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Abstract
Introduction—Benzene is an established human haematotoxin, with substantial interindividual
variation in benzene-induced toxicity.

Methods—To further examine if genetic variation contributes to benzene haematotoxicity, we
analysed 1023 tagSNPs in 121 gene regions important for benzene metabolism, haematopoiesis,
leukaemia and lymphoma among 250 workers exposed to benzene and 140 unexposed controls in
a cross-sectional study carried out in China. Linear regression was used to analyse the relationship
between genetic polymorphisms and total white blood cell (WBC) count and its subtypes,
adjusting for potential confounders and occupational exposure to benzene and toluene among
exposed workers. The minp test assessed the association on the gene region level. The false
discovery rate method was used to control for multiple comparisons.

Results—VEGF (minp = 0.0030) and ERCC3 (minp = 0.0042) were the most significantly
associated gene regions with altered WBC counts among benzene-exposed workers, after
accounting for multiple comparisons. Highly significant changes were also found for WBC
subtype counts, including granulocytes, CD4+ T cells and lymphocytes for VEGF and
granulocytes and NK cells for ERCC3. Further, in workers exposed to <1 ppm, a SNP in VEGF
was associated with changes in WBC and granulocyte counts, and SNPs in ERCC3 were
associated with changes in WBC, NK cell and granulocyte counts.

Discussion—Our findings suggest that genetic variation in VEGF, which plays an important
role in blood vessel growth, and ERCC3, which is a member of the DNA repair pathway and is
responsible for repairing bulky DNA adducts formed by chemicals, may contribute to individual
susceptibility to benzene-induced haematotoxicity at relatively low levels of benzene exposure.
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Benzene is a ubiquitous environmental pollutant found in automobile exhaust, gasoline and
cigarette smoke. Chronic benzene exposure is believed to affect the bone marrow and
peripheral blood cells and induce human health effects by directly decreasing chromosomal
stability.1–5 Benzene exposure has been associated with aplastic anaemia, myelodysplastic
syndrome, leukaemia and non-Hodgkin lymphoma.6–9 Although the mechanisms have not
been fully elucidated, benzene toxicity has been shown to vary among individuals with
similar occupational exposures.8 Interindividual variation to benzene toxicity suggests that
genetic variation may explain susceptibility to benzene-associated health effects.

Previous reports of this cross-sectional study in China have suggested that benzene exposure
significantly alters blood cell counts,8 with interindividual variation attributed to genetic
variation in genes involved in benzene metabolism,8 10 DNA double-strand break repair,11

and cytokine and cellular adhesion.12 Here, we present the evaluation of 1536 tagged single
nucleotide polymorphisms (tagSNPs) in a broad range of candidate genes important for
benzene metabolism and haematopoiesis, and of potential relevance for tumours associated
with benzene including leukaemia and lymphoma, genotyped with an Illumina GoldenGate
assay (Illumina, San Diego, CA) in a cross-sectional study of 250 benzene-exposed workers
and 140 unexposed controls in Tianjin, China.

Methods
This study population has been previously described in detail.8 Briefly, 250 workers
exposed to benzene and 140 unexposed sex- and age-frequency matched controls from
Tianjin, China were enrolled in 2000 and 2001. Exposure assessment for cases and controls
included 3M organic vapour air monitors (3M, St Paul, MN), urinary benzene measurements
and dermal benzene exposure measurements, with complete organic vapour solvent scans
for a subgroup of badges to evaluate potential co-exposures.8 13 14 The mean (SD) benzene
air exposure 1 month prior to phlebotomy was 5.4 ppm (12.1 ppm) among exposed workers.
12 About 40% of the exposed workers were exposed to <1 ppm benzene in the month prior
to blood sample collection. A detailed questionnaire on lifetime occupational and
environmental exposures, recent flu and respiratory infections in the previous month,
medical history, current medication use, tobacco smoking and alcohol intake was
administered to all subjects. Interviews, physical exams and biological sample collection
took place in June 2000 (n = 88) and in May and June 2001 (n = 330). Twenty eight subjects
were enrolled in both years. Complete blood cell counts and differentials were analysed with
a Beckman-Coulter T540 blood counter (Beckman-Coulter, Fullerton, CA). Lymphocyte
subsets were measured with a Becton Dickinson FACSCalibur flow cytometer (SimulSET v
3.1) (Becton Dickinson, Franklin Lakes, NJ).8

Genomic DNA for genotyping was extracted from peripheral blood or buccal cells using a
phenol-chloroform-extraction method.15 TagSNPs from a broad range of candidate genes,
including several genes in which a limited number of candidate SNPs were previously
genotyped and reported from this study,11 12 were chosen from the designable set of
common SNPs (minor allele frequency (MAF) <5%) genotyped in the Caucasian population
sample of the HapMap Project (Data Release 20/Phase II, NCBI Build 35 assembly,
dpSNPb125) using Tagzilla (http://tagzilla.nci.nih.gov/), which implements a tagging
algorithm based on the pairwise binning method.16 For each gene region, tagSNPs located
within 20 kb 5′ of the start of transcription (exon 1) and 10 kb 3′ of the end of the last exon
were grouped and selected using a binning threshold of r2>0.8. When there were multiple
transcripts available for the gene, the primary transcript was assessed. In total, 1536
tagSNPs were genotyped using an Illumina GoldenGate assay at the National Cancer
Institute's Core Genotyping Facility (see supplementary table 1). Blinded replicate samples
(n = 20) were interspersed throughout the genotyping plates to assess quality control.
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TagSNPs with a concordance rate <95% (n = 13) and completion rate <90% (n = 45) were
excluded. All subjects had a completion rate ≥90%. Of the 1478 successfully genotyped
tagSNPs, 327 were excluded from analysis due to low MAF (<0.05). Hardy-Weinberg
equilibrium (HWE) for each tagSNP was tested in controls with a Pearson χ2 test or a
Fischer's exact test if any of the cell counts were less than five. TagSNPs (n = 128) that
deviated from HWE (p≤0.05) were removed, leaving 1023 tagSNPs for analysis.

Total white blood cell (WBC) count was used as the main endpoint of this study since
altered WBC count is a primary component of benzene poisoning diagnosis in China and
has been associated with risk of haematological malignancies and related disorders among
benzene-exposed workers.10 The relationship between each tagSNP and WBC count was
evaluated using linear regression adjusting for age (continuous variable), sex, current
cigarette smoking status (yes/no), current alcohol consumption (yes/no), recent infections
(yes/no) and body mass index (BMI). For analyses restricted to benzene-exposed workers,
the model was also adjusted for the natural log (ln) mean air benzene and ln mean air
toluene exposure in the month prior to phlebotomy. Tests for trends were conducted
assuming a linear dose–response pattern with increasing number of variant alleles (ie, 0, 1
and 2). Homozygotes for the most common allele of each tagSNP were used as the referent
group. Gene–benzene interactions were tested by adding an interaction term between the
genotype (dominant model) and benzene exposure (yes/no). The effects of tagSNPs on
specific WBC types were also tested using the same methods and covariates. Mean cell
counts and standard deviations were calculated for granulocytes, lymphocytes, CD4+ T
cells, CD8+ T cells, CD4/8 ratio, B cells, NK cells, monocytes and platelets. Data from the
28 exposed workers that were studied in both years were treated independently by using
generalised estimating equations to adjust for a potential correlation between the repeated
measurements.17 Results were similar when data from only the first or second year of study
were used for these 28 subjects.

To assess the significance of the association between each gene region and WBC count
among exposed workers, MatLab was used to perform a minp test that assesses the
significance of the minimal p value in each gene region (including all tagSNPs with cell
counts ≥5), using a permutation-based resampling procedure (1000 permutations) that takes
into account the number of tagSNPs genotyped within each gene region, as well as the
underlying linkage disequilibrium pattern.18 False discovery rates (FDRs) of the minp gene
region results were calculated to control for multiple comparisons.19 Gene regions with an
FDR ≤0.20 were considered noteworthy. Finally, haplotype blocks were determined using
all genotyped tagSNPs (including those with MAF<0.05) by the solid spine LD algorithm in
Haploview using data from all subjects. Haplotype frequencies were estimated using the
expectation-maximisation algorithm20 and haplotypes with frequencies less than 1% were
collapsed into a single category. The association with WBC count was assessed using a
global score test in Haplostats.21 A two tagSNP sliding window was also performed to
identify regions associated with altered WBC counts.18

All statistical analyses were performed with SAS unless stated otherwise. This study was
approved by the US National Cancer Institute's and the China Center for Disease Control's
Institutional Review Boards. Informed written consent was obtained from all study
participants.

Results
As previously reported in this study population,12 exposed workers and unexposed workers
had similar distributions of gender (p = 0.59), age (p = 0.40), BMI (p = 0.94), alcohol use (p
= 0.41) and smoking status (p = 0.11). Further, exposed workers had significantly lower
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total WBC (p<0.001), granulocyte (p<0.001), lymphocyte (p = 0.0014), CD4+ T cell
(p<0.001), B cell (p<0.001) and monocyte (p = 0.002) counts compared to unexposed
workers (table 1).

Gene region analysis identified 11 regions that were associated with altered WBC counts
among benzene-exposed workers, after accounting for multiple comparisons (FDR≤0.20)
(table 2). VEGF (minp = 0.0030) and ERCC3 (minp = 0.0042) were the most significant
gene regions associated with altered WBC count among exposed workers, after accounting
for multiple comparisons, and are the focus of this report.

Three of the eight and two of the four tagSNPs in VEGF and ERCC3, respectively, were
associated with altered WBC counts among exposed workers (ptrend≤0.05) (table 3). The
variant allele C at VEGF rs3025030 was associated with a significantly increasing trend of
WBC counts in exposed workers (ptrend<0.001), compared to a significantly decreasing
trend in unexposed workers (ptrend=0.013) (pinteraction<0.001). The variant allele C at VEGF
rs833058 was associated with a significantly increasing trend of WBC counts in exposed
workers (ptrend = 0.0011). WBC counts increased about 10% in the homozygote variant
carriers of VEGF rs3025030 and rs833058, compared to homozygote wildtype carriers. In
the ERCC3 gene region, the variant allele T at rs4150441 (ptrend = 0.0086) and the variant
allele C at rs6731176 (ptrend = 0.0087) were associated with significantly increasing trends
of WBC counts in exposed workers. The association was not observed among unexposed
workers, but the interactions between SNPs and exposure status were significant (pinteraction
= 0.011 and pinteraction = 0.010, respectively).

WBC subtype analyses among exposed workers found VEGF rs3025030 and rs833058 to be
associated with increasing granulocyte and CD4+ T cell (ptrend≤0.05) counts (table 4).
VEGF rs3025030 and rs833058 were also associated with border-line significant (ptrend =
0.061) and significant (ptrend = 0.011) increased lymphocyte counts, respectively. ERCC3
rs4150441 and rs6731176 were associated with altered (ptrend≤0.05) granulocyte and NK
cell counts in exposed workers.

The variant allele C at VEGF rs3025030 was significantly associated with increased WBC
(ptrend = 0.0035) and granulocyte (ptrend = 0.025) counts in workers exposed to <1 ppm of
benzene. In ERCC3, the variant allele T at rs4150441 and the variant allele C at rs6731176
were significantly associated with increased WBC (ptrend = 0.010; ptrend = 0.0068,
respectively), NK cell (ptrend = 0.044; ptrend = 0.038, respectively) and granulocyte (ptrend =
0.0087; ptrend = 0.0052, respectively) counts in workers exposed to <1 ppm of benzene.

Haplotype analyses for VEGF and ERCC3 did not provide any additional insights into the
associations beyond those observed in the individual SNP analyses.

Discussion
Through an exploratory analysis of 121 gene regions, VEGF and ERCC3 were most
significantly associated with WBC count change among exposed workers. The variant allele
C at two VEGF SNPs was associated with altered WBC counts among benzene-exposed
workers: VEGF rs3025030 and rs833058. Altered cell counts were also seen in
granulocytes, CD4+ T cells and lymphocytes, in benzene-exposed carriers of the variant
allele C at VEGF rs3025030 and at rs833058. In the ERCC3 gene region, rs4150441 and
rs6731176 were both associated with altered WBC counts, as well as granulocyte and NK
cell counts, in exposed workers. Similar associations from WBC and WBC subtype counts
were observed when evaluating workers with <1 ppm of exposure.
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VEGF, or vascular endothelial growth factor, is a key regulator of blood vessel growth.22

VEGF is primarily involved in the promotion of endothelial cells from arteries, veins and
lymphatics.23 VEGF is also responsible for the survival of endothelial cells by regulation of
the AKT signalling pathway,24 which is an important regulator of apoptosis and is essential
for helping cells manage apoptotic stimuli. Further, VEGF is also involved in immune
function by playing a role in cytokine production via the nuclear factor kappa B (NFκB)
pathway.25 NFκB expression in cancer is an important regulator of pro-angiogenic and pro-
metastatic cytokines, including VEGF, IL-6 and IL-8.26 27 VEGF has been seen to affect
bone marrow-derived cells. For example, VEGF promotes monocyte chemotaxis and
induces colony formation of granulocyte-macrophage progenitor cells.28 29 Further, VEGF
has been reported to control the survival of haematopoietic stem cells.30 Lethality seen in
mice embryos with inactivated VEGF results from a lack of vascular structures and the lack
of endothelial and haematopoietic stem cells.31–33 Therefore, VEGF is strongly
interconnected with WBC and WBC subtype levels in humans. When taken together, our
findings that WBC and WBC subtype counts vary with VEGF polymorphisms are
biologically plausible.

VEGF expression has been reported in haematologic malignancy cell lines such as multiple
myeloma, T cell lymphoma, acute lymophoblastic leukaemia, Burkitt lymphoma, histiocytic
lymphoma and chronic myelocytic lymphoma.34 Further, VEGF receptors have been found
to be expressed in acute myelogenous leukaemia, myelodysplastic syndrome, multiple
myeloma and chronic myelogenous lymphoma.35–37 VEGF expression has also been
associated with poor prognosis of non-Hodgkin lymphoma.38 Similarly, benzene exposure
has been associated with aplastic anaemia, myelodysplastic syndrome, leukaemia and non-
Hodgkin lymphoma.6–9

The metabolism of benzene into quinone and hydroquinone can generate free radicals and
reactive oxygen species that can damage DNA.1 39 Benzene-induced haematotoxicity and
haematopoietic malignancies are thought to occur through cell transformation and gene
mutation.40 The body's ability to protect the genome from benzene-induced harm is largely
dependent on the overlapping DNA repair pathways. Two major DNA repair pathways are
the double-strand break repair (DSB) and the nucleotide excision repair (NER). Previous
reports in this study population evaluating polymorphisms in the DSB found variant alleles
in WRN and TP53 to be associated with altered WBC counts.11 In this report, we found two
SNPs in the ERCC3 gene region (rs4150441 and rs6731176) to be associated with altered
WBC counts. ERCC3 is a key player in the NER, which is responsible for repairing bulky
DNA adducts formed by chemicals, such as benzene. A gene expression profile of 141 DNA
repair genes identified ERCC3 to be associated with benzene poising, among Chinese
subjects.41 Polymorphisms in other NER genes have also been associated with benzene
poisoning susceptibility in Chinese workers.42 Polymorphisms in NER genes, particularly
ERCC5, have been associated with non-Hodgkin lymphoma susceptibility.43 It should be
noted that rs6731176 is in MAP3K2, upstream of ERCC3; therefore, this variant may affect
MAP3K2 as well as ERCC3. Beyond ERCC3, our analyses of NER pathway genes,
including ERCC1, ERCC2, ERCC5 and LIG1, found only one SNP (ERCC2 rs238415) to be
significantly associated (ptrend≤0.05) with altered WBC counts among benzene-exposed
workers.

The moderate sample size of our study may lead to both false positive and false negative
findings.44 We accounted for possible spurious findings due to multiple comparisons by
evaluating FDRs. Although functionality is not known for all genotyped SNPs, our results
are biologically plausible given that variants in VEGF and ERCC3 could contribute to
benzene-induced haematotoxicity. Our observed interactions between genetic variation in
VEGF and ERCC3 with benzene exposure suggest that benzene exposure, in concert with
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these variants, induces adverse health effects, such as altered WBC and WBC subtype
counts. Associations with a particular SNP in this study may be the result of linkage
disequilibrium with another functional SNP in the region. Finally, the SNPs genotyped for
this study were selected to provide substantial genomic coverage of each candidate gene in
Caucasians as this same panel of SNPs has been used in studies of other ethnic groups.

In summary, SNPs in VEGF and ERCC3 were associated with alterations in WBC and WBC
subtype counts in workers exposed to benzene, even at relatively low levels of exposure
below 1 ppm. These findings lend additional support to the hypothesis that genetic variation
plays an important role in individual susceptibility to benzene-induced haematotoxicity.

What this papers adds

▸ Benzene is a ubiquitous environmental pollutant and a well known leukaemogen.

▸ Benzene exposure alters white blood cell counts.

▸ Genetic variation may influence susceptibility to benzene-associated health effects.

▸ The VEGF and ERCC3 gene regions are associated with altered white blood cell
counts among benzene-exposed workers.

▸ Genetic variation in VEGF and ERCC3 may contribute to individual susceptibility
to benzene-induced haematotoxicity.
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Hosgood et al. Page 9

Table 1

Peripheral blood cell counts stratified by benzene exposure status

Controls
(n = 140)

Exposed
(n = 250) p Value*

Total white blood cells 6480 (1710) 5490 (1350) <0.001

Granulocytes 4110 (1410) 3330 (1050) <0.001

Lymphocytes 2130 (577) 1940 (520) 0.0014

CD4+ T cells 742 (262) 622 (183) <0.001

CD8+ T cells 553 (208) 553 (213) 0.88

B cells 218 (94) 173 (88.5) <0.001

NK cells 586 (318) 542 (277) 0.30

Monocytes 241 (92) 215 (93.2) 0.002

Values are mean (SD).

*
Linear regression was used to test for differences between exposed and control subjects, adjusting for age, sex, current smoking, current alcohol

drinking, BMI and recent infections.
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