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{Research article}
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Abstract{Level 1 heading}

Introduction: American women of African ancestry (AA) are more likely than European
Americans (EA) to have estrogen receptor (ER)-negative breast cancer. 25-hydroxyvitamin D
(250HD) is low in AAs, and was associated with ER-negative tumors in EAs. We hypothesized
that racial differences in 250HD levels, as well as in inherited genetic variations, may contribute,

in part, to the differences in tumor characteristics.

Methods: In a case (n=928)-control (n=843) study of breast cancer in AA and EA women, we
measured serum 250HD levels in controls and tested associations between risk and tag single

nucleotide polymorphisms (SNPs) in VDR, CYP24A1 and CYP27B]1, particularly by ER status.

Results: More AAs had severe vitamin D deficiency (<10 ng/ml) than EAs (34.3% vs 5.9%),
with lowest levels among those with the highest African ancestry. Associations for SNPs differed

by race. Among AAs, VDR SNP rs2239186, associated with higher serum levels of 250HD,



decreased risk after correction for multiple testing (OR=0.53, 95% CI=0.31-0.79, p by
permutation=0.03), but had no effect in EAs. The majority of associations were for ER-negative
breast cancer, with seven differential associations between AA and EA women for CYP24Al (p
for interaction <0.10). SNP rs27622941 was associated with a >twofold increased risk of ER-
negative breast cancer among AAs (OR=2.62, 95% CI=1.38-4.98), but had no effect in EAs.
rs2209314 decreased risk among EAs (OR=0.38, 95% CI=0.20-0.73), with no associations in
AAs. The increased risk of ER-negative breast cancer in AAs compared to EAs was reduced and
became non-significant (OR=1.20, 95% CI=0.80-1.79) after adjusting for these two CYP24A 1

SNPs.

Conclusions: These data suggest that genetic variants in the vitamin D pathway may be related

to the higher prevalence of ER-negative breast cancer in AA women.

© 2011 Yao et al.; licensee BioMed Central Ltd.
This is an open access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction{Level 1 heading}
American women of African ancestry (AA) are more likely to develop breast cancer at a younger
age than those with European ancestry (EA) and are more likely to have tumors with aggressive

characteristics, including high histological grade, negative estrogen receptor (ER) status, and



basal-like — ER™ and/or progesterone receptor (PR)”, HER2", and cytokeratin 5/6" and/or HER1"
—features [1,2]. The reasons for these racial disparities are unknown.

It is clear that, among geographically diverse populations, certain genotypic and phenotypic
characteristics may be selected for in response to local environmental pressures [3]. Skin
pigmentation, the primary factor that provides protection from ultraviolet (UV) radiation, is
correlated with latitude, and dark skin pigmentation is likely to be the original ancestral trait in
humans. Migrations to Europe and Asia eventually gave rise to decreased pigmentation and
lighter skin [4-6]. As much as 90% of vitamin D is derived from sun exposure, but high skin
melanin concentration prevents penetration of UVB light and compromises synthesis efficiency
by 10 to 50 times [7]. Although high pigmentation would reduce absorption of vitamin D,
intense sun exposure in sub-Saharan Africa would compensate. However, in high-latitude areas
where UVB intensity is low and where more time may be spent indoors (particularly in winter),
vitamin D deficiency may result among individuals with higher skin pigmentation. Indeed, in the
US, the prevalence of 25-hydroxyvitamin D (250HD) of less than 15 ng/mL is almost 10 times
higher in AA than in EA women [8], and the prevalence of severe vitamin D deficiency (<10
ng/mL) among AAs was 29% in 2001 to 2004 [9]. In contrast, in Guinea-Bissau, the average
250HD levels in healthy Africans were 34 ng/mL, and the prevalence of severe vitamin D
deficiency was as low as 1% [10].

Endogenous 250HD may also be affected by variability in metabolic pathways, and synthesis
and metabolism catalyzed by two major enzymes, la-hydroxylase and 24-hydroxylase, which
are encoded by CYP27B1 and CYP24A1, respectively. Binding of vitamin D to the vitamin D

receptor (VDR) activates or suppresses gene transcription, depending on the type of response



elements [11], and genetic variability in the above genes, known to differ by ancestry [12], is
likely to affect vitamin D signaling.

Laboratory, preclinical, and clinical findings support the hypothesis that low levels of vitamin D
are related to breast cancer risk. In the human mammary gland, VDR is expressed in all cell
types [13], and vitamin D treatment inhibits breast cancer cell proliferation, induces cell
apoptosis, and prevents carcinogenesis in rodent models [14,15]. However, epidemiologic
evidence for associations between vitamin D and breast cancer risk is considered ‘limited’ [16],
and one randomized trial showed little impact of vitamin D supplementation on breast cancer
incidence [17]. These inconclusive findings could be due to tumor heterogeneity, which implies
that the effects of vitamin D may only present in specific breast cancer subtypes. In fact, Vdr
knockout mice were more likely than their wild-type littermates to develop Er/Pr™ tumors [18].
Consistent with results from these preclinical studies, some epidemiologic studies have also
indicated that effects of vitamin D may be strongest for breast cancers with poor prognostic
characteristics and that lower serum 250HD levels are found among women with ER™ compared
with ER" tumors [19-21]. Recently, we reported lower levels of serum 250HD in women with
high- versus low-grade breast tumors and in women with triple-negative versus luminal A breast
tumors [22].

Here, we examined levels of 250HD in AA and EA women without breast cancer in relation to
self-reported race as well as ancestry, which was estimated by using ancestry informative
markers (AIMs). 250HD levels in women with breast cancer could be a result of disease
processes, and some samples were obtained after chemotherapy was initiated; thus, we did not
compare serum levels of 250HD between cases and controls. Instead, we evaluated variants in

vitamin D activity and major metabolism (VDR, CYP27B1, and CYP24A1) in relation to breast



cancer risk, particularly in relation to self-reported race and estrogen receptor status. We also
tested whether vitamin D-related genetic variants could explain, in part, the higher prevalence of

ER™ breast cancer among AA women.

Materials and methods{Level 1 heading}

Study population{Level 2 heading}

The Women'’s Circle of Health Study (WCHS) is an ongoing study designed specifically to
examine the role of genetic and non-genetic factors in early/aggressive breast cancer in AA and
EA women. Study design, enrollment, and collection of data and biospecimens have been
described in detail previously [23]. Briefly, women with diagnosed incident breast cancer were
identified through both hospital-based case ascertainment in targeted hospitals that had large
referral patterns of AAs in four boroughs of the metropolitan New York City area and
population-based case ascertainment in seven counties in New Jersey through the New Jersey
State Cancer Registry. The eligibility criteria for cases were the following: self-identified AA
and EA women, 20 to 75 years of age at diagnosis, no previous history of cancer other than non-
melanoma skin cancer, recent diagnosis of primary, histologically confirmed breast cancer, and
English-speaking. EA women with breast cancer, more prevalent in the catchment area than AA
cases, were randomly selected for recruitment and were matched by age and county to AA cases.
Controls who did not have a history of diagnosis of any cancer other than non-melanoma skin
cancer and who were living in the same area as cases were identified through random digit
dialing and were matched to cases by self-reported race and 5-year age categories. After
agreement to participate was obtained, in-person interviews were conducted to complete

informed consent and to query participants on a number of potential risk factors, including



medical history, family history of cancer, diet, physical activity, and other lifestyle factors.
Anthropometric measures were taken, and biospecimens were collected. Blood samples were
initially collected, but owing to logistical and cost constraints, we transitioned to saliva samples
after the enrollment of approximately 850 participants. Permission to obtain pathology data,
including ER status, and tumor tissue blocks was included in the informed consent form. The
participation rates were 80.2% and 53.4% for AA cases and controls, respectively, and 80.0%
and 48.9% for EA cases and controls, respectively. This study was approved by the institutional
review boards of the Roswell Park Cancer Institute, the Cancer Institute of New Jersey, the
Mount Sinai School of Medicine, and the participating hospitals in New York City. At the time
of the genotyping (April 2010), DNA and data were available for 553 AA cases and 466 AA

controls and 383 EA cases and 382 EA controls from the WCHS.

Selection of multi-population tag single-nucleotide polymorphisms{Level 2 heading}

We used a two-step approach to select a set of multi-population tag single-nucleotide
polymorphisms (SNPs) that represent common genetic variations — minor allele frequency of at
least 0.05 — in VDR in both AA and EA populations. First, 122 SNPs in the VDR region plus 15-
kb regions from both 3' and 5' ends were selected from HapMap [24] and other resequencing
projects by using the Genome Variation Server at SeattleSNPs [25]. These SNPs were then
genotyped in 60 AA and 60 EA controls. With the TAGster program [26], 49 multi-population
tag SNPs were subsequently selected for genotyping in the WCHS. Also among those VDR
variants finally selected were commonly studied SNPs, including Cdx2 (rs11568820), Fok1
(rs2228570), Bsm1 (rs1544410), Apal (rs7975232), and Taql (rs731236). For CYP24Al, 15

multi-population tag SNPs were selected by using publicly available CEU (Utah residents with



ancestry from Northern and Western Europe) and YRI (Yoruba in Ibadan) genotype data from
HapMap. For CYP27B1, only one SNP had a minor allele frequency of at least 0.05 in the
dbSNP database and was thus included. To control for potential bias due to population admixture
and to examine serum 250HD levels in relation to ancestry, a panel of 108 AIMs that have been

shown to be effective in correcting for admixture in case-control studies [27] was chosen.

Genotyping{Level 2 heading}

DNA was extracted from blood samples by using FlexiGene™ DNA kits (Qiagen, Valencia, CA,
USA) in accordance with the instructions of the manufacturer and from saliva collected in
Oragene™ kits (DNA Genotek Inc., Kanata, ON, Canada). Genomic DNA was evaluated and
quantified by a Nanodrop UV spectrometer (Thermo Fisher Scientific Inc., Wilmington, DE,
USA) and a PicoGreen-based fluorometric assay (Molecular Probes, now part of Invitrogen
Corporation, Carlsbad, CA, USA) and stored at —80°C until analysis. Selected tag SNPs and
AIMs were genotyped by an Illumina GoldenGate assay (Illumina Inc., San Diego, CA, USA) at
the Genomics Core Facility at the Roswell Park Cancer Institute. Five percent duplicates and two
sets of in-house trio samples were included for quality control purposes. The average successful
genotyping rate for each sample and each SNP was at least 99%, and no SNPs violated Hardy-
Weinberg equilibrium in controls or mendelian inheritance. Clustering plots of SNPs that were
significant in the statistical analysis were manually re-inspected post hoc to ensure that the calls

were robust.

Measurement of serum levels of 250OHD in WCHS controls{Level 2 heading}



Serum samples were available from 242 AA and 187 EA women in the control group and were
used to measure levels of 250HD by immunochemiluminometric assay. The assay coefficient of

variation was 10.3%.

Statistical analysis{Level 2 heading}

Estimation of ancestry and comparison of serum levels of 250HD{Level 3 heading}

Individual ancestral proportions for EA and AA were estimated with the Bayesian Markov chain
Monte Carlo clustering algorithm implemented in STRUCTURE 2.3 [28]. We included publicly
available genotypes from the YRI and CEU ancestral populations, and the program was run
multiple times assuming K = 2 underlying ancestries. Women with more than 85% of genomic
race other than the self-identified race were excluded from the analysis (n = 13); therefore, 547
AA cases and 461 AA controls and 381 EA cases and 382 EA controls were included in the final
analyses for SNPs and breast cancer risk. There were no exclusions due to conflicting self-report
and marker ancestry in the serum analyses performed in controls only. To compare serum levels
of 250HD between AA and EA women, least squares means and standard errors were calculated
with adjustment for age, body mass index (BMI), and season of blood collection (four seasons).
To test genotype-phenotype correlations between SNPs and 250HD levels in controls, the
Pearson correlation test was used and genotypes were coded as 0, 1, and 2 to reflect the number

of copies of the minor allele.

Associations between breast cancer risk and genotypes and haplotypes{Level 3 heading}
Descriptive variables were analyzed by Student ¢ test or chi-squared test. All genotype analyses

were performed for AA and EA populations separately. A genotypic (co-dominant) model was



assumed for SNP effects. When genotype frequencies of the rare homozygote were not more
than 5% in both populations, categories were collapsed (homozygote rare and heterozygote) for
power considerations. To test whether there was a linear dose effect of the variant alleles (log-
additive genetic model for trend test), SNPs were coded as 0, 1, and 2 as described above.
Univariate single SNP analysis was performed, and resulting P values were plotted after
logarithm transformation with accompanying linkage disequilibrium (LD) map by using the
snp.plotter R package [29]. Covariates, including age at diagnosis, BMI, European ancestry,
family history of breast cancer, and education, were then adjusted in multivariate logistic
regression models to derive odds ratios (ORs) and 95% confidence intervals (CIs).

For VDR and CYP24A1, haplotype structure was determined by using the method of Gabriel and
colleagues [30], and each haplotype was tested in the regression model in comparison with all
other haplotypes. For both single SNP and haplotype analyses, we controlled the family-wise

error rate by using permutation testing (n = 10,000) as implemented in PLINK [31].

Potential modification of associations by race, menopausal status, and estrogen receptor
status{Level 3 heading}

To examine whether the associations of SNPs with breast cancer risk differed between AA and
EA women, interaction with race was tested by including a race*SNP term in the logistic
regression model without an estimate of ancestry. A similar approach was used to test
modification effects by menopausal status.

To test whether selected SNPs contributed to differential risk of ER™ breast cancer between AA
and EA women, OR of ER™ breast cancer by race was first estimated from a base model

containing race and other covariates. SNPs that were differentially associated with ER™ breast



cancer risk by race (P for interaction was less than 0.10) were then entered in the base model and
subjected to backward selection. A substantial reduction of OR (>10%) for AA versus EA race
by adding selected SNPs would indicate that those SNPs explained, in part, the higher risk of

ER™ breast cancer in AA than in EA women.

Results{Level 1 heading}

Descriptive characteristics{ Level 2 heading}

Table 1 summarizes the descriptive characteristics of the study population by self-reported race.
The majority of the women were pre-menopausal at the time of cancer diagnosis (62%) or
enrollment for controls (57%). Overall, AA women had higher BMIs than EA women (31.3
versus 27.2 kg/mz) and were less likely to have a college education or beyond (57.5% versus
82.0%), to take hormone replacement therapy after menopause (14.0% versus 24.1%), or to have
a family history of breast cancer in first-degree relatives (13.5% versus 22.4%) (all P <0.001).
There were no significant case-control differences in AAs or EAs, except that in EA women,
cases were less likely than controls to have a college education and more likely to have a positive

family history of breast cancer (P <0.001).

Serum levels of 250HD{Level 2 heading}

Among controls, serum levels of 250HD were lower in AA than EA women (least squares
means and standard errors after age, BMI, and season of blood collection were controlled for:
14.9 £0.5 versus 21.4 + 0.6 ng/mL; P <0.001). As shown in Figure 1a, the rate of vitamin D
severe deficiency (<10 ng/mL) was almost sixfold higher in AA than EA women (34.3% versus

5.9%). On the basis of publicly available gene expression data in cultured lymphoblastoid cell



lines (LCLs) from the HapMap CEU and YRI populations [32], estimated average expression
levels of VDR were significantly lower in LCLs from the African population than in those from
the European population (log,-transformed level mean + standard deviation: 6.54 + 0.47 versus
6.96 + 0.53; q value after controlling for multiple comparison: 1.30 x 107) (Figure 1b). We
categorized AA women by proportion of African ancestry (<85%, 85% to 94%, and >95%) and
found that women with the lowest African ancestry had the highest serum 250HD levels (15.5
ng/mL) but that those with the greatest African ancestry (>95%) had the lowest levels (13.7
ng/mL) (P = 0.07). When correlations between SNPs and serum 250HD levels in AA and EA
women were tested, the minor allele of VDR SNP rs2239186 was significantly associated with
increased levels of 250HD in AAs. For the AA, AG, and GG genotypes, the means and standard
deviations of serum 250HD were 13.5 £ 6.5, 16.3 £ 8.7, and 21.2 £ 12.2 ng/mL, respectively (P
=0.006). However, the differences were not significant in EA women (21.0, 23.8, and 22.1

ng/mL for the AA, AG, and GG genotypes, respectively; P = 0.20).

Associations between genetic variants and breast cancer risk by self-reported race{Level 2
heading}

In addition to circulating 250HD levels, there were racial differences in genetic variants. Of the
65 SNPs genotyped, 51 (79%) displayed significantly different allele frequencies by self-
reported race (P <0.05); 12 of these SNPs were the rare variant in one group (AA or EA) but the
common allele in the other group (Table S1 of Additional file 1). LD in VDR and CYP24A1 also
displayed different patterns by race, as shown in Figures 2 and 3. Also shown in the figures are
unadjusted P values for associations between single SNPs and breast cancer risk (see Table S1 of

Additional file 1 for results of all SNPs). In AA women, four SNPs in VDR —rs12721364,



1s2239186, rs886441, and rs11568820 (Cdx2) — but none in CYP24A [ were associated with
breast cancer risk at a nominal significance level of 0.05 (Figures 2a and 3a). The association of
VDR 152239186 remained significant after correction for multiple testing (P = 0.03). In EA
women, two SNPs in VDR —rs11608702 and rs7975332 (Apal) — and three SNPs in CYP24A1 —
1s912505, rs3787555, and rs2244719 — were associated with breast cancer risk (P <0.05)
(Figures 2b and 3b) but did not remain significant after multiple comparisons were controlled for
(data not shown). There were no associations between the SNP in CYP27B1 and breast cancer
risk in either EA or AA women.

Table 2 shows ORs and 95% Cls for four SNPs (rs11608702, rs12721364, rs2239186, and
rs11568820) in VDR and two SNPs (rs912505 and rs3787555) in CYP24A [ which had
differential associations between AA and EA women (P for interaction by race was not more
than 0.10) after adjustment for age, proportion of European ancestry, BMI, family history of
breast cancer, and education. In AA women, the combined GG and AG genotypes of rs2239186,
which remained significant after correction for multiple testing and were also related to increased
levels of 250HD, were associated with an almost 50% reduction of risk of breast cancer in
comparison with homozygotes for A alleles (OR =0.53, 95% CI = 0.35 to 0.79, P trend for the G
allele = 0.001). Among AA women, a reduced risk associated with VDR rs12721364 (OR = 0.53,
95% CI=0.311t00.79, P =0.01) and a marginally increased risk with SNP rs11568820 (Cdx2)
(OR for AA genotypes = 1.94,95% CI = 1.01 to 3.74, P = 0.04) were observed.

Among EA women, the VDR ‘at-risk’ G allele for rs2239186 was more common in EA women
but was not associated with breast cancer risk (OR = 0.85, 95% CI = 0.62 to 1.17), nor were

VDR 1512721364 SNPs. There were increases in risk by the VDR SNP rs11608702 and



significant decreases in risk by two CYP24A[ variants: rs912505 and rs3787555; however, these
did not remain significant after correction for multiple testing.

Results from haplotype analysis were consistent with those from single SNP analysis for VDR
rs2239186. Among AA women, a G-G-G haplotype consisting of this SNP and two neighboring
variants was associated with a decreased risk of breast cancer after adjustment for multiple
testing (OR = 0.55, 95% CI =0.38 to 0.81, P =0.04) (Table S2 of Additional file 1). Among EA
women, similar results were found for haplotypes containing rs11608702 in VDR and haplotypes
containing rs3787555 in CYP24A 1. The commonly studied haplotype in the 3' untranslated
region of VDR consisting of Taql, Apal, and Bsm1 was not associated with breast cancer risk in
AA women, but a modest decreased risk was observed in EA women and significance was

marginal (OR =0.82, 95% CI=0.67 to 1.02).

Estrogen receptor-negative breast cancer and CYP24A1 variants{Level 2 heading}

Stratification by ER status revealed associations that were not observed in the overall analysis,
and the majority of findings were observed only for ER™ breast cancer (Tables S3 and S4 of
Additional file 1). Although VDR rs10783218 was marginally associated with a twofold
increased risk of ER" breast cancer among EA women and VDR rs3819545 was associated with
a decreased risk of ER™ breast cancer, several SNPs in CYP24A 1 were highly significantly
associated with risk of ER™ breast cancer. Importantly, results differed markedly between AA
and EA women (P for interaction was not more than 0.10) (Table 3). For example, CYP24A1
1527622941 was associated with a more than twofold increased risk of ER™ breast cancer among
AA women (OR =2.62, 95% CI = 1.38 to 4.98) and there were no associations in EAs (OR =

0.78, 95% CI = 0.34 to 1.78). Conversely, CYP24A1 rs2209314 was associated with an almost



threefold decreased risk of ER™ breast cancer in EA women (OR = 0.38, 95% CI = 0.20 to 0.73)
and there were no associations in AA women (OR =1.34, 95% CI = 0.74 to 2.40).

To determine whether these SNPs contributed to the observed higher risk of ER™ breast cancer in
AA women in comparison with EA women, a base model containing self-reported race and other
covariates was developed (Table 4). The base model showed an increased ER™ cancer risk
associated with AA race (OR =1.53,95% CI =1.06 to 2.22). The eight SNPs that showed
significant interactions with race were tested in the base model. After backward selection, the
two CYP24A1 SNPs shown above, rs2209314 and rs2762941, remained significant in the final
model, reducing the risk associated with AA race by 22% and rendering it non-significant (OR =
1.20, 95% CI=0.80to 1.79).

Lastly, there were significant interactions for two SNPs in VDR with menopausal status (Table
S5 of Additional file 1). The increased risk associated with rs886441 in AA women was
restricted to pre-menopausal women (OR =2.27, 95% CI = 1.32 to 3.90), and the increased risk
associated with rs7975232 (Apal) in EA women was restricted to post-menopausal women (OR

=2.24,95% Cl=1.19 to 4.21).

Discussion{Level 1 heading}

In this study, we found that relationships between breast cancer risk and variants in genes
associated with vitamin D activity and metabolism, VDR and CYP24A 1, differed depending upon
self-reported race and that associations were most notable for risk of ER™ breast cancer in both
AA and EA women. Importantly, we found that rs2209314 and rs2762941 in CYP24Al
contributed significantly to the higher risk of ER™ breast cancer in AA than EA women. Among

controls in the WCHS, serum levels of 250HD were notably lower in AA women than EA



women, the lowest levels were among women with the greatest African ancestry estimated by
AlMs, and VDR expression levels, as estimated from published data on cultured lymphoblastoid
cells [32], were also lower in AA women. In a previous study among EA women, we found that
low 250HD levels were associated with increased risk of ER™ breast cancer, both in comparison
with controls and with women with ER" breast cancer [22]. Given all of these data, it is possible
that low 250HD levels in AA women, coupled with unique ‘at-risk’ genetic variants, contribute,
in part, to the higher prevalence of ER™ breast cancer among AA women. If these potential
associations were to be consistently observed in future studies, our results would support a public
health effort for vitamin D supplementation to reduce risk of aggressive breast cancer among AA
women.

The finding of an inverse association between African ancestry estimated by AIMs and blood
250HD levels is consistent with a recent community cohort study of AA men and women [33].
Our findings of extensive racial differences in allele frequencies and LD patterns for SNPs in
VDR and CYP24A1 are also consistent with those from an earlier study [12]. Previous studies on
VDR polymorphisms and breast cancer risk have focused on only a few SNPs. However, we did
not find any relationship with Fok1, Bsm1, or Taql or a three-SNP haplotype consisting of Bsm1,
Apal, and Taql in either AA or EA women. The variant homozygote of Apal was associated
with increased risk of breast cancer in EA women, but the effect was limited to post-menopausal
women. Increased risk of breast cancer was also reported in a previous study for Apal [34];
however, results in the literature are conflicting [35,36]. The G allele of Cdx2 was associated
with lower risk of breast cancer in AA women in our study and this finding was in contrast to the

speculated functional alteration that the variant G allele resulted in lower binding of the Cdx2



protein and thus lower transcriptional activity of VDR [37,38]. Similar to a study among women
in Germany [39], our study found no association of Cdx2 with breast cancer risk in EA women.
To date, three studies have examined selected SNPs in VDR with breast cancer risk in both AA
and EA women. Two of them did not find associations for Fok1, Bsm1, Bgll (rs739837), or the
3" untranslated region poly(A) microsatellite in either AA or EA women [40,41], and a third
study found increased risk by Bsm1 variant in EA but not AA women [42]. However, none of
the above studies examined the associations by ER status or used the systematic approach we
employed to capture variation across the genes.

We found that four SNPs in VDR and two SNPs in CYP24A1 had differential associations with
breast cancer by race (P for interaction was not more than 0.10). The fact that the associations
were not consistent in AA and EA populations corroborates the differences in blood levels of
vitamin D and frequency and LD pattern of vitamin D-related genetic variants, implying that the
race-specific associations might be the result of gene-environment interactions. In further
analyses stratified by ER status, one SNP in VDR and seven SNPs in CYP24A 1 were specifically
associated with ER™ but not ER" cancer risk, and the associations differed between AA and EA
women. Controlling for the two SNPs in CYP24A [ in a multivariate model substantially reduced
the increased ER™ breast cancer risk associated with AA race and made the association no longer
significant. This provides the first evidence supporting the contribution of vitamin D-related
genetic variants to higher risk of more aggressive breast cancer in AA women.

We found significant associations between breast cancer risk and a number of tag SNPs in VDR
without previously known functionality. However, in our analyses, SNP rs2239186 was
associated with increased serum levels of 250HD in AA women without breast cancer. This

SNP and a haplotype containing it were also significantly associated with reduced breast cancer



risk in AA women, irrespectively of ER status. This SNP resides in an intronic region and thus is
unlikely to be the causal variant. However, it may be a marker for a causal SNP outside of the
VDR gene. This SNP has not been implicated in other breast cancer studies but has been shown
to be associated with reduced risk of colorectal cancer in individuals with low vitamin D intake
[43] and was also implicated in type I diabetes [44]. This SNP may warrant future replication
and fine-mapping studies.

The two SNPs, rs2209314 and rs2762941, in CYP24A1 shown to be associated with racial
differences in ER™ breast cancer risk are intronic. Although these SNPs have not been implicated
previously in breast cancer, elevated expression of CYP24A1 was found in breast cancer tissues
[45], indicating a potential role in breast cancer etiology. We did not observe associations of
these two SNPs in CYP24A1 with serum 250HD levels in either AA or EA populations,
indicating that these two SNPs themselves or linked causal variants may affect ER™ breast cancer
not through altering circulating 250HD levels but availability of vitamin D in local mammary
tissues.

One limitation of our study is the lack of validation for the significant findings. The number of
patients with breast cancer and controls was relatively limited, especially after stratification by
race and ER status. None of the associations with SNPs, except for rs2239186, remained
significant after correction for multiple comparisons. We thus could not exclude the possibility
of false-positive findings in our data. However, the fact that rs2239186 was associated with
higher serum 250HD levels in AA women as well as reduced breast cancer risk in this
population is biologically coherent and reduces the likelihood of spurious findings for this VDR
SNP. Another limitation is that only three genes in vitamin D-related pathways were included in

this study. Although VDR, CYP27B1, and CYP24A1 are the three key genes in this pathway,



genes encoding for some other vitamin D metabolizing enzymes, particularly GC encoding for
vitamin D binding protein (which has been related to circulating vitamin D levels), may also be
related to breast cancer risk and warrant further studies. AA women are more likely to develop
breast cancer at a younger age than EAs; we enrolled all eligible AA women but randomly
selected eligible EA women, frequency-matching by 5-year age categories. We also initially
limited eligibility to women 65 years or younger because of low participation of older women
without breast cancer to case-control studies. Thus, the overall study population is younger than
that of some other studies. Although we found no evidence of modification effects by
menopausal status for any but two SNPs (Table S5 of Additional file 1), the high proportion of

pre-menopausal women in this study needs to be considered in relation to generalizability.

Conclusions{Level 1 heading}

We found notable differences in blood levels of 250HD and genetic variants in VDR and
CYP24A1 between AA and EA women. Specifically, we found race-specific associations with
breast cancer risk and these associations may be due to distinct genetic background and
differences in 250HD levels between the two populations. Our study provides evidence that
variants in vitamin D-related genes may contribute to higher risk of ER™ breast cancer in AA
than EA women. Future studies are warranted to validate our findings and to investigate whether
pre-diagnostic blood levels of 250HD may also be related to racial differences in risk of ER™

breast cancer.
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Figure 1. Serum 250HD and vitamin D receptor expression in populations of African and
European ancestry. (a) The bars indicate the proportion of frank vitamin D deficiency — 25-
hydroxyvitamin D (250HD) of less than 10 ng/mL — and the 95% confidence interval. (b) The
bars indicate the average of the log,-transformed gene expression levels of vitamin D receptor
(VDR) in the HapMap lymphoblastoid cell lines from the CEU (Utah residents with ancestry
from Northern and Western Europe) population and the YRI (Yoruba in Ibadan) population. The

data were obtained from Zhang and colleagues [32].

Figure 2. Logarithm-transformed P values derived from univariate single-nucleotide
polymorphism analysis of vitamin D receptor (VDR). P values were plotted with
accompanying linkage disequilibrium (LD) map for African-American (a) and European-

American (b) separately.

Figure 3. Logarithm-transformed P values derived from univariate single-nucleotide
polymorphism analysis of CYP24A1. P values were plotted with accompanying linkage

disequilibrium (LD) map for African-American (a) and European-American (b) separately.



{2 Column Table}

Table 1. Descriptive characteristics of African-American and European-American women

by case-control status in the Women’s Circle of Health Study

Characteristics

Age, years
Body mass index, kg/m2

Percentage with European ancestry

Menopausal status
Pre-menopausal
Post-menopausal

Family history
Yes
No

Education
Less than high school
High school
College or above

Hormone replacement therapy

African-American

Case
(n =547)
Mean (SD)
51.7 (10.0)
31.2(6.7)
0.09 (0.15)

Count (%)

337 (61.6)

210 (38.4)

82 (15.0)

465 (85.0)

76 (13.9)
175 (32.0)

296 (54.1)

Control
(n=461)
Mean (SD)
49.8 (9.9)
31.6 (7.8)
0.10 (0.16)

Count (%)

263 (57.0)

198 (43.0)

54 (11.7)

407 (88.3)

55 (11.9)
122 (26.5)

284 (61.6)

P

value

0.003

0.48

0.19

0.14

0.13

0.06

0.74

European-American

Case
(n=381)
Mean (SD)
51.0(8.4)
26.8 (5.8)
0.98 (0.07)

Count (%)

235 (61.7)

146 (38.3)

104 (27.3)

277 (72.7)

92.4)
80 (21.0)

292 (76.6)

Control
(n=382)
Mean (SD)
50.9 (8.3)
27.7(7.1)
0.99 (0.03)

Count (%)

217 (56.8)

165 (43.2)

67 (17.5)

315 (82.5)

4 (1.1)
44 (11.5)

334 (87.4)

P

value

0.82

0.06

0.07

0.17

0.001

<0.001

0.47



Yes 79 (14.5) 62 (14.2) 96 (25.3) 88 (23.0)

No 464 (85.5) 397 (85.8) 284 (74.7) 294 (77.0)
For continuous variables, P values were based on the ¢ test; for categorical variables, P values
were based on the chi-squared test. Owing to occasional missing values, the counts of some

variables did not add up to the total. SD, standard deviation.



00

100

<00

100

uonoeI! y

890

910

060

<00

puan g

(SL'1-6£°0) €8°0
(9€°1-2L°0) 66°0
001
(L1°1-29°0) S8°0
00'1
(I1%'1-89°0) 86°0
00'1
(60°€-¥1'1) 88°1
(85 1-¥8°0) ST°1
00'1
(1D %56)

JO pasnlpy

81/81

cel/ecl

(4 X474

SCI/STI

96¢/59¢

C8/8L

86C/£0¢

1€/SS

6S1/091

061/991

S[OIIU0))/SAsB))

ueonwy -ueadoinyg

¥0°0

21000

100

LEO

puan g

(L€ 10D 61
(€0°€-6L0) SS'T
001
(6L°0-S£°0) €5°0
001
(06°0-1€°0) €5°0
001
(S6'1-69°0) €1'1
(#0°'1-19°0) 08°0
001
(1D %56)

JO pasnlpy

C6T/Y8E

ovl/evl

9¢/81

89/LY

coc/LoY

0v/ve

0cy/0Cs

Cl/LE

SLI/SLT

19¢/0¢¢

S[OTU0D)/SAsB))

UBDLIOW Y/ -UBDLIJ Y

\AY
VD

19]9) (TXPD) 0T8]/9ST TSI

DD/OV
\A4 9816£CCst
VV/VO
DD YOCTCTLTIST
LL
LV
\A4 ¢0L809T 18I
adKyouan dNS

ApNIS YJ[eIH JO IDIL) S, UIWOAA Y} UI UIWIOM UBILIDWY-Ueddoany] pue uedLuy-uedLyy

UIIM)I( YSLI JIDUBD JSBIIQ YJIM SUONBIIOSSE [BIUIJIP PUC [VEZIXD PUe YA ul swsiydiowjod apnosdpnu-d[3uls 7 dqe,

{o1qe . uwnjop 7}

qddA

qddA

qddA

qddA

Quan



‘uoneinuad Aq uosuredwos a[dnnuw J0J UOT}OAII0D

I91Je JURDIJTUSTS PAUIRWAL Y (JA UL 9816£7TSI (ANS) wsiydiowAjod aproa[onu-o[3urs, JUBDIJIUTIS PIWAIP SeM ()] () UBY) SSI] JO Uonr=ul g
PUE ‘UoWIOM UBJLIQWY/-UeadoIng pue UBILIOUIY-UBILIJY U9M19Qq S UT SQOUISJJIP Y} J0J Sem UOHINU 7 -sa[a[[e JUBLIBA JO Joquunu dy) JO
SISeq U} UO 7 pue ‘T ‘() st sadAjouad Surpod Aq asuodsar 9sop d1ouag J0J sem PU8 7 -uoneonpa pue ‘Iodued Jseaiq Jo AI10)s1y A[Iue) ‘xopur

ssewt Apoq ‘Anseoue ueadoing jo uonzodoid ‘93e Jurpn[our ‘sajeLIBA0D 10J paisnipe are (1)) [BAISIUL QUPLUOD 9,66 Pue () o1kl SppO

(68°0-87°0) 0S°0 /ST (€8'7-€L°0) 88'1 LIv1 A%
(01°1-65°0) 18°0 SS1/6v1 (96°1-88°0) LI'1 €CI/PST VO
200 €00 001 €81/90C 10 001 1€€/6LE 00 §SGL8LEST
(9L°0-L1°0) 9€°0 LT/ET (99°1-8L°0) ¥1°1 LLIVOT 1919
(01°1-65°0) 08°0 6€1/El (61°1-99°0) 68°0 vT/89C oV

c00 <00 001 91¢/9¢C IL°0 001 6CI/ELT vv coscIost

[VECdAD

[VECdAD



c00

01°0

00

00

uonoeIa! y

€00

€000

8¢0

00

pun g

(L6°0-80°0) 8T'0
(LTT-07°0) IL°0
00'1
(96'L-0S°T) 9%°¢
(8L°€-18°0) 9L'1
00'1
(S1°€-29°0) 01’1
(9TT99°0) ¢T'1
00'1
C1'v-20'1) S0°C
00'1

(ID %56) 4O

0S/¢

aQ91ve

8S1/CE

89/0¢

981/6C

911/01

[4YA8!

9¢1/9¢

91/t

LT/0¢

cSe/v61

S[OTU0D)/SAsB))

ueoLOWY -ueadoinyg

690

90

00

80

pun g

(L9'T-69°0) 9€'1
(1€°€¥6°0) LL'
001
(6LT-05°0) 81°1
(89°1-1L°0) 60°1
001
(LL'0-L0"0) €T°0
(0¥ 1-65°0) 16°0
001
(#€1-69°0) 96°0
001

(1D %56) 4O

YCI/LE

61¢/69

I8/S1

LT/8

OLT/LY

857/99

ev/e

891/Sv

[442AY"

0S1/68

YOE/8L1T

S[OIIU0))/SAsB))

UBOLIOW Y/ -UBDLI) Y

\AY
VD
DD
\AY
VD
DD
DD
v
\AY
VV/IVD

DD

adKjouan

6990LS ST [VECdAD
0S9LC681 [VECdAD
SPS618EsT qddA
8ITEBLOTST qddA
dNS JudH

UIWIOM UBILIDWY-Ueddoiny] pue uedIduy-uedLjy Suowe ySLI J9dued JSedlq

J13ds-103dd3dd1 ud301)Sd )IM UONBIIOSSE [BIJUAIIJJIP PUR [VEZIAD PUe YA ul swsiydiows[od apnodpnu-3f3uis ¢ d[qe],

{o1qe . uwnjop 7}



SISeq U} UO 7 pue ‘T ‘() se sadAjouad Surpod Aq asuodsal 9sop d1ouag J0J sem PUB 7 -uoneonpa pue ‘Iodued Jsealq Jo AI10)s1y A[Iwe) ‘xopur

ssewt Apoq ‘Anseoue ueadoinyg jo uonzodoid ‘93e Jurpn[our ‘sajeLIBA0D 10J paisnipe are (1)) [BAISIUL QUPLUOD 9,66 Pue () o1kl SsppO

00

LO0

c00

60°0

€000

9000

100

S0

160

¥00°0

(6L°0-L1°0) 9€°0
(L8'0+¥T°0) 910
00'1
(98°6-ST ) ILT
(88T 1L°0) €v'1
00'1
(8L 1-¥€°0) 8L°0
(S9°'1-6¥°0) 68°0
00'1
(S€°T-0£°0) €8°0
(rTT-69°0) ST'1
00'1
(€L°0-0T°0) 8€°0

001

SOT/TT

SLI/CT

06/9C

99/61

CL1/9T

et/

89/6

891/9¢

celve

8¢/S

ce1/6C

CLI/ST

al/el

80¢/9

€90

660

7000

<00

€e0

(01'T-€9°0) SI'1
(L8'1-L9°0) TI']
001
(8L'1-%S°0) 86°0
(€8°1-0L°0) €1'1
001
(867-8€'1) T9T
(19°€-L0°D) L61
001
(I16TI-IT'D) 6L°€E
(rT'T-06'0) TH'1
001
(0¥ T¥L0) vE']

001

001/8¢

91¢/99

601/LT

86/S¢

eceiv9

eel/ce

/vy

C¢1e/19

0CI/91

LIS

CCl/LE

9ce/6L

19/61

€6¢/C01

\AY4

VD

DD

\AY

VD

DD

DD

v

Vv

Vv

VO

20

DD/OV

\AY

8CrSBSTSI

656608151

I¥6C79LTST

CCCLBLEST

Y1£60CCst

[VECdAD

[VECdAD

[VECdAD

[VECdAD

[VECdAD



‘wistydiowA[od opnoaonu-9[3uIs ‘{gNS “JUBITUSIS PAWIAAP Sem ()] () UBY) SSI JO Uo7 ¢ pue

‘USWOM UBILIQW Y -UB2dOINg pue UBJLIQW Y -UBDLIJY U9MIQ SY() UI SOOUIJJIP AU} JOJ Sk UOHRINUL 7 -sa[a[[e JUBLIBA JO Joquunu 9y} JO



{2 Column Table}
Table 4. Changes in risk of estrogen receptor-negative breast cancer by race with inclusion

of single-nucleotide polymorphisms in CYP24A1

Model Variable Adjusted OR (95% CI) P value
Base model Race (AA versus EA) 1.53 (1.06-2.22) 0.02
Base model + SNPs Race (AA versus EA) 1.20 (0.80-1.79) 0.38
152209314 (AG/GG versus AA) 0.57 (0.36-0.89) 0.01
152762941 (AG versus AA) 1.47 (0.96-2.25) 0.04
152762941 (GG versus AA) 1.88 (1.15-3.06)

Covariates included in the base model were age at diagnosis, body mass index, family history of
breast cancer, education, and race. Odds ratio (OR) and 95% confidence interval (CI) for race after
adjustment for other covariates are shown. Based on this model, seven single-nucleotide
polymorphisms (SNPs) in CYP24A1 (rs927650, rs1570669, rs2209314, rs3787555, rs2762941,
rs4809959, and rs2585428) and one SNP in VDR (rs3819545) that were associated with estrogen
receptor-negative (ER") breast cancer risk in either African-American (AA) or European-American
(EA) women were entered and backward-selected. Two SNPs, rs2209314 and rs2762941, remained
in the final model with a P value of less than 0.05. ORs and 95% Cls for race and the two SNPs are

shown.



Additional Files

Additional file 1

Title: Supplementary Tables S1-S5

Description: The file contains the following five supplementary tables

Table S1. Breast cancer risk associated with SNPs in VDR, CYP27B1, and
CYP24A1 in African American and European American women

Table S2. Haplotypes of VDR and CYP24A1 in significant association with breast
cancer risk in African American and European American women

Table S3. Risk of estrogen receptor positive breast cancer associated with SNPs
in VDR, CYP27B1, and CYP24A1 in African Americana and European American
women

Table S4. Risk of estrogen receptor negative breast cancer associated with
SNPs in VDR, CYP27B1, and CYP24A1 in African Americana and European
American women

Table S5. SNPs in VDR that show differential associations with breast cancer
stratified by menopausal status in African American and European American

women
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