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Abstract

A case-only study was conducted in 123 patients with sporadic acute leukemia (AL). The locations of electric transformers
and power lines were noted in each area, and their distances from the houses of the study patients were measured. The
intensities of magnetic fields (B) were measured in 66 cases. Unconditional logistic regression analysis was performed
adjusting for age, gender, parental education and occupation, indoor and outdoor pesticides use, presence of television sets,
refrigerators and microwave ovens in children’s rooms and the presence of chemical factories or telecommunication
transmitters within 500 m of the houses. The results of the gene—environment analyses revealed that an interaction existed
between the XRCC1 Ex9 + 16 A allele and the presence of electric transformers and power lines within 100 m (Mean
B=0.14 pTeslas, uT) of the houses (interaction odds ratio, COR =4.31, 95%CI: 1.54-12.08). The COR for the interaction
of XRCC1 Ex9 + 16A and the presence of these installations within 50 m (Mean B=0.18 uT) of the houses was 4.39
(95%CI: 1.42-13.54). Our results suggest a possible association between electric transformers and power lines and the
XRCC1I Ex9 + 16A allele in patients with childhood AL.
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Introduction

Leukemias account for 25-35% of all childhood
cancers [1,2]. The mechanism by which leukemia
arises is likely to involve gene—environment interac-
tions, with the environmental exposure including
both endogenous and exogenous factors [3]. Ex-
posure to residential power-frequency magnetic
fields has been suspected to increase the risk of
childhood leukemia, though the risk suggested by the
first report [4] has not consistently been supported by
the following ones [5-12]. Laboratory-based experi-
ments and recent studies have suggested that low
frequency electromagnetic fields (EMF) can influ-

ence cell proliferation and DNA damage in both
normal and tumour cells through the action of free
radicals [13-15]. Many of the enzymatic genes
involved in DNA repair are polymorphic and can
affect the capacity for DNA repair [16,17], possibly
accounting for differential susceptibilities to child-
hood leukemia.

Genetic variation in the coding regions of the
mismatch repair gene AMLHI (Ile-219Val) could
contribute to an individual’s susceptibility to leuke-
mogenesis [18,19], though the involvement of the
repair system in the pathogenesis of plasma cell
dyscrasias has not yet been fully elucidated [20]. A
single base A to G transition in exon 8 at position 23
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upstream was identified as a polymorphism of the
hMLHI gene, and the AA genotype may be
associated with decreased activity of the encoded
enzyme. Genetic variations in base excision repair
genes are associated with bladder cancer risk through
gene—gene and gene—environment interactions. The
Asp148Glu amino acid substitution is due to a single
T to G base pair change in exon 5 at position 5
downstream in the APEX]I gene which has been well
studied [21]. Silencing of the MGMT gene, a key
gene for DNA repair, is involved in carcinogenesis.
However, the effects of these polymorphisms on the
levels and types of genetic damage induced by
specific environmental carcinogens remains to be
fully determined. Evidence suggests that the 143 Val
¢ single nucleotide polymorphism (SNPs) (MGMT
Ex7+ 13 G allele) may alter the functional char-
acteristics of the MGMT protein, resulting in
suboptimal repair of genetic damage [22]. The
XRCC1 280His (XRCC1 Ex9+ 16 A) alleles affect
individual chromosomal aberration levels, most
probably by influencing the DNA repair phenotype
[17]. The Asp312Asn and Lys751Gln polymorph-
isms in the XPD gene may also alter DNA repair
capacity. The hypothesis that these two XPD poly-
morphisms were associated with lung cancer risk was
confirmed in a large hospital-based, case—control
study among Chinese patients [23].

EMF and the aforementioned genetic polymorph-
isms may be associated with childhood acute
leukemia (AL), in light of the fact that there is an
unexplained association between exposure to the
magnetic fields arising from the supply and use of
electricity, and an increase in risk of childhood
leukemia [24]. The present study was conducted to
explore the role of interactions between EMF and
DNA repair enzymes in childhood leukemia, using a
case-only study in a Chinese Han population of
children.

Methods
Study population and data collection

Participants in the study were all inpatients admitted
to the hematological department of the Children’s
Medical Centre affiliated to Shanghai Jiao Tong
University School of Medicine in Shanghai, China.
All subjects were ethnic Han Chinese and residents
of Shanghai and Zhejiang and Jiangsu province, who
resided within 500 km of Shanghai. We recruited
123 patients who had been diagnosed with AL at
ages <15 between May 2006 and August 2007.
Children with AL were diagnosed according to the
French—American—British classification by bone mar-
row biopsy [25]. A combination of morphologic,

Interactions between DNA repair genes and EMF 2345

immunophenotypic and cytogenetic studies is used
to establish the diagnosis of acute myeloid leukemia
(AML) [26,27]. After informed consent from the
parents of each participant, 0.5 mL of blood was
collected before chemotherapy and stored at —80°C.
The study was approved by the ethics and research
committee of the Shanghai Children’s Medical
Centre, which is affiliated with the Shanghai Jiaotong
University School of Medicine.

The mothers of the patients were interviewed at
the hospital by specifically trained medical doctors
using a questionnaire. Visits to the present (or
previous) residential areas of 66 cases were arranged,
and the actual values of magnetic field intensities
were measured using an EMF detector (TriField
Meter, Alphal.ab, USA). Questionnaires covered
information about the parents’ sociodemographic
characteristics, the children’s pre and postnatal
characteristics and the familial history of cancer and
autoimmune diseases. The questions related to
environmental exposure covered pregnancy and the
period from birth to diagnosis and detailed informa-
tion including: Was there a television set/refrigerator/
microwave oven in the children’s rooms? Did you
regularly use insecticides at home? Did you use
gardening chemicals such as, fertilisers, herbicides,
insecticides, fungicides, others? Were there chemi-
cal factories/telecommunication transmitters/electric
transformers/power lines around your house? Electric
transformers were taken to mean those typically
located within a city area to serve city districts or the
main power transformation stations (10, 35, 110 kV).
Distances between such installations and the houses
were noted. The questionnaire also addressed the
parents’ occupations during pregnancy and during
the study subjects’ childhoods.

SNP detection using the MassARRAY system

The MassARRAY technology platform (Sequenom,
San Diego, California, USA) was used to detect
the SNPs in ZMLH1 Ex8-23A > G (rs1799977),
APEX1 Ex5+5T > G (rs1130409), MGMTEX7 +
13A > G (rs2308321), XRCC! Ex9+16G > A
(rs25489), XPD Ex10-16G > A (rs1799793) and
XPD Ex23+61 T > G (rs13181) [28]. The test was
based on the principle of allele-specific primer
extension reaction, whereas the read-out of the result
was realised using matrix-assisted laser desorption/
ionisation time-of-flight mass spectrometry (MAL-
DI-TOF-MS). Polymerase chain reaction (PCR)
primers and extension primers were designed by
MassARRAY Assay Design 2.0 software. To provide
a significant improvement in overall performance,
10-mer tag (5'-ACGTTGGATG-3') was added to
the 5’ ends of each PCR primer (Table I). To start
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the experiment, the polymorphic loci were amplified
by PCR on a 384-well plate in a volume of 5 uL.
reaction mixture with 0.1 U HotStarTag DNA
polymerase (QIAGEN GmbH, Hilden, Germany).
PCR thermocycles were performed as follows: a
denaturation at 95°C for 15 min, 45 cycles consisting
of 20 s at 95°C, 30 s at 56°C and 60 s at 72°C,
followed by a final elongation step at 72°C for 3 min.
The PCR products were then purified with shrimp
alkaline phosphatase. In the second step, 2 uL. primer
extension mixture, including approximately 9 uM
extension primer (Table I), 0.018 uLL Thermoseque-
nase and 0.2 uL. 10 x Termination Mix of ddATP,
ddCTP, ddTTP and ddGTP (suitable for the each
SNP) (Amersham Biosciences, Uppsala, Sweden)
were added to the PCR products. The mixture was
thermocycled to process the reaction protocol as
follows: 94°C for 2 min; 55 cycles each of 94°C for
5s, then 52°C for 5s and 72°C for 5s. After
desalting, the reaction products were transferred
onto a 384-well SpectroCHIP and analysed by using
the MassARRAY Analyser (Sequenom).

Staristical analysis

The y*-goodness-of-fit test was used to test the
Hardy-Weinberg equilibrium. For polymorphisms
with a low variant allele frequency, the homozygote
for the variant allele was combined with the hetero-
zygote, including ZMLH1 Ex8-23A > G, APEXI
Ex5+5T > G, XRCCI1 Ex9+16G > A and XPD
Ex23+61 T > G. The low risk genotypes (in
hMLH]1 genotypes, A/A allele; in APEX1 genotypes,
T/T allele; in MGMT genotypes, A/A allele; in
XRCC1 genotypes, the G/G allele; in XPD

Ex23+ 61T > G genotypes, T/T allele; in XPD
Ex10-16G > A, G/G allele) were designated as the
referent category to evaluate potential effect mod-
ification. For XRCC1, genotypes were also combined
based on a known phenotype—genotype relationship.
The combination of XRCC1 Ex9+ 16 A/G and A/A
genotypes was defined as a ‘poor metaboliser’,
whereas the G/G genotype of XRCCI Ex9 + 16 was
termed as an ‘extensive metaboliser’ [16,17,29].

To estimate gene—environment interactions, a
case-only design was applied. The case-only design
is an efficient way of estimating gene—environment
interactions, but it cannot evaluate the main effect of
either [30-32]. Such interactions may be obtained in
a case-only design if independence between geno-
types and environment exposure is assumed. In this
study, we validated this independence assumption
through the analysis of a relatively large number of
healthy subjects (=135, median age 5.0 years,
range 0.5-15 years) randomly selected from the same
population. Generally, when E is categorical or
continuous, we can assess the independence assump-
tion by fitting the following logistic regression model
to the control data:

logitP (G=1)=ny,+nE (1)

where a test of whether #; =0 is a test of the
independence assumption. We assume that the
genetic mutation and environmental exposure
are binary variables. G and E indicate presence of
the genetic mutation or polymorphism, and environ-
mental exposure, respectively. We perform a case-
only analysis if the test is nonsignificant at the 0.05
significance level or otherwise a case—control analysis

Table I. Oligonucleotide primers for polymerase chain reaction.

Genes Primers (5'-3'; F, forward; R, reverse; E, extension) Fragment length (bp)

hMLHI1 Ex8-23A > G : ACGTTGGATGCTGATGTTAGGACACTACCC 102
: ACGTTGGATGTCGACATACCGACTAACAGC

: GACTAACAGCATTTCCAAAGA

: ACGTTGGATGCACCTCTTGATTGCTTTCCC 120
ACGTTGGATGACAATCACCCGGCCTTCCTG
CCTCCTGATCATGCTCCTC
ACGTTGGATGCTGCTGCAGACCACTCTGT 100
ACGTTGGATGAGATCCCTGACTGACAGTGG
ACCTGTCTTCCAGGTCCCCATCCTC
ACGTTGGATGTTTGCCTGTCACTGCCCCCT 105
: ACGTTGGATGTTTGTCTTCTCCAGTGCCAG
TGTCGTCTCCAGTGCCAGCTCCAACTC
ACGTTGGATGACGGACGCCCACCTGGCCAA 112
: ACGTTGGATGAGGCGGGAAAGGGACTGGG
CTGCGCACCCTGCAGCACTTCGT

: ACGTTGGATGAGCAGCTAGAATCAGAGGAG 113
: ACGTTGGATGCACCAGGAACCGTTTATGGC

: GCAATCTGCTCTATCCTCT

APEXI1 Ex5+5T > G

MGMT Ex7+13A > G

XRCCI Ex9 +16G > A

XPD Ex10-16G > A

XPD Ex23+61 T >G

mIToITOoITIOITIONITHNDT




is used. When the log-odds ratio (1;) assessing
independence is zero, the case-only design is
unbiased and very efficient. In our study, the odds
ratio assessing independence between electric trans-
formers and power lines and XRCC1 was closer to 1
(estimate 1.37, P=0.656).

Case-only odds ratios for the relevant interactions
and 95% confidence intervals (95%CI) were esti-
mated using unconditional logistic regression. Possi-
ble confounding variables included for age, gender,
parental education and occupation, indoor and out-
door pesticides use, television sets, refrigerators and
microwave ovens in children’s rooms and chemical
factories or telecommunication transmitters within
500 m of the houses. Participants with missing values
for any of the variables in the regression model were
omitted from the analysis. The Mann—Whitney test
was used for comparison between magnetic field
intensities at residences for 66 cases in terms of
distances from residences to the electric transformers.

Table II. Characteristics of study patients with childhood AL.

Variables Cases no. (%)
Sex
Boys 82 (66.67)
Girls 41 (33.33)
Age (years)
<2 14 (11.38)
2-7 69 (56.10)
8-14 40 (32.52)

Maternal education

<High school 70 (56.91)

> High school 53 (43.09)
Paternal education

<High school 78 (63.41)

> High school 45 (36.59)
Socioprofessional categories*

Professional, technical workers, 23 (18.70)

administrators and managers

Clerical, sales and services workers 55 (44.72)

Factory and agricultural workers 45 (36.58)
Television set in children’s rooms

No 27 (21.95)

Yes 96 (78.05)
Refrigerator in children’s rooms

No 120 (97.56)

Yes 3 (2.44)
Microwave oven in children’s rooms

No 122 (99.19)

Yes 1 (0.81)
Home insecticide use

Never 61 (49.59)

Ever 62 (50.41)
Garden pesticide use

Never 120 (97.56)

Ever 3 (2.44)

*Socioprofessional categories: best occupational activity of child’s
mother or father.

Interactions between DNA repair genes and EMF 2347

All P-values are two-sided, and all analyses were
carried out using SPSS software packages (version
11, SPSS, USA).

Results
Characteristics of children with AL

The characteristics of children with AL are shown in
Table II. Of the participants, 66.67% were boys and
33.33% were girls; 56.10% of the cases were 2—7 years
old, with the median age 5.0 years (range 0.5-14
years). Ninety-nine of the patients had acute lym-
phoid leukemia (ALL), and 24 had AML. All those
exposed to electric transformers were also exposed to
the power lines (Table III) and two cases exposed
only to power lines are not included in the table.
Mean peak values for magnetic field intensities were
0.13 uyT (n=19), 0.14 4T (n=13) and 0.18 uT
(n=9) for houses within 500, 100 and 50 m of
electric transformers and power lines, respectively.
There were significant changes in magnetic field
intensity with different distances (500 m, 100 m,
50 m) between the houses and the electric transfor-
mers or power lines in 66 cases (Table IV).

Table III. Distances between installations and the houses.

Installations around

the houses Cases no. (%)
Electric Within 500 m Within 100 m Within 50 m
transformers
and power lines
No 84 (68.29) 92 (74.80) 103 (83.74)
Yes 39 (31.71) 31 (25.20) 20 (16.26)
Telecom Within 500 m Within 100 m Within 50 m
transmitter
No 103 (83.74) 116 (94.31) 121 (98.37)
Yes 20 (16.26) 7 (5.69) 2 (1.63)
Chemical Within 500 m Within 100 m Within 50 m
factory
No 100 (88.62) 114 (92.68) 119 (96.75)
Yes 14 (11.38) 9 (7.32) 4 (3.25)

Table IV. Peak values of magnetic field intensity with different
distances from the houses to electric transformers and power lines
for 66 cases, median (range) pT.

Cut-offs of Houses within Houses within
the distances distance <cut-offs distance > cut-offs P-value*

500 m 0.02 (0.02-0.8)  0.02 (0.01-0.2) 0.005
100 m 0.02 (0.02-0.8)  0.02 (0.01-0.3) 0.006
50 m 0.02 (0.02-0.8)  0.02 (0.01-0.3) 0.014

*Comparisons of magnetic field intensity for houses within
distance <cut-offs and houses within distance > cut-offs from
electric transformers and power lines; by Mann—Whitney test.
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The effect of gene—environment interactions on
childhood acute lymphoma

COR for gene—environment interactions between
DNA repair enzyme genotypes and electric transfor-
mers and power lines is shown in Table V. Case-only
analyses revealed that an interaction existed between
electric transformers and power lines situated within
100 m of the houses and the presence of the XRCC1
Ex9+ 16A allele in childhood AL (COR=4.31,
95%CI: 1.54-12.08), while the COR for the inter-
action between XRCC1 Ex9 + 16A and their occur-
rence within 50 m of the houses was increased
further (COR =4.39, 95%CI: 1.42-13.54). No sig-
nificant interactions between the proximity of the
electric transformers and power lines and other
genotypes were observed. No significant interactions
were observed between genotypes and the presence
of television sets, refrigerators or microwave ovens in
children’s rooms, pesticides use or the presence of
chemical factories or telecommunication transmitter
within 500 m of the houses.

Discussion

Epidemiological studies have suggested that gene—
environment interactions were associated with cancer
susceptibility [33—35]. Therefore, investigation of the
role of gene—environment interactions involving low
penetrance genes may help to elucidate the cause of
common sporadic cancers. In the present study, we

Table V. Gene—environment interactions for combination of
XRCC1 Ex9 + 16G > A and electric transformers and power lines
in childhood AL.

XRCC1

. Ex9+16G > A
Electric transformers

and power lines G/G A/G+A/A OR (95%CI)*

Within 500 m
from houses
No 66 16
Yes 25 16
Within 100 m
from houses

1.00 (Ref)
2.37 (0.94-5.97)

No 75 17 1.00 (Ref)
Yes 16 15 4.31 (1.54-12.08)*
Within 50 m
from houses
No 82 21 1.00 (Ref)
Yes 9 11 4.39 (1.42-13.54)%

*Unconditional logistic regression adjusted for age, gender,
parental education and occupation, indoor and outdoor pesticides
use, television set, refrigerator and microwave oven in children’s
room, the chemical factory, telecom transmitter around the houses
in 500 meters.

#P < 0.01.

examined gene—environment interactions for six
polymorphisms of DNA repair genes and generators
of EMF using a case-only design.

Our gene and environment combined analyses
suggest that a significant interaction, which could
potentially increase the risk of childhood AL, exists
between the XRCC1 Ex9 + 16A and the proximity of
electric transformers and power lines. No previous
reports have described an association between this
gene—environment interaction and childhood leuke-
mia risk to date. However, a gene—environment
interaction in childhood AL has been reported
between the CYPIAI*2A variant allele, GSTM]1
deletion and maternal smoking during pregnancy,
NQOI polymorphism and coffee drinking [36],
DNA repair genes and X-rays [37] and CYP1AIml
and CYPIAIm2 mutations and insecticides [38].
Previous studies have also suggested an association
between leukemogenesis in children and DNA
repair, and thus pointing to an the effect of
environmental exposure [18,39]. Moreover, it was
indicated that modification of genetic susceptibility
in vulnerable subjects may be involved in the effect of
extremely low frequency magnetic fields [40].
Although studies have been carried out on various
biological aspects of childhood AL, very little has
been done with regard to the role of genetic
polymorphisms in the DNA repair gene XRCCI,
and other members of the various DNA repair
pathways, in susceptibility to the disease. It was
reported that individuals with the XRCC1 399GIn
allele were associated with increased risk for this
disease [41-43]. Risk of ALL among children with
XRCC1 codon 194 variant genotypes were dispu-
table [42,43]. Molecular epidemiologic research
provides compelling evidence that environmental
factors are major contributors to human carcinogen-
esis and that the risk of developing cancer is strongly
influenced by genetically determined differences
[44,45]. Our results indicated that carriers of
XRCC1 Ex9+ 16A allele were at increased risk
from electric transformers and power lines. No study
has been published regarding the combination of
XRCC1 and electric transformers and power lines in
association with childhood leukemia risk. It has been
reported that EMF contributes to DNA damage
through the action of free radical species [13-15].
Functional studies using lymphocytes suggested that
the 280His polymorphism reduced genomic stability
[16,17]. DNA damage and chromosome breaks
which are inadequately repaired, ultimately lead to
the initiation and progression of disease [3]. Carriers
of the XRCCI Ex9 + 16A allele exposed to electric
transformers may experience a similar process.
The risk of leukemia was further increased with
shorter distance between the houses and the electric



transformers and power lines. However, our current
knowledge of the role of these enzymes in the DNA
repair process is based primarily on iz vitro models,
which might not reflect the complex biological
situation, and the biological interpretation remains
to be understood. Larger studies are needed to
explore the interactions between the susceptibility
genes and electric transformers, and to identify the
underlying mechanisms of childhood leukemia.

One of the limitations of the case-only design is
that, in order to identify gene—environment interac-
tions, independence between genotypes and envir-
onmental exposure must be assumed. However,
relying on tests of independence in the controls is
not effective because of their generally low power to
detect meaningful departures from independence
[46]. Another limitation of the current study was the
potential for biased recall by patients’ parents.
Though the mothers of the cases were interviewed
in hospital, face-to-face, by specifically trained
medical doctors using a questionnaire, we did not
visit the residential areas of all cases and actual values
for magnetic field intensities were measured only for
those cases visited, because of limited time and loss
of contact in some cases. The possibility of some
recall bias in our findings cannot, therefore, be ruled
out.

Although our studies were limited by EMF
exposure information, the small number of exposed
subjects and an independence assumption, it is still
noteworthy that children with the XRCC1 Ex9 + 16A
polymorphism could be particularly sensitive to the
carcinogenic effects of EMF. Future research should
include improved exposure assessments, evaluation
of risk in relation to age at exposure and an
investigation of genetic-environmental interactions
using a case—control design. There is the potential to
prevent some childhood leukemias by reducing or
eliminating EMF exposure for children with XRCC1
Ex9 + 16A.

In summary, our results demonstrated a possible
association between electric transformers and power
lines and the XRCC1 Ex9 + 16A allele in patients
with childhood AL. Residence near electric transfor-
mers and power lines, at distances <100 m, and
magnetic fields >0.14 yT, may be considered a risk
factor for the development of AL in children with
XRCC1 Ex9+ 16A genotypes. These preliminary
exploratory results need to be confirmed by further,
larger studies.
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