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A B S T R A C T

Cytochrome P450 1A1 is a major enzyme in the bioactivation of exogenous procarcino-

gens of hepatocellular carcinoma (HCC). However, the contribution of common genetic

variants in CYP1A1 to the HCC risk in Chinese populations has not been thoroughly inves-

tigated. In this study, we examined the association between HCC and four selected

tagging single nucleotide polymorphisms (SNPs) of CYP1A1, and the risk of CYP1A1 hap-

lotypes/diplotypes in 1006 pathologically confirmed HCC patients and 1015 cancer-free

controls, from a Han Chinese population. Haplotypes/diplotypes were constructed from

observed genotypes using the Haplo.Stats program. Relative risk was estimated by using

multivariable logistic regression method. To summarise, we detected an increased HCC

risk in rs4646421 variant carriers (OR 1.30, 95% CI 1.05–1.61) and rs2198843 variant carriers

(OR 1.33, 95% CI 1.05-1.69), and a reduced risk of HCC (OR 0.70. 95% CI 0.52–0.94) associ-

ated with homozygote carriers of rs4886605 variant. These association signals were also

observed in non-smokers with rs4646421 (OR 1.56, 95% CI 1.16–2.08) and rs4886605 (OR

0.61, 95% CI 0.40–0.91). Compared to the most common CYP1A1 haplotype CCAG, the hap-

lotype TTGC conferred an increased risk of HCC (OR 1.26, 95% CI 1.04–1.52). Similarly, the

TTGC/TTGC diplotype conferred an increased risk of HCC compared with diplotype CCAG/

CCAG (OR 2.06, 95% CI 1.23–3.45, P = 0.006). Interestingly, the diplotype TTAC/CCAG also

conferred an increased risk of HCC (OR 1.76, 95% CI 1.22–2.54, P = 0.003). Our results sug-

gested that common genetic variants in CYP1A1 may modulate the risk of developing

HCC in the study population, particularly in non-smokers. However, our findings need

to be validated in at least one independent study of Han Chinese population.

� 2008 Elsevier Ltd. All rights reserved.
er Ltd. All rights reserved.
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1. Introduction HCC. In the present study, therefore, we conducted a large
Hepatocellular carcinoma (HCC) is the sixth most prevalent

malignant tumour worldwide and ranks the third as a cancer

killer, causing more than half million deaths annually.1,2

Although HCC has been generally considered more endemic

in China and sub-Saharan Africa, recent epidemiology studies

revealed that low survival rate of individuals with liver cancer

has made this malignancy the second most lethal cancer in

America.3,4 The incidence of liver cancer is lower in Europe

(consistently below 10/100,000) than areas of high incidence.

Age-adjusted incidence rates of liver cancer in men were esti-

mated to be 9.8/100,000 in Southern Europe, 5.8/100,000 in

Eastern and Western Europe and 2.6/100,000 in Northern Eur-

ope.1,2 The distribution among women follows a similar pat-

tern. Chronic hepatitis B and C viral infections have been

well characterised to play a major role in the HCC aetiology.

Given that not all the individuals infected with HBV/HCV de-

velop HCC, other risk factors including environment and

genes may be involved in the multistage process of this com-

plex disease.5

Many polycyclic aromatic hydrocarbons (PAHs) exhibit car-

cinogenic effects through interaction of their reactive metab-

olites and DNA, thereby causing DNA damage. PAHs may also

induce hepatocellular carcinogenesis, because human liver

participates in the metabolism of these exogenous chemical

compounds derived from diet, smoking and drugs. It has been

shown that, compared to the tissues obtained from non-HCC

controls, higher levels of PAH-DNA adducts were found in

adjacent non-tumour tissues of HCC cases.6 For example,

Wu and colleagues reported the association between PAH

exposure and risk of HCC by comparing the levels of PAH-

albumin adducts in blood samples.7 Moreover, PAH exposure

modulated the expression levels of several genes in the liver.8

The genes involved in the process of hepatocarcinogenesis

are highly correlated to the levels of PAH-DNA adducts.8

In this regard, the enzymes converting PAHs into their bio-

logically reactive forms may play a critical role in the determi-

nation of an individual’s susceptibility to HCC. The CYP1A1

(cytochrome P450, family1, subfamily A, polypeptide1) enzyme is

essential for the catalysis of the first step in PAHs metabolism

and therefore has been considered a primary candidate in

HCC susceptibility. The CYP1A1 (MIM 108330) gene is com-

posed of seven exons and encompasses 5.8 kb on 15q22-24.9

Two genetic variants of CYP1A1 (rs4646903 and rs1048943)

have been reported to be associated with an increased risk

of HCC in smokers,10 but the association was not replicated

in subsequent studies.11 These inconsistent findings justify

the need for additional studies of larger sample sizes to fur-

ther evaluate the role of the CYP1A1 variants in HCC develop-

ment. Although the variants investigated in the previous

studies were indicated to have putative effects on the enzyme

activity, their involvement may not be sufficient to account

for a significant proportion of the differences in the levels of

the CYP1A1 activity among individuals.12 In light of these

findings, we utilised the tag single nucleotide polymorphisms

(tagSNPs) dependent on the linkage disequilibrium (LD) pat-

tern of the gene to provide a better understanding of the rela-

tionship between genetic variation in CYP1A1 and the risk of
case-control study to extend our investigation of genetic risk

factors for HCC in a Han Chinese population, and evaluated

the effect of common genetic polymorphisms (both within

the CYP1A1 and its surrounding gene region) on the risk of

developing HCC.

2. Materials and methods

2.1. Study population

This study included 1006 cases and 1015 controls that were

unrelated ethnic Han Chinese from Shanghai and its sur-

rounding provinces including Zhejiang, Jiangsu and Anhui

in the eastern China. Patients were consecutively recruited

from Eastern Hepatobiliary Surgery Hospital between January

2003 and December 2005. Ninety percent of the recruited HCC

patients were incident cases. The remaining 106 (10%) cases

had been diagnosed to have HCC before 2003 and revisited

the hospital during the period of the study. The diagnosis of

HCC was confirmed by a pathological examination or a-feto-

protein elevation (>400 ng/ml) combined with positive imag-

ing (Magnetic resonance imaging, MRI and/or computerised

tomography, CT).13 The cases that were 25 years old or youn-

ger were excluded because these HCC cases may have devel-

oped from hepatitis B virus infection through mother-infant

transmission. In order to reduce the confounding effect of

HBV infection in research of genetic susceptibility to HCC,

controls were randomly selected from the individuals who at-

tended hepatitis examination in the hospital from the same

metropolitan region during the period of case collection.

The selection criterion for control subjects included no per-

sonal history of any kind of cancer at the time of ascertain-

ment, and these subjects were frequency-matched to HCC

cases by age (±5 years). HBV infection was considered if the

seropositivity of hepatitis B surface antigen (HBsAg) was de-

tected. At the end of the recruitment, 52.2% individuals were

HBsAg positive in the controls. For all the cases and controls,

we detected the serum HBV markers, antibodies to hepatitis C

virus, alanine transaminase and aspartate transaminase.

Once cases and controls subjects gave their written

informed consent to participate in the study, they were inter-

viewed by using a standard questionnaire including demo-

graphic characteristics and the history of smoking, drinking

and infectious disease. At the end of the 30-minute interview,

a sample of approximately 5ml venous blood was collected

from each subject. Demographical data (e.g. age, sex and eth-

nicity) and lifetime consumption of tobacco smoking and

alcohol drinking were also collected. The subjects who

smoked more than one cigarette per day for more than one

year were classified as smokers. Others were defined as

non-smokers. The average number of cigarettes smoked per

day and the total number of years of smoking were used to

calculate cumulative smoking dose as ‘pack-years’ ([ciga-

rettes per day/20] · years smoked). Subjects were considered

as alcohol drinkers, if they drank at least once per week. They

were asked about the frequency of their consumption of wine,

beer and spirits, and the consumption was quantified accord-

ing to the average ethanol content of wine (12% in volume),
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beer (5%) and spirits (40%). This study protocol was approved

by the Ethics Committee for Human Subject Research at

Fudan University.

2.2. SNP selection and laboratory methods

A few previous studies examined the relationship between

HCC risk and some putatively functional polymorphisms in

CYP1A1. One goal of this study was to investigate the contri-

bution of common SNPs of CYP1A1 in the Han Chinese popu-

lation to the development of HCC. To balance the efficiency of

association study and the genotyping cost, a linkage disequi-

librium-based approach was implemented to select a mini-

mum number of tagSNPs to cover genetic variation in the

gene.14 Using the online dataset (release 19/Phase II Oct 05)

provided by the International HapMap Project (http://

www.hapmap.org), we identified a tagSNP set having pairwise

r2 > 0.8 with other unselected SNPs. Because few SNPs were

discovered in the gene region of 5.8 kb, we defined a broader

region including 10 kb upstream and downstream sequence

and identified three tagSNPs rs4886605, rs4646421 and

rs2198843 with a minor allele frequency (MAF) greater than

0.05 for CYP1A1 (15q22-24, NC_000015.8). Each selected SNP

was located in either the non-coding, or the 5 0 or 3 0 untrans-

lated regions. We also included a non-synonymous SNP

rs1048943 located in exon 7 which was reported to be associ-

ated with the risk of lung cancer15 and oral cancer.16

Whole blood samples collected from case and control sub-

jects were processed for the extraction of genomic DNA using

the conventional phenol/chloroform extraction method. Iso-

lated DNA was diluted to 5 ng/ul and distributed into 384-well

plates. TaqMan SNP Genotyping Assay (Applied Biosystems,

Foster City, CA) was performed to detect genotypes for the se-

lected SNPs following the manufacturers’s instructions. The

unlabelled PCR primers and TaqMan MGB probes (FAM and

VIC dye-labelled) were directly supplied by the Assay-by-De-

sign service from Applied Biosystems. The details of se-

quences and reaction conditions are available upon request

(https://products.appliedbiosystems.com/ab/en/US/adirect/ab).

The genotypes were determined by scanning plates on the

ABI PRISM 7900HT Sequence Detection System with end-

point reading. The call rate across all the assays was greater

than 96%. Four duplicate samples and four no-template con-

trols (NTCs) were also included in each plate for quality con-

trol, and the genotyping achieved 100% reproducibility.

2.3. Statistical methods

Differences in demographic characteristics (age and sex),

smoking status, pack-years of smoking, drinking status, alco-

hol intake per day, HBsAg status and genotype frequency dis-

tribution were compared between cases and controls using v2

tests for categorical variables or Student’s t tests for continu-

ous measures. Departure from Hardy-Weinberg equilibrium

(HWE) was assessed by Pearson’s v2 test among controls for

each polymorphism in CYP1A1. Unconditional logistic regres-

sion was conducted to estimate the relative risk of each SNP

adjusted for age, sex, pack-years, alcohol intake per day and

HBsAg status. Odds ratios (ORs) and their 95% confidence

intervals (CIs) were calculated. The most common genotype
in controls was considered the referent. To evaluate the effect

of the genotype containing SNP variant, we ran analyses un-

der both codominant and dominant models. Further, we

stratified the data by smoking status, drinking status and

infection of hepatitis B virus. All tests were two-sided with a

significance level of P value < 0.05. To account for the issue

of multiple testing of SNPs, we used SNPSpD17 to correct the

significance threshold taking into account LD between SNPs.

Unlike popular Bonferroni correction which may result in a

power reduction when LD exists between SNPs, SNPSpD gen-

erates the experiment-wide significance threshold required to

keep the Type I error rate at <5%, on the basis of the spectral

decomposition (SpD) of matrics of pairwise LD between SNPs,

which is a measurement of SNP correlation. Moreover, this

method is more simplistic than the permutation tests that

are typically computationally intensive. The haplotype analy-

sis was conducted using modules implemented in Haplo.Stats

program18 (http://mayoresearch.mayo.edu/mayo/research/

biostat/splusfunctions.cfm). The expectation-maximisation

algorithm in haplo.em was used to estimate population hap-

lotype frequencies. Common haplotypes with frequencies

greater than 0.01 were compared between cases and controls

and in stratification analysis of smoking status. The permuta-

tion tests were used to control multiple testing errors with

10,000 times simulation. Adjusted ORs and 95% CIs were also

generated for each haplotype compared to the most common

haplotype by haplo.glm algorithm. The most probable pair of

haplotypes (diplotypes) was constructed by Haplo.Stats pro-

gram and validated by PHASE 2.1.19 Adjusted ORs and 95%

CIs were calculated for individual diplotypes with frequencies

greater than 0.02 compared to the diplotype constituted with

the most common haplotype pair.

3. Results

3.1. Population characteristics

Table 1 provides demographic data and distribution of risk

factors for both cases and controls. The controls were slightly

younger than cases and had a higher proportion of females.

The cases and controls had no statistical difference in smok-

ing status, while there were more heavy smokers in cases

(>16 pack-years) than in controls. Although there were a few

more drinkers in controls than in cases, the difference in

drinking status between cases and controls was not signifi-

cant, with more light drinkers (615 g/day) but less heavy

drinkers (>15 g/day) in controls (29.4% and 13.7%, respec-

tively) than in cases (20.3% and 20.3%, respectively). The posi-

tive rate for HBsAg was 87.5% in cases and 52.2% in controls.

3.2. Single SNP association

We obtained genotyping results of four selected SNPs of

CYP1A1 in cases and controls with success rate greater than

96%. The allele frequencies in our study were in line with

those of Han Chinese in HapMap project (Table S1), and geno-

type frequencies were consistent with Hardy-Weinberg pro-

portions in all the control subjects. By comparing the overall

genotype frequency distribution, no statistically significant

differences were tested. However, we identified significant

http://www.hapmap.org
http://www.hapmap.org
https://products.appliedbiosystems.com/ab/en/US/adirect/ab
http://mayoresearch.mayo.edu/mayo/research/biostat/splusfunctions.cfm
http://mayoresearch.mayo.edu/mayo/research/biostat/splusfunctions.cfm


Table 1 – Distribution comparison of selected characteristics of HCC cases and controls.

Characteristics Controls (n = 1015) no. (%) Cases (n = 1006) no. (%) P value

Age (mean ± SD), y 50.1 ± 13.1 51.4 ± 10.6 0.02

Age group <0.001

640 251 (24.7) 162 (16.1)

40–650 266 (26.2) 317 (31.5)

50–660 273 (26.9) 340 (33.8)

>60 225 (22.2) 187 (18.6)

Gender <0.001

Male 817 (80.5) 880 (87.5)

Female 198 (19.5) 126 (12.5)

Smoking status 0.23

Never 538 (53.0) 561 (55.8)

Ever 477 (47.0) 445 (44.2)

Pack-years smokeda,b

0 538 (53.2) 561 (61.9) <0.001

616 296 (29.3) 142 (15.7)

>16 177 (17.5) 203 (22.4)

Drinking status 0.28

Never 577 (56.9) 596 (59.4)

Ever 437 (43.1) 408 (40.6)

Alcohol intake (g/day)

0 577 (56.9) 596 (59.4) <0.001

615 298 (29.4) 204 (20.3)

>15 139 (13.7) 204 (20.3)

HBsAg <0.001

Negative 485 (47.8) 126 (12.5)

Positive 530 (52.2) 880 (87.5)

a Pack-year information is missing for 108 cases, so the percentage of non-smoker is 61.9%.

b Pack-year and alcohol intake are categorised on the bases of the mean number in controls.
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associations for rs4646421 and rs2198843 after adjusting for

age, sex, pack-years of smoking, amount of alcohol intake

per day and HBsAg status, with both rs4646421 and

rs2198843 variant carriers having an approximately 30% high-
Table 2 – Genotype frequencies of CYP1A1 among cases and c

SNPa Genotype Controls no. (%) Cas

rs4886605 TT 293 (29.9) 3

TC 489 (49.9) 4

CC 197 (20.1) 1

TC + CC 686 (70.1) 6

rs4646421 CC 357 (35.7) 3

TC 491 (49.1) 5

TT 153 (15.3) 1

TC + TT 644 (64.3) 6

rs1048943 AA 598 (59.8) 5

AG 357 (35.7) 3

GG 45 (4.5) 6

AG + GG 402 (40.2) 4

rs2198843 GG 259 (26.4) 2

GC 502 (51.1) 5

CC 221 (22.5) 2

GC + CC 723 (73.6) 7

a Chromosome positions are 72813041, 72803245, 72800038 and 72788283

NCBI dbSNP database.

b Two-sided v2 test.

c Adjusted for age, gender, number of pack-years smoked, gram of alcoh

d OR, odds ratio; CI, confidence interval.
er risk of HCC in comparison with their homozygote carriers

of common alleles (95% CI for OR were 1.05–1.61 and 1.05–

1.69, respectively, Table 2). Associated variant genotypes of

rs4886605 had a reduced HCC risk (OR 0.70, 95% CI
ontrols, and risk of HCC.

es no. (%) Pb Logistic regression

ORc (95% CId) P value

24 (33.1) 0.16 1.00 (Reference)

86 (49.6) 0.91 (0.72–1.15) 0.42

69 (17.3) 0.70 (0.52–0.94) 0.018

55 (66.9) 0.88(0.71–1.09) 0.24

12 (32.4) 0.29 1.00 (Reference)

02 (52.1) 1.31 (1.05–1.64) 0.018

49 (15.5) 1.25 (0.92–1.72) 0.16

51 (67.6) 1.30 (1.05–1.61) 0.017

60 (57.7) 0.19 1.00 (Reference)

49 (36.0) 1.04 (0.84–1.29) 0.71

1 (6.3) 1.54 (0.98–2.43) 0.06

10 (42.3) 1.09 (0.89–1.34) 0.41

20 (22.9) 0.18 1.00 (Reference)

06 (52.6) 1.33 (1.03–1.70) 0.03

36 (24.5) 1.38 (1.03–1.86) 0.03

42 (77.1) 1.33 (1.05–1.69) 0.017

for rs4886605, rs4646421, rs1048943 and rs2198843, respectively, from

ol intake per day and HBsAg status (positive or negative).
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0.52–0.94) compared with TT genotypes. The association test

on SNP rs1048943 achieved a borderline significant P value

of 0.06 (GG versus AA, OR 1.54, 95% CI 0.98–2.43). After correct-

ing for multiple comparisons by using SNPSpD (a type of

Bonferroni correction method which takes the LD between

SNPs into account), the associations observed in overall sam-

ples on SNP rs4646421, rs2198843 and rs4886605 remained sig-

nificant (threshold significant P value was set at 0.019 by the

program SNPSpD). Many kinds of PAHs are contained in ciga-

rette smoking. To explore the putative effects of cigarette

smoking on association of CYP1A1 polymorphisms with

HCC risk, we further examined the association stratified by

smoking status. We found that these relative risks were still

evident for rs4646421 (OR 1.56, 95% CI 1.16–2.08 for TC + TT

versus CC), rs2198843 (OR 1.41, 95% CI 1.02–1.95 for GC + CC

versus GG) and rs4886605 (OR 0.61, 95% CI 0.40–0.91 for CC

versus TT) in non-smokers, although the association on

rs2198843 may not be significantly rendered by multiple test-

ing adjustment (Table 3). On the other hand, rs1048943 mu-

tant homozygotes appeared to be associated with an

increased risk of HCC (OR = 2.44, 95% CI: 1.22–4.88) in smok-

ers, while no significant associations were detected on other

polymorphisms. Association analysis of CYP1A1 genotypes
Table 3 – Association of CYP1A1 genotypes with HCC risk stra

Genotype Non-smoker

Controls
no. (%)

Cases
no. (%)

ORa

(95% CI)

rs4886605 TT 150 (29.1) 166 (30.9) 1.00 (Reference)

TC 252 (48.8) 286 (53.3) 1.00 (0.73–1.38)

CC 114 (22.1) 85 (15.8) 0.61 (0.40–0.91)

TC + CC 366 (70.9) 370 (68.3) 0.87 (0.64–1.17)

rs4646421 CC 203 (38.2) 165 (31.0) 1.00 (Reference)

TC 244 (46.0) 292 (54.9) 1.64 (1.21–2.23)

TT 84 (15.8) 75 (14.1) 1.19 (0.78–1.82)

TC + TT 328 (61.8) 371 (69.2) 1.56 (1.16–2.08)

rs1048943 AA 320 (60.2) 313 (58.4) 1.00 (Reference)

AG 185 (34.8) 192 (35.8) 1.05 (0.78–1.41)

GG 27 (5.1) 31 (5.8) 1.30 (0.69–2.44)

AG + GG 212 (39.8) 226 (41.8) 1.11 (0.84–1.47)

rs2198843 GG 140 (27.2) 117 (22.1) 1.00 (Reference)

GC 264 (51.3) 293 (55.3) 1.38 (0.98–1.93)

CC 111 (21.6) 120 (22.6) 1.35 (0.90–2.03)

GC + CC 375 (72.8) 416 (77.9) 1.41 (1.02–1.95)

a Adjusted for age, gender, number of pack-years smoked (optionally), gr

Table 4 – Associations between haplotypes of CYP1A1 and ris

Haplotypea Control no. (%) Case no. (%)

CCAG 878 (43.3) 799 (39.7)

TTAC 313 (15.4) 299 (14.9)

TCAC 169 (8.3) 171 (8.5)

CTAC 31 (1.5) 40 (2.0)

TCAG 173 (8.5) 195 (9.7)

TTGC 454 (22.4) 491 (24.4)

a Order of polymorphism-rs4886605, rs4646421, rs1048943, rs2198843.

b Generated by 10,000 times permutation.

c Adjusted for age, gender, number of pack-years smoked, gram of alcoh
and risk of HCC were also stratified on risk factors including

drinking status and HBV infection. Similarly, we found that

associations were significant for rs4886605 (OR 0.57, 95% CI

0.35–0.84 for CC versus TT) and rs4646421 (OR 1.41, 95% CI

1.06–1.88 for TC + TT versus CC) in non-drinkers after multi-

ple testing correction, and there was a marginal association

for rs1048943 in drinkers (Supplemental Table S2). On the

other hand, we observed no significant heterogeneity of ef-

fects for rs4886605 and rs4646421 genotypes in HBsAg nega-

tive subjects and HBsAg positive subjects (data not shown).

3.3. Haplotype and diplotype association analysis

LD analysis further revealed that all selected SNPs of CYP1A1

were in strong LD with pairwise D 0 > 0.85, and formed a

haplotype block in our study population. Haplotypes were

inferred by the expectation-maximisation algorithm imple-

mented in haplo.em, and six major haplotypes (CCAG, TTAC,

TCAC, CTAC, TCAG and TTGC) that had allele frequency > 0.01

were included in the analysis as presented in Table 4. The

most common haplotype CCAG containing no risk allele at

each SNP locus was significantly more frequent in controls

(43.3%) than in cases (39.7%) (P = 0.004, Psim = 0.004) showed
tified by smoking status.

Smoker

P value Controls
no. (%)

Cases
no. (%)

ORa

(95% CI)
P value

143 (30.9) 158 (35.7) 1.00 (Reference)

0.99 237 (51.2) 200 (45.2) 0.79 (0.56–1.13) 0.19

0.016 83 (17.9) 84 (19.0) 0.78 (0.49–1.22) 0.27

0.35 320 (69.1) 285 (65.2) 0.87 (0.61–1.23) 0.42

154 (32.8) 147 (34.1) 1.00 (Reference)

0.001 247 (52.6) 210 (48.7) 0.98 (0.69–1.38) 0.89

0.42 69 (14.7) 74 (17.2) 1.49 (0.92–2.39) 0.10

0.003 316 (67.2) 284 (65.9) 1.09 (0.77–1.54) 0.63

278 (59.4) 247 (56.9) 1.00 (Reference)

0.63 172 (36.8) 157 (36.2) 1.08 (0.78–1.51) 0.64

0.40 18 (3.8) 30 (6.9) 2.44 (1.22–4.88) 0.01

0.46 190 (40.6) 184 (42.9) 1.17 (0.84–1.63) 0.35

119 (25.5) 103 (23.8) 1.00 (Reference)

0.06 238 (51.0) 213 (49.3) 1.23 (0.84–1.80) 0.30

0.14 110 (23.6) 116 (26.9) 1.51 (0.97–2.36) 0.07

0.04 348 (74.5) 326 (76.2) 1.29 (0.88–1.89) 0.19

am of alcohol intake per day and HBsAg status (positive or negative).

k of HCC.

P Psim
b ORc (95% CI) P value

0.004 0.004 1.00 (reference)

0.59 0.59 1.20 (0.96–1.49) 0.12

0.85 0.85 1.15 (0.89–1.50) 0.29

0.15 0.15 1.76 (0.99–3.12) 0.05

0.30 0.20 1.31 (0.99–1.71) 0.05

0.15 0.15 1.26 (1.04–1.52) 0.02

ol intake per day and HBsAg status (positive or negative).



Table 5 – Associations between diplotypes of CYP1A1 and HCC.

Diplotypea,b Control no. (%) Case no. (%) OR (95% CI)c P value

CCAG/CCAG 182 (17.9) 147 (14.6) 1.00 (reference)

TTAC/TTGC 69 (6.8) 60 (6.1) 1.23(0.76–1.98) 0.41

TTAC/TCAG 30 (3.0) 29 (2.9) 1.31(0.69–2.49) 0.41

TTAC/TCAC 24 (2.4) 32 (3.2) 1.90(0.99–3.63) 0.05

TTAC/CCAG 136 (13.4) 143 (14.2) 1.76(1.22–2.54) 0.003

TTGC/TTGC 43 (4.2) 58 (5.8) 2.06(1.23–3.45) 0.006

TTGC/TCAG 37 (3.6) 48 (4.8) 1.77(1.02–3.05) 0.04

TTGC/TCAC 42 (4.1) 43 (4.3) 1.52(0.89–2.60) 0.13

TTGC/CCAG 209 (20.6) 204 (20.3) 1.41(1.01–1.96) 0.04

TCAG/CCAG 83 (8.2) 70 (7.0) 1.19(0.76–1.84) 0.45

TCAC/CCAG 62 (6.1) 58 (5.8) 1.33(0.82–2.17) 0.25

Other diplotypesd 98 (9.7) 113 (11.2) 1.59(1.07–2.36) 0.02

a Order of polymorphism-rs4886605, rs4646421, rs1048943, rs2198843.

b In cases where more than one diplotype is inferred for the individual, the diplotype with the greatest probability was selected.

c Adjusted for age, gender, number of pack-years smoked, gram of alcohol intake per day and HBsAg status (positive or negative).

d All other diplotypes had frequency <2% in either cases or controls.
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in score test of haplotype distribution. Using the regression

model in haplo.glm to evaluate other haplotype effects on

HCC compared to CCAG with age, gender, pack-years of

smoking, alcohol intake per day and HBsAg carrying status

as covariates, an overall association was observed on the hap-

lotype TTGC (OR 1.26, 95% CI 1.04–1.52) (Table 4). And two

other haplotypes CTAC (OR 1.76, 95% 0.99–3.12) and TCAG

(OR 1.31, 95% CI 0.99–1.71) showed borderline significant asso-

ciation (P = 0.05) compared to CCAG. Consistent with the sin-

gle SNP analysis results, haplotype associations restricted to

non-smokers revealed significant results (Supplemental Table

S3). CCAG frequency difference remains significant between

cases and controls (P = 0.009, Psim = 0.009). By comparison, po-

sitive association on haplotype TTGC (OR 1.26, 95% CI 0.97–

1.63) showed only marginal significance (P = 0.08). Further-

more, associations were observed for the haplotypes TCAG

(OR 1.59, 95% CI: 1.10–2.31) and TTAC (OR = 1.39, 95% CI:

1.02–1.88).

As an exploratory effort, we reconstructed diplotypes for

each individual to test the association with HCC risk. We des-

ignated diplotype CCAG/CCAG as the referent. Consistent

with the haplotype analysis, a significantly increased risk

was detected for TTGC/TTGC diplotype carriers (OR 2.06,

95% CI 1.23–3.45, P = 0.006, Table 5). Two other diplotypes con-

taining one TTGC haplotype (TTGC/TCAG and TTGC/CCAG)

also conferred risk effect with adjusted ORs ranging from

1.41 to 1.77. The most significant risk effect was observed

for haplotype TTAC/CCAG with an adjusted OR of 1.76 (95%

CI 1.22–2.54, P = 0.003).

4. Discussion

Well recognised to be an environmentally related disease, var-

iation in CYP1A1 is a relevant genetic factor to predispose

HCC risk, for CYP1A1 is the most active enzyme in converting

procarcinogens into active compounds, which leads to DNA

adduct formation.20,21 However, previous studies investigated

only a limited number of putatively functional polymor-

phisms in relatively small studies. Therefore, we evaluated

the effects of four common CYP1A1 SNPs on HCC in this
large-scale case-control study. The associations between

SNPs rs4886605, rs4646421 and rs2198843 and overall risk of

HCC remained significant after multiple testing correction,

and the effects of rs4886605 and rs4646421 were still pro-

nounced in non-smokers with a 40% reduction (CC versus

TT) and a 1.56-fold increase (TC + TT versus CC) in HCC risk,

respectively. In haplotype/diplotype analysis, the haplotype

consisted of risk allele in all loci (TTGC) and its haplotype pair

exhibited an increased risk of HCC with adjusted OR of 1.26

and 2.06, respectively. Corresponding to positive results on

rs4886605 and rs4646421, both the haplotypes TTGC and

TTAC had T allele of rs4886605 at the first locus and T allele

of rs4646421 at the second locus. Compared to TT genotype,

the rs4886605 CC homozygotes showed a protective effect of

HCC, and the rs4886605 C allele appears most frequently com-

bined with wild type allele of the other three loci in haplotype

CCAG (43.3% in control and 39.7% in case). The consistency in

single-locus and haplotype/diplotype analyses suggest that

inherited variation in CYP1A1 may have a modest impact on

HCC susceptibility.

Our result suggested a positive association with rs4886605

variant in 5 0 flanking region. Many xenobiotic responsive ele-

ments (XREs) are present in this region of the CYP1A1 gene.

Chemical procarcinogens undergo metabolic activation by

elevating CYP1A1 enzyme expression via ligand-activated

aryl hydrocarbon receptor (AHR) requiring interaction with

XREs. Such elevation of CYP1A1 mRNA expression was re-

ported in mice livers and promoted liver tumourigenesis.22

It is possible that the variation in this sequence may affect

the affinity of AHR for some nearby XREs depending on chan-

ged topological structure or some other complex mechanism

that is observed as an impact of rs4886605 on HCC risk. More-

over, genetic variants in the 50 flanking region of CYP1A1 may

be important as CYP1A1 shares the 5 0 flanking region with

CYP1A2, which is another crucial enzyme involved in the acti-

vation of chemical procarcinogens in the liver. The common

region sequence has a bidirectional regulatory activity of the

CYP1A1/1A2 gene cluster, a phenomenon proposed to be

abundant in the human genome.23 Recently, two novel regu-

latory regions in the shared intergenic spacer were identified
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to modulate CYP1A1 and CYP1A2 transcriptional activation

simultaneously.24 The modified HCC risk associated with

rs4886605 may be related to regulated activities of both

CYP1A1 and CYP1A2 genes. Although there was no previous

report on association of rs4886605 in CYP1A1 with HCC risk,

one haplotype containing upstream SNPs of the CYP1A2 gene

was found to be associated with HCC risk in a recent study,25

which indicates biological plausibility of sequence variation

in common region. Because little is known about the direct

relationship between rs4886605 and the activity of the en-

zyme, further research on the functions of SNPs in this region

is needed.

We also provided consistent and relatively strong evidence

of a significantly increased HCC risk associated with SNP

rs4646421 located in intron 1 region of CYP1A1. Without sus-

tained induction caused by exposure to procarcinogens, the

CYP1A1 enzyme has a low level of transcription in normal

conditions. Consequently, the existence of negative regula-

tory element has been speculated. Intron 1 sequence was

found to have a repressive effect on CYP1A1 transcription

after AHR activation, and its internal sequence is highly

homologous to a transcription inhibitor binding site.26

According to functional prediction using FASTSNP,27

rs4646421 variant may cause impaired inhibition of the en-

zyme by altering the sequence specificity adequate for the up-

stream stimulatory factor (USF) recognition, which may

repress CYP1A1 transcription, resulting in high inducibility

of CYP1A1 and carcinogenesis of HCC. However, the finding

with rs4646421 is intriguing, because the risk appears to be

independent of allelic dose. Although the biological basis for

a higher risk among carriers of heterozygotes remains un-

known, it is possible that the observed risk associated with

rs4646421 heterozygotes may reflect the effect of some poten-

tial susceptibility loci in linkage disequilibrium with this

genotype. One recent study reported that a cryptic intron

excision in exon 2 can form an enzymatically active novel

spliced variant of CYP1A1 (CYP1A1v) in epithelial ovarian can-

cer cells.28 The alternative splicing may contribute to ovarian

cancer initiation and progression, and it may be a widespread

event in cancers.28 It is likely that causal variants within or in

proximity of exon 2 may have the potential to form a more ac-

tive enzyme that facilitates tumour formation and progres-

sion, as suggested by the observed association between HCC

and rs4646421, although this hypothesis needs to be con-

firmed in future studies.

Our approach to the SNP selection in this study was to se-

lect common SNPs that can capture genetic variation of the

gene. The inclusion of SNP rs1048943 was based on its puta-

tive function. The association between rs1048943 and the risk

of HCC in overall samples was only borderline significant but

was more significant in a subgroup of smokers carrying the

variant homozygous genotype. In a previous study, an in-

creased risk of HCC was reported with rs1048943 (Ile462Val)

in smokers, while no statistically significant difference was

observed in overall study population.10 In a subsequent study

of hepatitis C infection, the rs1048943 variant allele was over-

represented in HCV patients with liver disease compared with

carriers but was not associated with HCC risk.11 Our results

supported the previous finding that rs1048943 may modulate

HCC risk in smokers.
The positive association of rs4886605 and rs4646421 was

primarily observed in non-smokers as revealed in stratifica-

tion analysis. Similar results were observed in studies of other

cancers in which the risk of non-smokers was modulated by

CYP1A1 genetic variations.29–31 These findings together sup-

port the notion that ‘a low dose effect’ is more distinct among

individuals exposed to lower levels of environmental carcino-

gens,32,33 which is a feature of genetic susceptibility to cancer.

Another explanation is that the effect of CYP1A1 polymor-

phism on HCC risk may be related to some unidentified,

low-level carcinogens in the environment. Although cigarette

smoking contains multiple PAHs, it is not the only source of

the procarcinogens, which are widespread pollutants found

in air and diet in addition to smoking. A similar significant

association observed in non-drinkers may reflect a correlated

pattern between smoking and drinking habits in Han Chinese

population.

This study has a few strengths. The first one is the selec-

tion of common SNPs in the upstream and non-coding re-

gions of CYP1A1, where increasing studies focused on to

explore possible regulatory function. Second, the present

study also benefited from relatively larger sample size than

the previously published studies. The adequate number of

cases and controls made the genotype frequency more stable,

especially for SNPs with low MAF, and made significant re-

sults in certain subgroup to be reliable. Using these geno-

types, CYP1A1 haplotypes were reconstructed with high

certainty (the probability of the most likely haplotype pair is

>95% for 92.7% subjects). However, several limitations exist

in the current study. One potential concern is population

stratification. However, the SNP frequencies we observed

were similar to that previously reported for Han Chinese in

the HapMap, and the residences of controls were comparable

to those of cases; it is unlikely that our findings were signifi-

cantly influenced by this type of bias. Furthermore, there is

evidence to show that population stratification may not be

obvious in the Han Chinese population of East China, in

which we ascertained our sampling. For example, Fst between

northern Han Chinese population and HapMap Han Chinese

population samples (CHB) estimated from 19,934 SNPs was

0.0007, while the Fst between a southern Han Chinese popula-

tion and CHB was only slightly higher (0.0008).34 According to

the previous study on genomic control, for case-control stud-

ies where Fst is on the order of 0.01,35 the population structure

is relatively subtle. Therefore, we expected that the issue of

population structure in this study is not serious to affect

our results. Because controls were selected from hepatitis

examination we could not rule out the possible selection bias.

However, the inadequacy may not have a significant impact

on risk evaluation of genetic variation for the same effects

were observed in both HBsAg negative and HBsAg positive

individuals. Finally, the risk effects of genetic factor we re-

ported were only modest, and may not be significant after cor-

rection for multiple testing. More studies with larger samples

will be required to confirm the results.

In summary, our findings support the hypothesis that

genetic variants of CYP1A1 are associated with HCC risk,

especially in subjects exposed to low level of environmental

carcinogens such as smoking. In light of our results, more epi-

demiologic and functional studies are warranted to further
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explore the role of CYP1A1 in HCC carcinogenesis other than

metabolising PAHs in tobacco.
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