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Concentration of 25-hydroxyvitamin D3 (25(OH)D3), the main circulating form of vitamin D, is inversely associ-
ated with incident, sporadic colorectal adenoma risk. We investigated whether this association differs by 2 func-
tional variants in the vitamin D–binding protein (DBP) gene, group-specific component (GC), that encode for
common protein isoforms Gc1s, Gc1f, and Gc2 linked to differences in vitamin Dmetabolism. We pooled data (418
patients with adenoma and 524 polyp-free control subjects) from 3 colonoscopy-based case-control studies (Min-
nesota, 1991–1994; North Carolina, 1994–1997; South Carolina, 2002). We estimated 25(OH)D3–adenoma asso-
ciations, stratified by DBP isoforms, using multivariable logistic regression. Higher 25(OH)D3 concentrations were
inversely associated with colorectal adenoma risk among thosewith theGc2 isoform (per 10-ng/mL increase in 25(OH)D3,
odds ratio = 0.71, 95% confidence interval: 0.56, 0.90), but not among those with only Gc1 isoforms (odds ratio = 1.07,
95% confidence interval: 0.87, 1.32; P for interaction = 0.03). Thus, the vitamin D–incident, sporadic colorectal adenoma
associationmay differ by commonDBP isoforms, and patients with theGc2 isoformmay particularly benefit frommaintain-
ing higher circulating 25(OH)D3 concentrations for adenomaprevention.

case-control studies; colorectal neoplasms; gene-environment interaction; vitamin D; vitamin D–binding protein

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 25(OH)D2, 25-hydroxyvitamin D2; 25(OH)D3, 25-hydroxyvitamin D3; CI,
confidence interval; CPRU, Cancer Prevention Research Unit Study; DBP, vitamin D–binding protein; GC, group-specific
component; LD, linkage disequilibrium; MAP, Markers of Adenomatous Polyps Study; SNP, single nucleotide polymorphism.

Colorectal cancer is the second most common cause of cancer
deaths in the United States (1). Findings from laboratory studies
indicate that vitaminDmayprevent colorectal neoplastic develop-
ment by inducing antiproliferative gene expression, activating
apoptotic pathways, and inhibiting angiogenesis (2, 3). Circulat-
ing 25-hydroxyvitamin D (25(OH)D), considered the best indica-
tor of total vitamin D (the collective term for vitamins D2 and D3)
exposure, was inversely associated with risk of colorectal neo-
plasms in observational studies (1, 4, 5). Two functional variants
in the vitaminD–binding protein gene (formerly known as group-
specific component (GC)), GC rs4588 and rs7041, encode for 3
common GC protein isoforms that are strongly associated with
vitamin D–binding protein (DBP) and 25(OH)D concentrations

and influence vitamin D metabolite delivery in colon cancer cell
lines (6, 7). However, whether the association of 25(OH)D with
colorectal neoplasms differs by these isoforms is unknown.

Vitamin D metabolism and delivery to tissues is complex.
Approximately 90%–95% of vitamin D exposure is from sun-
light: Ultraviolet B radiation converts 7-dehydrocholesterol to
pro-vitamin D3 in the skin (8, 9). Vitamin D3 is hydroxylated in
the liver into 25-hydroxyvitamin D3 (25(OH)D3), which enters
the circulation and is delivered to tissues, including the colon,
where it is hydroxylated to the biologically active 1,25-dihy-
droxyvitamin D form (9). Approximately 88% of circulating 25
(OH)D and 85% of circulating 1,25-dihydroxyvitamin D are
bound by the DBP (6, 10). An important role of DBP is to
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maintain adequate circulating stores of vitamin D, particularly
when vitamin D sources are low, by protecting vitamin D from
excretion and by prolonging its half-life in circulation (10, 11).

Nearly 80%of the variability in circulatingDBP concentrations
is determined by the combined genotype at GC rs7041 and
rs4588, which encode for 3 common protein isoforms: Gc1s,
Gc1f, and Gc2 (6, 12). The associations of these isoforms with 25
(OH)D3 concentrations appear to bemediated by their strong asso-
ciation with DBP concentrations (6, 13). DBP and 25(OH)D
plasma concentrations are similar among persons with Gc1s and
Gc1f isoforms, determined by rs7041’s genotype (12, 14, 15).
However, the Gc2 isoform, encoded by rs4588’s minor allele, is
associated with lower DBP and 25(OH)D concentrations relative
to the Gc1 isoform (combined Gc1s and Gc1f) (12, 15, 16). Find-
ings from recent studies suggest higher serum 25(OH)D concen-
trations are more strongly inversely associated with colorectal
cancer risk among persons with lower DBP concentrations
(17) and more strongly inversely associated with diabetes risk
among persons with the Gc2 isoform–encoding genotype (18).
Given Gc2’s association with lower DBP concentrations, high-
er circulating 25(OH)D concentrations may be more beneficial
among individuals with Gc2 isoforms because higher 25(OH)
D concentrations may be needed to compensate for their lower
DBP-related capacity to otherwise maintain adequate vitamin
D concentrations.

Accordingly, we hypothesized that the inverse association of
25(OH)D3with incident, sporadic, colorectal adenoma riskwould
be stronger among persons with the Gc2 isoform (associated with
lowerDBP and 25(OH)Dconcentrations) andweaker among per-
sons with only Gc1 isoforms (associated with higher DBP and 25
(OH)D concentrations). In one of the largest, pooled, US case-
control studies of incident, sporadic colorectal adenomas (n =
616 patients with adenoma, n = 770 polyp-free control subjects),
we found a statistically significant inverse association of circulat-
ing 25(OH)D3 concentrations with colorectal adenoma risk (4).
Using data from this same study population, we investigated in
the present study associations of GC genotypes or isoforms with
25(OH)D3 concentrations, and associations of 25(OH)D3 concen-
trations with risk for colorectal adenoma according to GC geno-
types or isoforms.

METHODS

Study population

Study participants were part of 3 colonoscopy-based case-con-
trol studies conducted by the same principal investigator inMinne-
sota (Cancer Prevention Research Unit (CPRU) Study), North
Carolina (Markers of Adenomatous Polyps-I (MAPI) Study), and
South Carolina (Markers of Adenomatous Polyps-II (MAPII)
Study). Details concerning the study populations, recruitment, and
protocols for the CPRU (19),MAPI (20), andMAPII (21) studies,
and a pooled analysis of the 3 populations (4) were published pre-
viously. Briefly, patients with no history of colorectal neoplasms,
high-risk genetic syndromes for colon cancer (e.g., familial adeno-
matous polyposis), or inflammatory bowel disease being sched-
uled for outpatient, elective colonoscopy visits were recruited
during 1991–1994 for the CPRU study, 1994–1997 for theMAPI
study, and 2002 for theMAPII study. In the original CPRU study,
of 1,890 potential participants who met final eligibility criteria,

1,281 (68%) signed consent. In the original MAPI and MA-
PII studies, of the 649 potential participants who met final
eligibility criteria, 522 (80%) signed consent. Of the pooled
1,803 participants (n = 797 patients with incident, sporadic colo-
rectal adenoma, n = 1,006 colonoscopy control subjects without
hyperplastic polyps), those who were nonwhite (n = 90) or miss-
ing 25(OH)D3 concentration data (n = 372) orGC genotyping re-
sults (n = 444) were excluded, leaving 942 participants (n = 418
case patients, n = 524 control subjects) for the present analysis.

Participants with at least 1 adenomatous polyp detected
during colonoscopy and confirmed by pathologic evaluation
were defined as case patients, and participants with no ade-
nomatous or hyperplastic polyps were defined as control sub-
jects. Demographic, medical, family history, lifestyle, and
dietary information was collected via questionnaire prior to
colonoscopy; the dietary information was collected via a
semiquantitative Willett food frequency questionnaire. One
study index pathologist examined all excised polyps and re-
ported the histologic findings using diagnostic criteria
described by the National Polyp Study (22). Informed con-
sent was obtained from each patient, and each institution’s
review board approved the study protocol.

Laboratorymethods

Fasting peripheral venous blood samples were taken 30–60
minutes before colonoscopy and stored at −70°C prior to per-
forming the assay. Plasma and serum samples were separated
using a standardized protocol. 25(OH)D3 and 25-hydroxyvitamin
D2 (25(OH)D2) concentrations were assayed using serum sam-
ples in the MAP studies and plasma samples in the CPRU study.
We analyzed paired serum and plasma samples from 20 partici-
pants to assess the comparability of serum and plasma 25(OH)D3

concentrations (plasma mean concentration = 21.3 ng/mL, stan-
dard deviation, 6.7; serum mean concentration = 23.9 ng/mL,
standard deviation, 8.8; Spearman ρ ≥ 0.8,P < 0.001) (4).

25(OH)D3 and 25(OH)D2 concentrationsweremeasured at the
Molecular Epidemiology and Biomarker Research Laboratory at
the University of Minnesota using liquid chromatography–tan-
dem mass spectrometry (23). The average interassay coefficients
of variation for circulating 25(OH)D3 and 25(OH)D2 were 3%
and 80%, respectively. Because of the poor measurement reliabil-
ity for 25(OH)D2, only 25(OH)D3 data were included in the pri-
mary analyses.

Genotyping

Single nucleotide polymorphisms (SNPs) were genotyped at
the University of Minnesota Genomics Center using a Taqman
platform (Applied Biosystems, Foster City, California) with stan-
dard quality control measures, as described previously (24). SNPs
in vitamin D–related genes were originally selected for genotyp-
ing based on HapMap population differences in allelic distribu-
tions hypothesized to reflect evolutionary divergences in vitamin
D metabolism. We selected rs3755967 as a proxy for rs4588
because the 2 SNPs were in perfect linkage disequilibrium (LD)
(r2 = 1.0) in the HapMap CEU population (i.e., Utah residents of
northern and western European ancestry) of US whites with
European ancestry (1000 Genomes Project proxy SNPs;
Broad Institute, Cambridge, Massachusetts). This population
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is highly comparable to our study population, which was res-
tricted to whites of European ancestry. The SNP rs3755967 was
also used as proxy for rs4588 in a recent genome-wide association
study, given the strong LD (r2 > 0.99) among whites in the
TwinsUK population (25); also, the r2 values for the 2 SNPs
inHapMap’s Finish andBritish populationswere 0.97 and 1.0, re-
spectively, indicating a strong pattern of LD across various white
populations. In our study population, rs7041 and rs3755967 were
inHardy-Weinberg equilibrium (χ2P> 0.05; Table 1).

Statistical methods

Selected characteristics of the participants by case-control sta-
tus were summarized and compared using the Fisher exact test for
categorical variables and the t test for continuous variables (nor-
malized as appropriate). 25(OH)D3 concentrations were adjusted
for seasonal variation using the method described by Gail et al.
(26). 25(OH)D3 concentrations were regressed on week of blood
sampling using a cos/sin function accounting for seasonal varia-
tion; seasonally adjusted values were calculated by adding partici-
pant residuals from this regression model to the study-specific
mean among the control subjects. These adjustments were con-
ducted separately for the CPRU and MAP studies because sea-
sonal variation in 25(OH)D3 concentrations may vary by latitude.
The seasonally adjusted value may be interpreted as a partici-
pant’s predicted 25(OH)D3 concentration for a given year,
accounting for the seasonal variation in vitamin D concentrations
observed among the control subjects in the same study.

Linear regression models were used to estimate associations
of rs7041 and rs3755967 genotypes with 25(OH)D3 concentra-
tions using an additive model of inheritance in each study sepa-
rately and pooled. All models were adjusted for age and sex;
pooled analyses were further adjusted for study. We estimated
associations separately among case patients and control subjects
and then among all study participants in models further adjusted
for case-control status.

The combined rs7041 and rs3755967 genotypes were used to
infer the 3 common GC isoforms (Gc1s, Gc1f, and Gc2) and 6
resultant isoform combinations observed in appreciable frequen-
cies: Gc1s-1s, Gc1s-1f, Gc1s-2, Gc1f-1f, Gc2-1s, Gc2-1f, and
Gc2-2(16). Patients with rare isoforms combinations (n = 4)

were excluded from subsequent analyses involving isoforms
(Web Table 1, available at https://academic.oup.com/aje).

In pooled analyses, we estimated mean 25(OH)D3 concen-
trations and their 95% confidence intervals among those
with each GC isoform combination, using multivariable gen-
eral linear regression models (with the Tukey pairwise com-
parison test for calculating P values) adjusted for age, sex,
case-control status, and study. The Gc1s-1s isoform (defined
by the homozygous dominant genotype at both SNPs) was
considered the reference group. After combining those with
Gc1s and Gc1f isoforms, we calculated and compared mean
25(OH)D3 concentrations among those with the Gc1-2 versus
Gc1-1 andGc2-2 versus Gc1-1 isoforms in the samemanner.

We investigated whether the circulating 25(OH)D3 concen-
tration–adenoma association differed by GC isoform by stratify-
ing the multivariable logistic regression models by the Gc1-1
versus the Gc1-2/Gc2-2 isoforms (based on their previously re-
ported differences in DBP and 25(OH)D concentrations) (12,
15, 16). 25(OH)D3was assessed as a continuous (per 10 ng/mL)
variable, by quartiles, and by common clinical categories, con-
sistent with other studies in which 25(OH)D–adenoma associa-
tions were reported (4, 27, 28). Potential confounders, chosen
based on biological plausibility and previous literature, included
age (years), sex (male or female), family history of colorectal
cancer in a first-degree relative (yes or no), body mass index
(measured as weight (kg)/height (m)2), regular weekly use of
aspirin or other nonsteroidal anti-inflammatory drugs (yes or
no), and intakes of total energy (kcal/day), total (dietary plus
supplemental) calcium (mg/day), total fat (g/day), alcohol (g/
day), dietary fiber (g/day), total fruits (servings per day), total
vegetables (servings per day), and total red and processed meats
(servings per day). Inclusion in the final model was based on
consideration of biological plausibility, previous literature, and
whether inclusion of the variable in the model changed the odds
ratio for the 25(OH)D3–adenoma association by 10% or greater.
The covariates for the final adjustedmodels are noted in the foot-
notes to the tables accompanying this article.

All statistical tests were 2-sided, and a 2-sided P < 0.05 or
a 95% confidence interval that excluded 1.0 was considered
statistically significant. All data were analyzed using SAS,
version 9.3 (SAS Institute, Inc., Cary, North Carolina).

Table 1. Genotype Information onGCSingle Nucleotide PolymorphismsGenotyped in the Cancer Prevention Research Unit andMarkers of
Adenomatous Polyps Case-Control Studies of Incident, Sporadic Colorectal Adenomas, United States, 1991–2002a

Chr Gene SNP Locationb A > a
No. Genotyped

MAFc MAFCEUd HWE P Value Amino Acid Change
AA Aa aa

4 GC rs7041 72618334 G > T 297 446 199 0.46 0.43 0.25 rs7041G > T: Asp416Glu

4 GC rs3755967e 72618323 G > A 466 389 87 0.30 0.24 0.10 rs4588 C > A: Thr420Lys

Abbreviations: a, minor allele; A, major allele; CEU, Utah residents of northern and western European ancestry; Chr, chromosome; GC, group-
specific component (encoding vitamin D–binding protein); HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; SNP, single nucleotide
polymorphism.

a Limited to white persons genotyped forGCSNPs (n = 942).
b Location determined using Ensembl GRChr37 (https://grch37.ensembl.org/index.html).
c For all participants.
d For CEU population only, using 1000Genomes Project, phase 3, data.
e SNP rs3755967 is a proxy for rs4588 (linkage disequilibrium, 1.0, CEU population; 1000Genomes Project, phase 3).
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RESULTS

Selected characteristics of the study participants are shown in
Table 2. Case patients, on average, were slightly older and con-
sumed more total fat and alcohol, and they were more likely to
be male or to smoke and less likely to regularly take nonsteroidal
anti-inflammatory drugs or, if a woman, use hormone replace-
ment therapy.

In the pooled CPRU and MAP studies, the mean 25(OH)D3

blood concentrations were statistically significantly lower by 2.05
and 3.15 ng/mL per rs7041 and rs3755967 minor allele, respec-
tively (Web Table 2). The inverse associations of each SNPs’
minor allele with 25(OH)D3 concentrations were similar when
examined separately by case-control status and by study. The
adjusted mean 25(OH)D3 concentrations were 27.4 ng/mL
among Gc1s-1s individuals (95% confidence interval (CI): 26.2,
28.5) and 20.7 ng/mL among Gc2-2 individuals (95% CI: 18.6,
22.7) in the pooled analysis (Web Table 3). Combining the Gc1s
and Gc1f isoforms, the adjusted mean 25(OH)D3 concentrations
were 27.1, 24.1, and 20.7 ng/mL for thosewith theGc1-1, Gc1-2,
and Gc2-2 isoforms, respectively (Figure 1). This corresponds to
statistically significant 3.0 ng/mL (11.1%) and 6.4 ng/mL (23.6%)
lower mean 25(OH)D3 concentrations among those with the
Gc1-2 and Gc2-2 isoforms, respectively, relative to those with
the Gc1-1 isoform (detailed data inWeb Table 3).

The associations of seasonally adjusted 25(OH)D3 con-
centrations with adenoma risk, stratified by GC isoform, are

shown in Table 3. Concentration of 25(OH)D3 was associ-
ated with a statistically significant, approximately 29% lower
risk of adenoma per 10 ng/mL higher 25(OH)D3 concentra-
tion among participants with the Gc2 isoforms (Gc1-2 and
Gc2-2 combined), but the estimated association among those
with the Gc1-1 isoforms was close to the null (P for interac-
tion = 0.03). Among participants with the Gc2 isoform,
those in the highest (>31.5 ng/mL) relative to those in the
lowest (<17.9 ng/mL) quartile of 25(OH)D3 were statisti-
cally significantly less likely (by>50%) to have an adenoma.
The estimated associations among participants with the Gc1-
1 isoforms were close to the null. Using commonly used clin-
ical cutoffs for vitamin D deficiency (20 ng/mL (29) or 30
ng/mL (30), depending on professional society), among indi-
viduals with the Gc2 isoform, a 25(OH)D3 concentration of
at least 20 ng/mL relative to less than 20 ng/mL was associ-
ated with a 49% lower risk of adenoma, whereas concentra-
tions of 20–30 ng/mL and greater than 30 ng/mL, relative to
less than 20 ng/mL, were associated with statistically signifi-
cant 48% and 52% lower risks of adenoma, respectively;
however, the estimated associations among individuals with
no inherited Gc2 isoforms (Gc1-1) were close to the null.
Our findings did not substantially differ by adenoma size,
multiplicity, histologic type, location, shape, or degree of
dysplasia, nor according to sex (data not shown).

DISCUSSION

According to our findings, circulating 25(OH)D3 concentra-
tions may be inversely associated with incident, sporadic colo-
rectal adenoma among those who have inherited the Gc2
isoform-encoding genotype (which was previously associated
with lower DBP and 25(OH)D concentrations). However, 25
(OH)D3 concentrations greater than those considered deficient
(i.e., >20 ng/mL) may not be associated with adenoma risk
among those who have inherited only Gc1 isoform-encoding
genotypes. To our knowledge, this is the first study to report
that the increasingly supported vitamin D-colorectal neoplasm
associationmay differ by commonDBP isoforms.

Two functional variants in the highly polymorphic GC locus
encode for 3 common DBP isoforms (Gc1s, Gc1f, and Gc2)
(16, 31). The frequencies of Gc1s, Gc1f, and Gc2 in our study
population were 0.56, 0.15, and 0.30, respectively, similar to
those reported in other studies of white US adults (32, 33). The
full physiological consequence of these variants has not been
fully elucidated; however, their strong associations with DBP
and vitamin D metabolite concentrations have been consistently
reported (15, 16). Consistent with previous studies, mean
25(OH)D3 concentrations were more than 20% lower among
Gc2-2 individuals than among Gc1-1 (combined Gc1s and
Gc1f) individuals in our study population (12, 13). Indivi-
duals with the Gc2 isoform appear predisposed to lower 25
(OH)D3 concentrations as a result of having lower DBP con-
centrations (6, 13, 15). One important role of the DBP is to
maintain adequate circulating levels of vitamin D when vita-
min D sources are scarce (10, 11). DBP can increase 25(OH)
D3 reabsorption in the kidneys, prolonging its circulating
half-life, and DBP is required to prevent vitamin D–defi-
ciency phenotypes in mice when vitamin D exposure is
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Figure 1. Adjusted mean circulating 25-hydroxyvitamin D3 (25(OH)D3)
concentrations according to Gc1-1, Gc1-2, and Gc2-2 isoforms in the
pooled Cancer Prevention Research Unit and Markers of Adenomatous
Polyps case-control studies of incident, sporadic colorectal adenomas,
UnitedStates, 1991–2002. Adjustedmeans, 95%confidence intervals, and
P values were estimated using general linear regression models adjusted
for age, sex, case-control status, and study, with P values calculated using
theTukey test for pairwisecomparisonsof 25(OH)D3concentrationsamong
study participants with the Gc1-2 versus Gc1-1 (P = 0.01) and Gc2-2 ver-
susGc1-1 isoforms (P < 0.0001) (seeWebTable 3 for detailed data).
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limited (11, 34). Thus, higher 25(OH)D3 blood concentrations,
the best indicator of total vitamin D exposure, may be particularly
beneficial for adenoma prevention among individuals with the
Gc2 isoformwho may have a lower DBP-related capacity to oth-
erwise maintain adequate vitamin D concentrations. In contrast,
higher 25(OH)D3 concentrations may not be associated with ade-
noma risk among individuals with only Gc1 isoforms, because
higher DBP concentrations associated with this isoform may be
able to “compensate” and maintain adequate circulating vitamin

D concentrations even when vitamin D exposure is low. Addi-
tional research is needed to investigate this hypothesis.

Supporting this hypothesis are other observational studies in
which similar patterns of effect modification by DBP concentra-
tions or GC isoforms in relation to circulating 25(OH)D’s asso-
ciation with vitamin D–related health outcomes were reported.
In the Nurse’s Health Study of predominantly white women, the
association of 25(OH)D3 concentrations with colorectal cancer
risk was stronger among individuals with lower (belowmedian)

Table 2. Selected Characteristics of Participants in the Cancer Prevention Research Unit andMarkers of Adenomatous Polyps Case-Control
Studies of Incident, Sporadic Colorectal Adenomas, United States, 1991–2002a

Characteristics

CPRU MAP Pooled

Case Patients
(n = 318)

Control Subjects
(n = 360)

Case Patient
Subjects (n = 100)

Control Subjects
(n = 164)

Case Patients
(n = 418)

Control Subjects
(n = 524)

Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) %

Age, years 58.0 (9.8) 52.9 (11.0) 56.8 (7.8) 55.9 (8.9) 57.7 (9.3) 53.9 (10.5)

Male sex 63 37b 52 43 61 39b

25(OH)D3 concentration, ng/mL

Unadjusted 24.1 (9.3) 24.8 (10.6) 26.0 (12.3) 27.1 (11.0) 24.5 (10.1) 25.5 (10.7)

Seasonally adjusted 24.6 (9.2) 24.8 (10.1) 25.7 (11.7) 27.1 (10.7) 24.9 (9.8) 25.5 (10.3)

Season of blood sampling

Winter 28 21 16 16 25 20b

Spring 30 30 35 41 31 33

Summer 25 27 28 27 25 27

Fall 17 22 21 16 18 20

Family history of colorectal
cancerc

15 29b 18 26 16 28

Physical activity, MET-hours/
week

261 (272) 238 (232) 185 (141) 179 (123) 243 (250) 219 (207)

Bodymass indexd 27.3 (4.7) 27.1 (5.1) 28.2 (6.7) 27.9 (6.1) 27.5 (5.3) 27.3 (5.5)

Postmenopausal womene 79 69 78 84 78 73

Hormone replacement therapy
usef

41 66b 74 73 50 68b

Regular NSAID or aspirin use, At
least once per week

38 48b 52 60 41 52b

Current smoker 21 16b 31 9b 23 14b

Dietary intake, per day

Total energy, kcal 1,991 (685) 2,120 (822) 1,939 (739) 1,773 (936) 2,077 (806) 1,924 (777)

Vitamin D, IUg 336 (264) 313 (235) 356 (271) 347 (298) 341 (265) 324 (257)

Calcium, mgg 982 (562) 960 (509) 841 (434) 901 (506) 949 (537) 942 (509)

Total fat, g 74.2 (35.2) 68.0 (28.5)b 71.6 (34.7) 65.0 (41.6) 73.5 (35.1) 67.1 (33.0)

Alcohol, g 10.3 (16.4) 6.7 (14.0)b 5.9 (11.9) 4.9 (10.2) 9.3 (15.6) 6.1 (12.9)

Dietary fiber, g 22.0 (10.2) 21.6 (9.6) 20.9 (10.2) 19.5 (10.4) 21.7 (10.2) 20.6 (10.0)

Fruit, servings 2.4 (1.7) 2.5 (1.8) 1.9 (1.6) 1.8 (1.4) 2.3 (1.7) 2.3 (1.7)

Vegetables, servings 3.6 (2.3) 3.7 (2.5) 3.7 (2.7) 3.0 (2.1) 3.7 (2.4) 3.5 (2.4)

Red and processed meats,
servings

4.9 (3.4) 4.6 (3.6) 4.8 (4.2) 5.4 (9.35) 4.8 (3.6) 4.9 (6.0)

Abbreviations: 25(OH)D3, 25-hydroxyvitamin D3; CPRU, Cancer Prevention Research Unit; MAP, Markers of Adenomatous Polyps; MET, metabolic equivalents of
task; NSAID, nonsteroidal anti-inflammatory drug; SD, standard deviation.

a Limited to white persons genotyped forGC single nucleotide polymorphisms (n = 942).
b P < 0.05 for comparison with adenoma case patients by Fisher exact test for categorical variables and t test for continuous variables.
c In a first-degree relative.
d Calculated as weight (kg)/height (m)2.
e n = 485.
f Calculated among postmenopausal women only (n = 358).
g From dietary and supplements intake.
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DBP concentrations (for the highest quintile vs. the lowest, odds
ratio = 0.57, 95% CI: 0.32, 1.02) than among those with higher
DBP concentrations (for the highest quintile vs. the lowest, odds
ratio = 0.84, 95% CI: 0.49, 1.46) (17). Although this interaction
was not statistically significant, given that the Gc2 isoform is
strongly associated with lower DBP concentrations, the pattern
for possible effect modification was similar to, and thus sup-
ports, our own (15). A potential limitation of that study, how-
ever, was the use of monoclonal enzyme-linked immunosorbent
assay–based measurement of DBP, the accuracy of which may
vary by GC isoform (35). In addition, 25(OH)D concentration
was inversely associated with diabetes risk among white indivi-
duals with the Gc2-2 isoform genotype rs4588*AA (per a 1 stan-
dard deviation–higher baseline serum concentration of 25(OH)D,
hazard ratio = 0.75, 95% CI: 0.64, 0.90), but not among persons
who had inherited no A allele at rs4588 (i.e., no Gc2 isoforms)
(hazard ratio = 0.99, 95% CI: 0.93, 1.05) (18). Our results, in
combination with previous studies’ findings, warrant additional
investigation of whether these isoforms modify the association of
circulating 25(OH)D3with other vitaminD-related outcomes.

Findings across studies that investigated associations of GC
SNPs with colorectal cancer are inconsistent. Two studies in the
United States in mostly white populations found no associations
of GC SNPs with colorectal cancer (36, 37); however, rs4588
was associatedwith higher colorectal cancer risk in aHanChinese
population (38). Poynter et al. (36) found that the overall null

association of GC SNPs with colorectal cancer risk persisted
within strata of self-reported vitamin D intake (via food and sup-
plements). To our knowledge, no study reported associations of
GC genotypes with colorectal neoplasms stratified by circulating
25(OH)D3 concentrations, considered the most reliable marker of
total vitamin D exposure (4, 36). Our results indicate associations
of GC SNPs with colorectal neoplasms may differ by 25(OH)D3

concentrations.
Our study has several limitations. We did not measure DBP

concentrations; however, our estimated associations of GC iso-
forms with 25(OH)D3 concentrations (which appear to be
mediated by DBP concentrations), were consistent with find-
ings in previous studies. Thus, we infer that the GC isoforms
are also associated with DBP concentrations in our population,
which underlies our hypothesis of effect modification by GC
isoform. Studies are needed to investigate whether this potential
25(OH)D–GC isoform interaction may be explained by DBP
concentrations. On the one hand, the solid-phase liquid chroma-
tography–tandem mass spectrometry we used is a more accu-
rate method for measuring 25(OH)D concentrations than are
immunoassays, which are limited by DBP-concentration–
dependent inaccuracies (39). On the other hand, there is concern
that liquid chromatography–tandem mass spectrometry could
lead to falsely low measured 25(OH)D3 concentrations in pa-
tients with high DBP concentrations due to incomplete extrac-
tion (40, 41); however, we would expect this to attenuate our

Table 3. Associations of Seasonally Adjusted Circulating 25-hydroxyvitamin D3 ConcentrationsWith Incident, Sporadic Colorectal Adenoma
Risk Stratified by Vitamin D–Binding Protein (Group Component Gene) Isoforms in Pooled Cancer Prevention Research Unit andMarkers of
Adenomatous Polyps Case-Control Studies, United States, 1991–2002

Variable

Among IndividualsWith Gc1-1 Isoforma Among IndividualsWith Gc1-2/Gc2-2 Isoformsb

P Value for
Interaction

No. of
Case

Patients

No. of Control
Subjects ORc 95%CI No. of Case

Patients

No. of
Control
Subjects

ORc 95%CI

25(OH)D3 concentration (per 10 ng/mL)d 209 257 1.07 0.87, 1.32 208 264 0.71 0.56, 0.90 0.03

25(OH)D3 quartile

1 (<17.9 ng/mL) 39 46 1.00 Referent 69 79 1.00 Referent

2 (17.9–24.3 ng/mL) 52 60 1.10 0.58, 2.08 57 66 0.80 0.47, 1.38

3 (24.4–31.5 ng/mL) 53 71 0.98 0.52, 1.85 47 65 0.55 0.31, 0.97

4 (>31.5 ng/mL) 65 80 1.02 0.55, 1.91 35 54 0.46 0.24, 0.88 0.04

P for trende 0.94 0.008

Clinical 25(OH)D3 cutoff
f

Deficient (<20 ng/mL) 51 62 1.00 Referent 91 97 1.00 Referent

Nondeficient (≥20 ng/mL) 158 195 1.11 0.68, 1.82 117 167 0.51 0.33, 0.80 0.05

Deficient (<20 ng/mL) 51 62 1.00 Referent 91 97 1.00 Referent

Insufficient (20–30 ng/mL) 86 101 1.13 0.66, 1.93 71 102 0.52 0.32, 0.85

Sufficient (>30 ng/mL) 72 94 1.08 0.62, 1.89 46 65 0.48 0.27, 0.87 0.09

P for trende 0.83 0.01

Abbreviations: 25(OH)D3, 25-hydroxyvitamin D3; CI, confidence interval; OR, odds ratio.
a Gc1-1: combined Gc1s-1s, Gc1s-1f, and Gc1f-1f.
b Gc1-2: combined Gc2-1s and Gc2-1f.
c Adjusted for age (continuous), sex, study (Cancer Prevention Research Unit or Markers of Adenomatous Polyps), regular use of aspirin or nonsteroidal anti-

inflammatory drugs, family history of colorectal cancer in a first-degree relative, smoking status (current, ever, never), alcohol intake (continuous), total calcium intake
from diet and supplements (continuous), body mass index (continuous), and physical activity (continuous).

d Coded as a continuous variable in the model.
e Calculated by including the 25(OH)D3 predictor variable as a continuous variable in the model.
f Categories defined by the National Osteoporosis Society (29) and Endocrine Society (30), respectively.
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results of higher 25(OH)D3 concentrations among individuals
with the Gc1 isoform toward the null. In addition, control sub-
jects were patients undergoing elective outpatient colonoscopy
and thus may have been at higher risk of adenomas than was
the general population, which may also have attenuated our
estimated associations toward the null. We used rs3755967 as a
proxy for rs4588, given their perfect LD (r2 = 1.0) in the Hap-
Map CEU population of US whites of European ancestry.
Although LD structuremay vary by population, our study popula-
tion ofwhiteUS adults of European ancestry is highly comparable
to the HapMap CEU population, supporting the appropriateness
of this proxy SNP. Only 25(OH)D3 was used in our primary
analyses because of the poor reliability of our 25(OH)D2measure-
ments. Most participants (96%) in our study had undetectable or
very low (<10 ng/mL) 25(OH)D2 concentrations, consistent with
findings of other studies (42), and substitution of total 25(OH)D
(i.e., D2 +D3) for 25(OH)D3 did not materially affect our results.
Hormone replacement therapy may influence circulating vitamin
D and DBP concentrations (43) and is associated with colorectal
adenoma risk (44); however, further adjusting for hormone
replacement therapy use did not change our results. Last, because
GC isoform frequency and the effects of the GC isoforms on vita-
min D metabolism may differ by race, our findings may not be
generalizable to other populations.

Strengths of our study include the use of study-specific, season-
ally adjusted 25(OH)D3 concentrations to assess total vitamin D
exposure, thereby reducing misclassification of vitamin D status,
which may vary throughout the year and in study populations liv-
ing at different latitudes. Using the approach ofmost previous epi-
demiologic studies, in which unadjusted 25(OH)D3 concentration
is the predictor variable and season of blood sampling is included
as a covariate in themodel, did not change our results.Misclassifi-
cation of adenoma outcome was minimized by verifying the ade-
noma and hyperplastic polyp–free status of control subjects by
colonoscopy and pathologic review. We also had one of the larg-
est case-control populations to investigate 25(OH)D–adenoma as-
sociations; the number of participants in most previous studies
ranged from 200 to 700 (45), comparedwith 942 in our study.

In conclusion, our findings, taken together with those of previ-
ous studies, indicate the risk of colorectal adenoma associated
with vitamin D exposure may differ by common, inherited DBP
isoforms that affect circulating DBP concentrations. In particular,
according to our findings, those with the Gc2 isoformmay partic-
ularly benefit from maintaining higher circulating 25(OH)D3

concentrations for adenoma prevention. This possibility war-
rants investigation into whether these isoforms modify the
association of circulating 25(OH)D3 with other vitamin D–
related health outcomes.
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