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ABSTRACT

Evidence suggests there are roles for vitamin K in various chronic disease outcomes, but popula-
tion-level diet and supplement recommendations are difficult to determine due to high levels of
variability in measures of status and response to intake compared to other nutrients. In this
preliminary investigation, a blood-based epigenome-wide association study (EWAS) comparing
responders and non-responders to phylloquinone (vitamin K1) supplementation (NCT00183001)
was undertaken in order to better understand the molecular underpinnings of this observed
variability. Responders (n = 24) and non-responders (n = 24) were identified in a prior 3-year
phylloquinone supplementation trial based on their changes in plasma phylloquinone concentra-
tions. Differential DNA methylation was identified in multiple regions with previously unknown
relationships to phylloquinone absorption and metabolism, such as at the TMEM263 locus.
A hypothesis-driven analysis of lipid-related genes highlighted a site in the NPCTL1 gene, supple-
menting existing evidence for its role in phylloquinone absorption. Furthermore, an EWAS for
baseline plasma phylloquinone concentrations revealed a strong correlation between the epige-
nomic signatures of phylloquinone baseline status and response to supplementation. This work
can guide future epigenomic research on vitamin K and contributes to the development of more
personalized dietary recommendations for vitamin K.
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Introduction A Dbetter understanding of the factors that influence

biomarkers of vitamin K metabolism could help to clarify
the contribution of vitamin K in health outcomes.

Vitamin K is a fat-soluble nutrient and essential
cofactor for the post-translational y-carboxylation

of vitamin K dependent proteins. While it is best
known for its role in coagulation, there is sugges-
tive evidence for roles of vitamin K in various
other health outcomes including inflammation,
cardiovascular disease, and osteoarthritis [1,2].
Large interindividual variability in measures of vita-
min K status has been observed [3]. Compared to circu-
lating concentrations of the other fat-soluble vitamins,
the major circulating form of vitamin K, phylloquinone
(vitamin K1), had the largest interindividual variability
[3]. Stable isotope studies of phylloquinone have reported
a bioavailability ranging from 2% to 26% [4]. To date,
biologically plausible factors have been examined, but
most of the variability remains unaccounted for [5,6].

The bioavailability of other fat-soluble nutrients has
been shown to be under partial genetic control [7]. The
genetic contribution to the interindividual variability in
circulating phylloquinone was examined in a small cross-
sectional meta-analysis of genome-wide association stu-
dies (GWAYS) [8]. This analysis identified suggestive sites,
but no single nucleotide polymorphism (SNP) reached
genome-wide significance. The association of lipid-
related candidate gene variants with the plasma phyllo-
quinone response to supplementation has also been
examined. Variants were suggestive of mechanisms
involved in phylloquinone metabolism, but collectively
the candidate SNPs did not explain the observed varia-
bility in the response to supplementation [9].
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Epigenetic marks such as DNA methylation are
emerging as a source of information that may be
complementary to genetic variants in explaining
trait variance [10]. DNA methylation regulates gene
expression through the modulation of transcription
factor binding and chromatin accessibility, and dis-
plays a degree of temporal stability that allows for its
use as a biomarker of modifiable phenotypic states
[11]. Furthermore, it has been demonstrated to pre-
dict response to intervention in both pharmaceutical
[12] and nutritional [13] contexts. While these
observations suggest that DNA methylation may be
a valuable input for personalized nutrition
approaches, to our knowledge, the role of DNA
methylation in the variable response to vitamin
K intake has not been examined.

The objective of this hypothesis-generating
study was to characterize the epigenomic associa-
tions of DNA methylation with the plasma phyllo-
quinone response to supplementation. To achieve
this, we performed a microarray-based, epigen-
ome-wide association study (EWAS) using DNA
isolated from blood samples collected from 48
healthy older adults randomized to the treatment
arm of a completed, 3-year, 500 pg/d phylloqui-
none supplementation trial. We identified differ-
ential methylation at both known and novel loci,
and carried out a secondary EWAS of baseline
plasma phylloquinone to demonstrate links
between the epigenomic signatures of steady-state
and dynamic phylloquinone concentrations.

Results

Phylloquinone supplementation responder
identification

Of the 229 individuals randomized to the treat-
ment group, 104 met the conditions of this study
(white, consented for genotyping, >85% adherent
to the protocol, with a SD <2 nmol/L in the four
follow-up measures of plasma phylloquinone).
Using the non-responder criteria derived in the
nontreatment group, 40 of the 104 (38%) partici-
pants were classified as non-responders.
Characteristics of the selected 24 responders and
24 non-responders are described in Table 1.
Dietary intake and baseline concentrations of
plasma phylloquinone were not different between

Table 1. Descriptive statistics of the responders (n = 24) and
non-responders (n = 24) from the treatment group of a 3-year
phylloquinone supplementation trial.

Non-
Responders responders
(N = 24) (N =24)
Mean (SD) Mean (SD) P-value
Age (y) 66.8 (53) 69.2(43) 0.0
Sex, N (%F) 17 (70.8) 7 (29.2) 0.009
BMI 283 (49) 295(6.0) 044
Smoker, N (%Y) 1(4.1) 0 (0.0) 1.0
Cholesterol-lowering medication 9 (37.5) 6 (25.0) 0.53
use, N (%Y)
Diabetes, N (%Y) 1(4.1) 1(4.1) 1.0
Baseline plasma TG (mg/dL)* 99.0 (50.8) 97.0 (40.5) 0.26
Baseline phylloquinone intake 154 (114) 153 (69) 0.48
(ug/d)®
Plasma phylloquinone (nmol/L)
Baseline® 0.41 (0.73) 0.80 (0.63) 0.10
3-year changeaID 3.7 (0.74) 1.06 (0.53) <0.001
3-year change in %ucOC® =225 -21.6 0.73
(17.6) (11.9)

*Median (Interquartile Range), difference between groups tested with
Mann-Whitney test.

PMedian of four
measurement.

follow-up  measurements minus baseline

responders and non-responders. A greater propor-
tion of females were categorized as responders in
this sample, but the group means did not differ
otherwise (Table 1).

EWAS for plasma phylloquinone
supplementation response

After preprocessing and quality control steps,
785,436 CpG sites were available for analysis.
While unadjusted genomic inflation was high
(A = 2.35), possibly due to technical biases arising
from the randomization of responders and non-
responders at the microarray chip-level, adjust-
ment for 10 control-probe principal components
reduced the genomic inflation to a moderate level
(A = 1.21). Genome-wide analysis revealed two
differentially methylated CpGs (DMCs) surpassing
a genome-wide Bonferroni threshold (6.37 x 107%)
(Table 2; Model 1). Adjustment for biological vari-
ables (Models 2 and 3) did not markedly change
the results for cgl10918016 when accounting for
the loss of degrees of freedom, while the signifi-
cance of the relationship at cg04894169 was nota-
bly attenuated.

Given the small sample size, differentially methy-
lated regions (DMRs) were sought to improve power
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Table 2. Top hits from the primary phylloquinone supplementation responder EWAS.

Annotations EWAS P-values
CpG Chr Pos Gene Raw methylation difference Model 1 Model 2 Model 3
€g10918016 12 124809934 NCOR2 —0.6% 3.40E-08 5.93E-07 8.27E-07
€g04894169 3 14220407 XPC; LSM3 +4.6% 6.01E-08 1.61E-05 1.65E-05

to detect biological signal. The Comb-p tool was
used to call DMRs based on the p-values from
Model 1 responder analysis. At a Sidék-corrected
regional p-value threshold of 0.05, 80 regions were
uncovered. The region with the strongest association
was located on chromosome 12 at the C120rf23 locus
(regional p = 2.99 x 107%). Regions with adjusted
p < 0.01 are displayed in Table 3, and the full list is
displayed in Supplemental Table S3. The top single-
site association (in NCOR2) was a member of
a 9-CpG DMR (regional p = 0.037), while the next
strongest single-site association (in XPC/LSM3) was
a member of a 22-CpG DMR (regional p = 0.0005).
DMR detection was re-run using adjusted p-values
from Model 2 as a sensitivity analysis, confirming
most of the regional associations (including that at
Cl20rf23) but not all (42/80 retained adjusted
p < 0.05).

As a hypothesis-driven sub-analysis, a set of can-
didate lipid-related genes were selected for specific

assessment. This included 254 CpGs in 6 genes
(APOA1, APOA5, APOB, APOE, LPL, and
NPCILI). While this set did not show systematic
enrichment for EWAS signal (p = 0.81; Kolmogorov-
Smirnov test; Supplemental Figure S1), a single CpG
site in NPCILI (cg02456675) showed a Benjamini-
Hochberg false discovery rate of <0.1 (p =2.9x 10™%).
We retrieved genotype data for a genetic variant in
NPCILI (rs2072183) previously shown to be asso-
ciated with phylloquinone response to supplementa-
tion, and found no relationship between this SNP
and cg02456675 in an additive genetic model after
adjustment for the Model 1 or Model 2 covariate
sets. Further details on the results for all CpGs in
NPCILI as well as local genomic annotations are
shown in Figure 1. EWAS results for suggestive
associations (nominal p < 0.05) of lipid-related
CpGs are shown in Supplemental Table S1.
Associations of responder status and DNA
methylation with percent undercarboxylated

Table 3. DMR results from Comb-p (regions with Model 1 adjusted p < 0.01 shown) for the phylloquinone

supplementation responder EWAS.

Locus # CpGs Annotated gene Adj. P-value (Model 1)  Adj. P-value (Model 2)
chr12:107348638-107351181 24 C120rf23 9.24E-06 9.18E-05
chr9:469262-470156 7 2.60E-04 9.36E-02
chr14:24778910-24780926 19 LTB4 R2; LTB4R; CIDEB 5.18E-04 7.8E-10
chr12:56040024-56040601 6 7.44E-04 6.56E-03
chr7:74070893-74073064 10 GTF2I 8.24E-04 2.31E-05
chr5:100152959-100153624 3 MIR548P; ST8SIA4 1.35E-03 8.77E-02
chr7:27135565-27138974 20 HOXA1 1.98E-03 No DMR*
chr7:140395229-140397380 23 LOC100134713; NDUFB2 1.99E-03 No DMR*
chr9:32550,954-32553215 14 TOPORS; TOPORS-AS1 2.82E-03 1.05E-03
chr19:47507398-47508119 5 GRLF1 3.32E-03 5.25E-01
chr10:120862,958-120864350 9 FAM45B; FAM45A 4.20E-03 4.39E-03
chr1:110052009-110052825 10 AMIGO1 5.09E-03 1.21E-02
chr17:19314298-19314618 6 RNF112 5.51E-03 8.9E-01
chr1:222884,911-222887019 25 AIDA; Clorf58 5.80E-03 7.44E-03
chr5:96518720-96519644 12 RIOK2 5.95E-03 3.42E-02
chr17:79934853-79936561 16 ASPSCR1 6.65E-03 1.58E-01
chr1:52520592-52522762 20 TXNDC12; BTF3L4 6.68E-03 1.01E-02
chr2:131862112-131863715 14 PLEKHB2 6.81E-03 1.9E-01
chr12:104359,247-104360312 1 TDG 7.10E-03 1.17E-02
chr1:63061967-63062724 4 DOCK7; ANGPTL3 7.47E-03 3.36E-02
chr20:361740-363112 6 TRIB3 8.26E-03 2.09E-02
chr9:139377020-139379656 18 SEC16A; C90rf163 8.26E-03 2.7E-02
chr6:28574470-28574981 8 8.39E-03 3.37E-02
chr12:57609684-57611144 10 NXPH4 8.59E-03 3.96E-04

*No DMR signifies that a DMR was not identified using the p-values from Model 2.
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Figure 1. Genomic context of NPC1L1 responder EWAS results. Upper panel shows a regional Manhattan plot for CpGs within the
NPCILT gene. Lower panel includes tracks indicating exonic and intronic regions of the gene, CG islands (none present within this
region), DNase hypersensitivity regions, and SNPs retrieved from the UCSC genome browser database.

osteocalcin  (%ucOC) were tested to provide
a potential link to vitamin K function. However,
changes in %ucOC did not differ according to
responder status in this dataset (p = 0.54). In
addition, changes in %ucOC did not show associa-
tions with any of the top 10 CpGs from the
responder analysis, associations with the NPCILI
CpG mentioned above, or enrichment for EWAS
signal in the entire lipid-related CpG set.

Since sex was imbalanced between responders
and non-responders, its role in the observed rela-
tionships was investigated further for top CpGs
genome-wide and for NPCILI. Adjustment for
sex did not strongly attenuate any of the relation-
ships at these 3 CpGs (Table 2, Supplemental
Table S1). While visual inspection revealed pat-
terns  consistent with  sex-specific effects
(Supplemental Figure S2), incorporation of an
interaction term between responder status and
sex into Model 1 did not produce significant
results. The available sample size was not sufficient
to reasonably enable a stratified analysis.

EWAS for baseline plasma phylloquinone

A secondary EWAS for baseline plasma phylloqui-
none was performed to detect shared molecular sig-
nal between the plasma phylloquinone response to
a regular dietary intake of phylloquinone and the
response to a supplemental dose and to provide
support for the primary responder analysis. With

adjustment for five principal components (derived
from the M-value matrix) as well as responder status,
a genomic inflation in the baseline analysis of
A = 0.99 was observed. No DMCs were identified as
passing a genome-wide Bonferroni threshold
(Supplementary Table S2). Sensitivity analyses
included two models adding identical variables to
those from the responder analysis as well as a third
with additional adjustment for estimated phylloqui-
none intake based on a food frequency questionnaire
(FFQ) completed at baseline [14]. None of the mod-
els produced major changes in the results.

Using an analogous process to that for the respon-
der analysis, 48 DMRs uncovered at
Sidak-corrected p < 0.05. The most significant baseline
DMR was located on chromosome 20 at the MATN4/
RBPJL locus (adjusted regional p = 5.81x10~"°). No
overlapping regions were found to show corrected
p < 0.05 for both the responder and baseline analyses.
Regions with adjusted p < 0.01 are displayed in
Table 4, and the full list is displayed in Supplemental
Table S4. Sensitivity analysis using Model 2 p-values
confirmed regional associations at approximately one-
third of these loci (14/48), including the top DMR
(adjusted p = 2.38 x 107°).

A comparison of the epigenomic architectures of
responder and baseline EWAS results is available in
Figure 2. A set of moderate-confidence CpGs was gen-
erated by filtering for the group of CpG sites reaching
nominal significance (p < 0.05) using minimally adjusted
models (Model 1) at both the regional and single-site

were
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Table 4. DMR results from Comb-p (regions with Model 1 adjusted p< 0.01 shown) for the baseline phylloquinone EWAS.

Locus # CpGs Annotated gene Adj. P-value (Model 1) Adj. P-value (Model 2)
chr20:43936662-43938184 18 MATN4; RBPJL 5.81E-15 2.38E-09
chr20:62366418-62368565 16 ZGPAT 7.89E-05 No DMR¥*
chr11:7041079-7042021 20 ZNF214; NLRP14 3.41E-04 3.47E-03
chr12:131616936-131617481 5 GPR133 5.44E-04 9.99E-01
chr19:39465820-39467435 15 FBXO17 6.08E-04 8.15E-01
chr16:2907516-2908715 13 PRSS22 9.36E-04 3.16E-02
chr19:55280671-55281274 5 KIR2DL1; KIR3DP1 1.03E-03 7.94E-04
chr6:33871421-33872861 9 2.71E-03 1.4E-04
chr15:22833148-22833975 12 TUBGCP5 2.93E-03 1.09E-01
chr22:37770943-37772106 7 ELFN2 3.33E-03 9E-01
chr21:22369309-22370,864 1 NCAM2 3.43E-03 1.8E-01
chr14:97923970-97925676 1 3.49E-03 1.37E-04
chr12:113902261-113903973 1" LHX5 4.47E-03 No DMR*
chr16:14402938-14403425 8 MIR365-1 4.89E-03 4.65E-02
chr21:47294738-47295375 4 PCBP3 5.76E-03 7.08E-01
chr14:94404915-94406618 7 ASB2 6.32E-03 No DMR¥*
chr2:105852797-105854051 9 7.00E-03 2.32E-01
chr2:99388232-99388712 4 L0C101927070 7.28E-03 3.02E-02
chr17:79494,627-79496290 12 FSCN2 8.34E-03 1E+00
chr3:141086,819-141087363 6 ZBTB38 9.16E-03 2.35E-02
chr7:156794878-156796967 10 9.17E-03 No DMR*
chr20:57425514-57428473 66 GNAS; GNASAS 9.28E-03 No DMR¥*
chr11:44327868-44328423 3 ALX4 9.78E-03 7E-01

*No DMR signifies that a DMR was not identified using the p-values from Model 2.

level in both EWAS. For this set, the Pearson correlation
between regression coefficients was low (p = 0.01,
p = 0.84). However, when using models adjusted for
biologically plausible variables (Model 3), this correlation
became stronger (p = 0.23, p = 9.9 x 10~°). With addi-
tional adjustment for plasma phylloquinone intake in the
baseline analysis (Model 4), this correlation grew further
(p=0.38,p=1.7x 10" "). The set of CpGs with matching
signs across fully adjusted analyses was used as input to
a gene enrichment analysis, returning no significant
biological processes at a false discovery rate of <0.05.

Discussion

Since vitamin K has potential roles in a range of
chronic diseases [2], it is important to understand
the interindividual variability in biomarkers of vita-
min K metabolism and be able to predict the
response to dietary and supplemental vitamin K to
better identify individuals who could benefit from
greater intake. Here, we sought to use epigenomic
data to examine the molecular basis for the observed
variability. We found new potential epigenomic
markers in whole blood and confirmed associations
with known vitamin K biology. We also uncovered
a strong correlation between the epigenomic archi-
tecture of the plasma phylloquinone response to

supplementation and the phylloquinone concentra-
tions outside of an intervention context. This sug-
gests that the biology involved in phylloquinone
metabolism with a typical dietary intake is also rele-
vant when intake is in supplemental quantities.

Our primary analysis focused on epigenomic dif-
ferences between 24 responders and 24 non-
responders. Of single CpGs passing a genome-wide
Bonferroni threshold using the minimally adjusted
model, one (in the NCOR2 gene) was relatively unaf-
fected by further adjustment for biological covariates.
NCOR2 (also known as SMRT) codes for a nuclear
receptor co-repressor involved in transcriptional
silencing of certain genes [15]. The protein, NCoR, is
one of the most well-studied co-repressors with
respect to the vitamin D receptor and also signals
alongside the vitamin A-responsive RAR/RXR [16].
Though we are not aware of any involvement of NCoR
in phylloquinone metabolism, the present findings
combined with its connection to fat-soluble vitamin
signaling could warrant further investigation. It
should be noted that while the difference may not be
biologically meaningful in blood (estimated difference
between responders and non-responders of 0.9%), it
could be a marker for stronger tissue-specific effects.

Region-based analyses were used to enhance
statistical power to detect associations due to the
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Figure 2. Overlap between responder and baseline EWAS results. a) Miami plot showing -log10(p-value) on the y-axis for the
responder analysis (top) and the baseline analysis (bottom). Blue horizontal lines denote suggestive significance (p = 1x107°) while
red horizontal lines denote a genome-wide Bonferroni threshold (p = 6.37 x 1078). b) Comparison of effect sizes (i.e., regression
coefficients) between the responder (x-axis) and baseline (y-axis) results. Estimates shown are from fully adjusted models, thus
including adjustment for dietary phylloquinone intake for the baseline analysis. The annotated value is a Pearson correlation (p)
coefficient between the set of results shown in the plot.



aggregation of signal from neighbouring CpG
sites. The top responder DMR was in an enhancer
upstream of the CI20rf23 gene, also known as
TMEM?263. This gene encodes a transmembrane
helix protein that is highly and specifically
expressed at the RNA and protein levels in the
gastrointestinal tract [17]. Beyond this mechanistic
connection to absorptive processes, TMEM263
variants have been linked in GWAS to bone
mineral density (BMD) [18]. BMD has been
mechanistically linked to vitamin K through the
presence of a vitamin K dependent protein, osteo-
calcin (OC), in bone. In fact, BMD was a primary
outcome of the trial examined here, though the
results were null [19].

Phylloquinone absorption and transport in circu-
lation is known to be consistent with that of many
other dietary lipids, involving intestinal uptake of
mixed micelles, packaging into chylomicrons, export
into the lymph, and lipoprotein transport [20]. Age-
related increases in plasma phylloquinone have been
found to be secondary to increases in plasma trigly-
cerides [21], and genomic signatures of plasma phyl-
loquinone have been shown to change after
adjustment for triglycerides [8]. In a previous analy-
sis of data from this phylloquinone supplementation
trial, the contribution of lipids to the plasma phyllo-
quinone response was examined among men
(N = 66) and women (N = 85) of this supplemented
group. The authors found that plasma TG accounted
for 34% and 11% of the variability in the response in
men and women, respectively [9]. As such, we have
previously prioritized lipid-related genes in seeking
genetic variants that may modify response to vitamin
K supplementation [9]. While analysis of CpGs
annotated to this subset of genes did not show
a systematic enrichment of signal, a notable sugges-
tive association was detected at ¢g02456675 in the
NPCILI gene. This gene is traditionally known for
its role in cholesterol and a-tocopherol transport
[22,23]. However, in a genetic analysis of the plasma
phylloquinone response to supplementation, a SNP
in this gene (rs2072183) was shown to be an impor-
tant determinant of the interindividual variability in
the response in men [9]. Furthermore, there is pre-
liminary evidence that this gene may have a role in
the intestinal absorption of phylloquinone [24].
While it is possible that this CpG is under genetic
control, the SNP in question lies about 20kb
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upstream in the NPCILI gene and this SNP-CpG
combination has no established methylation-
quantitative trait locus (mQTL) relationship in
a database of mQTLs from whole blood [25].
Furthermore, we used genotypes measured in this
study population to demonstrate that the SNP and
CpG in question were not associated after covariate
adjustment. Sex-specificity of this relationship
(along with those of the top genome-wide CpG
sites) appeared to be present (Supplemental Figure
S2), but the corresponding statistical interaction was
null (p = 0.53).

The top baseline analysis DMR was at the
MATN4/RBPJL locus, for which relationships with
vitamin K metabolism or related phenotypes have
not yet been published. Despite this lack of existing
evidence, both of these genes are most strongly
expressed in pancreas [17], providing a link to diges-
tive processes that could modulate vitamin
K absorption. When considering the set of CpGs
that were nominally associated with both response
and baseline at the regional and site-specific levels,
we observed a strong correlation between EWAS
coefficients for the two analyses. While the median
intake among US men and women is near the ade-
quate intake (120 pg/d for men and 90 ug/d for
women) [26], 155 and 143 pg/d, respectively, in
this group of participants, phylloquinone intakes
have been shown to vary by hundreds of ug/d across
populations [27]. Additionally, of the fat-soluble
nutrients, daily dietary phylloquinone intakes have
been shown to display the highest intraindividual
variability [3]. Thus, a supplemental dose of
500 pg/d is likely to be the dominant source of
phylloquinone in supplemented individuals without
representing a  supra-physiological  intake.
Accordingly, we posit that the strong correlation of
baseline EWAS results with those of the primary
responder EWAS both supports the primary find-
ings and suggests that similar molecular machinery
is involved in responses to both diet and supple-
ments at these levels of intake.

Apart from circulating phylloquinone, additional
biomarkers of vitamin K status reflect the degree of
carboxylation of certain vitamin K-dependent pro-
teins [27]. For example, osteocalcin (OC) is
a protein synthesized in bone that relies on vitamin
K for activation; the percentage of circulating OC that
is carboxylated (%ucOC) is considered a functional
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biomarker of vitamin K [27]. We assessed %ucOC as
a secondary outcome in this study and did not find
that it was associated with top CpGs from the phyllo-
quinone responder analysis. Consistent with the
results of this study, in this same set of individuals,
genetic and lipid correlates of the phylloquinone
response did not associate with the %ucOC response
[9]. The inconsistency between biomarkers is not
necessarily surprising, given that circulating phyllo-
quinone reflects dietary phylloquinone absorption
and transport, while additional physiological pro-
cesses related to vitamin K metabolism occur prior
to its localization in bone [28]. Furthermore, myriad
factors, including age, hormones, growth factors, and
time of day, have been shown to impact OC synthesis
and thus may affect %ucOC independent of vitamin
K status [29,30]. In this study, circulating phylloqui-
none was used as the primary outcome because it
most directly reflects phylloquinone absorption and
transport. However, these data support the need for
additional mechanistic research to better understand
the factors that translate circulating vitamin
K concentrations into their functional biochemical
and physiological consequences.

The analysis presented here is limited in statistical
power due to its low sample size, affording the
ability to detect only large differences in DNA
methylation. However, the repeated measures of
vitamin K offsets some of the limitations of the
small sample size. Our findings will need to be
validated using complementary experimental meth-
ods and replicated in larger cohorts, which will also
enable the construction of models to assess the total
ability of epigenomic factors to predict interindivi-
dual differences in response to phylloquinone sup-
plementation. Additionally, while sex was adjusted
in sensitivity models and did not show significant
interactions with responder status in our top asso-
ciations, the sex imbalance in responders versus
non-responders could have impacted the results
observed here. The analysis of DNA methylation
from blood limits the set of biological signals that
can be uncovered; while genetically controlled and
leukocyte-related mechanisms can be plausibly
found, the inclusion of other relevant tissues such
as intestine could provide complementary informa-
tion. It is also important to note that the sample was
restricted to white participants only, which reduced
the potential heterogeneity of the sample but limits

the generalizability of these results. Finally, much
remains to be learned about optimal circulating
phylloquinone concentrations. It is known that
phylloquinone is the predominant form of vitamin
K found in circulation, and phylloquinone concen-
trations are often compared to rank individuals’
vitamin K status in population studies [27].
However, the implications of high or low concen-
trations with respect to functionality in tissues are
not yet clear.

In summary, we present results from what is
to our knowledge the first EWAS of vitamin K,
both steady-state plasma phylloquinone concen-
trations and their dynamic changes in response
to phylloquinone supplementation. We devel-
oped a framework for discriminating responders
and non-responders to phylloquinone supple-
mentation, and showed differences in DNA
methylation between these groups at both
known and novel loci, highlighting the impor-
tance of the NPCILI gene for further investiga-
tion. We also demonstrated a strong correlation
between the epigenomic architectures of steady-
state plasma phylloquinone and its response to
supplementation, supporting the findings of the
responder analysis and suggesting that similar
molecular mechanisms may govern responses to
food and supplementation. Taken together, this
work can guide research related to the biology of
vitamin K and aid the development of more
personalized dietary recommendations.

Methods
Study design and participants

The present study was a secondary analysis of
a completed, 3-year, double-blind, randomized, con-
trolled phylloquinone supplementation trial [19].
Based on a medical history questionnaire taken at
baseline, the 452 community-dwelling men and
women (60-80 years, 422 whites) who participated
in the study were generally in good health, free of
known coronary disease or osteoporosis, and not
taking warfarin (a vitamin K antagonist). Equal
numbers of participants were randomized to either
the treatment (500 pg phylloquinone as part of
a daily multivitamin formulation) or nontreatment
(daily multivitamin without phylloquinone) group.



All participants received a second daily tablet con-
taining 600 mg calcium carbonate and 10 pg (400
IU) vitamin D as cholecalciferol. All participants
were instructed to discontinue use of supplements
containing vitamin K for 1 month prior to enroll-
ment. No supplements other than those provided
were permitted for the duration of the study.
Protocol adherence was assessed by pill count. All
participants provided written informed consent and
the Institutional Review Board at Tufts University
approved the protocol for this study [19]. Consent
for genomic data measurement was received for 416
participants. The trial was registered at clinicaltrials.
gov as NCT00183001.

Biochemical measures

Blood samples were drawn after a minimum of
a 10-h fast at baseline, 6, 12, 24, and 36 months
(study completion). Samples were stored in indi-
vidual cryogenic tubes at —80 C and protected
from light until the time of analysis. Plasma phyl-
loquinone and %ucOC, a functional biomarker of
vitamin K metabolism, were measured in the
Vitamin K Laboratory at the Tufts University
Human Nutrition Research Center on Aging.
Plasma phylloquinone was measured using high-
performance liquid chromatography (HPLC), fol-
lowed by fluorometric detection [31]. Serum
undercarboxylated osteocalcin (OC) and total OC
were measured with radioimmunoassay [32].
Analysis was performed within 12 months of com-
pletion of the supplementation trial.

Responder and non-responder selection

For this pilot study, biochemical measures were
examined for 48 white participants randomized
to the treatment group who consented for geno-
typing and demonstrated >85% adherence to the
protocol were examined. The natural fluctuations
(median of four follow-up measurements minus
baseline measurement) in plasma phylloquinone
over the 3 years in participants of the nontreat-
ment group (N = 223) were determined (mean
(SD), —0.11 (1.26) nmol/L). The middle 95% was
used to classify participants in the treatment group
(mean (SD), 2.21 (2.30) nmol/L) with similar
changes as non-responders. After meeting
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methylation analysis sample criteria (i.e., sufficient
volume and minimum DNA concentration) and
excluding participants with outsized variances in
follow-up measurements (standard deviation (SD)
>2 nmol/L), the 24 participants with the largest
3-year change in plasma phylloquinone were
selected as responders. Of the participants classi-
fied as non-responders, the 24 with the smallest
absolute change in plasma phylloquinone were
selected as non-responders. Additional criteria
included baseline plasma phylloquinone measure-
ment less than or equal to the maximum baseline
plasma phylloquinone observed in the responders
to avoid a ceiling effect.

DNA methylation and genotype data

DNA was isolated from blood and purified for
PCR analysis using the QIAamp DNA Mini Kit
(Qiagen Inc., # 51106) [9]. Next, DNA (~1500 ng/
sample) was treated with bisulphite and amplified
using PCR at the Yale Center for Genome
Analysis. Methylation profiling was then per-
formed using the Illumina MethylationEPIC
microarray platform [33] and the data were down-
loaded as raw intensity files.

Methylation data preprocessing was performed
for 866,091 probes using the minfi and wateRmelon
packages for R [33,34]. Sample-wise filters were as
follows: robust overall signal in the main cluster
based on visual inspection of an intensity plot, less
than 10% of probes undetected at a detection
threshold of p < 1 x 107'® and a reported sex
matching methylation-based sex prediction.
Probes were removed using the following criteria:
more than 10% of samples undetected at a detection
threshold of p < 1 x 107", location in the X or
Y chromosomes, non-CpG probes,
hybridizing probes, probes measuring SNPs, and
probes with an annotated common SNP at the
CpG site or in the single-base extension region.
Samples were normalized using the Noob method
for background correction and dye-bias normaliza-
tion, followed by the BMIQ method for probe-type
correction [35,36]. Blood cell fractions for six blood
cell types (CD4 + T-cells, CD8 + T-cells, B-cells,
natural killer cells, monocytes, and granulocytes)
were estimated using a common reference-based
method [37], and 5 of these (excluding

Cross-
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granulocytes) were included in cell count fraction-
adjusted statistical models. After quality control
and filtering steps, 785,436 CpG sites were available
for analysis, formatted as M-values (logit transform
of the ratio of methylated signal to total microarray
signal). Principal component analysis (PCA) was
performed on the full set of M-values as well as on
the set of control probes using code adapted from
the CPACOR method [38]. CpG annotations were
retrieved using the MethylationEPIC annotation
file available from Illumina (v1.0 B2), and expres-
sion of genes of interest was accessed using the
Human Protein Atlas (www.proteinatlas.org).
Genotypes (coded as 0/1/2) for the SNP
rs2072183 in NPCILI were determined using pyr-
osequencing as described in detail in a previous
investigation and retrieved here for the methyla-
tion Quantitative Trait Locus (mQTL) analysis [9].

Statistical analysis

Unless otherwise noted, statistical analyses were con-
ducted using R version 3.4.2 [39]. Differences in char-
acteristics of the responders and non-responders were
assessed with a t-test for continuous outcomes and
a Chi-square test for dichotomous outcomes.

The plasma phylloquinone responder EWAS
was conducted to compare 24 responders and 24
non-responders, selected as described above.
Univariate linear models were tested for each
CpG site, with methylation M-value as the depen-
dent variable and binary responder status as the
independent variable. Model 1 (the primary
model) was adjusted for 10 CPACOR control-
probe principal components, which was found to
be necessary to control the genomic inflation.
Model 2 was adjusted additionally for age, sex,
and five estimated cell count fractions (see
above). Model 3 included all prior covariates as
well as natural log-transformed plasma triglyceride
concentrations at baseline. FFQ-estimated dietary
intake was not adjusted for because the regular
dietary intake was well below the supplemental
dose which was also more bioavailable than dietary
phylloquinone and because intake at baseline did
not differ between the two groups. For each CpG,
outliers were identified using a quantile-based
method (M-values outside of three interquartile
ranges from the 25" and 75" percentiles) and

removed prior to regression analysis. Analysis of
%ucOC was performed in an analogous manner,
using change in %ucOC (median of follow-up
measurements — baseline measurement) to replace
binary responder status as the independent vari-
able of interest.

Because phylloquinone is transported on trigly-
ceride-rich lipoproteins [40,41] and lipid-related
SNPs have been linked to circulating phylloqui-
none [8], a subset of candidate genes were prior-
itized for exploration within this responder EWAS.
CpG sites within the following lipid-related genes
were examined: APOAI, APOA5, APOB, APOE,
LPL, NPCILI [8,9,20,42].

Under the presumption that variation in plasma
phylloquinone concentrations due to a regular dietary
intake would reflect differences in the same machinery
responsible for variation in the plasma phylloquinone
response to supplementation, an EWAS was con-
ducted for baseline concentrations of phylloquinone
to support the responder analysis. The independent
variable was baseline plasma phylloquinone concentra-
tion (natural log-transformed) as a continuous value.
Model 1 covariates included responder status and five
full-dataset principal components (CPACOR control-
probe principal components were not found to be
helpful in controlling genomic inflation). Models 2
and 3 added covariates as in the responder analysis.
One additional model (Model 4) was examined with
adjustment for dietary phylloquinone intake at base-
line, as assessed by the Willett semi-quantitative food-
frequency questionnaire (FFQ).

Gene Ontology enrichment analyses were per-
formed using the missMethyl package for R (gometh
function). This method implements a hypergeometric
test for gene set representation while accounting for
the uneven representation of genes in the set of CpG
sites on the MethylationEPIC microarray. Fully
adjusted models (Models 3 and 4 for responder and
baseline analyses, respectively) were filtered for those
CpGs with nominal p-values (p < 0.05) in both ana-
lyses at the regional and single-site level and categor-
ized as either matching sign (of regression
coefficients) or non-matching sign. Enrichment ana-
lysis was then run for each of these sets independently
to generate false discovery rates (FDRs) for Gene
Ontology biological processes.

The Python-based tool Comb-p [43] was used to
call differentially methylated regions (DMRs). The
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method uses EWAS p-values directly, removing the
requirement for additional covariate adjustment.
Comb-p first calculates an autocorrelation function
(ACF), for which a maximum distance of 1kb and
a step size of 50 bases were used. Next, it uses the
ACF to adjust each p-value using a Stouffer-Liptak-
Kechris correction [44], followed by identification of
contiguous regions of sites with adjusted p-values
below some threshold (here, p < 0.1 with no more
than 500 bases between neighbouring sites in
a region). Finally, the ACF is recalculated out to the
maximum region size (a step size of 50 was used here
as well) and regional p-values are calculated using
the Stouffer-Liptak test. For Sidak multiple testing
correction of DMRs [45], Comb-p calculates the
number of effective tests separately for each DMR
as the number of loci tested divided by the number of
loci in the region, thus approximating a correction
for the total number of regions while accounting for
region size.
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