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Abstract Three known non-synonymous polymor-
phisms (Ala394Thr, Ser471Leu and Pro690Ala) in the
largest circadian gene, Neuronal PAS domain protein 2
(NPAS2), were genotyped in a breast cancer case-control
study conducted in Connecticut, USA (431 cases and 476
controls). We found that women with the heterozygous
Ala394Thr genotype were significantly associated with
breast cancer risk compared to those with the common
homozygous Ala394Ala (OR = 0.61, 0.46-0.81,
P =0.001). This is the first evidence demonstrating a
role of the circadian gene NPAS2 in human breast can-
cer, suggesting that genetic variations in circadian genes
might be a novel panel of biomarkers for breast cancer
risk.

Keywords Circadian gene - NPAS2 - Breast cancer

Introduction

Disruption of the circadian rhythm has been reported to
increase the risk of breast cancer in several epidemiologic
studies that involved women working night shifts [1-3].
These findings suggest a role of circadian rhythms in breast
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tumorigenesis and lead to the circadian gene hypothesis,
which states that genetic variants in genes responsible for
maintaining circadian rthythms might act as a panel of bi-
omarkers associated with an individual’s risk of breast
cancer [4]. The hypothesis is supported by emerging data
from animal models that demonstrate a substantial impact
of circadian genes on several tumor-related biological
pathways such as cell proliferation, cell cycle control, and
apoptosis [5]. However, very few studies have tested this
hypothesis in human populations.

NPAS2, the largest circadian gene, maps on chromo-
some 2 at 2q11.2 and covers 176.68 kb according to the
NCBI Build 35 (www.ncbi.nlm.nih.gov/IEB/Research/
Acembly). It encodes for a member of the basic helix-loop-
helix-PAS class of transcription factors and is expressed
primarily in the mammalian forebrain. NPAS2 forms
heterodimers with BMAL1 and then transcriptionally
activates expression of the circadian genes per and cry,
which are required for maintaining biological rhythms in
many organisms [6, 7]. In animal studies, altered circadian
patterns of sleep and behavioral adaptability have been
observed in NPAS2-deficient mice [8].

The public NCBI dbSNP database (www.ncbi.nlm.-
nih.gov/SNP) contains 560 single nucleotide polymor-
phisms (SNPs) identified in the NPAS2 gene, of which the
SNP rs2305160 (A/G) is the only non-synonymous muta-
tion altering an amino acid at codon 394, Ala394Thr. Two
more non-synonymous mutations, Serd71Leu
(hCV2153849) and Pro690Ala (hCV25757546), were
subsequently found in the Celera SNP database. The cur-
rent case-control study aimed to screen these three NPAS2
polymorphisms for 431 breast cancer patients and 476
healthy controls in order to test whether these non-synon-
ymous mutations could serve as circadian biomarkers
associated with breast cancer risk.
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Materials and methods
Study population

Study subjects came from a recently completed breast
cancer case-control study conducted in Connecticut. All
breast cancer cases, aged 30-80 years old, had no previous
diagnosis of cancer except for nonmelanoma skin cancer.
Detailed information regarding the study population was
described previously [9]. Briefly, the cases were histolog-
ically confirmed breast cancer patients from New Haven
County and Tolland County, Connecticut, USA. For New
Haven County, eligible cases were identified from the
major hospital of the county, the Yale-New Haven Hospital
(YNHH), through the computer database system at the
Department of Surgical Pathology. Controls were also
randomly selected from the computer database from wo-
men who were histologically confirmed to be without
breast cancer. The participation rates were 77% for cases
and 71% for controls in New Haven County. For Tolland
County, since there was no major hospital in this county,
newly diagnosed breast cancer cases were identified from
area hospital records by the Rapid Case Ascertainment
system at the Yale Comprehensive Cancer Center. Controls
from Tolland County were recruited through random digit
dialing methods for those under age 65 and randomly se-
lected from Health Care Financing Administration (HCFA)
files for those aged 65 and over. The participation rates
were 74% for cases and 64% for controls in Tolland
County.

Data collection

Informed consent was obtained from all study participants
prior to the collection of epidemiological data by personal
interview. In addition to demographic characteristics of
cases and controls, data on menstrual and reproductive
factors (such as age at menarche, age at menopause, and
lifetime lactation history) and family history of breast
cancer were obtained. Menopausal status was assessed at
the time of diagnosis. At the completion of the interview,
blood was drawn into sodium-heparinized tubes for
immediate DNA isolation and subsequent molecular anal-
ysis.

TagMan genotyping

The TagMan Assay was used to determine genotypes using
archived genomic DNA isolated from peripheral blood
lymphocytes. Assays-on-Demand primers and probes were
C_15976652_10, C_2153849_10 and C_25757546_10 for
SNPs 152305160, hCV2153849 and hCV25757546
respectively (Applied Biosystems, Inc., Foster City, CA).
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The TagMan assays were performed following manufac-
ture’s instructions (Applied Biosystems, Inc.,) in MX3000P
instrument (Stratagene, La Jolla, CA). Each genotyping
plate contained positive and negative controls. Approxi-
mately 10% of the samples were duplicated to assure
quality control in genotyping and two reviewers separately
performed genotype scoring to confirm results.

Statistical analysis

All statistical analyses were performed using the STATA
statistical software (StataCorp.; College Station, TX).
Genotype frequencies at SNP loci in the control population
were first checked for compliance with Hardy—Weinberg
equilibrium. Genotype data were analyzed with the ho-
mozygotes of the common allele as the reference group.
Adjusted Odds ratios (ORs) with 95% confidence intervals
(CI) were calculated by logistic regression to estimate the
relative risk associated with different genotypes. The
analyses were adjusted by age, family history of breast
cancer in first-degree relatives, study site, and reproductive
factors including lifetime months of breast feeding, age at
menarche, menopausal status, age at first full-term birth
and number of live births.

Results

Table 1 presents the distribution of selected baseline
characteristics for cases and controls. There were signifi-
cantly more postmenopausal women in the case population
(76.6%) than that in controls (65.5%), indicating an in-
creased risk of breast cancer associated with menopausal
status. No other baseline factors showed a material dif-
ference between the cases and controls.

Genotyping data was available for 431 breast cancer
cases and 476 controls in this study. We achieved 99% of
genotype concordance for our quality control samples.
Statistical analyses were performed for two SNPs,
rs2305160 and hCV2153849, which changed the amino
acid at codon 394 and 471 respectively. The third SNP
hCV25757546 had a very low minor allele frequency
(<0.5%) and was therefore not included in our analyses.
The Hardy—Weinberg equilibrium of genotype frequencies
was met in control groups at both loci rs2305160
(chi2 =2.23, P =0.135) and hCV2153849 (chi2 = 1.46,
P =0.293).

Among all of these participants, logistic regression
analysis showed that individuals with the heterozygous
Ala394Thr genotype were significantly associated with
breast cancer risk compared to those having the common
Ala394Ala genotype after adjustment for breast cancer
confounding factors (OR =0.61; 95% CI. 0.46-0.81,
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Table 1 Distributions of selected characteristics by case-control
status

Variable Cases Controls P-value
(N =441) (N =479)
N (%) N (%)
Age at menarche (years)
<11 27 (6.2) 36 (7.5)
11-12 180 (41.4) 190 (39.8)
=12 228 (52.4) 252 (52.7) 0.693
Menopausal status
Premenopausal 103 (23.4) 165 (34.5)
Postmenopausal 338 (76.6) 314 (65.5) 0.000
Age at menopause (years)
<44 85 (26.0) 104 (34.1)
44-49 117 (35.8) 95 (31.2)
>49 125 (38.2) 106 (34.7) 0.082
Lifetime lactation (months)
0 279 (63.3) 291 (60.7)
1-5 55 (12.5) 64 (13.4)
6-15 57 (12.9) 67 (14.0)
>15 50 (11.3) 57 (11.9) 0.890
No. of live births
0 54 (12.3) 75 (15.7)
12 222 (50.5) 218 (45.5)
>2 164 (37.3) 186 (38.8) 0.203
Age at first birth
<22 110 (28.5) 124 (30.6)
22-26 154 (39.9) 152 (37.5)
>26 122 (31.6) 129 (31.9) 0.745
Ethnicity
Caucasian 401 (90.9) 439 (91.6)
African-American 28 (6.4) 28 (5.9)
Other 12 (2.7) 12 (2.5) 0.985
Study site
New Haven County 304 (68.9) 313 (65.3)
Tolland County 137 (31.1) 166 (34.7) 0.247
Family history of breast cancer in first-degree relatives
Yes 103 (23.4) 104 (21.7)
No 338 (76.6) 375 (78.3) 0.551

P =0.001) (Table 2). However, no association was de-
tected between the homozygous Thr394Thr genotype and
breast cancer risk (OR = 1.00; 95% CI: 0.63-1.57,
P =0.988). After stratifying by menopausal status, the
significant relationship of the heterozygous Ala394Thr
genotype with breast cancer was observed in both pre-
menopausal and postmenopausal women. Interestingly, this
heterozygous effect was more evident in premenopausal
women (OR = 0.44, 95% CI 0.25-0.77, P = 0.004) than in
postmenopausal women (OR = 0.65, 95% CI 0.46-0.91,
P =0.014).

Analysis of the SNP hCV2153849 (Serd71Leu) did not
yield any significant results. Here we only reported the
results for all subjects, with adjustments for race, but a data
analysis of only Caucasians provided very similar findings.
Moreover, analyses for two study sites separately yielded
similar results as well.

Discussion

Our findings demonstrate for the first time an association of
the NPAS2 Ala394Thr variation with risk for breast cancer,
supporting the hypothesis that genetic variations in circa-
dian genes may confer inherited susceptibility to breast
cancer. This is in accordance with our previous observa-
tions that associate a structural genetic variation in another
circadian gene, PERIOD3 (PER3), with breast cancer risk
[10].

The possible involvement of NPAS2 in tumorigenesis
has also been supported by an animal model study that
found that the BMALI1/NPAS2 heterodimers might medi-
ate the promoter of the oncogene c-myc and suppress its
transcription [11]. Moreover, a heterozygous missense
mutation in the NPAS2 Leu471Ser has been recently linked
to the reduced risk of human seasonal affective disorder
(SAD) [12], in which circadian rhythms such as diurnal
preference have been suggested to play a role [13]. Recent
findings of ours have also demonstrated a robust associa-
tion of the NPAS2 variant Thr genotypes (Ala/Thr & Thr/
Thr) with reduced risk of non-Hodgkin’s lymphoma [14].
Therefore, NPAS2 might serve as biomarkers for an indi-
vidual’s risk of human cancers, although explicit mecha-
nisms are currently far from clear.

The greater impact of the Ala394Thr genotype on breast
cancer risk among young people corresponded with the
suggested theory that breast cancer occurrence among
young women is more likely related to inherited genetic
factors. Moreover, the many environmental factors that can
accrue with age may attenuate any estimate of the genetic
role in the disease. For example, there is evidence that
shows circadian variation of endothelial function is present
in pre-menopausal women but disappears after menopause
[15]. It is also possible that circadian genes may play a role
in hormone regulation associated with menopausal status,
which could account for its different impact between pre-
and post-menopausal women. For example, VEGF is a
growth factor and modulator of endothelial growth and
function, and VEGF levels predict breast cancer prognosis.
Recent findings suggest that expression of VEGF is mod-
ulated in cancer cells both by the circadian and menstrual/
estrous cycles [16, 17]. This circadian and menstrual clock
controlled VEGF gene and protein expression may be
responsible not only for the menstrual cycle modulation of
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Table 2 NPAS2 genotypes, menopausal status, and breast cancer risk

Genotypes Cases N (%) Controls N (%) Crude OR (95%CT) P-value Adjusted OR* (95%CT) P-value
Ala394Thr
All women

Ala/Ala 225 (51.5) 207 (43.3) 1 1

Ala/Thr 161 (36.8) 226 (47.3) 0.65 (0.50-0.86) 0.0027 0.61 (0.46-0.81) 0.001

Thr/Thr 51 (11.7) 45 (9.4) 1.04 (0.67-1.62) 0.853 1.00 (0.63-1.57) 0.988
Premenopausal women

Ala/Ala 55 (56.3) 70 (42.4) 1 1

Ala/Thr 33 (32.0) 81 (49.1) 0.49 (0.29-0.84) 0.0087 0.44 (0.25-0.77) 0.004

Thr/Thr 12 (11.7) 14 ( 8.5) 1.03 (0.44-2.41) 0.937 0.93 (0.38-2.30) 0.876
Postmenopausal women

Ala/Ala 167 (50.0) 137 (43.8) 1 1

Ala/Thr 128 (38.3) 142 (46.3) 0.72 (0.52-1.01) 0.053 0.65 (0.46-0.91) 0.014

Thr/Thr 39 (11.7) 31 (9.9) 1.03 (0.61-1.74) 0.906 0.99 (0.57-1.71) 0.963
Serd71Leu
All women

Ser/Ser 292 (70.2) 328 (70.5) 1 1

Ser/Leu 110 (26.4) 129 (27.7) 0.96 (0.71-1.29) 0.778 0.98 (0.72-1.33) 0.907

Leu/Leu 14 (3.4) 8 (1.8) 1.96 (0.81-4.75) 0.127 2.22 (0.90-5.45) 0.083
Premenopausal women

Ser/Ser 64 (66.0) 112 (70.4) 1 1

Ser/Leu 29 (29.9) 43 (27.1) 1.18 (0.67-2.07) 0.563 1.27 (0.71-2.25) 0.423

Leu/Leu 4 4.1) 4(2.5) 1.75 (0.42-7.23) 0.434 1.97 (0.46-8.50) 0.361
Postmenopausal women

Ser/Ser 228 (71.5) 216 (70.6) 1 1

Ser/Leu 81 (25.4) 86 (28.1) 0.89 (0.62-1.27) 0.531 0.92 (0.64-1.33) 0.654

Leu/Leu 10 (3.1) 4(1.3) 2.37 (0.73-7.66) 0.139 2.64 (0.81-8.68) 0.109

* Adjusted for age, race, family history of breast cancer in first-degree relatives, study site, and reproductive factors including lifetime months of
breast feeding, age at menarche, age at first birth, number of live birth and menopausal status. Additional adjustment for age at menopause in

postmenopausal women

breast cancer outcome in premenopausal women [18] but
also for the early post operative breast cancer recurrence
discovered by screening mammography in young women
with breast cancer [19].

An interesting finding in our study is the heterozygote
effect of the NPAS2 genotypes in risk estimate of breast
cancer. A previous study reported a similar observation that
the NPAS2 heterozygous Leud71Ser genotype was asso-
ciated with the reduced risk for human seasonal affective
disorder (SAD) [12]. This heterozygote effect, however,
may be due to the small number of individuals with the
homozygous variant that limits the statistical power for
detecting any associations in our current study.

The non-synonymous mutation (rs2305160, Ala394Thr)
may have several potential impacts on NPAS2 functional-
ities. First, an amino acid change (Ala — Thr) caused by
this polymorphism may alter the NPAS2 protein structure.
Second, our bioinformatics search (ProDom; http:/
prodes.toulouse.inra.fr/prodom/current/html/form.php)
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predicts that the NPAS2 Ala394Thr is located in the PAS
sensory domain. Therefore, it may affect protein sensory
capacity directly or interfere with NPAS2/BMALI1 hete-
rodimerization, which is essential for normal sensory
function. Third, based on our search using the ESEfinder
[20], this polymorphism (A/G) affects the DNA sequences
of a putative exonic splicing enhancer (ESE) responsive to
the human SR protein SRp55, which may influence the
alternative splicing of the NPAS2.

In summary, our findings provide the first evidence
linking the circadian gene NPAS2 and breast cancer risk.
As a group of genes regulating many fundamental bio-
logical processes, circadian genes might be a novel panel
of promising biomarkers for breast cancer risk and prog-
nosis that warrants further investigation. A potential limi-
tation of our study is that we included benign breast disease
patients as the control group in New Haven County and a
population-based control group in Tolland County. How-
ever, as described earlier, the multivariate analysis by study
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sites reached the same conclusions as the combined anal-
ysis. Further work is needed to confirm our findings,
including replication in independent large sample sets,
preferably using methods to control for the risk of popu-
lation stratification as well as studies of the possible bio-
logical effects of NPAS2 genotypes.
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