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Evidence suggests that de novo, therapy-related and benzene-
induced acute myeloid leukemias (AML) occur via similar
cytogenetic and genetic pathways, several of which involve aneu-
ploidy, the loss or gain of chromosomes. Aneuploidy of specific
chromosomes has been detected in benzene-related leukemia
patients as well as in healthy benzene-exposed workers, suggesting
that aneuploidy precedes and may be a potential mechanism
underlying benzene-induced leukemia. Here, we analyzed the
peripheral blood lymphocytes of 47 exposed workers and 27 un-
exposed controls using a novel OctoChrome fluorescence in situ
hybridization (FISH) technique that simultaneously detects aneu-
ploidy in all 24 chromosomes. Through this chromosome-wide
aneuploidy study (CWAS) approach, we found heterogeneity in
the monosomy and trisomy rates of the 22 autosomes when plotted
against continuous benzene exposure. In addition, statistically
significant, chromosome-specific increases in the rates of mono-
somy [5, 6, 7, 10, 16 and 19] and trisomy [5, 6, 7, 8, 10, 14, 16, 21
and 22] were found to be dose dependently associated with ben-
zene exposure. Furthermore, significantly higher rates of mono-
somy and trisomy were observed in a priori defined ‘susceptible’
chromosome sets compared with all other chromosomes. To-
gether, these findings confirm that benzene exposure is associated
with specific chromosomal aneuploidies in hematopoietic cells,
which suggests that such aneuploidies may play roles in ben-
zene-induced leukemogenesis.

Introduction

Therapy-related and de novo melodysplastic syndromes (MDS) and
acute myeloid leukemias (AML) are considered to be similar diseases
based on common underlying cytogenetic and genetic pathways (1,2).
There is an extensive evidence that the well-known leukemogen, ben-
zene (3,4), induces MDS and AML via similar pathways (4). Several
of the pathways-characterizing MDS/AML involve aneuploidy, the
loss or gain of chromosomes and a common feature of human cancer
(5,6). Around 70% of hematopoietic cancers exhibit loss or gain of
one or more chromosomes (6). Loss of whole chromosomes 5 or 7
(monosomy, �5/�7) or partial loss of the long arms of the two chro-
mosomes (5q�/7q�) and gain of whole chromosome 8 (trisomy, þ8)
are the most common unbalanced aberrations in AML and MDS (7,8).
Chromosomal aneuploidy, including that of chromosomes 5 and 7,
has been detected not only in benzene-related leukemia and preleu-

kemia patients (9) but also in healthy workers with current exposure to
benzene (9–13). This suggests that aneuploidy precedes and may be
a potential mechanism underlying benzene-induced leukemia.

Studies of the effects of benzene metabolites in vitro and of ben-
zene-exposed workers indicated an apparently selective effect of
benzene on certain chromosomes. The benzene metabolites, hydro-
quinone and 1,2,4-benzenetriol, were shown to induce the loss and
long arm deletion of chromosomes 5 and 7 (14,15), as well as trisomy
at chromosomes 7, 8 and 21 (15) in human lymphocytes in vitro.
Aneuploidy of select chromosomes in benzene-exposed workers
revealed monosomy of chromosomes 5, 7 and 8 but not chromosomes
1 and 21 in earlier studies (10,13), and monosomy and trisomy of all
seven additional chromosomes [2, 4, 6, 11, 12, 14 and 18] examined in
a follow-up study, with the loss and gain of chromosome 6 being
especially noteworthy (12). These studies, while valuable, analyzed
chromosomes hypothesized to play a potential role in benzene-in-
duced AML, based on their involvement in AML and MDS as
described in the literature.

To conclusively determine whether benzene induces specific or
random aneuploidy in exposed individuals, an agnostic method is
necessary to simultaneously assess relative levels of aneuploidy in
all human chromosomes. To this end, we developed a novel chromo-
some-wide aneuploidy study (CWAS) approach, comprising a triple-
color painting fluorescence in situ hybridization (FISH) method called
OctoChrome FISH, which allows for the simultaneous detection of
aneuploidy in all 24 chromosomes on a single eight-square slide. We
previously applied this CWAS approach to examine aneuploidy in the
lymphocytes of six exposed workers (.5 p.p.m. benzene) and five
unexposed controls (11). Our pilot results revealed significant in-
creases in the rates of monosomy of chromosomes 5, 6, 7 and 10
and trisomy of chromosomes 8, 9, 17, 21 and 22, compared with all
other chromosomes, in the exposed workers.

Based on these preliminary findings, we hypothesized that benzene
would induce chromosome-specific aneuploidy in a dose-dependent
manner, a finding that would strengthen the role of such aneuploidy as
a potential mechanism underlying benzene-induced leukemia. As
benzene-induced AML/MDS may be induced by similar cytogenetic
and genetic pathways as de novo and therapy-related AML (4), such
a finding could also clarify the role of aneuploidy in leukemogenesis
generally. Therefore, in the present study, we have applied this CWAS
approach to assess dose-dependent effects on chromosome-specific
aneuploidy in healthy workers exposed to different levels of benzene.

Materials and methods

Study subjects and demographics

Study subjects (n 5 74) for the OctoChrome FISH analysis were selected from
a large molecular epidemiology study aimed at evaluating hematologic, cytoge-
netic and molecular endpoints in workers exposed to benzene in Tianjin, China
(16). A total of 47 exposed workers came from two shoe factories studied
(22 workers exposed to benzene ,10 p.p.m. and 25 exposed to �10 p.p.m.
benzene) and the 27 unexposed controls were from a clothing manufacturing
plant located in the same general geographical area as the shoe factories, which
includes all 11 subjects (six exposed workers and five controls) previously ana-
lyzed by CWAS in our pilot study (11). The control and exposed groups of
workers were frequency matched by age, gender, alcohol consumption and cur-
rent smoking status. Detailed characteristics of the study subjects are summarized
in Table I. Institutional Review Boards at the United States National Cancer
Institute and the Chinese Center for Disease Control and Prevention, Beijing,
China approved the study. Participation was voluntary and written informed
consent was obtained. The peripheral blood samples were collected in June 2000.

Benzene exposure assessment

Prior to phlebotomy, benzene and toluene exposure was monitored in each
study participant by organic vapor passive monitor badge as described

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid
leukemia; CWAS, chromosome-wide aneuploidy study; FISH, fluorescence
in situhybridization; IRR, incidence rate ratio; MDS, melodysplastic syn-
dromes.
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previously (17). Individual full shift air monitoring took place about every
month .3 months period, resulting in �3 to 4 personal air measurements
per person. Average individual benzene exposure was calculated for the whole
observation period and separately for the last month before biological sample
collection. Benzene and toluene were not detected in air samples from the
control factories (16). The benzene exposure levels (3 months prior to phle-
botomy) in exposed workers were 4.95 ± 3.61 p.p.m. (mean ± standard de-
viation) in the ,10 p.p.m. group and 28.33 ± 20.09 p.p.m. in the �10 p.p.m.
group and , 0.04 p.p.m. (,0.13 mg/m3) in the unexposed controls (Table I).

OctoChrome FISH and scoring procedure

The OctoChrome FISH protocol provided by CytoCell (Banbury, UK) was
performed as described previously for our pilot study (11), on metaphase
spreads prepared from 72 h whole blood culture. OctoChrome FISH, a chro-
mosomic approach, allows the simultaneous analysis of 24 chromosomes on
a single eight-square slide, in one hybridization. A Multiprobe device carries
whole chromosome painting probes, on each of eight squares, for three differ-
ent chromosomes in three different colored fluorophores, Texas Red, fluores-
cein isothiocyanate and Coumarin Spectra (red, green and blue), respectively.
The chromosomes are arranged on the Multiprobe device in combinations that
facilitate the identification of most specific aneuploidy and chromosomal re-
arrangements related to human leukemia and lymphoma. The fixed lympho-
cyte metaphases prepared from the blood of benzene-exposed workers and
unexposed controls are dropped onto the eight-square slides matched to the
Multiprobe device. The simultaneous denaturation of the probes and target
DNA, and the use of rapid formamide-free stringency wash after overnight
hybridization, simplifies the FISH procedure. After the hybridization, post-
washing and 4#,6-diamidino-2-phenylindole staining steps, metaphase spreads
on each square of the eight-square slide are scanned and localized automati-
cally using Metafer software (MetaSystems, Germany) and then evaluated on
the computer screen. A total of 237 513 metaphase cells (averaging .3000 per
subject and �400 per chromosome) were selected and scored according to the
criteria listed in our previous publications (10,14).

Statistical analysis

Negative binomial regression was applied in this study because (i) it is com-
monly used when the outcome variable is a count, (ii) it can naturally adjust for
differences in the denominator (total number of cells tested), (iii) it allows for
overdispersion and (iv) it provides interpretable associations between two
measures called incidence rate ratios (IRRs) (18), which describe how the
aneuploidy frequency increases as the benzene exposure level increases. Of
particular interest is the ranking of chromosomes by their ‘sensitivity’ to ben-
zene exposure. We ranked the chromosomes based on the estimated strength of
associations (using IRR and P value) from the 24 regressions.

Dose response

To test the null hypothesis that all chromosomes have the same association
with benzene, we used negative binomial regression and a generalized esti-
mating equation approach (19), which adjusted the inference for potential
correlation of monosomy rates made on the same subject but different chro-
mosomes. Specifically, we model, for instance, the rate of monosomy as a log-
linear model:
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where Y is the number of monosomy cells. Note that Benzene is coded 0, 1, and
2 and we are thus estimating a dose response from no to low to high exposure.
Then, the test of whether the effect of benzene is the same for all chromosomes
is the test of the null:

H0 : c1 5 c2 5 � � �5 cp 5 0;

which can be performed using a Wald-type chi-square test.

�10 p.p.m. versus control and ,10 p.p.m. versus control

As for all the global analyses, we perform a Wald test to test the null hypothesis
that all chromosomes have the same rate ratio (high over control) comparing
high to Control exposure. Specifically, we fit a regression to the monosomy
counts, which models the mean (k) rate of monosomy as a function of chro-
mosome (C) and dose (D).

logðkðC;DÞÞ 5 b0 þ b1IðC 5 2Þ þ b2IðC 5 3Þ þ � � � þ b21IðC 5 22Þ
þ a0IðD 5 highÞ þ a1IðD 5 highÞ�IðC 5 2Þ þ � � �
þ a21IðD 5 highÞIðC 5 2Þ:

The test of our hypothesis that all chromosomes have the same ratio of rate
increase (or decrease) from high to low, we test the null hypothesis that:
H0 : a15a25 � � �5a2150; which we can do using a Wald test. We account
for potential correlation due to repeated measures (each individual contributes
monosomy measurements from the 22 chromosomes, excluding the sex chro-
mosomes) by using a generalized estimating equation approach (19) with
robust standard errors.

To examine the chromosomes one by one, we perform the following log
(linear) regressions on a chromosome by chromosome basis:

logðkðDÞÞ 5 b0 þ b1D:

We also use the Wald statistic to test whether the chromosome is related to
dose. ðH0 : br � 0Þ. We also performed generalized additive model smooths
[GAM, loglink; (20)] on a chromosome by chromosome basis, for both
monosomy and trisomy versus benzene, to empirically examine the dose
response.

Results

In order to determine whether benzene induces chromosome-specific
and leukemia-related aneuploidies across a range of exposure levels,
we applied a CWAS approach to simultaneously measure the rates of
aneuploidy in all 24 chromosomes in the peripheral blood lympho-
cytes of 74 individuals from an occupational study of benzene expo-
sure. Exposures were categorized as none (n 5 27), ,10 p.p.m. (n 5
22) and �10 p.p.m. (n 5 25). Detailed characteristics of the study
subjects are summarized in Table I.

Heterogeneity in aneuploidy response among all autosomes with
increasing benzene exposure level

We determined whether benzene exposure influenced the levels of
monosomy and trisomy overall in the 22 autosomes (chromosomes
1–22), at each dose category relative to controls. After adjustment for
confounding, a significantly increased rate of trisomy was detected at
�10 p.p.m. benzene exposure (IRR 1.57, 95% confidence interval
1.05–2.36, P5 0.028). The overall monosomy rate was also increased
at �10 p.p.m. but was not significant (IRR 1.29, 95% confidence
interval 0.89–1.89, P 5 0.182).

As the overall effect on aneuploidy could be influenced by differ-
ences in the response rates of individual chromosomes, we examined
these rates. Heterogeneity in the response of the 22 autosomes, for
both monosomy (Figure 1a) and trisomy (Figure 1b) rate, was

Table I. Demographic and exposure characteristics of study subjects from Tianjin, China

Benzene exposure Subject (n) Exposure
levela (p.p.m.)

Age (year) Gender Current smoking Current drinking alcohol Recent respiratory infections

Male Female Yes No Yes No Yes No

Controls 27 0.035 31.7 12 (44)b 15 (56) 10 (37) 17 (63) 7 (26) 20 (74) 3 (11) 24 (89)
,10 p.p.m. 22 4.95 ± 3.61 35.32 5 (23) 17 (77) 2 (9) 20 (91) 3 (14) 19 (86) 5 (23) 17 (77)
�10 p.p.m. 25 28.33 ± 20.09 35.24 9 (36) 16 (64) 7 (28) 18 (72) 9 (36) 16 (64) 2 (8) 23 (92)

aMean ± SD values.
bNo. of subjects (%).
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apparent after plotting smooth aneuploidy for each chromosome
against continuous benzene exposure. With regard to monosomy rate,
the slope and shape of the curves varied widely among the chromo-
somes with linear and non-linear (supra, cubic etc.) represented in
Figure 1a. Overall, trisomy rates were �10-fold lower than mono-
somy and different curves were exhibited by the different chromo-
somes. The effect of benzene on trisomy 21 was particularly striking,
with a very sharp increase in rate observed at higher benzene concen-
trations shown in Figure 1b. The null hypothesis that all chromosomes
responded to benzene exposure equally was analyzed by likelihood
ratio test, and the hypothesis was rejected with P value , 0.0001.

Benzene induces aneuploidy of select chromosomes in a significantly
dose-responsive manner

In order to determine, if there was a selective and statistically signif-
icant dose-dependent response in the chromosomal damage induced

by benzene, the mean monosomy and trisomy frequencies of all 24
chromosomes among the three categories of benzene exposure (�10
p.p.m., ,10 p.p.m. and control) were examined (Figure 2a and b).
A statistically significant dose-dependent increase in monosomy rate,
across the three exposure categories, of chromosomes 5, 6, 7, 10, 16
and 19 (P , 0.05) was found, as illustrated in Figure 2a. All six
chromosomes had IRR values � 1.3 (Table II). Trisomy rates for
chromosomes 5, 6, 7, 8, 10, 14, 16, 21 and 22 were significantly
increased (P , 0.05), as illustrated in Figure 2b and had IRR values
� 1.3 (Table II). Chromosome 21 exhibited the most significant tri-
somy rate (P 5 4.170E-07).

Aneuploidy of specific chromosomes induced by benzene exposure

We considered the aneuploidy IRR of each chromosome in each of the
exposed groups (�10 p.p.m. and ,10 p.p.m.), compared with the
control group. As shown in Table III, monosomy rates of chromo-
somes 6, 7, 16 and 19 were significantly increased (P , 0.05) at �10
p.p.m. benzene and had IRRs . 1.5. No chromosomes had signifi-
cantly increased monosomy at ,10 p.p.m. benzene (supplementary
Table 1 is available at Carcinogenesis online). Trisomy rates of chro-
mosomes 6, 10, 14, 16, 19 and 21 were significantly increased (P ,
0.05) and had IRRs . 2.0, at �10 p.p.m. benzene (Table III). At ,10
p.p.m. benzene, the rate of trisomy 10 approached statistical signifi-
cance (P 5 0.06, IRR 5 2.35, supplementary Table 1 is available at
Carcinogenesis online).

Aneuploidy of ‘susceptible’ chromosome sets induced by benzene

The results described above suggest that specific chromosomal aneu-
ploidies are associated with benzene exposure in a dose-dependent
manner, through the analysis of aneuploidy at each chromosome as an
independent association with benzene exposure (Table II). We hy-
pothesized that a susceptible chromosome set would show a significant
response compared with the set comprising all other chromosomes.
Thus, we sought to define a susceptible chromosome set based on
association with AML/MDS, benzene-associated leukemia and ben-
zene exposure.

We first selected a candidate set of eight chromosomes [5, 6, 7, 10,
12, 14, 16 and 19] probably to be susceptible to monosomy based on
reports in the literature of the association of their loss through mono-
somy with AML or MDS (7,8,21,22) or with benzene exposure in
earlier studies (12,13,15). Several of these chromosomes also ex-
hibited significant induction of monosomy in the dose-response anal-
ysis described above in the present study. We called this set of
susceptible chromosomes an ‘IN’-group. Monosomy induction in
the IN-group was compared with that of the group including all re-
maining chromosomes (OUT-group), by interaction testing, at high
and low exposures compared with unexposed controls, Table IV. As
hypothesized, the IN-group was significantly more susceptible to
monosomy compared with all other chromosomes, at �10 p.p.m.
(P , 0.001) and ,10 p.p.m. (P 5 0.04) benzene exposures. Thus,
aneuploidy was significantly more probably to be detected in suscep-
tible chromosome sets. As seen in Table IV, analysis with two suc-
cessively smaller IN-groups (chosen by excluding member
chromosomes with less well established relationships to AML and
benzene exposure) also showed significantly increased susceptibility
to monosomy at �10 p.p.m. benzene but no longer showed a signifi-
cant association at ,10 p.p.m.

We selected a candidate set of eight chromosomes (5, 6, 7, 8, 10, 14,
16 and 21) probably to be susceptible to trisomy based on reports in
the literature of the association of their loss through trisomy with
AML or MDS (7,8,23–31) or with benzene exposure in earlier studies
(9–13,32). This IN-group was significantly more susceptible to tri-
somy compared with all other chromosomes at �10 p.p.m. benzene
(P 5 0.005), but not at ,10 p.p.m., as shown in Table IV. After
exclusion of chromosomes 10 and 16, the IN-group remained
significantly more susceptible (P 5 0.035) at �10 p.p.m. benzene
compared with all other chromosomes.

Fig. 1. Monosomy and trisomy rates of each of the 22 autosomes
(chromosomes 1–22) with continuous benzene exposure. Plot [GAM
smoothes (20)] of the (a) monosomy and (b) trisomy rates of each of the 22
autosomes (chromosomes 1–22) against continuous benzene exposure levels
averaged .3 months prior to blood collection. Each chromosome is
distinguished by a different color and pattern. Heterogeneity in the response
of the 22 autosomes for both monosomy and trisomy rate is apparent from the
variation in the slope and shape of the curves. Heterogeneity was confirmed
by a likelihood ratio test in which the null hypothesis that all chromosomes
responded equally to benzene exposure was rejected with P value , 0.0001.
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Loss and gain of chromosome X detected in exposed females but not
males

We examined aneuploidy effects on the sex chromosomes in females
and males separately. As illustrated in Figure 2a, an increase in the
mean frequency of loss of chromosome X was apparent in females,
but not males, at �10 p.p.m. and ,10 p.p.m. benzene relative to
controls. Less apparent were effects on gain of chromosome X in
either gender (Figure 2b) and of loss and gain of chromosome Y in
males. Therefore, we assessed the rates of loss and gain of chromo-
somes X and Y for each gender (supplementary Table 2 is available at
Carcinogenesis online). In females, after adjusting for confounders,
the IRR of loss of chromosome X was 1.55 (95% confidence interval
1.01–2.37) and approached significance (P 5 0.045) at �10 p.p.m.
but not at ,10 p.p.m. benzene. Gain of chromosome X was not
significant at either exposure level in females, after adjustment (sup-
plementary Table 2 is available at Carcinogenesis online). In males,
rates of loss of chromosomes X and Y were not significantly altered at
either dose. Rates of gain of chromosomes X and Y were inconclusive
in males, probably due to the smaller number of men studied and the
less frequent occurrence of trisomy events.

Discussion

Aneuploidy is a characteristic of both solid and blood cancers and can
put significant stress on the cell (33). It has long been known that

benzene (or its metabolites) induces chromosomal aneuploidy in vitro
and in the peripheral blood lymphocytes of individuals occupationally
exposed to benzene (9,10,12–15), but methods employed in earlier
studies did not allow systematic chromosome-wide and chromosome-
specific analysis. Therefore, we developed a novel CWAS approach
and demonstrated in a pilot study that several specific aneuploidies
were detected more frequently in the lymphocytes of six benzene-
exposed workers than in five unexposed controls (11). Here, for the
first time, we have applied this CWAS approach to examine chromo-
some-specific and dose-dependent aneuploidy in the peripheral blood
lymphocytes of a benzene-exposed population (n 5 74). Although
chromosomal studies are typically performed on bone marrow cells
in leukemia patients, chromosomal aberrations in cohorts exposed to
occupational and/or environmental leukemogens are usually mea-
sured in peripheral blood lymphocytes (15). As well as being readily
accessible in such studies, peripheral blood lymphocytes are consid-
ered a good surrogate for bone marrow effects, as shown by the high
concordance between chromosomal abnormalities of chromosomes 5,
7, 8, and 11 detected in bone marrow and peripheral blood lympho-
cytes of myeloid leukemia patients (34).

In the present study, we found heterogeneity in aneuploidy induc-
tion with increasing benzene exposure. Furthermore, statistically sig-
nificant, chromosome-specific increases in the rates of monosomy [5,
6, 7, 10, 16 and 19] and trisomy [5, 6, 7, 8, 10, 14, 16, 21 and 22] were
found to be dose dependently associated with benzene exposure. The

Fig. 2. Mean monosomy and trisomy frequencies of all 24 chromosomes in workers exposed to no, ,10 p.p.m. and �10 p.p.m. benzene. Mean frequency and
standard errors of (a) monosomy and (b) trisomy for all 24 chromosomes in unexposed controls (n5 27) and workers exposed to ,10 p.p.m. benzene (n5 22) and
�10 p.p.m. benzene (n5 25) are shown. ThePtrend for chromosomes with statistically significant (P, 0.05) dose-dependent increases (detailed in Table II) are shown.
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chromosomes shown to be targeted by benzene in the present study
validate earlier studies analyzing the effects of benzene on specific
chromosomes. The C group of chromosomes (chromosomes 6–12 and
X) was previously reported to be preferentially associated with ben-
zene exposure in earlier studies using traditional cytogenetic methods,
as summarized (9). Increased monosomy of chromosomes 5, 6, 7, 10,
16 and 19, was reportedly associated with benzene exposure in ex-

posed workers (11–13) and a dose-dependent effect was found for
monosomy 5, 6 and 7 (12,13), across . 31 p.p.m. and � 31 p.p.m.
exposure groups. Therefore, the current CWAS approach has refined
previously observed dose-dependent effects and revealed additional
ones. Regarding trisomy, most of the findings have been previously
reported in workers exposed to very high levels of benzene. For
example, increased rates of trisomy 5, 6, 7, 8, and 21, with

Table II. Dose-dependent monosomy and trisomy rates of the 22 autosomes among groups exposed to no, ,10 p.p.m. and �10 p.p.m. benzenea

Chromosome Monosomy Chromosome Trisomy

IRRb 95% CIc P-value IRRb 95% CIc P-value

7 1.51 1.18–1.92 0.001 6 1.79 1.21–2.65 0.003
5 1.50 1.18–1.91 0.001 21 1.68 1.37–2.05 4.170E-07

10 1.43 1.12–1.83 0.005 14 1.57 1.20–2.06 0.001
19 1.34 1.07–1.67 0.01 5 1.57 1.15–2.13 0.004
6 1.32 1.07–1.64 0.01 10 1.51 1.16–1.98 0.003

16 1.29 1.05–1.58 0.02 16 1.49 1.05–2.12 0.03
1 1.23 0.98–1.55 0.07 7 1.48 1.05–2.08 0.02

12 1.19 0.96–1.47 0.11 8 1.37 1.09–1.72 0.007
13 1.18 0.92–1.52 0.20 22 1.35 1.01–1.80 0.04
14 1.15 0.93–1.43 0.20 12 1.34 1.00–1.79 0.05
20 1.15 0.91–1.44 0.24 11 1.28 0.97–1.70 0.08
17 1.13 0.95–1.35 0.16 9 1.28 1.00–1.62 0.05
18 1.13 0.93–1.37 0.21 4 1.27 0.98–1.64 0.08
21 1.13 0.91–1.40 0.26 1 1.26 0.99–1.60 0.06
8 1.13 0.90–1.41 0.31 13 1.24 0.86–1.79 0.25

15 1.12 0.94–1.34 0.20 19 1.23 0.96–1.56 0.10
3 1.10 0.93–1.32 0.27 17 1.22 0.93–1.60 0.16
4 1.10 0.90–1.35 0.35 18 1.18 0.89–1.58 0.25
9 1.07 0.90–1.27 0.46 20 1.14 0.86–1.52 0.36

22 1.06 0.88–1.26 0.55 3 1.05 0.81–1.37 0.71
11 1.04 0.85–1.26 0.71 2 1.03 0.71–1.48 0.89
2 0.85 0.65–1.10 0.21 15 1.02 0.77–1.35 0.90

aData listed according to IRR values.
bIRR, adjusted for age, sex, alcohol, infection status and smoking and for a 20 U increase in exposure.
c95% confidence interval.

Table III. Monosomy and trisomy rates of the 22 autosomes in benzene-exposed (�10 p.p.m.) versus controlsa

Chromosome Monosomy Chromosome Trisomy

IRRb 95% CIc P-value IRRb 95% CIc P-value

6 1.94 1.17–3.20 0.01 6 3.33 1.16–9.53 0.02
19 1.93 1.23–3.03 0.004 16 2.73 1.31–5.69 0.01
7 1.89 1.02–3.48 0.04 14 2.62 1.23–5.59 0.01
5 1.73 0.92–3.25 0.09 10 2.48 1.06–5.77 0.04

10 1.70 0.93–3.13 0.09 21 2.23 1.24–3.99 0.01
14 1.64 1.01–2.65 0.05 19 2.09 1.24–3.53 0.01
16 1.62 1.04–2.53 0.03 13 1.99 0.82–4.80 0.13
12 1.41 0.90–2.21 0.13 18 1.66 0.85–3.25 0.14
18 1.35 0.86–2.11 0.19 11 1.56 0.76–3.19 0.22
21 1.27 0.81–1.99 0.30 12 1.56 0.80–3.01 0.19
1 1.25 0.75–2.06 0.39 4 1.52 0.78–2.96 0.21
8 1.23 0.75–2.01 0.41 8 1.52 0.89–2.59 0.13

20 1.16 0.72–1.87 0.54 1 1.52 0.86–2.67 0.15
4 1.15 0.71–1.88 0.57 22 1.47 0.72–2.98 0.29

15 1.13 0.77–1.67 0.53 5 1.45 0.63–3.35 0.39
13 1.12 0.65–1.94 0.69 7 1.22 0.50–2.99 0.66
17 0.98 0.65–1.48 0.92 20 1.17 0.62–2.21 0.62
22 0.97 0.65–1.45 0.88 9 1.13 0.62–2.06 0.69
11 0.95 0.60–1.50 0.83 2 1.13 0.50–2.56 0.78
3 0.91 0.59–1.39 0.65 17 1.10 0.57–2.10 0.78
9 0.89 0.59–1.35 0.58 3 0.91 0.50–1.64 0.74
2 0.60 0.36–1.00 0.05 15 0.76 0.42–1.38 0.37

aData listed according to IRR values.
bIRR, adjusted for age, sex, alcohol, infection status and smoking and for a 20 U increase in exposure.
c95% confidence interval.
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dose-response effects for trisomy of chromosomes 6, 7, 8 and 21, were
found (9,10,12,13,32). Global analysis of aneuploidy in a pilot study
by OctoChrome FISH revealed a significant induction of trisomy at
chromosomes 6, 8, 9, 12, 14, 16, 19, 21 and 22 (11). Additionally,
trisomy 10 was previously detected at an increased rate in exposed
workers though IRR and P-value were not available due to the zero
count found in the controls (11).

Together, these data demonstrate that benzene induces certain chro-
mosomal aneuploidies in a dose-dependent manner. Many of the sig-
nificant aneuploidies have been demonstrated in leukemia patients.
Loss of whole chromosomes 5 or 7 (�5/�7) or of the long arms of the
two chromosomes (5q�/7q�) is the most common unbalanced aber-
rations in de novo and therapy-related MDS and AML (7,8). Trisomy
8 is the most frequent numerical aberration in AML and MDS, oc-
curring at a frequency of 10–15% (23). Trisomy 21 (þ21) is the
second most common trisomy in AML and MDS, occurring at a fre-
quency of �3% (24). Trisomy 6 (25,26), trisomy 10 (27,28), trisomy
14 (29,30) and trisomy 16 (31) have all been reported to be non-
random numerical anomalies of myeloid disorders. That these ben-
zene-induced and leukemia-relevant aneuploidies occur in healthy
workers with current exposure to benzene as demonstrated in the
present study, as well as in benzene-related leukemia and preleukemia
patients (9), suggests that aneuploidy precedes and may be a potential
mechanism underlying benzene-induced leukemia. Aneuploidy of
chromosomes 5 and 7 may also be a mechanism underlying ther-
apy-related AML cases, which arise after treatment with the alkylat-
ing drugs such as melphalan (35,36).

Benzene is a common environmental pollutant to which almost
everyone is exposed through automobile exhaust, gasoline use and
smoking (37,38). Benzene is thought to affect the blood-forming
system at levels ,1 p.p.m., the current United States occupational
standard (39), with no evidence of a threshold (40–42). Benzene in-
duces hematotoxicity (16), manifest as decreases in almost all blood
cells, even at levels ,1 p.p.m. (43). Given the likely lack of a threshold
and the multimodal mechanism of action exerted by benzene through
its metabolites (4), cumulative effects, such as aneuploidy and other
chromosome aberrations acquired through environmental exposure to
benzene, may contribute to de novo leukemia.

Although our study demonstrated a dose-dependent induction of
chromosomal aneuploidy by benzene, effects on individual chromo-
somes at the lower exposure category (,10 p.p.m.) were statistically
insignificant. This is probably due to a lack of power as this exposure
category comprised only 22 individuals. Indeed, we recently reported
significantly increased chromosome loss in a larger number of work-
ers exposed to ,1 p.p.m. (n5 109) compared with controls (n5 139)
using a traditional non-banding assay (44). In the present study, we
found increased monosomy in a susceptible chromosome set, com-
pared with all other chromosomes, at both �10 p.p.m. and ,10 p.p.m.
benzene. Analysis of aneuploidy in this susceptible chromosome set

in an expanded population exposed to low levels of benzene could
clarify such effects at low doses. Such a study would also assess the
potential application of an aneuploidy signature as a biomarker of
benzene exposure and early effect. A susceptible chromosome set
with increased trisomy rates relative to all remaining chromosomes
at �10 p.p.m. but not ,10 p.p.m. benzene exposure was determined.
As trisomy is a less frequent event than monosomy, a large sample
size may increase the power to detect trisomy effects at low levels of
exposure. Further clarification of aneuploidy induction at low levels
of benzene exposure will help to elucidate its role in benzene-induced
leukemogenesis.

It remains to be determined how benzene causes aneuploidy. Aneu-
ploid cells may arise directly from diploid cells through errors in
chromosome segregation, as a consequence of incorrect microtubule–
kinetochore attachments, or through failure of the spindle checkpoint
(45). Dysfunctional telomeres may also play a role (46). As altered
expression of multiple genes may play a role in aneuploidy (47), we are
analyzing global gene expression datasets that we previously generated
from the same pool of benzene exposed and control subjects (48) as in
the current study, in conjunction with the aneuploidy data described
here, to identify aneuploidy-related genes induced by benzene.

Future studies could explore whether the apparent selectivity of
aneuploidy induction in certain chromosomes is a function of ben-
zene-targeting-specific chromosomes or of certain aneuploidies pro-
viding a survival or growth advantage to the cell. Only non-lethal
aneuploidies are detected by the methodologies employed here and
might not represent the full spectrum of targeted chromosomes. Thus,
cells with lethal aneuploidies may die off and aneuploidies, which not
only permit survival but that also give a growth advantage to the cell,
may be preferentially found in individuals exposed to leukemogens.
Such aneuploidies subvert normal hematopoietic processes when they
occur in a hematopoietic cell and thus cause leukemia. One example is
constitutive trisomy 21, which characterizes Down’s syndrome and
predisposes affected individuals to risk of leukemia. A recent study
showed that trisomic doses of several chromosome 21 genes, one of
which is RUNX1, perturb hematopoietic stem and progenitor cell
differentiation leading to the hyperproduction of immature progenitor
cells, in Down’s syndrome (49). Microarray analyses in AML with
trisomies 8 (n5 12), 11 (n5 7), 13 (n5 7) and monosomy 7 (n5 9),
as sole changes, revealed altered expression levels of genes located in
the affected chromosomal regions (50).

A second possibility is that the three-dimensional organization of
the chromosomes in the nucleus, which is dynamic with respect to cell
type and differentiation stage, may render some chromosomes more
sensitive to loss or gain. This has been shown to influence the de-
velopment of translocations found in lymphoma and leukemia, as
reviewed (51). Although we measured aneuploidies in mature lym-
phocytes, they could have arisen in hematopoietic stem/progenitor
cells; indeed, we have detected aneuploidies induced by another

Table IV. Aneuploidy rates of the IN-group (susceptible chromosome set) versus the OUT-group (remaining chromosomes) chromosomes

Chromosome group �10 p.p.m. benzene versus control ,10 p.p.m. benzene versus control

OUTc-group INc-group P-value of
interaction

OUT-group IN-group P-Value of
Interaction

IRRa 95% CIb IRR 95% CI IRR 95% CI IRR 95% CI

Monosomy
5, 6, 7, 10, 12, 14, 16 and 19 1.09 0.75, 1.57 1.83 1.20, 2.82 ,0.001 1.02 0.68, 1.52 1.33 0.85, 2.09 0.04
5, 6, 7, 10, 16 and 19 1.15 0.80, 1.65 2.00 1.22, 3.27 ,0.001 1.06 0.71, 1.58 1.34 0.81, 2.22 0.18
5, 6, 7 and 10 1.21 0.84, 1.74 2.16 1.18 3.94 0.007 1.07 0.72, 1.60 1.48 0.83, 2.63 0.17

Trisomy
5, 6, 7, 8, 10, 14, 16 and 21 1.37 0.91, 2.05 2.10 1.32, 3.35 0.005 1.08 0.76, 1.53 1.21 0.81, 1.81 0.46
5, 6, 7, 8, 14 and 21 1.44 0.97, 2.15 2.01 1.23, 3.30 0.035 1.10 0.78, 1.55 1.15 0.76, 1.75 0.75
6, 7, 8 and 21 1.51 1.01, 2.27 1.88 1.14, 3.09 0.20 1.13 0.79, 1.59 1.07 0.69, 1.65 0.76

aIRR, adjusted for age, sex, alcohol, infection status and smoking and for a 20 U increase in exposure.
b95% confidence interval.
cOUT and IN chromosome groups defined a priori based on their association with AML or MDS and benzene exposure in the literature, as described in the text.
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candidate leukemogen, formaldehyde, in progenitor cell colonies
(52). Future studies are necessary to determine which cells are more
sensitive to benzene-induced aneuploidy and the role of chromosome
architecture.

Conclusion

We have shown that benzene significantly induces aneuploidy in
a chromosome-specific and dose-dependent manner. Investigation of
the role of aneuploidy at these chromosomes in benzene-induced
leukemogenesis, particularly at low levels of benzene exposure, is
warranted.

Supplementary material

Supplementary Tables 1 and 2 can be found at http://carcin.oxford-
journals.org/
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