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ABSTRACT

Background: Poor vitamin K status is linked to greater risk of several
chronic diseases. Age, sex, and diet are determinants of circulating vitamin
K; however, there is still large unexplained interindividual variability in vita-
min K status. Although a strong genetic component has been hypothesized,
this has yet to be examined by a genome-wide association (GWA) study.
Objective: The objective was to identify common genetic variants
associated with concentrations of circulating phylloquinone, the
primary circulating form of vitamin K.

Design: We conducted a 2-stage GWA meta-analysis of circulating
phylloquinone in 2 populations of European descent from the Cohorts
for Heart and Aging Research in Genomic Epidemiology Consortium
Nutrition Working Group. Circulating phylloquinone was measured by
using reversed-phase high-performance liquid chromatography. Results
from adjusted cohort-specific discovery GWA analyses were meta-
analyzed with inverse variance weights (n = 2138). Associations with
circulating phylloquinone at P < 1 X 10~°® were then evaluated in
a second-stage analysis consisting of one independent cohort (1 = 265).
Results: No significant association was observed for circulating phyl-
loquinone at the genome-wide significance level of 5 X 108, However,
from the discovery GWA, there were 11 single-nucleotide polymor-
phism (SNP) associations with circulating phylloquinone at P < 1 X
10, including a functional variant previously associated with warfarin
dose and altered phylloquinone metabolism. These SNPs are on 5 in-
dependent loci on 11q23.3, 8q24.3, 5922.3, 2p12, and 19p13.12, and
they fall within or near the candidate genes APOAI/C3/A4/A5 cluster
(involved in lipoprotein metabolism), COL22A1, CDOI, CTNAA2, and
CYP4F?2 (a phylloquinone oxidase), respectively. Second-stage analysis
in an independent cohort further suggests the association of the 5q22.3
locus with circulating phylloquinone (P < 0.05).

Conclusions: Multiple candidate genes related to lipoprotein and vita-
min K metabolism were identified as potential determinants of circulat-
ing phylloquinone. Further investigation with a larger sample is
warranted to verify our initial findings and identify other loci contribut-
ing to circulating phylloquinone. Trials related to this study were regis-
tered at clinicaltrials.gov as NCT00005121 (Framingham Offspring
Study) and NCT00005487 (Multi-Ethnic Study of Atherosclero-
sis). Am J Clin Nutr 2014;100:1462-9.

Keywords GWAS, phylloquinone, vitamin K, CYP4F2 , genetics

INTRODUCTION

Vitamin K is an enzymatic cofactor for the posttranslational
carboxylation of vitamin K-dependent proteins. Although the
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most commonly known vitamin K—dependent proteins are in-
volved in coagulation, multiple vitamin K—dependent proteins
are found in nonhepatic tissues, including cartilage, bone, and
vascular tissue (1). Vitamin K insufficiency recently has been
linked to a higher risk of several chronic diseases, including low
bone mineral density (2, 3), hip fractures (4, 5), osteoarthritis
(6), insulin resistance (7), and coronary calcium progression (8).
Phylloquinone (also known as vitamin K;) is the primary cir-
culating form of vitamin K and reflects intake of the primary
plant-based form in the diet. Circulating phylloquinone con-
centrations change as dietary intake changes, suggesting the
measure of serum phylloquinone is a useful indicator of overall
vitamin K status (9, 10). Nutritional biomarkers, which are not
subject to the same bias as self-reported dietary measures and
limitations in food composition databases, are considered more
objective measures of nutrient status and are commonly used in
nutritional epidemiologic studies (11).

A large interindividual variation in circulating phylloquinone
has been identified in population-based cohorts (12, 13). The
inter- and intraindividual variability for circulating phylloqui-
none is markedly greater than reported for other fat-soluble
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vitamins (14), and the bioavailability of phylloquinone from the
ingestion of purified phylloquinone labeled with stable isotopes
ranges from 2% to 80% (15). Serum phylloquinone also was
found to vary according to race/ethnicity, and accordingly, we
hypothesize a role for genetics in determining circulating
phylloquinone concentrations (12).

Very few studies have assessed the genetic component influ-
encing vitamin K status—specifically, circulating phylloquinone
concentrations. Furthermore, these studies were often limited
due to small sample sizes and inclusion of individuals with
varying dietary intakes, geographical locations, age, and health
status (16-19). However, it still remains unclear which loci, if
any, can explain the wide interindividual variability in circu-
lating phylloquinone concentrations, because to our knowledge,
no genome-wide association (GWA)® investigation of circulat-
ing phylloquinone has been reported.

To identify common genetic variants associated with serum
phylloquinone, we conducted a meta-analysis of GWA analyses
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of circulating phylloquinone by using data from 2 discovery
cohorts (n = 2138) from the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) Consortium
Nutrition Working Group. The strongest allelic associations
(P <1 X 10™°) from this analysis were evaluated in a second-
stage analysis consisting of one independent cohort (n = 265).

SUBJECTS AND METHODS

GWA discovery and second-stage cohorts

Analysis was limited to individuals of European ancestry.
Users of warfarin, a vitamin K antagonist, were also excluded.
GWA was conducted in 2138 participants in whom genome-wide
scans and circulating phylloquinone concentrations were avail-
able. Data from 2 independent CHARGE Consortium Nutrition
Working Group cohorts were analyzed in the discovery stage: the
Framingham Offspring Study (FOS) and the Health, Aging, and
Body Composition (Health ABC) study. Second-stage analysis
was carried out in a third CHARGE cohort: the Multi-Ethnic
Study of Atherosclerosis (MESA). The analytic protocol for the
present analysis was reviewed by the institutional review board
(IRB) at Tufts Medical Center and Tufts University Health
Sciences Campus.

FOS

The FOS is a community-based longitudinal study designed to
examine cardiovascular disease risk in the offspring and their
spouses of the Framingham Heart Study original cohort partic-
ipants (20). In 1971, a total of 5124 individuals were enrolled in
the study; since then, the cohort has been examined every 3—4 y.
Vitamin K biochemical measures were made on samples col-
lected between January 1995 and December 1998, during the
sixth and seventh examination cycles (21). For the purpose of
the present study, a total of 1607 adults who had available ge-
netic data and provided consent to share genetic data, plasma
phylloquinone, and valid dietary information were eligible (22).
This study was approved by the IRB for Human Research at
Boston University Medical Center.

Health ABC study

The Health ABC study is a prospective cohort study in-
vestigating the associations between body composition, weight-
related health conditions, and functional decline in older adults
(23). At the time of enrollment in Health ABC, all participants
were well-functioning, community-dwelling adults aged 70-79 y.
Participants were recruited from a random sample of white and
black Medicare-eligible residents in the Pittsburgh, Pennsylvania,
and Memphis, Tennessee, metropolitan areas. Participants have
undergone annual examinations and semiannual phone interviews
since study inception in 1997-1998. In 2012-2013, plasma
phylloquinone was measured in 1110 participants of the Health
ABC knee osteoarthritis substudy from samples obtained at the
year 2 clinic visit (1998-1999). This substudy included partic-
ipants with qualifying knee pain and randomly chosen partici-
pants without knee pain (24). Of the 1110 total participants, 531
met the criteria of European ancestry and no warfarin use and
therefore were eligible for the present analysis. All participants
provided informed consent before participating; consent forms
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and study protocols were approved by the IRBs at each field
center.

MESA

The MESA is an ongoing, observational study examining the
prevalence and determinants of subclinical cardiovascular dis-
ease in a multiethnic cohort that began in 2000-2002 (25). The
MESA cohort (n = 6814) was recruited from 6 U.S. communi-
ties, including Forsyth County, North Carolina; northern Manhattan
and the Bronx, New York; Baltimore County, Maryland; St. Paul,
Minnesota; Chicago, Illinois; and Los Angeles County, California.
The study design and methods of MESA have been described in
detail (25). MESA was approved by the IRBs at all 6 study sites
(Wake Forest University, Columbia University, Johns Hopkins
University, University of Minnesota, Northwestern University, and
University of California at Los Angeles), and the present protocol
also was approved by the IRB at Wake Forest University. All
participants gave written informed consent. A randomly chosen
subgroup of 780 MESA participants who were not users of
warfarin and had serum phylloquinone measured from samples
obtained at the baseline visit were considered for inclusion in
the present analyses. Among these, we analyzed 265 individuals
of European ancestry who had valid serum phylloquinone
measurements; had information on dietary intake, demographics,
and clinical covariates; and gave consent to share genetic data.

Circulating phyllogquinone

Circulating phylloquinone was analyzed in all cohorts at the
Vitamin K Laboratory at the USDA Human Nutrition Research
Center on Aging at Tufts University in Boston, Massachusetts.
Fasting plasma or serum was collected and frozen at —70°C.
Plasma or serum phylloquinone was measured in thawed samples
by using reverse-phase HPLC followed by fluorometric de-
tection (26). The Vitamin K Laboratory currently participates in
the international vitamin K external quality assurance scheme
(27). The lower limit of detection for circulating phylloquinone
by using the sample volumes available was 0.1 nmol/L. Samples
with phylloquinone concentrations below the lower limit of
detection were entered as 0.05 nmol/L (21, 26). Low and high
control specimens had average values of 0.56 and 3.15 nmol/L,
with a total (intra-assay plus interassay) CV of 15.2% and
10.9%, respectively (21).

Dietary intake

Usual dietary intakes of foods and beverages were assessed by
using the self-administered 126-item Harvard food-frequency
questionnaire (FFQ) in FOS, a 108-item interviewer-administered
FFQ (Block Dietary Data Systems) in Health ABC, and a 120-item,
self-administered, modified-Block FFQ in MESA. These FFQs
have been described in detail (28-32). Vegetable intake included
red, orange, and yellow vegetables and green leafy vegetables,
excluding legumes and potatoes.

Genotyping and GWA analysis

Genome-wide genotyping was conducted by using the Affymetrix
platform for FOS and MESA and the Illumina platform for Health
ABC as described previously (33-35). Each study performed quality
control for genotyped single-nucleotide polymorphisms (SNPs) on
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the basis of minor allele frequency (MAF), call rate, and departure
from Hardy-Weinberg equilibrium (Supplemental Table 1).
Phased haplotypes from HapMap II CEU were used to impute
~?2.5 million autosomal SNPs by using a hidden Markov model
algorithm implemented in MACH for FOS and Health ABC and
IMPUTE2 for MESA (36). SNPs with a low MAF (<1%) or
a low imputation quality (MACH: R* < 0.3; IMPUTE: proper
information <0.4) were removed.

Study-specific GWA analyses were conducted for circulating
phylloquinone with a linear model adjusted for covariates to
relate the outcome to genotyped and imputed SNP dosages by
assuming an additive genetic model. To achieve normality for
statistical testing with continuous outcomes, we applied natural
logarithmic transformations to circulating phylloquinone con-
centrations before analysis. The basic model (model 1) included
age, sex, and study-specific covariates, including population
stratification by principal component analysis and clinical site,
where applicable. Model 2 was adjusted as for model 1, with the
addition of circulating triglyceride concentrations, because cir-
culating phylloquinone is carried predominantly in triglyceride-
rich lipoproteins (TRLs) (19). Model 3, the final model, was
adjusted as for model 2 and further adjusted for vegetable intake
to account for a healthful diet (37).

Results from cohort-specific GWA in FOS and Health ABC
were combined in a fixed-effects meta-analysis with inverse
variance weights by using METAL software (University of
Michigan, Center for Statistical Genetics) (38). To account for
population stratification, the association results from individual
studies as well as meta-analyses were adjusted for genomic
control. Genome-wide significance was considered at the Bonferroni-
corrected threshold of P < 5 X 1075,

Furthermore, we estimated total variance explained by variants
with the lowest P values at P < 1 X 10~* by implementing the
genome-wide complex trait analysis tool in FOS and adjusting
for age, sex, and circulating triglyceride concentrations (39).

Associations with the lowest P values at P < 1 X 10~ ° were
then evaluated in an independent cohort, MESA (n = 265), by
using the model in which a given SNP had the strongest level of
significance in the discovery GWA analysis. Because 25% of par-
ticipants in this cohort had circulating phylloquinone concentrations
<0.1 nmol/L, the bimodal natural logarithmic-transformed distri-
butions of circulating phylloquinone were inappropriate for linear
regression and meta-analysis in combination with the discovery
cohorts. Instead, serum phylloquinone was dichotomized based on
median concentrations to low (=1.0 nmol/L) and high (>1.0
nmol/L) groups, as has been previously conducted in this cohort
for this phenotype (8, 12). The multivariable logistic regression
model was used to determine the OR and 95% CIs for having
low or high serum phylloquinone. Significance was considered at
the Bonferroni-corrected threshold of P < 0.01 for 5 independent
loci (0.05/5).

RESULTS

Characteristics of the 2 discovery and second-stage cohorts are
summarized in Table 1. No genome-wide significant association
was observed for circulating concentrations of phylloquinone
from the meta-analysis of the 2 discovery cohorts at the genome-
wide significance level of 5 X 1078 (Supplemental Figure 1).
However, we report 11 SNP associations with P < 1 X 10" %on
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TABLE 1
Characteristics of CHARGE participating cohorts'
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Discovery cohorts

Participant characteristics FOS (n = 1607)

Second-stage cohort:

Health ABC (n = 531) MESA (n = 265)

Age, y 56.7 + 10.9*
Sex, M/F, n 760/847
BMI, kg/m* 282 +53
Waist circumference, cm 94 £ 55
Circulating phylloquinone, nmol/L 09 =25
Circulating triglycerides, mg/dL 134.7 = 89.3
Total cholesterol, mg/dL 200.1 * 35.8
HDL cholesterol, mg/dL 53.5 £ 16.6
Fasting glucose, mg/dL 102.8 = 24.7
Dietary intake
Total energy, kcal/d 1824 = 607
Total proteins, g/d 78.3 = 26.8
Total carbohydrates, g/d 228.5 * 84.4
Total fats, g/d 62.5 £ 275
Vegetables,* 1/2 cup, servings/d 19 = 1.1
Vitamin K, ug/d 156 = 108

748 + 29 61.9 =99
242/289 120/145
26.8 = 4.2 277 + 49
99.8 = 12.1° 97.7 = 14.9
11*15 13+14
158.9 * 96.5 132.6 = 80.8
208.7 * 38.3 196.3 + 35.2
52.6 + 16.5 53.6 = 15.9
98.7 + 23.6 90.2 + 18.6
1796 *+ 660 1482 * 661
64.6 + 25.7 57.8 + 282
237.6 + 86.9 183.5 * 82.3
67.5 + 335 53.66 * 28.7
31 %17 23*12

NA 137 + 130

'CHARGE, Cohorts for Heart and Aging Research in Genomic Epidemiology; FOS, Framingham Offspring Study; Health ABC, Health, Aging, and
Body Composition; MESA, Multi-Ethnic Study of Atherosclerosis; NA, not available.

2Mean; 95% CI in parentheses (all such values).
3Abdominal obesity.

“*Vegetable intake included red, orange, and yellow vegetables and green leafy vegetables, excluding legumes and potatoes.

5 independent loci on 11q23.3, 8q24.3, 5q22.3, 2p12, and
19p13.12 (Table 2). Among the 11 SNPs, linkage disequilibrium
at ¥ > 0.91 is evident among 154645543, rs2199565, and
rs7018214 in the 8q24.3 locus; rs2108622 and rs12609820 in the
19p13.12 locus; 152192574 and rs4852146 in the 2p12 locus;
and rs6862909, rs6862071, and rs4122275 in the 5q22.3 locus.
The genomic control values for the meta-analysis of circulating
phylloquinone were 1.008 for the age- and sex-adjusted model
(model 1), 1.005 for the triglyceride-adjusted model (model 2),
and 1.006 for the vegetable intake—adjusted model (model 3)
(Supplemental Figure 2).

Discovery analysis

In the basic model, associations at P < 5 X 10”7 were ob-
served on 11g23.3 and 8q24.3. We observed an association on
11g23.3 for rs964184 (8 = SE: 0.23 = 0.04 In-nmol/L; P =5.91
X 1078) (Figure 1A). This variant resides closest to ZNF259
and also near the APOA1/C3/A4/A5 gene cluster, which includes
several apolipoprotein genes, including APOAI, APOCS3,
APOA4, and APOAS5. The association was strongly attenuated
when adjusted for triglycerides in model 2 (8 = SE: 0.14 = 0.04
In-nmol/L; P = 0.0011). On 8q24.3, we observed associations for 3
SNPs in linkage disequilibrium (+* > 0.91), of which rs4645543
was the strongest signal (8 = SE: —0.42 = 0.08 In-nmol/L; P =
2.00 X 10~7). This region lies near KCNK9, a potassium channel
protein, and further upstream of COL22A1, a collagen gene. The
observed associations on 11g23.3 and 8q24.3 were both attenuated
when adjusted for triglycerides in model 2 and after subsequent
adjustment for vegetable intake (model 3) (Table 2).

In the triglyceride-adjusted model (model 2), we observed
additional associations at P <5 X 10~ on 5q22.3, 2p12, and
19p13.12. The strongest signal on 5q22.3 was for rs6862909
(B = SE: —0.96 = 0.18 In-nmol/L; P = 1.24 X 1077 (Figure 1B).

This variant lies near CDOI, a cysteine dioxygenase gene. The
strongest signal in 2p12 was for rs4852146 (8 = SE: 0.19 =
0.04 In-nmol/L; P = 142 X 1077) (Figure 1C). This variant
resides near the catenin gene, CTNNAZ2. Finally, the strongest signal
on 19p13.12 was for 152108622 (8 = SE: 0.16 = 0.03 In-nmol/L;
P =290 X 1077) (Figure 1D). This variant lies near CYP4F?2,
a gene encoding phylloquinone oxidase. These observed associations
were attenuated after subsequent adjustment for vegetable intake
(model 3) (Table 2).

Total variance in circulating phylloquinone concentrations
explained by 355 SNPs reported with associations of P << 1 X
10~* was determined by using genome-wide complex trait
analysis. The proportion of phenotypic variability that can be
explained by the additive SNP effects (Vg/Vp) was non-
significant (P > 0.05) in FOS when adjusting for age, sex, and
circulating triglyceride concentrations.

Second-stage analysis

Associations at the 5 independent loci were further examined
in a second-stage analysis consisting of one independent cohort.
Results from the analysis are reported in Table 2. From the
second-stage analysis, we observed nominal associations on
5q22.3 at P < 0.05 in the triglyceride-adjusted model (model 2),
with the strongest signal for rs6862071 (OR: 63.1; 95% CI: 1.48,
2687; P = 0.03), a variant with a low MAF of 0.01.

DISCUSSION

To our knowledge, this is the first meta-analysis of GWA to
identify common genetic variants that determine circulating
phylloquinone concentrations in humans. Despite the small
number of population-based cohorts with available vitamin K
biochemical measurements, the CHARGE consortium facilitated
collaboration among various cohort studies, thereby achieving



DASHTI ET AL.

1466

“9[9[1e 1991J2 Y Jo Adod Teuonippe yoes 1ad ‘suonenudouod duournboriAyd

SunenoI (/0w ([ <) YSIy SurAry 10§ S[D %S6 PUE SYQ SE UMOYS AT SIUIIOYJO0D UOHRIOOSSY "YMD AIOA0ISIP WO} aNeA g 1S95U0NS ) (LM [9POW oY) AQ POUIULIAP SAJBLIEAOD 93EIS-PU0IIS
“9[[e 19912 Y Jo Adod Teuonippe yoes 1ad (J/jowu-uf) suournboyjAyd Sunenomo ur a3ueyo Ay sjuasaidar g (SHS F sg sk umoys aIe SJuAOYJo0d

uonenossy “(ajqearjdde usym ‘siusuodwos [edrourid £q uoneoynens uonedod ‘as Apms “5-0) sajeLeA00 dyroads-Apnis pue ‘axelur 9[qeldsoa ‘SOPLIdAISI SUNE[NOID “Xds 5 Joj pasnipe sask[euy,
“9[9[e 19912 Y Jo Adod Teuonippe yoes 1od (J/jowu-uy) suoumnborAyd Sunenoio ur a3ueyd Ay syussaidar g sHS F sg se umoys

aIe SJULIOYFR0d uoneossy “(s[qesridde usym ‘sjusuoduwods [edound Aq uoneoynens uonemndod oys Apms “5-0) sajeneA0d dyrads-Apnis pue ‘SOpLIRdASLN SUN[NOID Xas “0Fe 10§ palsnipe sesk[euy,
“9[9[e 319912 Y Jo Adod Teuonippe yoes 1ad (J/jowu-uf) suoumborAyd Sunenoao ur o3ueyd Y sjuasaidar g (sgS

T sg S UMOYS AJE SIUSIOYFI0D UONEIOSSY *(;_01 > d) (3[qedridde uoym ‘sjusuodwos [edund £q uoneoynens uonendod ‘ans Apms 5-0) sajerreaod oyioads-Apmys pue xas ‘a5e 103 paysnipe sask[euy,

‘wistydrowf[jod opnosonu-d[3uls GNS ‘UONEBIJOSSE APIM-OUIOUIT YA “OUIOSOWOIYD Iy "dpoul d[A[[e SANIPPY,

S0°0 (#'LS '86'0) 0S'L 4 0T X 06'€  LT'O ¥ 8L0— , 0T X I€y 910 ¥ 180— . Ol X 9LF LIO ¥ 890— (100°0) 200 /v 10a> S SLTTTIHST
€00 (L89T 871 I'€9 4 01 X €EL'T €T0 ¥ 60T— ,_0I X SE€T  TTOF ¥I'l— 0l X 6TCT TT0 F 60— (1000°0) 10°0 V/L 10ddo S 1L07989s1
€00  (TTET'6TD €Ty , 01 X 69L 610 F ¥60— , 01 X ¥TT 810 ¥ 960— . Ol X I¥'T 610 ¥ 180—  (2000°0) 10°0 /L 10a> S 606298951
68°0 (IST°29°0) L60 4 01 X €T€  ¥0°0 ¥ 81°0 L0l X TFT 00 ¥ 61°0 501 X 80T +0°0 * 810 (L00°0) €€°0 A7) ZYVNLD (4 9 1TS8Ys
650 (SS'T ‘9¥°0) 680, 0T X €8 900 ¥ 620 9-0T X 6V'T 900 ¥ 8T0 5-01 X 28T 900 ¥ 8T0 (100°0) 11°0 Ap) ZVVNID 4 7LSTOHITS
e (06T °9L'0) 0TT 40T X 0I'C €00 ¥ 91°0 ,_0T X 90°€ €00 F 910 5-0L X 00T €00 910 (#00°0) 1€°0 ATp) cArdAD 61  0T8609TIsI
6%°0 (8T °SL'0) LT'T  ,_ 0T X 896 €00 F 910 .01 X 06T €00 % 910 ,_ 0T X 8.8 €00 F 910 (100°0) €0 /L 2ArdAD 61 779801Ts!
760 (€ST e’ 0) SOT ¢ 0T X ¥ST 800 F €€0— . Ol X ¥I'T  LOO ¥ €€0— , 0l X ¥¥'9 800 ¥ 6£0— (200°0) 00 A7) 6INOY 8 Y1T8I0LSE
660 (0€T€¥’0) 660 ¢ 0T X 65T 800 F SE0— 40T X S9C 800 F S€0— , Ol X ¥0T 800  T¥0— (€00°0) +0°0 /L 6JINDY 8 S9G661 ST
L60 (0€T Tr0) 860 ¢ 0T X 09T 800 ¥ SE0— o 0T X 69°S 800 F S€0— , 0l X 00C 800 F TV0— (€00°0) ¥0°0 /L 6JINDY 8 EPSSHOPST
€80 (SL'T°€9°0) 90'T 2000 700 ¥ €10 1000 Y00 * ¥1°0 s 01 X 16S  ¥0'0 ¥ €20 (2Z00'0) ST°0 o)3) 6STANZ 1 78179651
onea 4 (1D %S6) 4O onfea g as = d onfea g as = ¢ onfeA o 4s ¥ ¢ (193339) (0opjouou  oudg IsareON 1Y) dNS
Kouanbaxy 9[9[[V  193JJ9) Q[[IV
J(S9T = u) +€ [PPOIN <C I9POIN -1 [PPOIN

sisA[eue 93e)S-puodeg

(8€1T = ) VMD K19A0081

(SISA[eUR 95eIS-pU0dSS PUB | (] X [ > d 1¢ SUOHBIOOSSE JO SISK[BUB-BIOW AJOAOISIP YMD JO Arewwing
T HTAVL



GWA META-ANALYSIS FOR CIRCULATING PHYLLOQUINONE

rs964184

(gu/no) ekl uopeuiquooay

1467

Bl - 6862909

(QIN/WD) B1el uoheUIqUIcOSY

= BUD13 - A(:OAJ - SIK3 tECAMZ F.C_aol AP351-—» AQPEP—
“ZNF2ss  APOCI~ < TMED7-TICANZ “—Arg12
—M:OAS *AJ’_’OAI ——MD?
116 116.1 116.2 1163 115 1151 115.2 1153
Position on chr11 (Mb) Position on chr5 (Mb)

c | 10€ D 0 ; 10
“lm rs4852146 : ‘ rs2108622 F :
o, Lo

o | jfor o D BA gel” 8

N g B g

A ! -2

& O =1

3 5 5

= =} 40 6

2 3 'S

= " B &

> T nhl‘ 0 @

o —_ . —_

= [2) L | | [)
L ” 4

2 20 _g- - g

= o=

o =

CTNNAZ >

793 79.4 79.5 798

Position on chr2 (Mb)

CYP4FI2—=

ORIQH5—= UCAT—= -~ CYPaF2 OR1GH4—~ LOC) 26536~  TPMd—~|

OR1gHZ~ « OR10H! «— CYP4FIT FLIZ5326—

ORIQHI~

18.7 158 15.9 16

Position on chr19 (Mb)

FIGURE 1 Regional association plots for SNPs at 11¢23.3 (A), 5q22.3 (B), 2p12 (C), and 19p13.12 (D). The panels show —log;o P values for SNPs
from the discovery meta-analysis. Analyses were adjusted for age, sex, and study-specific covariates (e.g., study site and population stratification by principal
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larger sample sizes for a GWA investigation. None of the as-
sociations achieved the genome-wide significance threshold at
P <5 X 10~®, but we identified 5 top associations at P < 1 X
107 from the discovery GWA meta-analysis in modulating
circulating phylloquinone, corresponding to 5 independent
genomic regions. Although we observed stronger associa-
tions after the adjustment for circulating triglycerides, further
adjustment for usual vegetable intake resulted in slightly at-
tenuated P values.

Circulating phylloquinone concentrations were associated on
11923.3 for rs964184, which flanks the apolipoprotein APOA1/
C3/A4/A5 gene cluster. This association was attenuated after
adjustment for circulating triglycerides, indicating that the as-
sociation was most likely mediated by phylloquinone trans-
port on TRLs. Previous studies have reported associations
between the rs964184 variant and lower circulating HDL cho-
lesterol and higher triglyceride concentrations, supporting the
hypothesis that this association is attributable to lipid transport
(40, 41). In addition, this variant was identified in GWA in-
vestigations for circulating vitamin E concentrations when un-
adjusted for triglycerides (42). Because fat-soluble vitamins,
including vitamin K, are transported on TRLs, this suggests
shared common genetic determinants among all fat-soluble vi-
tamins. Overall, the evidence highlights the importance of loci

specific to circulating triglycerides in determining circulating
phylloquinone concentrations and provides further rationale for
adjusting for triglycerides in future analyses attempting to elu-
cidate variants independent of lipid transport (19).

When we adjusted for triglycerides, we found associations for
circulating phylloquinone on 19p13.12 for rs2108622, which is of
particular interest because of its role in vitamin K metabolism.
The rs2108622 is a nonsynonymous variant, resulting in an amino
acid change at position 433 (V433M polymorphism) in the
CYP4F2 gene. The protein encoded by CYP4F2 provides
a nonlipid function for vitamin K and vitamin E metabolism.
CYP4F?2 functions as a phylloquinone oxidase (43) and also
plays a role in the hydroxylation reaction of vitamin E (42),
indicating another shared common genetic variant influencing
circulating concentrations of these 2 fat-soluble vitamins.

The rs2108622 variant has previously been associated with
warfarin dose and altered phylloquinone metabolism (44). In
vitro experiments indicate that carriers of the minor T allele at
rs2108622 have reduced capacity to metabolize phylloquinone,
suggesting elevated hepatic phylloquinone concentrations among
individuals with this variant. As a result, these minor T allele
carriers require a higher warfarin dose to elicit the same anti-
coagulant response as noncarriers (44). Our results also suggest
that carriers of the minor T allele at rs2108622 have elevated
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circulating concentrations of phylloquinone. It is also worth noting
that the MAF for rs2108622 varies across ethnicities, ranging from
a low frequency of 0.06 for Africans to higher frequencies of 0.23
and 0.25 for Europeans and Asians, respectively. The higher
prevalence of the rs2108622 variant in Europeans and Asians could
partly explain earlier reports of variability in serum phylloquinone
concentrations among races and ethnicities (12). Our associations at
the CYP4F?2 gene further suggest the importance of genes playing
a role in vitamin K metabolism in determining circulatory con-
centrations of phylloquinone.

We also identified associations for circulating phylloquinone
on the 2pl12 locus for rs4852146 in the triglyceride-adjusted
model. The 154852146 SNP lies upstream of the CTNNAZ2 gene,
which encodes a cadherin-associated protein, suggesting that the
SNP may play a potential role in gene regulation. A GWA study
for bone mineral density at the forearm reported a genome-wide
significant association at the CTNNA2 locus (45), whereas
a 2-year randomized controlled trial identified significant in-
creases in bone mineral concentration at the ultradistal radius of
women supplemented with combined vitamin K and vitamin D
plus calcium (46). The overlap between our GWA findings and
findings from the bone mineral density GWA study suggests a
putative role of CTNNAZ in determining circulating phylloquinone.
COL22A1, a collagen precursor and a cell adhesion ligand for skin
epithelial cells and fibroblasts (47), was also identified as a
candidate gene for the associations on 8q24.3.

Among the selected variants evaluated at the second-stage
analysis, we observed the strongest associations on 5q22.3 in the
triglyceride-adjusted model, with the strongest signal for rs6862071.
Whereas the P value indicates a significant association for
rs6862071, the OR and 95% CI for the association should be
considered with caution because of the low frequency of the
variant. This variant lies near CDOI, a tumor suppressor gene
silenced by promoter methylation in multiple human cancers
(48). The mechanism by which this gene influences concentra-
tions of circulating phylloquinone is not clear.

One of the major strengths of our study is its reduction in
phenotypic measurement errors, owing to circulating phyllo-
quinone from all participating cohorts being measured in the
same laboratory by using a single assay with established methods
of quality control. Early successes in GWA investigations were
often attributed to a clear definition of phenotypes (49). Our use
of the same laboratory and single assay may have improved our
ability to detect genetic associations at P < 1 X 10~°. However,
power was a considerable limitation in our investigation, given
the very modest number of studies with available phylloquinone
data. As suggested by the nonsignificant proportion of phenotypic
variability attributable to the identified top hits, targeting larger
sample sizes for future GWA investigations is necessary. In addition,
the bimodal distribution of the MESA cohort impeded our ability to
include the cohort in the discovery GWA meta-analysis to achieve
greater power. Other limitations to this investigation are the in-
clusion of participants of single ancestry, which limits the general-
izability of these results. Despite the hypothesized roles of the
identified SNPs in affecting circulating phylloquinone, there is little
evidence to establish causal relationships between most identified
SNPs and circulating phylloquinone. It is also possible that the
SNPs identified here may be proxies for other causal SNPs.

In conclusion, this meta-analysis of GWA for circulating
phylloquinone concentrations from 2 cohorts and a second-stage
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analysis in one additional independent cohort has implicated
several genes involved in various biological pathways in de-
termining the circulating concentrations of phylloquinone. Our
data may provide insight into the large interindividual variability
in response to phylloquinone dietary intake and supplementation
and potentially warfarin therapy. Further investigation with
a larger, racially diverse sample is warranted to verify our initial
findings and identify other loci contributing to circulating
phylloquinone. In addition, circulating phylloquinone is an im-
portant biomarker that reflects “healthy” lifestyles and, at lower
concentrations, is associated with an increased risk for various
chronic diseases. However, it is not commonly measured in
epidemiologic studies. Thus, we recommend that future studies
collect data on circulating phylloquinone to study both the ge-
netic and physiologic effects on human health.
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