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Induction of Centrosome Amplification by
Formaldehyde, But Not Hydroquinone, in Human
Lymphoblastoid TK6 Cells
Zhiying Ji, Cliona M. McHale, Jessica Bersonda, Judy Tung,
Martyn T. Smith, and Luoping Zhang*
Division of Environmental Health Sciences, Genes and Environment Laboratory,
School of Public Health, University of California, Berkeley, California
Benzene and formaldehyde (FA) are important
industrial chemicals and environmental pollutants
that cause leukemia by inducing DNA damage
and chromosome aberrations in hematopoietic
stem cells (HSC), the target cells for leukemia.
Our previous studies showed that workers
exposed to benzene and FA exhibit increased
levels of aneuploidy in their blood cells. As centrosome amplification is a common phenomenon
in human cancers, including leukemia, and is
associated with aneuploidy in carcinogenesis,
we hypothesized that benzene and FA would
induce centrosome amplification in vitro. We
treated human lymphoblastoid TK6 cells with a
range of concentrations of hydroquinone (HQ,
a benzene metabolite) or FA for 24 h, allowed
the cells to recover in fresh medium for 24 h,
and examined centrosome amplification; chromosomal gain, loss, and breakage; and cytotoxicity. We included melphalan and etoposide,
chemotherapeutic drugs that cause therapyrelated acute myeloid leukemia and that have

been shown to induce centrosome amplification
as well as chromosomal aneuploidy and breakage, as positive controls. Melphalan and etoposide induced centrosome amplification and
chromosome gain and breakage in a dosedependent manner, at cytotoxic concentrations.
HQ, though cytotoxic, did not induce centrosome amplification or any chromosomal aberration. FA-induced centrosome amplification and
cytotoxicity, but did not induce chromosomal
aberrations. Our data suggest, for the first time,
that centrosome amplification is a potential
mechanism underlying FA-induced leukemogenesis, but not benzene-induced leukemogenesis, as
mediated through HQ. Future studies are
needed to delineate the mechanisms of centrosome amplification and its association with
DNA damage, chromosomal aneuploidy and
carcinogenesis, following exposure to FA. Environ. Mol. Mutagen. 56:535–544, 2015.
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INTRODUCTION
Benzene, a well-established leukemogen, induces
myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML) [Hayes et al., 2001] and probably
causes non-Hodgkin’s lymphoma [Steinmaus et al.,
2008]. Formaldehyde (FA) has been recently classified
as a leukemogen by the International Agency for
Research on Cancer [IARC, 2012a] and the U.S.
National Toxicology Program [NTP, 2011]. The mechanisms by which benzene and FA cause hematopoietic
malignancies have not been fully elucidated. Benzene
probably causes leukemia by inducing genetic, chromosomal or epigenetic aberrations in hematopoietic stem
cells (HSC) [McHale et al., 2012]. FA probably causes
leukemia by inducing DNA damage, through the formation of DNA adducts and DNA-protein crosslinks (DPC),
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and chromosomal aberrations in bone marrow or circulating HSC [Zhang et al., 2009, 2010a].
Previously, we and others reported that aneuploidy, a
numerical chromosome aberration and form of genomic
instability [Sheltzer et al., 2011; Solomon et al., 2011]
that has been associated with leukemogenesis [Schoch
and Haferlach, 2002], was induced in the mature blood
cells of workers occupationally exposed to benzene
[Smith et al., 1998; Zhang et al., 1998; Zhang et al.,
2011] and FA [Orsiere et al., 2006]. We also detected
aneuploidy in the circulating myeloid progenitor cells of
workers exposed to benzene [Zhang et al., 2012] and FA
[Zhang et al., 2010b; Lan et al., 2015]. Thus, leukemic
stem cells could arise following exposure to these chemicals in vivo through the induction of aneuploidy and
genomic instability in circulating hematopoietic stem and
progenitor cells.
The mechanisms by which benzene and FA cause aneuploidy remain unclear. Benzene induces cytogenetic
changes through its active metabolites, including hydroquinone (HQ) [Zhang et al., 2002]. Previously, we investigated
potential mechanisms of aneuploidy induction by HQ in
vitro. For comparison, we included etoposide and melphalan, two chemotherapeutic agents that induce therapyrelated MDS and AML [IARC, 2000, 2012b; Zhang and
Wang, 2014] and are aneugenic [Rowley et al., 1981; Marchetti et al., 2001; Attia et al., 2003; Smith et al., 2003]. We
found that both HQ and etoposide induced global methylation—a regulator of genome stability [Robertson, 2005;
Cheung et al., 2009] in TK6 cells [Ji et al., 2010]. In a separate study, we found that both HQ and etoposide significantly induced endoreduplication, a process that involves
DNA amplification without corresponding cell division that
has been proposed to underlie the acquisition of high chromosome numbers by tumor cells [Larizza and Schirrmacher, 1984], in a dose-dependent manner in TK6 cells [Ji
et al., 2009]. Additionally, we reported that HQ, melphalan
and etoposide each induced DNA/chromosome breakage in
TK6 cells [Escobar et al., 2007].
Another potential mechanism of aneuploidy induction
is through centrosome amplification, first proposed by
Theodore Boveri in 1914 [Boveri, 1914]. The centrosome
is an organelle that serves as the main microtubule organizing center as well as a regulator of cell-cycle progression. The centrosome duplicates once during each cell
cycle and the two centrosomes form spindle poles and
direct the formation of the bipolar spindles, which is
essential for accurate chromosome segregation into
daughter cells [Bornens, 2012]. The presence of more
than two centrosomes (centrosome amplification) severely
disturbs the mitotic process and results in chromosome
segregation errors. Centrosome amplification is a common
phenomenon in human cancers and is thought to play an
important role in carcinogenesis [D’Assoro et al., 2002;
Fukasawa, 2005; Basto et al., 2008; Anderhub et al.,

2012; Godinho et al., 2014]. Centrosome aberrations have
also been associated with leukemia [Kearns et al., 2004;
Neben et al., 2004; Xu et al., 2005; Nitta et al., 2006].
The goal of the current study was to determine whether
HQ and FA induce centrosome amplification in the human
lymphoblastic cell line TK6. To the best of our knowledge,
centrosome amplification associated with benzene or its
metabolites has not been examined previously. Kumari
et al. previously reported that high levels of FA (300 mM)
induced aneuploidy, polyploidy and abnormal centrosome
defects in Chinese hamster ovary (CHO) cells [Kumari
et al., 2012]. We included melphalan and etoposide as positive controls in the study as they were previously reported
to induce centrosome amplification in human lymphocytes
[Efthimiou et al., 2013] and human U2OS and mouse
NIH3T3 cells [Shimada et al., 2011] in vitro, respectively.
We investigated centrosome amplification, chromosome
aberrations (aneuploidy and breakage) and cytotoxicity
induced by treatment with several concentrations of each
chemical for 24 h, followed by a 24-h recovery period.

MATERIALS AND METHODS
Cells and Chemicals
The human lymphoblastoid cell line, TK6, was maintained in RPMI
1640 medium (GIBCO, San Diego, CA) containing 10% FBS (Omega Scientific, Tarzana, CA) and 1% penicillin and streptomycin (Omega Scientific) at 37 C in a 5% CO2 moist atmosphere, at a density of between 2 3
105 and 1 3 106 cells/ml. Immediately before treatment for all experiments, FA (37% solution) was diluted in PBS (13) and HQ (99% purity)
was dissolved in PBS (13). Melphalan (95% purity) and etoposide
(98% purity) were dissolved in dimethyl sulfoxide (DMSO) and stored at
220 C. The final concentration of DMSO present in cell cultures was
0.1%. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Treatment and Cytotoxicity
Prior to each treatment, TK6 cells were counted with trypan blue
solution. The viabilities for all experiments were higher than 90%. Cells
were prepared in complete medium at a viable density of 0.4 3 106/ml
for the chemical treatments. The chemicals were added to the cells at a
ratio of 1/100 (v/v). The FA concentrations were 50, 75, 100, 125, 150,
175, and 200 mM with PBS (13) as the vehicle control. This FA dose
range was chosen based on the reported endogenous concentration of
FA in the blood of rats, monkeys, and humans is approximately 2 to 3
lg/g (66.6–100 mM) [Heck et al., 1985; Casanova et al., 1988]. Similar
to our previous studies in TK6 cells, the HQ concentrations selected
were 0, 5, 10, and 15 mM with PBS (13) as the vehicle control [Escobar
et al., 2007; Ji et al., 2010]. The melphalan concentrations were 0.5, 1,
and 2 mM and the etoposide concentrations were 0.1, 0.2, and 0.4 mM,
with DMSO as vehicle control.
TK6 cells were treated for 24 h after which the cells were counted
with trypan blue solution and pelleted by centrifugation. The medium
was discarded and the cells were washed with 5 ml fresh medium. The
cells were pelleted by centrifugation and the medium was discarded
again. The cell pellet was fully suspended in fresh medium at a viable
density of 0.43106/ml and the cells were allowed to recover for 24 h
(about 1.5 cell cycles) to determine the effects of treatment on centrosomes and chromosomes. Three separate treatment experiments were
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slides were prepared by cyto-spin and immediately immersed in ice-cold
methanol for 10 min to fix the cells. The slides were dried in air at
room temperature and stored at 220 C under a nitrogen atmosphere
until use.
Prior to staining, the slides were warmed to room temperature and
immersed in 0.5% Triton X-100 in PBS (13) at 37 C for 5 min to permeabilize the cells. The slides were rinsed once with PBS (13), blocked
with 3% BSA in PBS at 37 C for 30 min, and rinsed with PBS (13)
again. Mouse monoclonal anti-g-tubulin (Sigma-Aldrich, cat# T6557,
1:100 diluted with 1% BSA in PBS (13)) was then added to the slides,
followed by incubation at 37 C for 60 min. The slides were rinsed in
PBS (13) twice, 5 min each, and subsequently incubated with FITCconjugated secondary antibody (Jackson IR, cat# 115-095-003, 1:100
diluted with 1% BSA in PBS (13)) at 37 C for 60 min. The slides were
rinsed in PBS (13) twice, 5 min each and then dried in air at room
temperature.
The slides were counterstained with 40 ,6-diamidino-2-phenylindole
(DAPI) (0.5 mg/ml) and scored under a fluorescence microscope at a
magnification of 1,0003. All slides were coded to prevent observer bias
before scoring. Five thousand cells were evaluated for each treatment
concentration in each experiment. As shown in Figure 1, normal cells
have one or two centrosomes, and centrosome amplification is defined as
a cell bearing three or more centrosomes.

Chromosome Aberrations

Fig. 1. Examples of centrosome amplification observed under the microscope. The centrosome and nucleus are stained green (FITC) and blue
(DAPI), respectively. Normal cells have one or two centrosomes (A and
B). Centrosome amplification is defined as three or more centrosomes in
one cell (C–H).

conducted for HQ, melphalan and etoposide, and six separate experiments were conducted for FA.
Cytotoxicity was evaluated by relative increase in cell count (RICC)
[Galloway et al., 2011; Honma 2011]. RICC was calculated as:
[Final cell density (treated) 2 initial recovery cell density (treated)]/[final
cell density (control) 2 initial recovery cell density (control)] 3 100%.

Centrosome Amplification
After culturing the treated cells in fresh medium for 24 h, the cells
were pelleted by centrifugation and re-suspended in PBS (13). The

Two hours before harvesting the TK6 cells, colcemid (0.1 mg/ml,
Invitrogen, Carlsbad, CA) was added to each culture to obtain a sufficient number of metaphase spreads. Twenty-four hours after culturing
the treated cells in fresh medium, the cells were pelleted by centrifugation and suspended in hypotonic solution (0.075 M KCl) for 30 min at
37 C. The cells were fixed three times with freshly prepared Carnoy’s
fixative (methanol : glacial acetic acid 5 3:1). The fixed cells were
dropped onto glass slides, which were air dried and stored at 220 C
under a nitrogen atmosphere.
Prior to staining, the slides were warmed up to room temperature and
then stained with Giemsa. The metaphase spreads were scanned and
localized automatically using Metafer software (MetaSystems, Altlussheim, Germany). All slides were coded to prevent observer bias before
scoring. Metaphases were scored at 1,0003 magnification to detect chromosomal aberrations. Only metaphase spreads in which the cells
appeared intact with the chromosomes condensed and well spread, and
the centromeres and chromatids were readily visible, were scored. Two
hundred cells were targeted for each treatment concentration in each
experiment. Chromosome numbers were counted for each metaphase
spread scored. Chromosomal gain and chromosomal loss were defined as
48 to 55 chromosomes and 40 to 46 chromosomes, respectively, since a
normal TK6 cell has 47 chromosomes. Chromosomal breakage (chromatid breaks and chromosome breaks) were scored according to An International System for Human Cytogenetic Nomenclature (2005) [Schaffer
and Tommerup, 2005]. Chromatid gaps and chromosome gaps were
recorded but not included in the chromosomal breakage calculation.

Statistical Analysis
Negative binomial regression was used to test for differences in centrosome amplifications and chromosome aberrations between the cells
treated with each concentration of FA, HQ, melphalan, and etoposide
and their respective controls [Zhang et al., 2005, 2011], because (1) it
can naturally adjust for differences in the total number of cells counted;
(2) it is commonly used when the outcome variable is a count, such as
the number of cells with centrosome amplification or chromosome aberration; (3) it allows for overdispersion. Fisher’s exact test was applied to
test for differences in centrosome amplification between the cells treated
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Fig. 2. Centrosome amplification and RICC in TK6 cells treated with
FA, HQ, melphalan, or etoposide. Centrosome amplification (• of cells
with 3 centrosomes) and RICC (%) are shown for each treatment concentration of: (A) FA, (B) HQ, (C) Melphalan, and (D) Etoposide. Data

are presented as mean 6 SE of three to six experiments. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001, relative to the control. Ptrend
is shown for centrosome amplification. RICC, relative increase in cell
count.

with each concentration of FA and the control cells within individual
experiment. Data are presented as mean 6 SE (standard error).

centrosome amplification at 150, 175, and 200 mM FA
was 2.42 6 0.73 (mean 6 SE), 4.60 6 1.81, and 6.73 6
3.37•, respectively, each significantly higher than that of
the untreated control cells (1.15 6 0.31•), across six independent experiments. The RICC at these concentrations
were 54.6 6 7.0, 12.6 6 7.7, and 23.0 6 5.0% (listed by
increasing concentration).
HQ did not significantly induce centrosome amplification at any concentration tested (5, 10, and 15 mM),
across three independent experiments (Fig. 2B). HQ did
induce cytotoxicity with increasing concentration, however, with RICCs of 75.1 6 3.2%, 59.7 6 4.1%, and
39.5 6 9.1% at 5, 10, and 15 mM, respectively.
The potent human leukemogens melphalan and etoposide each significantly induced centrosome amplification
in a dose-dependent manner, across three independent
experiments (Ptrend < 0.0001, Figs. 2C and 2D, respectively). The average frequency of cells with centrosome
amplification at the top two concentration of 1 mM and 2
mM melphalan were 6.87 6 2.17• and 25.13 6 4.44•,
respectively, each significantly (P < 0.0001) higher than
that of the control cells (1.60 6 0.35•), as shown in
Figure 2C. The corresponding RICCs were 70.7 6 11.9
and 17.3 6 5.5%. Etoposide was the most potent inducer
of centrosome amplification, resulting in significantly

RESULTS
Centrosome Amplification in TK6 Cells Treated With FA,
HQ, Melphalan, and Etoposide
Centrosome amplification was examined by fluorescent
microscopy at 1,0003 magnification in TK6 cells. The
median number of cells scored and interquartile range
was 5,000 6 0 for each of the three to six experiments
conducted per chemical treatment concentration. Representative cells with the normal complement of centrosomes (1–2) and with centrosome amplification (3) are
presented in Figure 1.
The proportion of cells with centrosome amplification
was determined after 24-h treatment with each concentration of each leukemogen, followed by 24-h recovery, and
are presented in Figure 2, along with the cytotoxicity
data. Data are expressed as •, the number of cells per
1,000 scored. As shown in Figure 2A, FA significantly
induced centrosome amplification in a dose-dependent
manner (Ptrend < 0.0001). At the three highest treatment
concentration of FA, the average frequency of cells with
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Fig. 3. Chromosomal gain and loss in TK6 cells treated with FA, HQ,
melphalan, or etoposide. Chromosome gain and loss (% of cells with
48 and 46 chromosomes, respectively) are shown for each treatment:
(A) FA, (B) HQ, (C) Melphalan, and (D) Etoposide. Data are presented

as mean 6 SE of three to six experiments. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001, relative to the control. Ptrend is shown for
centrosome amplification.

(P < 0.0001) higher average frequencies of positive cells
at each concentration tested: 14.07 6 1.38 (0.1 mM),
48.80 6 10.81 (0.2 mM), and 96.47 6 10.49• (0.4 mM),
compared with the control cells (1.87 6 1.01•, Fig. 2D).
The corresponding RICCs were 56.9 6 7.6, 15.2 6 7.5,
and 27.9 6 4.6%.

Neither FA (Fig. 3A) nor HQ (Fig. 3B) showed a
significant increase in chromosome gain. In contrast, both
melphalan and etoposide induced significant dosedependent increases in chromosome gain (Ptrend <0.001
and <0.0001, respectively) as shown in Figures 3C and
3D. Melphalan significantly increased the percentage of
cells with chromosome gain at the top concentration (2
mM) to 18.17 6 3.00, compared with 7.50 6 2.93 in the
control cells. Etoposide significantly increased the percentage of cells with chromosome gain at the top two
concentrations (0.2 mM and 0.4 mM) to 13.33 6 3.32 and
21.20 6 1.20, respectively, compared with 8.33 6 0.60 in
the control cells. None of the four leukemogens significantly induced chromosome loss at any concentration,
however, a noticeable increase in chromosomal loss at the
highest HQ concentration (15 mM) may drive the borderline significant Ptrend (0.0493).

Chromosome Aberrations in TK6 Cells Treated With FA,
HQ, Melphalan, and Etoposide
We examined chromosomal aberrations (gain, loss, and
breakage) by Giemsa staining in TK6 metaphases from
cells treated with all three concentrations of HQ, etoposide
and melphalan and with the top four concentrations of FA,
following 24-h treatment and recovery. Two hundred cells
were scored for each of the three to six experiments conducted per chemical concentration with the exception of
175 mM FA (200 6 24, median 6 interquartile range) and
0.4 mM etoposide (200 6 55.5).

Chromosomal Breakage
Aneuploidy
Data (% positive cells) and dose–response (Ptrend) for
chromosomal gain and loss are presented in Figure 3.

Neither FA nor HQ significantly induced chromosomal
breakage at any concentration (Figs. 4A and 4B).
Both melphalan and etoposide significantly induced
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Fig. 4. Chromosomal breakage in TK6 cells treated with FA, HQ, melphalan, or etoposide. Chromosome breakage (% of cells with breaks
among the total of cells scored) is shown for each treatment: (A) FA, (B)
HQ, (C) Melphalan, and (D) Etoposide. Data are presented as mean 6 SE

of three to six experiments. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001, relative to the control. Ptrend is shown for chromosomal
breakage.

chromosomal breakage in a dose-dependent manner
(Ptrend <0.0001, Figs. 4C and 4D). Compared with the
percentage of vehicle control cells (0.50 6 0.29), melphalan significantly increased levels to 2.00 6 0.29, and
3.67 6 1.30, at 1 and 2 mM respectively (Fig. 4C), and
etoposide significantly increased levels to 1.83 6 0.17,
2.50 6 0.76, and 6.96 6 0.46, at 0.1, 0.2, and 0.4 mM,
respectively (Fig. 4D).

concentrations doses of each chemical for 24 h, washed
and allowed to recover for 24 h.
In our study, melphalan and etoposide induced chromosome gain and breakage in a dose-dependent manner, at
concentrations that produced cytotoxicity, confirming previous findings of aneuploidy and chromosome breakage by
melphalan and etoposide in patients with therapy-related
leukemia [Rowley et al., 1981; Smith et al., 2003;
Pedersen-Bjergaard et al., 2006; Pedersen-Bjergaard et al.,
2008]. Similarly, in our study, centrosome amplification
was induced in a dose-dependent manner by melphalan
and etoposide, confirming it as a potential mechanism
underlying leukemogenesis associated with these leukemogens [Shimada et al., 2011; Efthimiou et al., 2013].
Though both HQ and FA produced cytotoxicity in the
current study, only FA-induced centrosome amplification
and neither chemical induced chromosomal aberrations.
Thus, we have shown for the first time that centrosome
amplification is a potential mechanism of FA-induced leukemogenesis but not benzene-induced leukemogenesis, at
least as mediated through HQ. Previously, we reported

DISCUSSION
Here, we sought to determine whether FA and HQ,
which have been shown to induce aneuploidy in human
blood cells [Zhang et al., 2005, 2010b], could induce centrosome amplification in TK6 cells. We included melphalan and etoposide as positive controls for centrosome
amplification [Efthimiou et al., 2013]. We examined centrosome amplification, chromosomal gain, loss, and breakage in TK6 cells that were treated with several
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that altered global methylation and endoreduplication
were potential mechanisms of aneuploidy induction by
the benzene metabolite HQ in TK6 cells. Thus, it is possible that benzene and FA cause aneuploidy induction
through different mechanisms.
In our study, FA significantly elevated the centrosome
amplification frequency at moderate to highly cytotoxic
concentrations (150–200 mM) rather than at concentrations close to the normal background range (66.6–100
mM) of human blood [Heck et al., 1985; Casanova et al.,
1988]. To the best of our knowledge, this is the first
report of such an effect of FA in human cells. Kumari
et al. recently reported the induction of increased centrosome number and size in CHO cells treated with a very
high concentration of FA (300 mM) for 4 h followed by a
48-h recovery. They also reported aneuploidy in wildtype CHO cells and CHO cells deficient in the nucleotide
excision repair (NER) gene XPF, at this very high treatment concentration [Kumari et al., 2012]. FA did not
increase aneuploidy in TK6 cells in the current study, in
keeping with previous negative findings for monosomy 7
and trisomy 8 in vitro in expanded human erythroid progenitor cells by our group [Ji et al., 2014] and myeloid
progenitor cells (10–50 mM FA) by Kuehner et al. [2012].
Aneuploidy findings in vitro contrast with our positive
findings in myeloid progenitor cells in vivo, for monosomy 7 and trisomy 8 in a small number of exposed (n 5
10) versus unexposed control workers (n 5 12) [Zhang
et al., 2010b] and more recently for monosomy and trisomy of multiple chromosomes in larger numbers of
exposed (n 5 29), and control workers (n 5 23), using a
chromosome-wide aneuploidy study (CWAS) approach
[Lan et al., 2015]. Previously, we suggested that this discrepancy between in vitro and in vivo effects may be
explained by the interaction of FA with a physiological
agent to mediate its effects in vivo; this requires further
investigation [Lan et al., 2015]. The lack of chromosomal
aberrations in vitro could also be caused by a cell cycle
delay and should be examined in future studies given the
novel and important finding of centrosome amplification
induced by FA.
We considered whether centrosome amplification associated with FA could in fact be explained by increases in
polyploidy, as such cells would have multiple centrosomes. Although we did not score polyploidy specifically
in the study, the percentage increase in cells with polyploidy induced by melphalan and etoposide in TK6 cells
in our previous (unpublished) data was much lower than
that of centrosome amplification in the current study, suggesting that the observed multiple centrosomes in the
present study were unlikely to be caused solely by polyploidy. Previous findings from our group and others suggest that FA does induce polyploidy in vitro and in vivo.
Though Kuehner et al. did not see significant changes in
aneuploidy in myeloid progenitor cells in vitro, they did
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see a dose-dependent increase in tetraploidy at 10 to 50
mM FA [Kuehner et al., 2012]. In our CWAS data in
myeloid progenitor cells of exposed workers, we also
reported significant increases in tetrasomy, indicative of
tetraploidy [Lan et al., 2015]. Kumari et al. reported polyploidy (ranging from triploid to octaploid) in wild-type
CHO cells and XPF-deficient CHO cells at 300 mM FA
[Kumari et al., 2012]. In light of the in vitro versus in
vivo discrepancy in aneuploidy and given the potential
for polyploidy to manifest as centrosome amplification, in
future studies, we will examine centrosome amplification
in interphase cells of FA-exposed and unexposed workers
in which we have extensively examined chromosome
aberrations.
The lack of effect of HQ on both centrosome amplification and chromosomal aberrations was apparent up to
15 mM, at which cells were 40% viable; higher, more
cytotoxic concentrations were not examined in this study.
Previously, we did report the induction of chromosome
breakage by HQ in studies comparing HQ, etoposide and
melphalan in TK6 cells. In one study, HQ, melphalan and
etoposide each induced DNA breaks at both 5q31 and
11q23 chromosome regions in a dose-dependent manner
in TK6 cells, with HQ and melphalan having a stronger
effect on 5q31 and etoposide having a stronger effect on
11q23, as measured by COMET-FISH [Escobar et al.,
2007]. In another study, we found that HQ induced specific cytogenetic alterations characteristic of both melphalan and etoposide, though at a lower frequency [Ji et al.,
2010]. In a third study, both HQ and etoposide significantly induced endoreduplication in a dose-dependent
manner and etoposide potently induced translocations of
chromosomes 11 and 21 and SCA while HQ induced the
latter two in TK6 cells [Ji et al., 2009]. The lack of effect
of HQ in the current study compared with previous studies may be explained by the different experimental conditions used. Here, we used lower HQ concentrations, up to
15 mM, compared with 20 and 25 mM in the previous
studies [Escobar et al., 2007; Ji et al., 2010]. In the present study, we treated the cells for 24 h and allowed them
to recover for 24 h before assessing chromosome aberrations, while the previous studies treated the cells for 1 h
[Escobar et al., 2007] and 48 h [Ji et al., 2010], respectively, with no recovery period . We hypothesize that the
lack of chromosome aberrations induced by HQ in the
present study may be due to repair of DNA damage during the 24-h recovery period.
Potential mechanisms of centrosome amplification
include multiple centrosome duplication cycles in one cell
cycle; failure of cytokinesis; centriole splitting; and acentriolar centrosome formation, as reviewed [D’Assoro
et al., 2002]. The most common and well-studied mechanism of centrosome amplification occurs as a result of
failure of the normally tight coordination between centrosome and DNA replication, such as during stalling of the
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cell cycle in response to DNA damage which can lead to
multiple centrosome duplication cycles. A number of
chemical agents and physical factors which produce DNA
damage have been demonstrated to induce centrosome
amplification, e.g. 6-thioguanine in chicken DT40 Blymphoma cells [Robinson et al., 2007], irradiation in
human KK-47 bladder cancer cells [Kawamura et al.,
2004], ultra-violet light and cisplatin, a DNA cross linker,
in human U2OS and mouse NIH3T3 cells [Shimada
et al., 2011], hydrogen peroxide in human Chang liver
cells [Chae et al., 2005] and doxorubicin, a topoisomerase
II poison, in human retinal epithelial RPE1 cells [Douthwright and Sluder 2014].
The chemicals that were positively associated with centrosome amplification in our study cause different kinds
of DNA damage. Melphalan is an alkylating agent, etoposide is a topoisomerase II inhibitor and FA, a classic
cross linker, is a strong inducer of DPC, inadequate repair
of which was proposed to lead to further DNA damage,
and consequently to chromosomal aberrations and carcinogenesis [Merk and Speit 1998; Speit et al., 2000].
Increased DPC were observed in the blood cells of workers occupationally exposed to FA [Shaham et al., 1997;
Shaham et al., 2003] and more recently by us in the bone
marrow of mice exposed to FA by nose-only inhalation
[Ye et al., 2013; Zhang et al., 2013].
We hypothesize that FA may induce centrosome amplification through DNA damage triggered by DPC. Fanconi
anemia pathway components, such as FANCD2 and
BRCA2, play important roles in the DNA damage
response to FA-induced genotoxicity [Jacquemont and
Taniguchi, 2007; Ridpath et al., 2007; Zhang et al.,
2010a; Ren et al., 2013]. Though we did not measure
DPC directly in TK6 cells in the current study, previously
we reported greater induction of DPC, micronuclei and
chromosomal aberrations, and increased toxicity, by FA
in the FANCD2-deficient human lymphoblast cell line
PD20 [Timmers et al., 2001], compared with its
FANCD2-sufficient counterpart PD20-D2 [Ren et al.,
2013]. Disruption of Fanconi anemia pathway signaling
also causes chromosome instability by disrupting centrosome maintenance, among other mechanisms, as reviewed
by Nalepa and Clapp, [2014]. Fanconi anemia pathwaydeficient cells exhibit abnormal centrosome numbers
under normal conditions [Lee et al., 1999; Tutt et al.,
1999; Nakanishi et al., 2007; Kim et al., 2013; Nalepa
et al., 2013] and upon exposure to DNA crosslinking
agents [Kim et al., 2013; Zou et al., 2013].
Future studies are necessary to delineate the role of
DNA damage and repair in the induction of centrosome
amplification induced by FA. Repair-deficient human cell
lines are useful models in which to test hypotheses
regarding the roles of specific repair genes or pathways
such as FANCD2 in the PD20 and PD20-D2 cell lines. In
XPF-deficient CHO cells, Kumari et al. showed delayed

double-strand break repair following treatment with FA in
compared with wild-type cells, but they examined centrosome amplification only in the wild-type cells. Future
studies with human DNA damage response cell models
should measure centrosome amplification and markers of
DNA damage such as DPC and micronuclei, as well as
chromosome aberrations, in these cell models. FAinduced DNA damage, DPC, and MN have been reported
in many cell types in vitro, as we summarized previously
[Zhang et al., 2009; IARC, 2012a].
CONCLUSIONS
Centrosome amplification was induced by FA, but not
by HQ, in a concentration-dependent manner in TK6
cells. Thus, centrosome amplification is a potential mechanism underlying FA-induced leukemogenesis but not
benzene-induced leukemogenesis as mediated by HQ;
additional studies are required to determine the propensity
of other benzene metabolites to induce centrosome amplification. Neither FA nor HQ was associated with significant increases in chromosome gain, loss and breakage in
TK6 cells. Future studies are needed to delineate the
mechanisms of centrosome amplification and its association with DNA damage, chromosomal aneuploidy and
carcinogenesis, following exposure to FA.
AUTHOR CONTRIBUTIONS
Z.J., L.Z., and M.T.S. designed the study; and Z.J.,
J.B., and J.T. collected the data. Z.J., C.M.M., and L.Z.
analyzed the data, prepared draft figures and tables, and
had complete access to all of the study data. Z.J. and
C.M.M. prepared the manuscript draft with important
intellectual input from M.T.S. and L.Z. All authors
approved the final manuscript.
REFERENCES
Anderhub SJ, Kramer A, Maier B. 2012. Centrosome amplification in
tumorigenesis. Cancer Lett 322:8–17.
Attia SM, Kliesch U, Schriever-Schwemmer G, Badary OA, Hamada
FM, Adler ID. 2003. Etoposide and merbarone are clastogenic
and aneugenic in the mouse bone marrow micronucleus test complemented by fluorescence in situ hybridization with the mouse
minor satellite DNA probe. Environ Mol Mutagen 41:99–103.
Basto R, Brunk K, Vinadogrova T, Peel N, Franz A, Khodjakov A, Raff
JW. 2008. Centrosome amplification can initiate tumorigenesis in
flies. Cell 133:1032–1042.
Bornens M. 2012. The centrosome in cells and organisms. Science 335:
422–426.
Boveri T. 1914. The Origin of Malignant Tumors. Baltimore, MD: Williams and Wilkins.
Casanova M, Heck HD, Everitt JI, Harrington WW Jr, Popp JA. 1988.
Formaldehyde concentrations in the blood of rhesus monkeys
after inhalation exposure. Food Chem Toxicol 26:715–716.

Environmental and Molecular Mutagenesis. DOI 10.1002/em
Leukemogen-Induced Centrosome Amplification
Chae S, Yun C, Um H, Lee JH, Cho H. 2005. Centrosome amplification
and multinuclear phenotypes are Induced by hydrogen peroxide.
Exp Mol Med 37:482–487.
Cheung HH, Lee TL, Rennert OM, Chan WY. 2009. DNA methylation
of cancer genome. Birth Defects Res C Embryo Today 87:335–
350.
D’Assoro AB, Lingle WL, Salisbury JL. 2002. Centrosome amplification
and the development of cancer. Oncogene 21:6146–6153.
Douthwright S, Sluder G. 2014. Link between DNA damage and centriole disengagement/reduplication in untransformed human cells.
J Cell Physiol 229:1427–1436.
Efthimiou M, Stephanou G, Demopoulos NA, Nikolaropoulos SS. 2013.
Aneugenic potential of the anticancer drugs melphalan and chlorambucil. The involvement of apoptosis and chromosome segregation regulating proteins. J Appl Toxicol 33:537–545.
Escobar PA, Smith MT, Vasishta A, Hubbard AE, Zhang L. 2007. Leukaemia-specific chromosome damage detected by comet with fluorescence in situ hybridization (comet-FISH). Mutagenesis 22:
321–327.
Fukasawa K. 2005. Centrosome amplification, chromosome instability
and cancer development. Cancer Lett 230:6–19.
Galloway S, Lorge E, Aardema MJ, Eastmond D, Fellows M, Heflich R,
Kirkland D, Levy DD, Lynch AM, Marzin D, et al. 2011. Workshop summary: Top concentration for in vitro mammalian cell
genotoxicity assays; and report from working group on toxicity
measures and top concentration for in vitro cytogenetics assays
(chromosome aberrations and micronucleus). Mutat Res 723:77–
83.
Godinho SA, Picone R, Burute M, Dagher R, Su Y, Leung CT, Polyak
K, Brugge JS, Thery M, Pellman D. 2014. Oncogene-like induction of cellular invasion from centrosome amplification. Nature
510:167–171.
Hayes RB, Songnian Y, Dosemeci M, Linet M. 2001. Benzene and lymphohematopoietic malignancies in humans. Am J Ind Med 40:
117–126.
Heck HD, Casanova-Schmitz M, Dodd PB, Schachter EN, Witek TJ,
Tosun T. 1985. Formaldehyde (CH2O) concentrations in the
blood of humans and Fischer-344 rats exposed to CH2O under
controlled conditions. Am Ind Hyg Assoc J 46:1–3.
Honma M. 2011. Cytotoxicity measurement in in vitro chromosome
aberration test and micronucleus test. Mutat Res 724:86–87.
IARC. 2000. Etoposise. IARC Monogr Eval Carcinog Risks Hum 76:
177–257.
IARC. 2012a. International Agency for Research on Cancer. A review
of human carcinogens: chemical agents and related occupations:
Formadehyde. Monogr Eval Carcinog Risks Hum 100:401–435.
IARC. 2012b. Melphalan. IARC Monogr Eval Carcinog Risks Hum 100:
107–117.
Jacquemont C, Taniguchi T. 2007. The Fanconi anemia pathway and
ubiquitin. BMC Biochem 8(Suppl 1):S10.
Ji Z, Zhang L, Guo W, McHale CM, Smith MT. 2009. The benzene
metabolite, hydroquinone and etoposide both induce endoreduplication in human lymphoblastoid TK6 cells. Mutagenesis 24:367–
372.
Ji Z, Zhang L, Peng V, Ren X, McHale CM, Smith MT. 2010. A comparison of the cytogenetic alterations and global DNA hypomethylation induced by the benzene metabolite, hydroquinone, with those
induced by melphalan and etoposide. Leukemia 24:986–991.
Ji Z, Li X, Fromowitz M, Mutter-Rottmayer E, Tung J, Smith MT,
Zhang L. 2014. Formaldehyde induces micronuclei in mouse
erythropoietic cells and suppresses the expansion of human erythroid progenitor cells. Toxicol Lett 224:233–239.
Kawamura K, Fujikawa-Yamamoto K, Ozaki M, Iwabuchi K,
Nakashima H, Domiki C, Morita N, Inoue M, Tokunaga K,

543

Shiba N, et al. 2004. Centrosome hyperamplification and chromosomal damage after exposure to radiation. Oncology 67:460–470.
Kearns WG, Yamaguchi H, Young NS, Liu JM. 2004. Centrosome
amplification and aneuploidy in bone marrow failure patients.
Genes Chromosomes Cancer 40:329–333.
Kim S, Hwang SK, Lee M, Kwak H, Son K, Yang J, Kim SH, Lee CH.
2013. Fanconi anemia complementation group A (FANCA) localizes to centrosomes and functions in the maintenance of centrosome integrity. Int J Biochem Cell Biol 45:1953–1961.
Kuehner S, Schlaier M, Schwarz K, Speit G. 2012. Analysis of
leukemia-specific aneuploidies in cultured myeloid progenitor
cells in the absence and presence of formaldehyde exposure.
Toxicol Sci 128:72–78.
Kumari A, Lim YX, Newell AH, Olson SB, McCullough AK. 2012.
Formaldehyde-induced genome instability is suppressed by an
XPF-dependent pathway. DNA Repair (Amst) 11:236–246.
Lan Q, Smith MT, Tang X, Guo W, Vermeulen R, Ji Z, Hu W,
Hubbard AE, Shen M, McHale CM, et al. 2015. ChromosomeWide Aneuploidy Study (CWAS) of cultured circulating myeloid
progenitor cells from workers occupationally exposed to formaldehyde. Carcinogenesis 36:160–167.
Larizza L, Schirrmacher V. 1984. Somatic cell fusion as a source of
genetic rearrangement leading to metastatic variants. Cancer
Metastasis Rev 3:193–222.
Lee H, Trainer AH, Friedman LS, Thistlethwaite FC, Evans MJ, Ponder
BA, Venkitaraman AR. 1999. Mitotic checkpoint inactivation
fosters transformation in cells lacking the breast cancer susceptibility gene, Brca2. Mol Cell 4:1–10.
Marchetti F, Bishop JB, Lowe X, Generoso WM, Hozier J, Wyrobek
AJ. 2001. Etoposide induces heritable chromosomal aberrations
and aneuploidy during male meiosis in the mouse. Proc Natl
Acad Sci USA 98:3952–3957.
McHale CM, Zhang L, Smith MT. 2012. Current understanding of the
mechanism of benzene-induced leukemia in humans: implications
for risk assessment. Carcinogenesis 33:240–252.
Merk O, Speit G. 1998. Significance of formaldehyde-induced DNA-protein crosslinks for mutagenesis. Environ Mol Mutagen 32:260–
268.
Nakanishi A, Han X, Saito H, Taguchi K, Ohta Y, Imajoh-Ohmi S, Miki
Y. 2007. Interference with BRCA2, which localizes to the centrosome during S and early M phase, leads to abnormal nuclear
division. Biochem Biophys Res Commun 355:34–40.
Nalepa G, Clapp DW. 2014. Fanconi anemia and the cell cycle: New
perspectives on aneuploidy. F1000Prime Rep 6:23.
Nalepa G, Enzor R, Sun Z, Marchal C, Park SJ, Yang Y, Tedeschi L,
Kelich S, Hanenberg H, Clapp DW. 2013. Fanconi anemia signaling network regulates the spindle assembly checkpoint. J Clin
Invest 123:3839–3847.
Neben K, Tews B, Wrobel G, Hahn M, Kokocinski F, Giesecke C,
Krause U, Ho AD, Kramer A, Lichter P. 2004. Gene expression
patterns in acute myeloid leukemia correlate with centrosome
aberrations and numerical chromosome changes. Oncogene 23:
2379–2384.
Nitta T, Kanai M, Sugihara E, Tanaka M, Sun B, Nagasawa T, Sonoda
S, Saya H, Miwa M. 2006. Centrosome amplification in adult Tcell leukemia and human T-cell leukemia virus type 1 Taxinduced human T cells. Cancer Sci 97:836–841.
NTP. 2011. Report on Carcinogens, 12th ed. National Toxicology Program. pp 195–205, Reaearch Triangle Park, NC, US.
Orsiere T, Sari-Minodier I, Iarmarcovai G, Botta A. 2006. Genotoxic
risk assessment of pathology and anatomy laboratory workers
exposed to formaldehyde by use of personal air sampling and
analysis of DNA damage in peripheral lymphocytes. Mutat Res
605:30–41.

Environmental and Molecular Mutagenesis. DOI 10.1002/em
544

Ji et al.

Pedersen-Bjergaard J, Christiansen DH, Desta F, Andersen MK. 2006.
Alternative genetic pathways and cooperating genetic abnormalities in the pathogenesis of therapy-related myelodysplasia and
acute myeloid leukemia. Leukemia 20:1943–1949.
Pedersen-Bjergaard J, Andersen MK, Andersen MT, Christiansen DH.
2008. Genetics of therapy-related myelodysplasia and acute myeloid leukemia. Leukemia 22:240–248.
Ren X, Ji Z, McHale CM, Yuh J, Bersonda J, Tang M, Smith MT,
Zhang L. 2013. The impact of FANCD2 deficiency on
formaldehyde-induced toxicity in human lymphoblastoid cell
lines. Arch Toxicol 87:189–196.
Ridpath JR, Nakamura A, Tano K, Luke AM, Sonoda E, Arakawa H,
Buerstedde JM, Gillespie DA, Sale JE, Yamazoe M, et al. 2007.
Cells deficient in the FANC/BRCA pathway are hypersensitive to
plasma levels of formaldehyde. Cancer Res 67:11117–11122.
Robertson KD. 2005. DNA methylation and human disease. Nat Rev
Genet 6:597–610.
Robinson HM, Black EJ, Brown R, Gillespie DA. 2007. DNA mismatch
repair and Chk1-dependent centrosome amplification in response
to DNA alkylation damage. Cell Cycle 6:982–992.
Rowley JD, Golomb HM, Vardiman JW. 1981. Nonrandom chromosome
abnormalities in acute leukemia and dysmyelopoietic syndromes
in patients with previously treated malignant disease. Blood 58:
759–767.
Schaffer LG, Tommerup N. ISCN 2005: An International System for
Human Cytogenetic Nomenclature (2005): Recommendations of
the International Standing Committee on Human Cytogenetic
Nomenclature. Basel, Switzerland: International Standing Committee on Human Cytogenetic Nomenclature, Karger.
Schoch C, Haferlach T. 2002. Cytogenetics in acute myeloid leukemia.
Curr Oncol Rep 4:390–397.
Shaham J, Bomstein Y, Melzer A, Ribak J. 1997. DNA-protein crosslinks and sister chromatid exchanges as biomarkers of exposure
to formaldehyde. Int J Occup Environ Health 3:95–104.
Shaham J, Bomstein Y, Gurvich R, Rashkovsky M, Kaufman Z. 2003.
DNA-protein crosslinks and p53 protein expression in relation to
occupational exposure to formaldehyde. Occup Environ Med 60:
403–409.
Sheltzer JM, Blank HM, Pfau SJ, Tange Y, George BM, Humpton TJ,
Brito IL, Hiraoka Y, Niwa O, Amon A. 2011. Aneuploidy drives
genomic instability in yeast. Science 333:1026–1030.
Shimada M, Kato A, Habu T, Komatsu K. 2011. Genistein, isoflavonoids
in soybeans, prevents the formation of excess radiation-induced
centrosomes via p21 up-regulation. Mutat Res 716:27–32.
Smith MT, Zhang L, Wang Y, Hayes RB, Li G, Wiemels J, Dosemeci
M, Titenko-Holland N, Xi L, Kolachana P, et al. 1998. Increased
translocations and aneusomy in chromosomes 8 and 21 among
workers exposed to benzene. Cancer Res 58:2176–2181.
Smith SM, Le Beau MM, Huo D, Karrison T, Sobecks RM, Anastasi J,
Vardiman JW, Rowley JD, Larson RA. 2003. Clinical-cytogenetic associations in 306 patients with therapy-related myelodysplasia and myeloid leukemia: the University of Chicago series.
Blood 102:43–52.
Solomon DA, Kim T, Diaz-Martinez LA, Fair J, Elkahloun AG, Harris
BT, Toretsky JA, Rosenberg SA, Shukla N, Ladanyi M, et al.
2011. Mutational inactivation of STAG2 causes aneuploidy in
human cancer. Science 333:1039–1043.
Speit G, Schutz P, Merk O. 2000. Induction and repair of formaldehydeinduced DNA-protein crosslinks in repair-deficient human cell
lines. Mutagenesis 15:85–90.
Steinmaus C, Smith AH, Jones RM, Smith MT. 2008. Meta-analysis of
benzene exposure and non-Hodgkin lymphoma: Biases could
mask an important association. Occup Environ Med 65:371–378.

Timmers C, Taniguchi T, Hejna J, Reifsteck C, Lucas L, Bruun D,
Thayer M, Cox B, Olson S, D’Andrea AD, et al. 2001. Positional
cloning of a novel Fanconi anemia gene, FANCD2. Mol Cell 7:
241–248.
Tutt A, Gabriel A, Bertwistle D, Connor F, Paterson H, Peacock J, Ross
G, Ashworth A. 1999. Absence of Brca2 causes genome instability by chromosome breakage and loss associated with centrosome
amplification. Curr Biol 9:1107–1110.
Xu ZX, Zou WX, Lin P, Chang KS. 2005. A role for PML3 in centrosome duplication and genome stability. Mol Cell 17:721–
732.
Ye X, Ji Z, Wei C, McHale CM, Ding S, Thomas R, Yang X, Zhang L.
2013. Inhaled formaldehyde induces DNA-protein crosslinks and
oxidative stress in bone marrow and other distant organs of
exposed mice. Environ Mol Mutagen 54:705–718.
Zhang L, Wang SA. 2014. A focused review of hematopoietic neoplasms occurring in the therapy-related setting. Int J Clin Exp
Pathol 7:3512–3523.
Zhang L, Rothman N, Wang Y, Hayes RB, Li G, Dosemeci M, Yin S,
Kolachana P, Titenko-Holland N, Smith MT. 1998. Increased
aneusomy and long arm deletion of chromosomes 5 and 7 in the
lymphocytes of Chinese workers exposed to benzene. Carcinogenesis 19:1955–1961.
Zhang L, Eastmond DA, Smith MT. 2002. The nature of chromosomal
aberrations detected in humans exposed to benzene. Crit Rev
Toxicol 32:1–42.
Zhang L, Yang W, Hubbard AE, Smith MT. 2005. Nonrandom aneuploidy of chromosomes 1, 5, 6, 7, 8, 9, 11, 12, and 21 induced
by the benzene metabolites hydroquinone and benzenetriol. Environ Mol Mutagen 45:388–396.
Zhang L, Steinmaus C, Eastmond DA, Xin XK, Smith MT. 2009. Formaldehyde exposure and leukemia: A new meta-analysis and
potential mechanisms. Mutat Res 681:150–168.
Zhang L, Freeman LE, Nakamura J, Hecht SS, Vandenberg JJ, Smith
MT, Sonawane BR. 2010a. Formaldehyde and leukemia: Epidemiology, potential mechanisms, and implications for risk assessment. Environ Mol Mutagen 51:181–191.
Zhang L, Tang X, Rothman N, Vermeulen R, Ji Z, Shen M, Qiu C, Guo
W, Liu S, Reiss B, et al. 2010b. Occupational exposure to formaldehyde, hematotoxicity, and leukemia-specific chromosome
changes in cultured myeloid progenitor cells. Cancer Epidemiol
Biomarkers Prev 19:80–88.
Zhang L, Lan Q, Guo W, Hubbard AE, Li G, Rappaport SM, McHale
CM, Shen M, Ji Z, Vermeulen R, et al. 2011. Chromosome-wide
aneuploidy study (CWAS) in workers exposed to an established
leukemogen, benzene. Carcinogenesis 32:605–612.
Zhang L, Lan Q, Ji Z, Li G, Shen M, Vermeulen R, Guo W, Hubbard
AE, McHale CM, Rappaport SM, et al. 2012. Leukemia-related
chromosomal loss detected in hematopoietic progenitor cells of
benzene-exposed workers. Leukemia 26:2494–2498.
Zhang Y, Liu X, McHale C, Li R, Zhang L, Wu Y, Ye X, Yang X,
Ding S. 2013. Bone marrow injury induced via oxidative stress
in mice by inhalation exposure to formaldehyde. PLoS One 8:
e74974.
Zou J, Tian F, Li J, Pickner W, Long M, Rezvani K, Wang H, Zhang
D. 2013. FancJ regulates interstrand crosslinker induced centrosome amplification through the activation of polo-like kinase 1.
Biol Open 2:1022–1031.

Accepted by—
A. Elhajouji

