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Benzene is metabolized to hydroquinone in liver and subsequently transported to bone marrow for further oxidization to 1,4-
benzoquinone (1,4-BQ), which may be related to the leukemia and other blood disorders. In the present study, we investigated
the proteome profiles of human primary bone marrow mesenchymal stem cells (hBM-MSCs) treated by 1,4-BQ. We identified 32
proteins that were differentially expressed. Two of them, HSP27 and Vimentin, were verified at both mRNA and protein levels
and their cellular localization was examined by immunofluorescence. We also found increased mRNA level of RAP1GDS1, a
critical factor of metabolism that has been identified as a fusion partner in various hematopoietic malignancies. Therefore, these
differentially expressed proteins can play important roles in benzene-mediated hematoxicity.

1. Introduction

Benzene, a volatile solvent and ubiquitous contaminant in
indoor air or outdoor environment, comes mostly from
traffic emissions, followed by the production of oil and fuel.
Exposure to benzene causes leukemia and other blood disor-
ders, such as aplastic anemia, myelodysplasia, and malignant
lymphoma [1, 2]. Recent studies further demonstrated that
long-term occupational or environmental exposure to low
levels of benzene can also lead to blood disorders [3].
Previous studies have shown that mechanisms of benzene
effect on hematopoietic disorders are complex, including
DNA damage, DNA methylation, genomic instability, and
apoptosis [4, 5]. Both animal and human exposure studies
of benzene toxicity found biotransformation from parent
compounds to reactive species. Benzene itself does not have
genotoxicity [6]. As described by the US Environmental Pro-
tection Agency (EPA, 1998), benzene transferring to phenolic
metabolites (phenol, catechol, and hydroquinone) in the liver
is an important primary event of benzene toxicity. These
metabolites are then transported to bone marrow, a source

of peroxidases. Among those peroxidases,myeloperoxidase is
found with particularly high concentrations, which activates
hydroquinone to 1,4-benzoquinone (1,4-BQ), a more reactive
species of benzene [6]. However, to date, mechanisms of
benzene toxicity in haematology are still obscure.

It is not yet clear if 1,4-BQ is responsible for benzene
toxicity. Recent study showed that the DNA damage or
cytotoxicity caused by benzene may be attributed to the
production of reactive oxygen species (ROS), which lead to
adducts of protein and DNA, DNA strand breaks, and inhibi-
tion of DNA repair. ROS induced by benzene’s metabolites
cause the hematopoietic disorders. In previous study, 1,4-
BQ induced ROS in chicken erythroblast HD3 cells. It is
suggested that benzene may exert its toxicity through ROS-
mediated c-myb signaling pathway in vitro [7]. 1,4-BQ also
forms adducts of DNA or protein in vitro and in vivo.
Gaskell et al. found formation of four major DNA adducts
from DNA reaction with 1,4-BQ in vitro [8]. Increased
adducts of the albumin (Alb) with 1,4-benzoquinone (1,4-
BQ-Alb) were also found in benzene exposed-workers [9, 10].
Analysis of mRNA expression in hematopoietic stem cells
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(HSCs) of 129/SvJ (129X1/SvJ) mice exposed to 1,4-BQ in
vitro showed an altered expression of DNA repair genes
when compared to control HSCs [11]. 1,4-BQ is a poison of
topoisomerase II which is associatedwithDNA repair in vitro
[12]. If the DNA damage resulting from benzene exposure
cannot be properly repaired, cells will undergo apoptosis
to prevent proliferation or development of mutated cells
that transform into malignancies. Other studies showed that
benzene’s reactivemetabolites such as 1,4-BQ exert their toxic
effects through covalent and/or oxidative damage proteins.
Proteins related to the benzene and its metabolites-mediated
hematoxicity, including CYP2E1, aryl hydrocarbon recep-
tor (AhR), myeloperoxidase, microsomal epoxide hydrolase,
quinone oxidoreductase 1 (NQO1), thioredoxin, connexin 43,
and topoisomerase [13–15]. These proteins have a diverse
range of functions in cell metabolism, oxygen stress, cell
signal transaction, and DNA repair.

Previous studies have shown that bone marrow stem
cells may be targets of benzene-induced cytotoxicity and
DNA damage, leading to hematopoietic disorders and can-
cers [16–18]. Hematopoietic stem cells (HSCs) in the bone
marrow [19] are a small population (<0.05% of BM) of
self-renewing, pluripotent cells which give rise to all blood
cells. In a previous study, HSCs showed a dose-dependent
cytotoxic response to benzene’s metabolite-1,4-BQ exposure
[16]. Exposure to benzene also arrested the cell cycle of HSCs
[20]. It is suggested recently that mesenchymal stem cells
(MSCs) in bone marrow, another kind of stem cells, provide
structural and functional support for haematopoiesis. MSCs
colocalize with HSCs in the bone marrow, forming multipo-
tent and self-renewing mesenspheres, which are required for
HSCs maintenance, homing, and migration [19]. Zolghadr
et al.’s findings revealed that higher concentrations of BQ
induced cell death in MSCs after 24 h of exposure [21]. Our
previous study also found that 1,4-BQ not only inhibited
the proliferation activity of HSCs but also inhibited the
proliferation of MSCs [22]. We speculate that MSCs may
be implicated in the initiation, development, and various
aspects of hematotoxic damage induced by benzene and its
metabolites. The mechanism of MSCs damage caused by
benzene and its metabolites is still unclear.

Therefore, the aim of this study was to determine how 1,4-
BQ induced changes of protein profiles in hBM-MSCs. It will
help us to find novel target proteins and to explore molecular
mechanisms of hematopoietic toxicity caused by benzene and
its metabolites.

2. Materials and Methods

2.1. hBM-MSCs’ Isolation and Cultivation. The study was
approved by the Ethics Committee of Zhejiang Academy of
Medical Sciences (Zhejiang, China) and conducted in accor-
dance with the Declaration of Helsinki. Written informed
consent was obtained from three male volunteers aged
between 20 and 40 years prior to the study. Bone marrow
from the volunteers with no benzene exposure and any
other haematological diseases was collected. Experiments
were repeated three times from different donors. Human

MSCs were isolated as described previously [23] with mod-
ification. Mononuclear cells were isolated by density gradient
centrifugation through 1.073𝑔/ml Ficoll-Paque PREMIUM
(GE Healthcare Bio-Science AB, Uppsala, Sweden) at 400𝑔
for 30min. Mononuclear cells were seeded in culture flask at
1 × 106/ml (a total volume of 5ml) in low glucose (1.0𝑔/l)
Dulbecco’s modified Eagle’s medium (Invitrogen Corpora-
tion, Carlsbad, CA, USA) supplemented with 10% fetal calf
serum and were maintained in 5% CO

2
and 95% humidity at

37∘C to collect the adherent hBM-MSCs likely cells. After 10 d
of culture, adherent cells formed homogenous colonies and
were disassociated by 0.05% trypsin and subcultured with
a split ratio of 1 : 3. The medium was changed every 2-3 d
and hBM-MSCs from passage 3 were used for the following
studies.

2.2. Identification of hBM-MSCs by Flow Cytometry Analysis.
As described in a previous study [24], after 14 d incubation,
hBM-MSCs likely cells were trypsinized into single-cell
suspension, counted, and washed with PBS. For identifica-
tion of hBM-MSCs, phycoerythrin- (PE-) conjugated mouse
monoclonal antibody against human CD29, CD34, CD44,
and CD45 (BD Biosciences, Franklin Lakes, NJ, USA) was
added to cell suspension at concentrations recommended by
the manufacturer, and cells were analyzed on a FACSCalibur
Flow Cytometry (BD Biosciences). Data were collected using
CellQuest Pro� v5.2. software (BD Biosciences).

2.3. MTT Assay. 1,4-BQ (CAS number 106-51-4, 99.5%)
was obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis,
MO, USA). Cells were seeded in 96-well plates with the
concentration of 1 × 104/ml (100 𝜇l in each well) and treated
with 1, 5, 10, 25, 50, 100, 200, 500, and 1000 𝜇M of 1,4-
BQ for 24 h. Three independently repeated experiments
were performed. Cytotoxic effects of 1,4-BQ on hBM-MSCs
were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay following previ-
ous studies [25, 26].

2.4. Sample Preparation for Two-Dimensional Gel Electropho-
resis (2DE). According to the results of MTT, we selected 10,
25, and 50 𝜇Mof 1,4-BQ for 2DE analysis. After being treated
with different doses of 1,4-BQ for 24 h, hBM-MSCs were
washed with PBS, suspended in 2DE lysis buffer (7M urea,
2M thiourea, 4% (wt/vol) CHAPS, 0.5% (v/v) IPG buffer,
50mM dithiothreitol (DTT), and 1% (v/v) protease inhibitor
mix (GE Healthcare, Uppsala, Sweden)). After incubating on
ice for 30min, samples were centrifuged at 13,000 rpm at 4∘C
for 1 h, and the total soluble proteinswere used for subsequent
2DE. Protein quantitative analysis was performed with the
Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA). All
samples were stored at −80∘C until further 2DE analysis.

2.5. 2DE Analysis and In-Gel Tryptic Digestion. Protein sam-
ples (350 𝜇g each) were dissolved in rehydration buffer (7M
urea, 2M thiourea, 2% (m/v) CHAPS, 50mM DTT, and
0.5% (v/v) IPG buffer) and rehydrated with 24 cm IPG strip
(pH 5–8, Bio-Rad) for 12 h at 20∘C followed by 1D isoelectric
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focusing (IEF) in a maximum current of 50 𝜇A/IPG strip.
The 1D isoelectric focusing (IEF) was performed at 250V for
0.5 h, 500V for 1 h, 4000V for 2 h, 6000V for 2 h, 8000V
for 2 h, 10000V for 2 h, and 10000V for 8 h. The IPG strip
was equilibrated twice: first for 15min in 20ml equilibration
solution I (6M urea, 2% (m/v) SDS, 0.375M Tris-HCl (pH
8.8), 20% (v/v) glycerol, and 2% (m/v) DTT); second in equi-
libration solution II (2.5% (m/v) iodoacetamide instead of
2% (m/v) DTT). For the 2D electrophoresis, the equilibrated
IPG strips were placed on top of 10% SDS-polyacrylamide
gels (SDS-PAGE) and sealed with 0.5% agarose in SDS
running buffer. SDS-PAGE was performed for 30min at a
constant current of 20mA/gel and then 30mA/gel until the
bromophenol blue dye front reached the lower edge of the
gel. After electrophoresis, gels were fixed and stained by
using Protein Silver Staining Kit (GE Healthcare, Uppsala,
Sweden) according to instructions. Images of the silver-
stained 2DE gels were collected by using ImageScanner III
(GEHealthcare) and analyzed by using Imagemaster software
(Version 6.0, GE Healthcare). All protein spots were detected
with the same settings of brightness, contrast, and color to
minimize bias.The raw quantity of each spot in a member gel
was divided by the total quantity of valid spots in the gel. After
data analysis, protein spots that were differentially expressed
(>1.5-fold, 𝑃 < 0.05) were excised from the gels for in-gel
digestion as described previously [27].

2.6. Liquid Chromatography Coupled with TandemMass Spec-
trometry (LC-MS/MS). The separation and identification of
digested protein were conducted by a Finnigan linear trap
quadrupole (LTQ) mass spectrometer (Thermo Finnigan,
San Jose, CA) coupling with a high performance liquid chro-
matography (HPLC) system (Thermo Finnigan) according to
Stastna et al. [28]. Solvent A was 0.1% (v/v) formic acid, and
solvent Bwas 0.1% v/v formic acid in 80%v/v acetonitrile.The
gradient was held at 95% solvent A for 15min and increased
linearly from 5% solvent B to 100% solvent B in 50min. The
peptides were eluted from C18 microcapillary column at flow
rate of 150 𝜇l per min. Protein identification using MS/MS
raw data was performed with the BioworksBrowser rev.3.1
software (Thermo Electron, San Jose) based on the human
Uniprot database.

2.7. Western Blot Analysis. After treatment, the total proteins
of hBM-MSCs were extracted with SDS sample buffer and
boiled for 5–10min at 95–100∘C.Western blot was performed
according to the previous studies [29, 30]. Proteins were
detected with antibodies including polyclonal anti-human
Vimentin, monoclonal anti-human HSP27 (Cell Signaling
Technology, Inc. Danvers, MA, USA), polyclonal human
GAPDH (Santa Cruz Biotechnology, CA, USA), and quanti-
fied using the FluorChemFC2 system (Alpha InnotechCorp.,
Santa Clara, CA, USA).

2.8. Confocal Immunofluorescence Microscopy. As described
in previous studies [29, 30], antibodies against HSP27
(1 : 100) and Vimentin (1 : 50) were applied to 1,4-BQ-
treated hBM-MSCs, followed by immunofluorescent staining

with Alexa Fluor 633 (red)-goat anti-mouse IgG or Alexa
Fluor 514 (green)-goat anti-mouse IgG (Invitrogen Corp.).
Hoechst33342 (Sigma-Aldrich) was used for nuclear coun-
terstaining. Cell morphology and intracellular localization
of protein were analyzed by confocal microscopy (Zeiss
LSM710, Jena, Germany) and exported as TIFF files using
Zeiss ConfoCor 3 systems.

2.9. Quantitative Real-Time PCR (qRT-PCR). After treat-
ment, total RNAwas extracted from hBM-MSCs usingUltra-
pure RNA Kit (Cwbiotech, Beijing, China). Reverse tran-
scription was conducted using the RevertAid First Strand
cDNASynthesis Kit (Fermentas, Glen Burmie,MD,USA). To
evaluate the mRNA levels of HSP27 and Vimentin, qRT-PCR
was performed on LightCycler 2.0 Real-Time PCR System
(Roche Diagnostics GmbH, Mannheim, Germany) using
SYBR Premix Ex Taq� Perfect Real-Time kit (Takara, kyoto,
Japan). GAPDH was used as an internal control. Relative
quantification (RQ) value was calculated using the compar-
ative cycle threshold method (2−ΔΔCt). Three independent
experiments were performed to calculate the average RQ and
standard deviations (𝑛 = 3).

2.10. Statistical Analysis. Each experiment was conducted at
least three times. Data were presented as mean ± standard
deviation. Statistical analysis was performed using SPSS 18.0
software (SPSS Inc., Shanghai, China). Student’s 𝑡-test was
used for MTT and 2DE analysis, and one-way ANOVA was
used for Western blot and quantitative real-time PCR analy-
sis. Significant difference was further analyzed by Dunnett’s
multiple comparison methods. All probability values were 2-
tailed, and 𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. hBM-MSCs Identification. According to the previous
study [31], the spindle-like-hBM-MSCs tightly adhered to the
flask bottom after 3-d culture. The nonadherent cells can be
removed by changing themedium. Larger clones appeared on
the 7th day. The fibroblast-like cells with rich cytoplasm and
large nucleus began to grow rapidly. Cells became gradually
confluent and had a spiral whorl-like outlook (Figure 1(a)).
Flow cytometry for analysis of cell surface antigens found
the expression of mesenchymal cell markers of CD29 and
CD44, instead of hematopoietic stem cell markers of CD34 or
CD45 (Figures 2(a) and 2(b)).The positive incidence of CD29
and CD44 was 96.2% and 96.1%, and the negative incidence
of CD34 and CD45 was 95.3% and 95.5%, respectively
(Figure 2(c)).

3.2. Effect of 1,4-BQ on Cell Viability of hBM-MSCs. Cell via-
bility was examined using MTT assay in hBM-MSCs treated
with 1, 5, 10, 25, 50, 100, 200, 500, and 1000 𝜇M1,4-BQ for 24 h.
The morphological changes were observed in hBM-MSCs
treated with 100𝜇M 1,4-BQ for 24 h, and many cells were
found detached and floated into the medium (Figure 1(b)).
In addition, membrane blebbing and cytoplasmic shrinkage
were observed; cells were dispersed, and monolayer was
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Figure 1: Effect of 1,4-BQ on cell viability of hBM-MSCs. (a) Phase contrast micrographs of normal hBM-MSCs. (b) Phase contrast
micrographs of hBM-MSCs treated with 100𝜇M of 1,4-BQ for 24 h. (c) Dose-dependent effect of 1,4-BQ on cell viability of hBM-MSCs.
Cells were treated with 1, 5, 10, 25, 50, 100, 200, 500, and 1000 𝜇M of 1,4-BQ for 24 h. Cell viability of hBM-MSCs was determined by MTT
assay. Statistical analysis was performed by one-way ANOVA analysis followed by Dunnett’s multiple comparison. ∗𝑃 < 0.05, compared with
control.

not formed (Figure 1(b)). As shown in Figure 1(c), 1,4-BQ
significantly inhibited cell viability in hBM-MSCs in a dose-
dependentmanner (𝑃 < 0.05). Cell viabilitywas less than 10%
at concentrations of over 200 𝜇M of 1,4-BQ when compared
to the control group.

3.3. 2DE Profile of hBM-MSCs. To determine the effect of
1,4-BQ on the proteome of hBM-MSCs, protein profiles
were examined and compared between 1,4-BQ-treated and
untreated hBM-MSCs. After background subtraction and
matching detective spots, the number of protein spots in each
group was as follows: 1006 ± 11 in 10 𝜇M of 1,4-BQ treatment
group and 1017 ± 16 in the corresponding control group; 1207
± 5 in 25 𝜇M of 1,4-BQ treatment group and 1190 ± 13 in the
corresponding control group; 1053 ± 26 in 50 𝜇M of 1,4-BQ
treatment group and 1042 ± 40 in the corresponding control
group. The differentially expressed spots were chosen with
intensity at least 1.5-fold greater than the corresponding ones
on control gels (𝑃 < 0.05). As shown in Figure 3(a), 32 protein
spots were found differentially expressed between 1,4-BQ-
treated groups and control groups.

3.4. Identification and Classification of Differentially Expressed
Proteins. After image comparison between treatment and
control groups, 42 spots showing a clear spatial separation
from surrounding spots, sufficient intensity, and consistent
spot shape and size were chosen for the identification by LC-
MS/MS and 32 of them were successfully identified. Sixteen
proteins were upregulated in 1,4-BQ treated groups and the
others were downregulated.

The identified proteins can be classified into four cat-
egories according to the localization, that is, cytoplasmic,
nuclear,membrane-bound, or secreted proteins (Figure 3(b)).
Based on their function, 32 proteins can be classified into the
following groups: metabolism (25.00%), cell stress response
(15.63%), cell skeleton (12.50%), transcription regulation
(12.50%), membrane trafficking (6.25%), signal transduction
(6.25%), and miscellaneous function (21.87%) (Figure 3(c)).
The information of all identified proteins, including protein
name, UniPropt ID, function, theoretical MW/pI, ratio of
spot volume was listed in Table 1.

Spot 1915, heat shock protein 27 (HSP27), was identified
as heat shock protein beta-1. The expression level of HSP27
showed 1.6-fold decrease in 1,4-BQ treated cells. As shown
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Figure 2: Expression of CD29, CD34, CD44, and CD45 on the surface of hBM-MSCs. Flow cytometry analysis was performed to detect the
CD29+/CD44+/CD34−/CD45− cell population on day 14 of cell culture. (a) Expression of CD29, CD44, CD34, andCD45 on hBM-MSCs cells
from each group. (b)M1marker gates of theCD29−/CD44−/CD34−/CD45− cells andM2marker gates of theCD29+/CD44+/CD34+/CD45+
cells. (c)The percentage of the CD29+/CD29−, CD44+/CD44−, CD34+/CD34−, and CD45+/CD45− cells is indicated within the hBM-MSCs
cell population.
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Figure 3: Protein profile difference between 1, 4-BQ-treated and control hBM-MSCs. (a) Comparison of protein profiles by two-dimensional
gel electrophoresis between 1,4-BQ treated hBM-MSCs and control. Spots that were differentially expressed were analyzed by LC-MS/MS.
(b) Identified proteins with differential expression were cytoplasmic, nuclear, membrane-bound, or secreted. (c) Proteins identified by LC-
MS/MS are involved in metabolism (25.00%), cell stress response (15.63%), cell skeleton (12.5%), transcription regulation (12.5%), membrane
trafficking (6.25%), signal transduction (6.25%), and miscellaneous function (21.88%).

in Figure 4, peptides fragmentation of HSP27 was identified
by mass spectra. Vimentin was also identified in spot 1553,
which showed a 2.0-fold increase in 1,4-BQ-treated hBM-
MSCs and had eight matched peptides and 19.3% sequence
coverage according to the LC-MS/MS analysis.

3.5. Verification of the Differentially Expressed Proteins. To
further confirm the results of 2DE analysis, protein levels
of Vimentin and HSP27 in hBM-MSCs treated with 0, 10,
25, and 50 𝜇M of 1,4-BQ were determined by Western blot.
The results showed that 50 𝜇M1,4-BQ significantly decreased
expression ofHSP27 and increased expression of Vimentin in
hBM-MSCs when compared to the control group (𝑃 < 0.05)
(Figures 5(a) and 5(b)). However, 10 and 25 𝜇M 1,4-BQ did
not affect the levels of HSP27 and Vimentin in hBM-MSCs.

To examine whether the altered protein expression of
HSP27 and Vimentin in 1,4-BQ-treated hBM-MSCs are
related to changes at transcriptional level, we conducted
qRT-PCR analysis. The results showed that 50 𝜇M 1,4-BQ
significantly decreased the mRNA level of HSP27 and

increased the mRNA level of Vimentin in hBM-MSCs in
comparison with the control group (𝑃 < 0.05) (Figures 6(a)
and 6(b)). No difference was found between 10 and 25 𝜇M
1,4-BQ-treated groups and control group (𝑃 > 0.05). In
addition, themRNA level of RAP1GDS1 was also significantly
increased in hBM-MSCs treated with different concentra-
tions of 1,4-BQ in a dose-dependent manner (Figure 6(c))
(𝑃 < 0.05).

To determine their subcellular localization, HSP27 and
Vimentin were observed in hBM-MSCs using immunofluo-
rescent staining. The results showed that 50 𝜇M 1,4-BQ led
to an extremely low expression of HSP27 (Figure 7) and
a higher expression of Vimentin (Figure 8) in hBM-MSCs.
Both HSP27 and Vimentin expression were found in the
cytoplasm of hBM-MSCs.

4. Discussion

Available data show that benzene causes leukemia and other
hematotoxicities [32, 33]. Recently, hematotoxicity was found
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Figure 4: Identification of HSP27 by using LC-MS/MS. The reporter ion signals of LFDQAFGLPR were a peptide fragment of HSP27.
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Figure 5: Protein expression of HSP27 andVimentin verified byWestern blot analysis. Left: blots were incubated with commercial antibodies
against HSP27 and Vimentin, respectively. GAPDH was used as an internal control. Right: mean densitometry (optical density × area) of the
antibody-antigen reaction shown on the blots. Statistical analysis was performed by one-way ANOVA analysis followed by Dunnett’s multiple
comparison. ∗𝑃 < 0.05, compared to control. (a) HSP27. (b) Vimentin.



10 BioMed Research International

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Control

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
(/

G
A

PD
H

) 

10𝜇M 25𝜇M 50𝜇M

∗

(a)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
(/

G
A

PD
H

) 

Control 10𝜇M 25𝜇M 50𝜇M

∗

(b)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n 
(/

G
A

PD
H

) 

Control 10𝜇M 25𝜇M 50𝜇M

∗

∗∗

(c)

Figure 6: Quantitative real-time PCR analysis of the mRNA levels of HSP27, Vimentin, and RAP1GDS1 in hBM-MSCs. Results were
normalized to internal control GAPDH. Data were represented as means ± SD (𝑛 = 3). Statistical analysis was performed by ANOVA and
Dunnett’s multiple comparison. ∗𝑃 < 0.05, compared with control. (a) HSP27. (b) Vimentin. (c) RAP1GDS1.

in workers who were exposed to low levels of benzene [3,
34]. 1,4-BQ, one of major metabolites of benzene, has been
related to a lot of effects observed both in vivo and in vitro
including formation of DNA adducts, DNA methylation in
mouse bone marrow cells, and inhibition of DNA replication
[11, 35, 36]. To find effective target proteins for 1,4-BQ is of
pivotal importance to better understand the mechanisms of
benzene-induced toxicity and hematotoxicity.

In our previous study, hydroquinone, one of the benzene
metabolites, induced significantly differential protein expres-
sion profile in human liver cells [37], and four proteins were
identified, including Rho GDP dissociation inhibitor GDI
alpha, 6-phosphogluconolactonase, erbB3 binding protein
EBP1, and lamin A/C. Benzene is metabolized in liver to
benzene oxide, phenol, and several hydroxylated compounds
including hydroquinone. Hydroquinone is then transported
to bone marrow and metabolized by myeloperoxidases to
highly toxic and mutagenic 1,4-BQ. The toxic effects of
benzene are affected by the complex intercellular interactions
in the bone marrow microenvironment. hBM-MSCs in the
bonemarrow are required for themarrowmicroenvironment

maintenance. In the present study, cell viability of hBM-MSCs
treated with 25 𝜇M 1,4-BQ for 24 h did not show difference
when compared to the control group, which suggests that
hBM-MSC cells may not be sensitive to 1,4-BQ. However,
in mouse bone marrow cells treated with 1,4-BQ at concen-
trations of 0.1, 1, and 10 𝜇M for 24 h, levels of p15 and p16
mRNA were significantly upregulated when compared to the
controls [38]. Treatment with 37 𝜇M 1,4-BQ for 24 h also led
to significant increase of Topo II 𝛼 promoter activity in K-
562 cells [39]. 1,4-BQ (1∼10 𝜇M for 4 h) increased mRNA
levels of Rad51, xpc, and mdm-2 in male hematopoietic stem
cells (HSCs) [11]. In another study, treatment with 5, 10, 25,
or 50 𝜇M 1,4-BQ for 48 h did not affect cell viability but
significantly induced globalDNAhypomethylation in human
normal hepatic L02 cells [40]. Despite the weak effect on cell
viability, 1,4-BQ still showed certain negative effects including
genotoxicity, which needs more evidence at the molecular
level to improve our understanding. Therefore, in this study,
we used 1,4-BQ at concentrations of 10, 25, and 50 𝜇M to
investigate the altered protein profiles of hBM-MSCs using
a 2DE and LC-MS/MS-based approach.
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Figure 7: Localization examination of HSP27 in hBM-MSCs by immunofluorescence. Alexa Fluor 633 (red)-labeled secondary antibody was
used to detect HSP27 expression and the nuclei were stained with Hoechst 33342 (blue). The expression of HSP27 was mainly detected in the
cytoplasm of hBM-MSCs (×200).

2DE and LC-MS/MS-based approach makes no assump-
tions about known or unknown molecules, allowing the
process to be independent of any presupposed hypotheses. In
this study, we found that there were numbers of proteins with
differential expression between 1,4-BQ treated and untreated
hBM-MSCs. Asmentioned above, the differentially expressed
32 protein identified in the present study participated in
various functional aspects including metabolism, cell stress
response, cell skeleton, transcription regulation, membrane

trafficking, and signal transduction (Figure 3(c)). These
findings indicate that mechanism of genotoxicity disorders
caused by 1,4-BQ could be related to multifactors.

Heat shock proteins (HSPs) are a family of proteins
induced by different insults and can affect many physio-
logical activities. Induction of HSPs allows cells to survive
stress conditions.These proteins act as molecular chaperones
involved either in the refolding of misfolded proteins or
in their elimination if they become irreversibly damaged.
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Figure 8: Localization examination of Vimentin in hBM-MSCs by immunofluorescence. Alexa Fluor 514 (green)-labeled secondary antibody
was used to detect Vimentin expression and the nuclei were stained with Hoechst 33342 (blue). The expression of Vimentin was mainly
detected in the cytoplasm of hBM-MSCs (×200).

In recent years, proteomic studies have identified several
different HSPs in various tumor types as potential clinical
biomarkers or molecular targets for cancer therapy [41, 42].
In this study, several heat shock proteins were identified, such
as heat shock 27 kDa protein (HSP27), heat shock protein
60 (HSP60), heat shock 70 kDa protein 5 (HSP70 protein
5), heat shock cognate 71 kDa protein (HSP71), and heat
shock protein 90 kDa beta member 1 (HSP90𝛽1). HSP27 is
a cytoprotective chaperone that is phosphor-activated during

cell stress, preventing aggregation, and/or regulating activity
and degradation of certain client proteins. HSP27 seems to
play a crucial role in regulating the balance between cell
death and cell survival, where its overexpression is associated
with the suppression of apoptosis, increased cytoprotection,
and resistance to treatment [43]. The downregulation of
HSP27 in the present study suggested that HSP27 may not
play the cytoprotective role in response to 1,4-BQ. Instead,
the alteration of its expression might be an outcome of
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the regulation of responsive pathways which need further
exploration.

The differentially expressed proteins in this study in-
cluded some cell skeleton proteins such as Vimentin, beta-
actin, and alpha-actin-1. These cell skeleton proteins affect
cell morphology, strength, motility, and infectivity. Vimentin
is a member of the intermediate filament family, which,
along with microtubules and actin microfilaments, compose
the cytoskeleton of cells [44]. It is normally expressed in
mesenchymal cells and associated with tumor invasiveness
and migration in a variety of tumor types [45, 46]. Our
observation of higher expression of Vimentin in 1,4-BQ-
treated hBM-MSCs suggested that Vimentin protein expres-
sion may be an efficient biomarker of cellular response to
1,4-BQ. Western blot analysis, RT-qPCR, and immunoflu-
orescent analysis further confirmed these findings. Fur-
ther investigation is needed to understand the functional
impact of Vimentin on hBM-MSCs and its relationship
to other proteins implicated in benzene-induced leukemo-
genesis.

In our study, there were several metabolism-related
proteins that were significantly upregulated or downregu-
lated. Based on our findings, the expression of Apolipopro-
tein L2, beta-enolase, putative uncharacterized protein
DKFZp686N1815, 26S proteasome non-ATPase regulatory
subunit 8 (PSMD8), and transaldolase (spots 4343, 2665,
1983, 4493, and 4336) were induced over 1.5-fold, whereas the
intensity of 26S proteasome non-ATPase regulatory subunit
1 and creatine kinase M-type (M-CK) decreased 1.5-fold
when compared to the control group. 1,4-BQ changed the
expression levels of metabolism-related proteins, which was
confirmed by examination of the mRNA expression level of
RAP1GDS1. In summary, this work revealed the proteome
profiles of hBM-MSCs treated with 1,4-BQ using 2DE and
LC-MS/MS approaches.The differentially expressed proteins
may be useful therapeutic targets for hematopoietic disor-
ders induced by benzene. Further study will be needed to
provide more evidence of how these proteins are involved
in the hematopoietic disorders induced by benzene and its
metabolites.
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