce hematotoxicity through
inhibition of Topo Ilc.

The acetylation of histones is the first epigenetic modification connected with biological
activity [13]. Histone acetylation often up-regulates the transcriptional activity of the gene
while histone deacetylation always silences the gene [14,15]. Since histone has been shown to
be one of the potential targets of benzene metabolites [16], it can be speculated that exposure
to benzene causes the onset of histone modifications in hematopoietic cells. Our previous
study has found that alterations in histone acetylation and methylation of Topo Ilo. promoter
may result in reduced expression and activity of Topo Ila [12]. Histone deacetylases (HDACs)
as a class of enzymes affect the acetylation status of histones and other vital cellular proteins,
and their inhibitors such as trichostatin (TSA) and etacrox result in a dramatic increase of his-
tone acetylation [17,18]. Our previous study has shown that MCP30, a mixture contains two
ribosome-inactivating proteins alpha-momorcharin and beta-momorcharin isolated from bit-
ter melon seeds, significantly inhibits the activity of HDAC-1 and promotes the acetylation of
histone H3 and H4 [19]. Whether MCP30 affects the expression and activity of Topo Ilo
remains unclear.

In addition to epigenetic modification, other regulatory factors including SP1 [20], ATF-2
[21], SP3 [22], C-MYB [23], and ICBP90 [24] also affect Topo Ilapromoter activity. Elevated
mRNA levels of SP3 and p53, and decreased mRNA levels of SP1, NF-Y, NE-M, C-MYB, and
C-JUN, have been shown in patients with chronic benzene exposure compared with healthy
volunteers, which may also lead to reduced expression and activity of Topo Ia. [12].

In the present study, we demonstrated that HQ increased the HDAC activity, decreased the
expression of Topo Ilo, and induced apoptosis in human bone marrow mononuclear cells, and
TSA or MCP30 treatment almost completely reversed these effects. Long-term inhalation of
benzene in mice resulted in decreased expression and activity of Topo Ilo through reduced
acetylation of its promoter and alterations of other regulatory factors, and which contributed
to the suppression of bone marrow hematopoietic function, and TSA or MCP30 treatment
reduced benzene-induced hematotoxicity.

Materials and Methods
Preparation of human bone marrow mononuclear cell suspension

Bone marrow aspirates were obtained from five healthy donors, and further separated for
mononuclear cells using Ficoll-Hypaque. The mononuclear cells were suspended at 1 x 10°/ml
in RPMI 1640 medium supplemented with 10% fetal bovine serum. The cell viabilities were
assessed using trypan blue dye exclusion staining and only viability more than 95% were used
for further experiments. This study was carried out with approval from the Ethics Committee
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of the first affiliated hospital of Wenzhou medical university and written consents were
obtained from all subjects participated in this study in accordance with the Declaration of Hel-
sinki protocol.

HDAC activity assay

The activity of total HDACs was determined using HDACs colorimetric assay kit (Millipore,
Bedford, MA, USA) according to the manufacturer’s protocol. Briefly, 20 pl of sample was
added into each well with 10 pl of 2 x HDAC Assay Buffer and 10 pl of HDAC substrate con-
taining 4 mM TSA. The reaction was carried out at 37°C for 1 h and subsequently terminated
with 10 pl of diluted activator solution. The absorbance (OD) was read at 405 nm using an
ELISA reader (EIx800; Bio-Tek, Winooskie, VT, USA). HDAC activity = (OD4o5 nm, sample—
ODy405 nm, control) / protein content (pg).

Flow cytometric analysis

Annexin V-FITC/PI double staining was used to evaluate the apoptosis according to our previ-
ously described method [25,26]. Briefly, human bone marrow mononuclear cells were treated
with or without 100 uM HQ for 24 h, in the presence or absence of TSA (0.5 pM) or MCP30

(1 pg/ml). Then, the cells were harvested and washed and incubated in cold buffer and stained
for 10 min with FITC-labeled Annexin V and PI (MultiSciences Biotech, Hangzhou, China),
followed by analysis on a flow cytometry (FACSCalibur; BD, Mountain View, CA, USA). Addi-
tionally, human bone marrow mononuclear cells were treated with or without 200 nM dauno-
rubicin for 48 h, and subsequently stained with FITC-labeled Annexin V and analyzed for
apoptosis on a flow cytometry.

Animals and grouping

All experimental procedures were approved by the Institutional Animal Committee of Wen-
zhou Medical University. All mice received care throughout the experiment in accordance with
“Guide for the Care and Use of Laboratory Animals”. Six- to 7-week-old male CD1 mice were
purchased from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China) and
housed in specific pathogen-free facilities and maintained under controlled temperatures (20-
22°C), humidity (45-55%) and light (12 h light/dark cycle) conditions with standard mouse
chow and water. According to weights of the mice, they were divided into 6 groups randomly,
then subsequently inhaled benzene vapor or not, with or without administration of TSA or
MCP30. Mice were placed in a container to inhale 300 parts per million (ppm) benzene vapor
for 6 h per day, 5 days per week for 8 weeks according to the methods previously described
[27]. Meanwhile, TSA or MCP30 was given by intraperitoneal injection at a dose of 1 mg/kg
prior to each inhalation of benzene. Before benzene inhalation and 2 days after completion,
blood samples of each mouse were obtained from caudal or orbital veins. No mice died during
the experiment, and ultimately, all mice were killed by cervical dislocation and their bilateral
femurs and tibias were separated. Bone marrow smears were obtained by flushing femurs and
tibias with PBS. The histopathological studies were carried out according to our previously
reported method [28].

Extraction of nuclear proteins

The nuclear proteins were extracted from bone marrow mononuclear cells (5-10 x 10°) using
NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific, Rockford, IL,
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USA) according to the manufacturer's instruction. The concentration of nuclear protein was
determined using a BCA assay (Beyotime, Haimen, Jiangsu,China).

Western blot analysis

The nuclear protein was extracted from bone marrow mononuclear cells and subsequently
denatured and separated on 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted onto a polyvinylidene difluoride (PVDF) membrane (Millipore).The
membrane was blocked using 5% nonfat dry milk for 1 h at room temperature, and incubated
with antibodies against Topo Ila, histone H3 or TBP (Cell Signaling Technologies, Beverly,
MA, USA) at 4°C overnight. After washing, the membrane was subsequently incubated with
HRP-labeled goat anti-rabbit antibody at room temperature for 1 h. After washing, membranes
were developed using enhanced chemiluminescence and the optical densities of the bands were
determined using Image J software (NIH, Bethesda, MD, USA).

Topo lla activity assay

The activity of Topo Ilo. was determined using a Topo II Assay Kit (TopoGen, Colombus, OH,
USA) according to the principle which Topo Ilo converts catenated kinetoplast DNA (kDNA)
into the form of nicked open circular minicircles and fully closed circular rings. The resulting
products were visualized on a 1% agarose gel following 0.5% ethidium bromide staining. The
kDNA is a large network of high molecular weight DNA that does not penetrate an agarose gel,
thus, it could be used as its own blank control.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was extracted from mouse bone marrow mononuclear cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and reverse transcribed into cDNA using the ReverTra Ace
qPCR RT kit (Toyobo, Osaka, Japan), and cDNA was amplified using PCR Master Mix (Tian-
gen Biotech, Beijing, China) with specific primer pairs. The primer sequences and PCR product
sizes were detailed in Table 1. All reactions were performed in triplicates and normalized using
GAPDH as an endogenous control gene. PCR products were separated on 1.5% agarose gel

Table 1. The sequences of the primers used for PCR and the corresponding product sizes.

genes
SP1

ATF-2

SP3

C-MYB

ICBP90

Topo lla

GAPDH

doi:10.1371/journal.pone.0153330.1001

primers(5’ - 3°) products (bp)
forward: AAGGATGCGGCAAAGTAT 123
reverse: CGTCCGAACGTGTAAAGC
forward: GGAAAGTGTGGGTTCAGTCC 150
reverse: GGAAAGTGTGGGTTCAGTCC
forward: GTGCTCGCATCTGTGGAA 138
reverse: GTCTTGATTGCTGGTGGC
forward: GCAGGCATTACCAACACAGA 114
reverse: TCTCCCAAACAGGAAACAGG
forward: TCCAGTGCCGTTAAGACCTC 102
reverse: ACGGACATTCTTGGCTTTGA
forward: GAGGCTTCCAGCAGATTAGC 107
reverse: CACCACATCAACGAGTTTGC
forward: GGGCATCTTGGGCTACACT 209

reverse: GGTCCAGGGTTTCTTACTCC
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and analyzed using the Quantity One Gel Analysis System. Relative level of gene expression
was defined as a ratio of the target gene to GAPDH gene expression.

Chromatin immunoprecipitation (ChlP) assay

ChIP assay was carried out using a commercial kit (Millipore) according to our previously
described method [12]. Briefly, chromatin was fragmented and subsequently immunoprecipitated
with antibodies against acetyl-histone H4 (06-866; Millipore) or acetyl-histone H3 (06-599; Milli-
pore). Then, the immunoprecipitated DNAs were determined for Topo Ilo. promoter by PCR.
The forward primer was 5-GCTCTTGTAGATTCCCTCAGC-3’ and the reverse primer was 5'-
AGCAGCACTAACACTCCCTGT-3’, with an expected PCR product of 130 bp. PCR products
were separated on 1.5% agarose gels and analyzed using the Quantity One Gel Analysis System.

Peripheral blood cell counts

Blood cell counts were determined based on a previous reported method [28,29]. Briefly, the
hemoglobin concentration was measured using a hemoglobin analyzer (Mission, Sichuan,
China). White blood cells were quantified under a light microscopy after blood was diluted in
3% acetic acid. Platelets were quantified under a phase-contrast microscope after blood was
diluted with 1% ammonium oxalate.

Statistical analysis

Data were expressed as mean = SEM and analyzed by two-way ANOVA using SPSS version
19.0 (SPSS Inc., Chicago, IL, USA). Differences were considered statistically significant at
P <0.05.

Results

TSA or MCP30 treatment decreases the activity of HDAC, increases the
expression of Topo lla and reduces apoptosis in human bone marrow
mononuclear cells induced by HQ

HQ, a main metabolite of benzene in humans, increased the activity of HDAC in human bone
marrow mononuclear cells, and MCP30, a mixture of MAP30 and o-MMC in half, attenuated
the increased activity of HDAC induced by HQ (Fig 1A). Since our previous study has shown a
decreased expression and activity of Topo Ila in patients with chronic benzene exposure [12],
we further evaluated the effect of HQ on the expression of Topo Ilo in human bone marrow
mononuclear cells in vitro. As shown in Fig 1B, HQ decreased the expression of Topo Ila, and
two HDAC inhibitors, TSA or MCP30, almost completely reversed this effect. Moreover, HQ
also induced a significant increase in apoptosis in bone marrow mononuclear cells with almost
no effect on the cells after treatment with TSA or MCP30 (Fig 1C). Obviously, treatment with a
Topo Ilo inhibitor daunorubicin [30] induced apoptosis in human bone marrow mononuclear
cells (Fig 1D). Taken together, the data suggest that HQ increases the activity of HDAC,
decreases the expression of Topo Ila, and induces apoptosis in human bone marrow mononu-
clear cells, and HDAC inhibitors treatment can reverse these effects.

TSA or MCP30 restores decreased Topo lla expression induced by
benzene

Benzene active metabolites including HQ have been shown to inhibit the expression and activ-
ity of Topo Ia. in vitro [8]. However, whether Topo Il is implicated in benzene-induced

PLOS ONE | DOI:10.1371/journal.pone.0153330 April 8, 2016 5/14



@’PLOS ‘ ONE

HDAC Inhibitors Relieve Benzene-Induced Hematotoxicity

3 control control - 200 nM daunorubicin
0.010- B HQ =%o = 0
Q * ™ 7 o 7
5 0.0081 T = 23
jum - ~ o~
3 0.006- =) 21
2 - -
-2 0.004 o o R
% -
2 0.002- e = 349.1% 50.9%
SV e = (R R R .
0.000 10 10 10 10 10
' NS MCP30 > Annexin V-FITC
10- 3 control
TOPO 110U s i e i it it o Bl HQ
; ? ros{ T
p = T
) £ 0.6
hiStOone H3 o o e o s Y
o 0.4
NS - 4+ -+ - 5
J— Q- -
HQ -+ + - 4+ S 0.2
TSA - - 4+ + = -
- 0.0 i
MCP30 + F NS TSA MCP30
L NS TSA MCP30
2 2
i 0 0.6% ”" 0.1%]|1.2% 0.1% | 0.8%
o 93.7%]5.7% o 92.3%]6.5% 92.7%|6.4% | __
; e )
‘e g oo ot Lz | B
— — »—3 o ?._ - 8
Q—( —— — o
e o
A =
o
= Qg thi.?
10
- -
— =
- 0.1%]08% | 0 [1.2% o.1%|1.5%
e 69.7%| 28% o 88.1%|10.7% 88.6%]9.8%
No : T 0 . No . KT * ,;" K .w..:_:
;- et ¥ - ‘we ‘e O
- -— E
- e
) — =
—— b—4 AT Trmy
10! 10° 109

> Annexin V-FITC

PLOS ONE | DOI:10.1371/journal.pone.0153330 April 8, 2016

6/14



el e
@ : PLOS ‘ ONE HDAC Inhibitors Relieve Benzene-Induced Hematotoxicity

Fig 1. TSA or MCP30 restores the HQ-induced increased HDAC activity, decreased Topo lla expression, and the resulting apoptosis in human
bone marrow mononuclear cells. (A—C) Mononuclear cells were isolated from bone marrow aspirates from four healthy donors and subsequently treated
with or without 100 pM HQ, in the presence or absence of TSA (0.5 uM) or MCP30 (1 ug/ml). After 24 h, the activity of HDAC (A), the expression of Topo lla
(B), and apoptosis (C) were determined using HDAC activity assay kit, western blot, and Annexin V/PI double staining, respectively. NS stands for normal
saline. Histone H3 was used as a loading control for nuclear protein in western blot analysis. (D) Human bone marrow mononuclear cells were treated with or
without a Topo lla inhibitor daunorubicin (200 nM) for 48 h and apoptosis was measured using Annexin V staining. Statistical data and representatives of four
independent experiments from different healthy donors were shown. *P < 0.05, compared to the respective control group.

doi:10.1371/journal.pone.0153330.g001

hematotoxicity is not well clarified. As shown in Fig 2A, inhalation of benzene significantly
decreased the mRNA level of Topo Ilo in bone marrow mononuclear cells from benzene poi-
soning mice compared with those from the control mice. Similar results were also observed in
the protein level and enzyme activity of Topo Ia: (Fig 2B and 2C). Taken together, the expres-
sion and activity of Topo Ilo. were prominently decreased in bone marrow mononuclear cells
from benzene poisoning murine model.

HDAC inhibitors alone did not affect the mRNA and protein levels, and enzyme activity of
Topo o (Fig 2A-2C). However, HDAC inhibitors TSA or MCP30 restored the decreased
expression and activity of Topo Ilo. of bone marrow mononuclear cells in benzene poisoning
murine model (Fig 2A-2C). Conclusively, these data suggest that HDAC inhibitors restore the
benzene-induced decreased expression and activity of Topo Ilo in vivo.

TSA or MCP30 restores benzene-induced decreased acetylation of
Topo lla promoter

In order to investigate the mechanisms by which the expression of Topo Ilo. was reduced in
bone marrow mononuclear cells from benzene poisoning murine model, the acetylation of
Topo o promoter was assessed. Using ChIP with anti-acetyl-histone H3 and anti-acetyl-his-
tone H4, we found that acetyl-histone H3 and acetyl-histone H4 bound to Topo Ilo. promoter
were significantly decreased in bone marrow mononuclear cells from benzene alone-treated
mice compared to those from control mice (Fig 3). TSA or MCP30 alone did not influence the
acetylation of Topo Ilo. promoter (Fig 3). Compared with benzene alone-treated mice, acetyl-
histone H3 and acetyl-histone H4 bound to Topo Ilo. promoter were markedly increased in
bone marrow mononuclear cells from benzene and TSA-treated mice as well as benzene and
MCP30-treated mice (Fig 3). Taken together, these data suggest that TSA or MCP30 can
restore the decreased acetylation of Topo Ilo. promoter induced by benzene exposure.

TSA or MCP30 affects the mRNA levels of regulatory factors of Topo lla
promoter

To explore potential involvement of other Topo Il promoter regulatory factors besides acety-
lation of Topo Il promoter, the mRNA levels of SP1, ATF-2, SP3, C-MYB and ICBP90 were
examined in bone marrow mononuclear cells from all mice. As shown in Fig 4A and 4B, ben-
zene alone treatment resulted in a significant reduction in the mRNA expression of SP1 and
C-MYB compared to the control mice. Compared with benzene alone-treated mice, TSA or
MCP30 treatment increased the mRNA levels of SP1 and C-MYB (Fig 4A and 4B). Meanwhile,
the mRNA level of SP3 was increased in benzene alone-treated mice compared to the control
mice, and both TSA and MCP30 decreased the up-regulated mRNA level of SP3 induced by
benzene (Fig 4C). Treatment with benzene, TSA or MCP30 did not influence the mRNA levels
of ATF-2 and ICBP90 in all mice (Fig 4D and 4E). Taken together, these data suggest that treat-
ment with TSA or MCP30 also results in alterations of regulatory factors of Topo Ilo. promoter
induced by benzene.
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Fig 2. TSA or MCP30 restores the expression and activity of Topo lla in benzene poisoning mice. Mice inhaled 300 ppm benzene vapor for 8 weeks
and TSA or MCP30 was intraperitoneally injected at a dose of 1 mg/kg. After all mice were killed, bone marrow mononuclear cells were separated and
measured the expression of Topo lla including mRNA (A), protein (B), and activity (C) using RT-PCR, western blot, and Topo Il activity assay kit,
respectively. GAPDH was used as a reference gene in RT-PCR analysis, and TBP was used as loading control in western blot analysis. Images representing
8 mice per group were shown in left column and statistical data were shown in right column. *P < 0.05, compared to the control group; *P < 0.05, compared to
the benzene alone-treated group.

doi:10.1371/journal.pone.0153330.g002

TSA or MCP30 relieves benzene-induced hematotoxicity

As duration of benzene inhalation increased, only benzene alone-treated mice gradually dis-
played the symptoms including depression, loss of appetite, dull sparse fur, and weight loss.
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levels of histone H4 in the Topo lla promoter. " “P < 0.01, compared to the control group; *P < 0.05, #P < 0.01, compared to the benzene alone-treated group.

doi:10.1371/journal.pone.0153330.g003

Peripheral blood cell counts and pathological morphology are two well-known indicators to
reflect the hematopoietic function of bone marrow. As shown in Fig 5A-5C, benzene alone
resulted in a significant decrease in peripheral blood cell counts, including the level of hemo-
globin, the numbers of white blood cells and platelets, compared to the control mice. Patholog-
ical morphology analysis of bone marrow had also demonstrated that there were a decrease of
hematopoietic cells and an increase of non-hematopoietic cells in benzene alone-treated mice
compared to the control mice (Fig 5D). Intraperitoneal injection of TSA or MCP30 alone did
not affect peripheral blood cell counts and pathological morphology of bone marrow (Fig 5).
TSA or MCP30 treatment led to an almost complete recovery of peripheral blood cell counts in
mice induced by benzene (Fig 5A-5C). Taken together, these data suggest that TSA or MCP30
treatment can relieve benzene-induced hematotoxicity.

Discussion

The effect of benzene on the hematopoietic system was first noted in 1897 by Santesson, and
benzene as a bone marrow carcinogen was first recognized by Forni [31]. Exposure to benzene
especially high concentrations can damage the hematopoietic function of bone marrow with
decreases in the numbers of erythrocytes, leucocytes and thrombocytes in circulating blood,
and ultimately result in the onset of aplastic anemia [29]. In the present study, we
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@’PLOS | ONE

HDAC Inhibitors Relieve Benzene-Induced Hematotoxicity

A

marker

SP1 —

S S o NS S
> S NN
&°\Xe &x% \X&% J&% S 6’5 -o\;\A oﬁ \X«%Y‘ X&%v CQK; é{)
S «\"@ & ST
¢ & & & © & & P& &
& F IS &8
o & &
marker

<« GAPDH

o - o

S & o INIRNY
F AT LS

@

X & Q

&
& & &
o DQ\\"
\OQ

marker

ICBP90 —

S S QS NI
=5 NS S S g
{\axé \><&% é&% & S Q\Xe >

X
&‘e
&

') N Ny
& &

L8
F &
CP

N
&

A

<« GAPDH

-
(=]
)

°
)
1

o
)
1

o
»
1

o
N
1

4
=)

[ control
e El benzene

|

relative mRNA expression of SP1

© o o =
S [0} 00 (]
1 1 1 ]

o
N
1

relative mRNA expression of C-MYB
o
o
I

N
o
J

o
IS
1

o
N
1

relative mRNA expression of SP3

o
o
I

© o
(0] o
1 1
P4 p4
(] ]
* %

o
[
1

relative mRNA expression of ATF2
o o o )
=) M) IS o
L 1 1 1

-
o
]

o
0o
1

o
o]
1

o
IS
1

o
N
1

o
o

4 ___F

TS

MCP30
3 control
4 @l benzene

[

#

TSA MCP30

3 control
# 4 EH benzene

|

MCP30

[

TSA

33 control
Il benzene

TSA MCP30

3 control
Bl benzene

1

relative mRNA expression of I[CBP90

MCP30

PLOS ONE | DOI:10.1371/journal.pone.0153330 April 8, 2016

10/14



o
@ : PLOS | ONE HDAC Inhibitors Relieve Benzene-Induced Hematotoxicity

Fig 4. TSA or MCP30 alters the mRNA levels of regulatory factors in the Topo lla promoter in benzene poisoning mice. After all mice were killed,
bone marrow mononuclear cells were separated and the mRNA levels of regulatory factors, including SP1 (A), C-MYB (B), SP3 (C), ATF-2 (D), and ICBP90
(E) were determined using RT-PCR. Relative mRNA levels were defined as a ratio of the targeted gene to GAPDH. Representatives of 6 groups with 8 mice
each group were shown in left column and statistical data were shown in right column. *“P < 0.01, compared to the control group. *P < 0.05, *#P < 0.01,
compared to the benzene alone-treated group.

doi:10.1371/journal.pone.0153330.9004

demonstrated that benzene suppressed the hematopoietic function of bone marrow, and the
increase of the expression and activity of Topo Ila treated by TSA or MCP30 contributed to
relieve benzene-induced hematotoxicity.
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Fig 5. TSA or MCP30 relieves the benzene-induced hematotoxicity in benzene poisoning mice. After the completion of benzene inhalation, peripheral
blood was obtained from each mouse by tail vein bleeding and the mice were subsequently killed. (A—C) Benzene alone treatment lowered the level of
hemoglobin (Hb), and the number of white blood cells (WBC) and platelet (PLT) counts, and TSA or MCP30 reversed the above indicators in benzene-
treated mice. Statistical data of 6 groups with 8 mice each group was shown. “"P < 0.01, compared to the control group; *P < 0.05, #P < 0.01, compared to
the benzene alone-treated group. (D) The femurs were separated and embedded in paraffin and subsequently cut into slices with a thickness of 5 um. After

hematoxylin and eosin staining, femoral morphology was observed under a light microscope at a magnification of 400. Images shown were representative of
at least three mice each group.
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Epigenetics has been reported to be implicated in the regulation of gene expression, prolifer-
ation and differentiation of stem cells, and tumorigenesis [32-34]. Because benzene affects the
aforementioned processes, it is believed that epigenetic mechanisms play a role in benzene-
induced hematotoxicity and tumor formation [35]. Epigenetic modifications of histone typi-
cally include acetylation, methylation, phosphorylation, and ubiquitination. The acetylation
and methylation of histone play an important role in transcriptional regulation. The abnormal
DNA methylation of the promoter region and deacetylation of histone result in the changes of
chromosomal structure and the silence of the genes [36]. In this study, we investigated the
mechanisms of the relationship of the Topo ITo. expression and changes in histone acetylation
through ChIP and found that decrease of Topo Ila expression accompanied with decreased
acetylation levels of histone H3 and histone H4 in Topo IIa. promoter in bone marrow mono-
nuclear cells from benzene-treated mice. The acetylation of histone promotes transcriptional
activation of genes, while the deacetylation of histone silences transcription of genes [37].
Therefore, the decreases of acetyl-histone H3 and acetyl-histone H4 of the Topo Ilo. promoter
are one of the mechanisms of decreased expression of Topo Il induced by benzene.

Dynamic histone acetylation and deacetylation balance occurs via HDAC and histone acety-
lase (HAT). An increase of HDAC activity is more important than a reduction of HAT activity
in vivo [38]. Exposure of benzene induced apoptosis of bone marrow mononuclear cells from
rats, and which were reverted by TSA treatment with or without 5-aza (a DNA methyltransfer-
ase inhibitor) [39], suggesting that benzene-induced hematotoxicity is associated with epige-
netic modifications including the acetylation level of histone. Our previous work has shown
that MCP30 inhibits HDAC-1 activity and promotes histone H3 and H4 protein acetylation
[19]. Recent studies have shown that intraperitoneal injection of TSA increases the acetylation
levels of histone H3 and histone H4 [40]. Our results demonstrated that HQ enhanced the
HDAC activity, decreased Topo Il expression and induced apoptosis in human bone marrow
mononuclear cells, and TSA or MCP30 could reverse these HQ-induced effects. In vivo treat-
ment with TSA or MCP30 also significantly increased the reduced expression and activity of
Topo Ilo in bone marrow mononuclear cells from benzene-treated mice, but still less than
those of the control mice, confirming that HDAC inhibitors can restore the expression and
activity of Topo Ila by increasing the acetylation levels of histone H3 and histone H4 in its
promoter.

Additionally, our present study also demonstrated that the mRNA levels of SP1 and C-MYB
were reduced, while the mRNA levels of SP3 were elevated in mice with benzene-induced
hematotoxicity, suggesting that alterations in other regulatory factors of Topo Ilo. promoter
besides histone acetylation may participate in decreased expression and activity of Topo Ilo in
mice with benzene-induced hematotoxicity, further confirming our previous results in patients
with chronic benzene exposure [12].

In conclusion, our results demonstrate that the expression and activity of Topo Ilo are
decreased in bone marrow mononuclear cells from benzene poisoning mice, companied by
reduced acetylation of histone H4 and histone H3 in Topo Ilo. promoter, with alterations in
mRNA levels of Topo Ilo. promoter regulatory factors. HDAC inhibitors TSA or MCP30 may
reverse aforementioned changes in mice with benzene-induced hematotoxicity and may be a
class of promising therapeutic agents to relieve benzene-induced hematotoxicity.
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