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p16'™%% js a tumor suppressor gene, frequently hypermethylated
in breast cancer; this epigenetic silencing of p16"V%* occurs early
in carcinogenesis. The risk factors and functional consequences of
p16'™% % methylation are unknown. Alcohol consumption, a breast
cancer risk factor, impedes folate metabolism and may thereby
alter gene methylation since folate plays a pivotal role in DNA
methylation. In a cross-sectional study of 138 women with no his-
tory of breast cancer who underwent reduction mammoplasty, we
studied breast cancer risk factors, plasma and breast folate con-
centrations, variation in one-carbon metabolism genes, p16"Vk%
promoter methylation and P16 protein expression. Logistic
regression was used to estimate multivariable-adjusted odds
ratios (OR) and 95% confidence intervals (CI). p16"™V%% meth-
ylation was negatively correlated with P16 expression (r = —-0.28;
P =0.002). Alcohol consumption was associated with lower breast
folate (P = 0.03), higher p16"V%* promoter methylation (P = 0.007)
and less P16 expression (P = 0.002). Higher breast folate concen-
trations were associated with lower p16"™%% promoter methylation
(P = 0.06). Genetic variation in MTRR (rs1801394) and MTHFD1
(rs1950902) was associated with higher p16"™%* promoter meth-
ylation (OR = 2.66, 95% CI: 1.11-6.42 and OR = 2.72, 95% CI:
1.12-6.66, respectively), whereas variation in TYMS (rs502396)
was associated with less P16 protein expression (OR = 0.22, 95%
CI: 0.05-0.99). Given that this is the first study to indicate that
alcohol consumption, breast folate and variation in one-carbon
metabolism genes are associated with p16"V%* promoter methyla-
tion and P16 protein expression in healthy tissues; these findings
require replication.

Abbreviations: BMI, body mass index; CI, confidence intervals; IHC, immu-
nohistochemistry; MTHFD1, methylenetetrahydrofolate dehydrogenase;
MTRR, methyltransferase reductase; OR, odds ratios; SNPs, single nucleotide
polymorphisms; TYMS, thymidylate synthase.
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methylation and expression in healthy breast tissues

Introduction

P16 (also known as CDKN2A), encoded by pl6™%*/CDKN2A, is a
cyclin-dependent kinase inhibitor and a negative regulator of cell-
cycle progression, which controls cancer development. p16™V%# is a
tumor suppressor gene whose promoter region is frequently hyper-
methylated in breast cancer. Such alterations have been hypothesized
to be early, critical events in breast carcinogenesis and have been
detected in both malignant and premalignant lesions (1-3). We (4)
and others (5) have also reported that p16™5 % can be hypermethylated
in morphologically normal breast tissues from women with no history
of breast cancer. However, the risk factors for the early epigenetic
silencing of p16™%* and the functional consequences of this have not
been documented in vivo. Relevant risk factors which are known to be
important in DNA methylation and one-carbon metabolism include
alcohol, folate concentrations and genetic variation in genes encoding
the enzymes that play rate-limiting roles in the one-carbon metabo-
lism pathway. Alcohol consumption is an established risk factor for
breast cancer (6). Among the metabolic effects of alcohol is its nega-
tive impact on folate absorption, metabolism and excretion (7). Folate
is integral to one-carbon metabolism, a complex network of biological
reactions essential to DNA methylation and epigenetic silencing of
tumor suppressor genes.

Low plasma folate has been implicated in breast cancer risk, and it
is highly germane that the increased risk has been most consistently
observed among moderate and high consumers of alcohol (8-11),
consistent with the negative impact of alcohol on folate availability
(7). Human genetic variants in some of the enzymes that catalyze one-
carbon metabolism also have been shown to affect DNA methylation
(12) and, in the case of colorectal cancer, have been linked to altered
risk (13,14). While associations between breast cancer risk and func-
tional variants in one-carbon metabolism genes are thus far inconsist-
ent (13,15-24), a significant impact may be evident studying more
proximal indicators of carcinogenesis such as DNA methylation.

In a sample of healthy women without a history of breast cancer and
who underwent elective reduction mammoplasty, we examined asso-
ciations among plasma and breast folate concentrations, genetic vari-
ation in one-carbon metabolism, breast p16™Vk* promoter methylation
and P16 protein expression. We hypothesized that alcohol consump-
tion is associated with lower breast folate concentrations, and that
variants in genes integral to one-carbon metabolism would explain,
in part, aberrant methylation in the p16™%%* promoter and expression
of the P16 protein. A deeper understanding of the role of one-carbon
metabolism and p/6™%#* methylation in human breast tissues can pro-
vide insight into early mechanisms of breast carcinogenesis.

Materials and methods

Study population and biospecimen collection

Detailed methods of this study have been described previously (4). Briefly, 138
healthy women undergoing reduction mammoplasty, age 216 with no prior his-
tory of cancer, were accrued in a cross-sectional study. Both breast and blood
specimens were collected, and participants completed a detailed interview. All
participants provided written informed consent and the study was approved by
the Institutional Review Boards of all participating institutions.

Plasma samples were collected within 24 h prior to surgery and stored at
—80°C. Resected remnant breast tissues were grossly dissected to separate
epithelial tissues from adipose, and snap frozen in liquid nitrogen within 1
h of surgery and stored at —80°C. Women with benign breast disease were
excluded.

Analysis of plasma and breast folate

Plasma folate concentrations were quantified by commercially available immunoas-
says on the Immulite 1000 (Siemens Healthcare, Washington, DC). Sample batches
included commercial and blinded plasma control samples to assess laboratory
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variation. The coefficient of variation for this assay was 3.1%. For quantification
of breast folate, a microbiological microtiter plate assay using Lactobacillus casei
was used (25). Briefly, 10-20mg of breast tissues were homogenized with folate
extraction buffer (2% sodium ascorbate, 2% Bis-Tris and 0.07% 2-mercaptoetha-
nol). The mixtures were immersed in hot boiling water (20 min), cooled on ice and
then centrifuged at 36 000g (20 min; 4°C). Samples were incubated with dialyzed
chicken pancreas conjugase (2 h; 37°C), put into 96-well plates with serial dilutions
and incubated with L. casei (24 h). Plates were then read at 595nm. Breast folate
concentrations were calculated based on an internal folic acid standard curve. The
coefficient of variation for the breast folate assay was 12%.

DNA modification and p16™N* promoter methylation analysis

DNA was extracted from dissected breast tissues (Puregene DNA purifica-
tion kit, Gentra Systems, Big Lake, MN). The CpGenome™ Universal DNA
Modification Kit (Chemicon, Temecula, CA) was used for bisulfite modifica-
tion of DNA. Pyrosequencing was used for analysis of p/6"k** methylation as
described previously (26) using the PyroMark™ P16 kit (Biotage AB, Uppsala,
Sweden) on the PyroMark MD (Biotage AB) by EpigenDx (Worcester, MA).
The methylation index for each sample was calculated as the average value of
mC/(mC+C) for seven CpG sites examined in the promoter region of p16™Vk#
gene using the Biotage QCpG v.1.0 software (Biotage AB).

Pyrosequencing analysis provided data for the seven p16 VK% sites within
the promoter region; a value of >2.5% methylated bases (the overall study
sample median) was considered positive. To assess laboratory variation, ~10%
(n = 14) of samples were included as duplicate, quality control samples. These
samples were assayed blindly and at random in each pyrosequencing plate, and
mean p16™K¥ promoter methylation for these samples ranged from 1.4-4.7%.
The CV for the pyrosequencing assay was 19.1%. Additionally, we observed
a high concordance rate (83%) between the methylation specific PCR data we
previously published (4) and the data obtained through the pyrosequencing
assay used in the present analyses. Among the 141 reduction mammoplasty
samples previously assayed by methylation specific PCR (4), in the present
study, 138 of them were assayed for p/6™V¥* methylation by pyrosequenc-
ing. Using the >2.5% median cut-off value to define p16™5* promoter status
by pyrosequencing, 115 samples (83%) were defined as methylated versus
unmethylated by methylation specific PCR. This concordance is important to
demonstrate assay validation at levels of methylation as reported herein.

Immunohistochemistry

Immunohistochemistry (IHC) staining of P16 was done on formalin-fixed
paraffin-embedded tissues using antibodies purchased from Santa Cruz (sc-
56330; 1:50 dilution). Heat-induced epitope retrieval was performed by
immersing formalin-fixed paraffin-embedded samples at 98°C (20 min) in cit-
rate buffer (10mM; pH 6.0) with Tween (0.05%). IHC was performed using
the VectaStain Kit from Vector Labs, according to manufacturer’s instructions.
Slides were exposed to biotin-conjugated secondary antibodies VectaStain
ABC reagent and DAB chromagen (Dako, Carpinteria, CA), and counter-
stained with hematoxylin (Fisher, Harris Modified Hematoxylin), blued in 1%
ammonium hydroxide, dehydrated and mounted with AcryMount. Consecutive
sections with the primary antibody omitted were used as negative controls.
Images were captured using an Olympus DP70 camera and an Olympus
BX61 microscope. Nuclear P16 staining within epithelial cells was scored by
a trained pathologist (BVSK) using the Allred method (27). To assess intra-
observer variability of P16 protein expression, ~10% of slides were blindly
reread by the pathologist, yielding 94% concordance between readings.

DNA isolation and genotypic analysis of one-carbon metabolism genes

Genomic DNA was isolated from buffy coats using the DNAQuik™ isolation
kit (BioServe, Beltsville, MD). Genotyping single nucleotide polymorphisms
(SNPs) in the genes encoding thymidylate synthase (TYMS T/C rs502396),
methyltransferase reductase (MTRR A66G 1s1801394), methylenetetrahy-
drofolate dehydrogenase (MTHFDI R134K rs1950902) and formyltetrahy-
drofolate dehydrogenase (FTHFD T/C rs2276731 and rs2002287) were
performed in the Genomics and Epigenomics Shared Resource of the Lombardi
Comprehensive Cancer Center (Washington, DC), using a 96-plex Illumina
BeadXpress® Assay (Illumina, San Diego, CA). Separately, allelic discrimi-
nation by real-time PCR with TagMan probes (Applied Biosystems, Foster
City, CA) was used for genotyping SNPs in the genes encoding methylene-
tetrahydrofolate reductase (MTHFR C677T rs1801133 and MTHFR A1298C
rs1801131) and methyltetrahydrofolate-homocysteine methyltransferase (MTR
A2756G rs1805087) using primers, probes and conditions as described on the
National Cancer Institute’s Cancer Genome Anatomy Project SNP500 Cancer
Database. All genotype frequencies were in Hardy—Weinberg equilibrium.

Statistical analysis

Mean plasma and breast folate concentrations and percent p/6™%* promoter
methylation were not normally distributed. Breast folate data were cube
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root-transformed and plasma folate and pl6™VK* promoter methylation data
were log-transformed to achieve approximately normal distributions; back-
transformed data are reported. Breast folate concentrations, p/6™%* methyla-
tion and P16 expression were dichotomized using their respective medians as
the cut-point. Values above the median are referred to as: ‘higher’ (breast folate
concentration), ‘more methylated’ (p16™%%*) and ‘more expression’ (P16 THC).

To assess homogeneity of breast folate across the breast, we examined four
distinct sections of the breast (two adjacent samples from one breast, a third
sample located ~1-2cm from the two adjacent samples and a fourth sample
from the contralateral breast) from 20 participants. The Friedman test and
Spearman coefficients were used to describe similarities in breast folate con-
centrations across and between breast tissues, respectively.

Chi-square and Fisher’s exact tests, and 7-tests were used to describe differ-
ences in categorical and continuous participant characteristics, respectively,
by breast folate, p/6™%* promoter methylation and P16 expression status.
Age-adjusted and multivariable-adjusted unconditional logistic regression
models were used to estimate odds ratios (OR) and 95% confidence intervals
(CI) for associations of variants in one-carbon metabolism genes with breast
folate, p16"™V%* promoter methylation and P16 expression. Genotype analyses
were performed under a dominant model: women who carried greater than
one variant alleles were contrasted with women who carried both common
type alleles. Participant characteristics that were associated with breast folate
concentrations in bivariable analyses (see Table I) were included for adjust-
ment in regression models of breast folate. Similarly, covariates associated
with pl6™K* promoter methylation or P16 protein expression in bivariable
analyses were included for adjustment in multivariable regression models of
pl6™VK#* methylation and P16 protein expression.

All reported P-values are two-sided and P < 0.05 was considered statis-
tically significant. Analyses were performed using SAS version 9.2 (SAS
Institute, Cary, NC).

Results

No significant difference in folate concentrations by location within
the breast were found (P = 0.61). Adjacent specimens were positively
correlated (r = 0.70, P = 0.002), as were specimens that were 1-2cm
apart (r = 0.70, P = 0.004). Right and left breast folate concentrations
were also positively correlated, albeit less so (r = 0.50, P = 0.03).

Participant characteristics, stratified by breast folate, p16™*@ meth-
ylation and P16 expression are shown in Table I. Women with lower
body mass index (BMI; [P = 0.03]), a family history of breast cancer
(P =0.01), who were ever consumers of alcohol (P = 0.03) and had
higher p16™%* promoter methylation (P = 0.06) were more prob-
ably to have lower breast folate. Women with lower plasma folate
had lower breast folate (P = 0.04), although the bivariate plasma—
breast folate correlation was modestly positive (r = 0.29, P = 0.006).
After adjusting for age, BMI, family history of breast cancer and his-
tory of alcohol consumption, the plasma-breast folate concentration
remained modest and was of borderline statistical significance (r =
0.21, P =0.07). Breast folate concentrations were not different by age,
race, menopausal status, parity or smoking status.

The p16™k* promoter, on average, was more highly methyl-
ated among women, who were older (P = 0.04), white (P = 0.04),
had lower BMI (P = 0.02) and were ever consumers of alcohol (P
= 0.007). pI6™K% promoter methylation did not differ by menopau-
sal status, family history of breast cancer, parity or smoking status.
Mean plasma and breast folate concentrations were marginally lower
among women with more p/6™%#* methylation (P = 0.15 and P =
0.08, respectively).

P16 expression varied widely among women (Figure 1) and was
more likely to be lower among women who were ever consumers of
alcohol (P = 0.002), had lower plasma folate (P = 0.002) and more
pl6™K* promoter methylation (P = 0.002). There was a modest
inverse bivariate correlation between percent pl6'™%* methylation
and P16 protein expression (r = —=0.28, P = 0.006); this correlation
was attenuated slightly after multivariable adjustment for age, BMI,
race and family history of breast cancer (r = —0.19, P = 0.07). P16
expression did not differ by age, race, menopausal status, BMI, family
history of breast cancer, parity, smoking status or breast folate.

Multivariable-adjusted associations between common, functional
variants in one-carbon metabolism genes and breast folate concentra-
tions are shown in Table II. Breast folate was not associated with any
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Fig. 1. P16 protein expression patterns by IHC in histologically normal breast
tissues from reduction mammoplasty patients. ‘Less expression’ is shown in (A)
%10, (B) x20 and (C) x40 magnification; and ‘more expression’ is shown in (D)
%10, (E) x20 and (F) x40 magnification. Images were captured using an Olympus
DP70 camera and an Olympus BX61 microscope.
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SNP studied. Multivariable-adjusted associations between one-carbon
metabolism genes and pl6™5% promoter methylation are shown in
Table III. Compared to those with the common AA genotypes, women
carrying 21 variant allele of MTRR A66G or MTHFDI R134K had
increased odds of more pl6™k* methylation (OR = 2.66, 95% CI:
1.11-6.42 and OR = 2.72, 95% CI: 1.12-6.66, respectively). SNPs in
MTHFR, MTR, TYMS and FTHFD were not associated with p16™k%
promoter methylation. Multivariable-adjusted associations between
one-carbon metabolism genes and P16 protein expression are shown
in Table IV. Compared with the AA genotype, carriers of the variant
G allele of the TYMS SNP had 78% lower odds of less P16 expression
(OR =0.22, 95% CI: 0.05-0.99).

Discussion

In this study of healthy women with no history of cancer, alcohol
consumption, a well-established breast cancer risk factor, was associ-
ated with lower breast folate concentrations, more p16™k#* promoter
methylation and less P16 protein expression. In addition, pl6™k#
promoter methylation was associated with variation in MTHFD1 and
MTRR, whereas P16 protein expression was associated with varia-
tion in TYMS. Notably, our finding of an inverse association between
p16™%#* promoter methylation and P16 expression supports the con-
cept that methylation of p/6™%# is mechanistically important, and the
relationship of alcohol consumption and folate levels to breast cancer
risk may involve p16™k4¢ methylation.

This is the first human study, to our knowledge, where folate con-
centrations have been determined in histologically normal breast tis-
sues. Studying folate levels in target organs can provide advantages
over studying blood levels, because levels can vary across organs (28).
In this study, mean breast folate was 5.1 ng/mg, which is similar to
concentrations found for the uterine cervix (29), another estrogen-
responsive human epithelium. The correlation between plasma and

Table II. Associations between genetic variation in one-carbon metabolism genes and breast folate

Polymorphism Breast folate®
Lower Higher Age-adjusted Multivariable-adjusted
n=175 n=175
n (%) n (%) OR (95% CI)® OR (95% CI)*
MTHFR C677T (rs1801133)
cC 32(55.2) 34 (58.6) 1.00 (ref.) 1.00 (ref.)
CT/TT 26 (44.8) 24 (41.4) 1.17 (0.56, 2.45) 1.28 (0.41, 3.98)
MTHFR A1298C (rs1801131)
AA 32(56.1) 39 (66.1) 1.00 (ref.) 1.00 (ref.)
AC/CC 25 (43.9) 20(33.9) 1.49 (0.70, 3.18) 1.18 (0.34,4.01)
MTR A2756G (rs1805087)
AA 35(61.4) 33 (56.9) 1.00 (ref.) 1.00 (ref.)
AG/GG 22 (38.6) 25 (43.1) 0.84 (0.40, 1.78) 1.26 (0.40, 3.94)
TYMS T/C (rs502396)
AA 22 (30.1) 18 (25.0) 1.00 (ref.) 1.00 (ref.)
AG/GG 51(69.9) 54 (75.0) 0.76 (0.36, 1.59) 0.70 (0.24, 2.04)
MTRR A66G (rs1801394)
AA 18 (25.7) 21 (28.8) 1.00 (ref.) 1.00 (ref.)
AG/GG 52 (74.3) 52(71.2) 1.12 (0.53, 2.37) 1.02 (0.36, 2.85)
MTHFDI1 R134K (rs1950902)
AA 21 (30.0) 24 (33.8) 1.00 (ref.) 1.00 (ref.)
AG/GG 49 (70.0) 47 (66.2) 1.23 (0.60, 2.52) 0.87(0.33,2.32)
FTHFD T/C (rs2276731)
AA 43 (57.3) 37 (50.0) 1.00 (ref.) 1.00 (ref.)
AG/GG 32 (42.7) 37 (50.0) 0.78 (0.41, 1.50) 0.88 (0.35,2.21)
FTHFD T/C (rs2002287)
AA 31(43.7) 35(49.3) 1.00 (ref.) 1.00 (ref.)
AG/GG 40 (56.3) 36 (50.7) 1.27 (0.65, 2.47) 0.91 (0.32, 2.59)

“Breast folate level was dichotomized using the median as the cut-point: <2.84 ng/g = lower folate and >2.84 ng/g = higher folate.
®0dds of lower breast folate (ORs and 95% CI) by SNP genotype adjusted for age, estimated by unconditional logistic regression.

°Odds of lower breast folate (ORs and 95% CI) by SNP genotype adjusted for age, BMI, family history of breast cancer, alcohol consumption history and plasma
folate, estimated by unconditional logistic regression.
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Table ITI. Association between selected SNPs in one-carbon metabolism genes and p/6™K% methylation

Polymorphism

p16™5* promoter methylation®

More methylated

Less methylated

Age-adjusted

Multivariable-adjusted

n=70 n=068
n (%) n (%) OR (95% CI)® OR (95% CI)©

MTHFR C677T (rs1801133)

CcC 34 (54.0) 35 (62.5) 1.00 (ref.) 1.00 (ref.)

CT/TT 29 (46.0) 21(37.5) 1.44 (0.69, 3.02) 1.10 (0.48, 2.51)
MTHFR A1298C (rs1801131)

AA 38 (62.3) 34 (60.7) 1.00 (ref.) 1.00 (ref.)

AC/CC 23 (37.7) 22 (39.3) 0.87 (0.41, 1.87) 0.57 (0.23, 1.37)
MTR A2756G (rs1805087)

AA 33 (55.0) 36 (64.3) 1.00 (ref.) 1.00 (ref.)

AG/GG 27 (45.0) 20 (35.7) 1.58 (0.74, 3.38) 1.84 (0.80, 4.27)
TYMS T/C (rs502396)

AA 21 (30.9) 16 (24.6) 1.00 (ref.) 1.00 (ref.)

AG/GG 47 (69.1) 49 (75.4) 0.71 (0.33, 1.54) 1.00 (0.41, 2.41)
MTRR A66G (rs1801394)

AA 15 (21.7) 24 (38.1) 1.00 (ref.) 1.00 (ref.)

AG/GG 54 (78.3) 39 (61.9) 2.12(0.98, 4.58) 2.66 (1.11, 6.42)
MTHFDI R134K (rs1950902)

AA 15 (22.1) 21(33.9) 1.00 (ref.) 1.00 (ref.)

AG/GG 53(77.9) 41 (66.1) 1.94 (0.88, 4.31) 2.72 (1.12, 6.66)
FTHFD T/C (rs2276731)

AA 39 (55.7) 36 (53.7) 1.00 (ref.) 1.00 (ref.)

AG/GG 31 (44.3) 31 (46.3) 1.00 (0.50, 2.00) 0.87 (0.40, 1.89)
FTHFD T/C (rs2002287)

AA 35(51.5) 28 (45.2) 1.00 (ref.) 1.00 (ref.)

AG/GG 33 (48.5) 34 (54.8) 0.81 (0.40, 1.62) 0.48 (0.21, 1.12)

ap16"K* promoter methylation was dichotomized using the median as the cut-point: >0.83% = more methylated and <0.83% = less methylated.
®Odds of more p16™k# promoter methylation (ORs and 95% CI) by SNP genotype adjusted for age, estimated by unconditional logistic regression.
°0dds of more p16"™Vk* promoter methylation (ORs and 95% CI) by SNP genotype adjusted age, BMI, race and alcohol consumption history, estimated by

unconditional logistic regression.

breast folate in our study, while significant, was modest (r = 0.29).
Thus, blood concentrations are an imperfect surrogate for breast
tissue concentrations, suggesting that further examination of folate
exposure within the breast and its association with breast cancer risk
are warranted in epidemiologic studies.

We observed an inverse, marginally significant association between
breast folate and p16™%% promoter methylation, and a strong, inverse
association between pl6™%* promoter methylation and P16 pro-
tein expression. A recent study (30) demonstrated a trend towards
increased DNA methylation across the genome with increasing die-
tary folate intake among breast cancer patients. Conversely, another
study (3), which specifically examined the association between folate
intake and p16™%* promoter methylation was null. It should be noted
that neither of these studies examined folate concentrations in breast
tissues (3,30). The observations that lower breast folate as well as
p16™V%* methylation and P16 protein expression were associated with
higher alcohol consumption are novel and consistent with known
features of folate metabolism (7). It would be expected that those
who consume alcohol would have lower folate, as ethanol is known
to impede folate absorption, metabolism and renal tubular reabsorp-
tion (7). Thus, these data support a role for alcohol in the regulation
of P16 expression through methylation of the gene’s promoter, and
potentially explain why alcohol consumption may increase breast
cancer risk.

The P16 protein inhibits phosphorylation of retinoblastoma protein
family members by cyclin-dependent kinases, leading to G, cell cycle
arrest and inhibiting cell proliferation (31,32). Increased natural P16
expression occurs in response to DNA damage, oncogenic stress and
physiological aging (33,34), which triggers cellular senescence and
irreversible growth arrest, preventing cells from becoming cancerous
(35-38). Thus, the P16 protein functions as a tumor suppressor, pro-
viding protection via cell cycle arrest and limiting DNA damage and
genomic instability (e.g. via effects on telomeres [33-38]).
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In vitro data (39) using primary breast strains in culture also indi-
cate that hypermethylation of pl6™k# is an early event. Less P16
expression, as a result of aberrant methylation of the gene’s promoter,
would reduce the cell’s capacity to respond to procarcinogenic events,
e.g. through alcohol consumption and lower folate, as reported herein,
which then reduce cellular senescence and susceptibility to future car-
cinogenic events (40). Furthermore, in vitro (41) and in vivo (42) stud-
ies have shown that loss of P16 protein expression is associated with
aggressive tumor features, as well as with poor response to treatment
(41,42). These data indicate that events leading to breast cancer may
indeed involve P16 repression through hypermethylation early in the
carcinogenic process and may be associated with clinicopathological
characteristics in some breast cancer phenotypes. In contrast, some
breast tumors have increased P16 protein expression, which occurs
through mechanisms independent of p16/%* hypermethylation (43).
What the data herein possibly indicate is that the earliest stages of
breast carcinogenesis involve pl6™* hypermethylation and P16
protein under-expression. It is nonetheless possible that some tumors
later evolve, allowing for over-expression of P16.

In this study, we observed low levels of pl6™%* methylation (on
average 2.4%) in normal breast tissues, which are substantially lower
than that observed in breast cancer (14-35% [2,41,42,44]). In breast
cancer tissue, this is only sometimes associated with decreased pro-
tein expression; however, findings from a previous epidemiological
study (45) demonstrated that the median percent methylation of the
1654 promoter among patients with benign breast disease (meas-
ured in serum) was 4.0%, which is higher than that observed among
our sample of healthy patients and lower than that observed among
breast cancer patients (2,41,42,44). Our findings in histologically nor-
mal breast tissues demonstrate that percent methylation is inversely
associated with P16 protein expression, indicating that p16™k#* pro-
moter methylation, even at low levels, are possibly biologically rel-
evant. Future studies will seek to replicate our results.
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Table IV. Association between selected SNPs in one-carbon metabolism genes and P16 immunohistochemical expression

Polymorphism P16 protein expression®
Less Expression More expression Age-adjusted Multivariable-adjusted
n=061 n=>59
n (%) n (%) OR (95% CI)® OR (95% CI)*
MTHFR C677T (rs1801133)
cC 25(53.2) 33(70.2) 1.00 (ref.) 1.00 (ref.)
CT/TT 22 (46.8) 14 (29.8) 2.08 (0.89, 4.85) 1.74 (0.48, 6.39)
MTHFR A1298C (rs1801131)
AA 24 (53.3) 37 (78.7) 1.00 (ref.) 1.00 (ref.)
AC/CC 21 (46.7) 10 (21.3) 3.21(1.29, 8.02) 2.95 (0.64, 13.55)
MTR A2756G (rs1805087)
AA 24 (54.5) 29 (61.7) 1.00 (ref.) 1.00 (ref.)
AG/GG 20 (45.5) 18 (38.3) 1.37 (0.59, 3.16) 1.28 (0.36, 4.54)
TYMS T/C (rs502396)
AA 20 (33.9) 11(19.3) 1.00 (ref.) 1.00 (ref.)
AG/GG 39 (66.1) 46 (80.7) 0.47 (0.20, 1.09) 0.22 (0.05, 0.99)
MTRR A66G (rs1801394)
AA 24 (40.0) 14 (25.0) 1.00 (ref.) 1.00 (ref.)
AG/GG 36 (60.0) 42 (75.0) 0.48 (0.21, 1.07) 0.50 (0.15, 1.68)
MTHFDI R134K (rs1950902)
AA 21 (36.8) 16 (28.6) 1.00 (ref.) 1.00 (ref.)
AG/GG 36 (63.2) 40 (71.4) 0.70 (0.32, 1.55) 0.98 (0.30, 3.25)
FTHFD T/C (rs2276731)
AA 33 (54.1) 31(53.5) 1.00 (ref.) 1.00 (ref.)
AG/GG 28 (45.9) 27 (46.5) 0.99 (0.48, 2.05) 0.76 (0.26, 2.21)
FTHFD T/C (rs2002287)
AA 25 (43.9) 27 (47.4) 1.00 (ref.) 1.00 (ref.)
AG/GG 32 (56.1) 30 (52.6) 1.16 (0.55, 2.42) 0.60 (0.18, 1.97)

“P16 protein expression by IHC was dichotomized using the median Allred score as the cut-point: <7 = less expression and >7 = more expression.
0dds of less P16 expression (ORs and 95% CI) by SNP genotype adjusted for age, estimated by unconditional logistic regression.
°Odds of less P16 expression (ORs and 95% CI) by SNP genotype adjusted age, BMI, race and alcohol consumption history, estimated by unconditional logistic

regression.

Genetic variation in the one-carbon metabolism pathway has been
inconsistently associated with breast cancer (13,15-24). However,
breast cancer might be too complex a phenotype to identify specific
risks related to one pathway or SNP. In this study, examining the phe-
notypes of methylation and protein expression in target tissues, we
identified associations with genetic variation in one-carbon metabo-
lism genes. Specifically, variant allele carriers of the MTRR A66G and
MTHFDI R134K polymorphisms had almost three times the odds of
higher p16™% promoter methylation. We also observed that carriers
of the TYMS T/C variant had almost 80% lower odds of higher P16
protein expression. Thus, our findings support for the hypothesis that
variation in MTRR and MTHFD1 may be involved in breast carcino-
genesis by affecting p16™5% promoter methylation, whereas variation
in TYMS, a gene which has also been shown to be associated with
breast cancer (46), might be involved in breast carcinogenesis through
effects on P16 expression independent of methylation.

Currently, the literature is limited by a lack of confirmed functional
consequences of the SNPs investigated herein. We hypothesize that
altered transcriptional activity and/or mRNA stability, as a result of
these polymorphisms, may affect the corresponding enzymes’ activi-
ties, influencing one-carbon metabolism (e.g. aberrant DNA syn-
thesis, aberrant global hypomethylation or aberrant gene-specific
hypermethylation), thereby potentially promoting carcinogenesis.
Further, interaction of these and other polymorphisms, within a gene
or between different genes, may also be important to consider in terms
of their role in breast cancer, with emphasis on gene-environment/
gene-diet interactions as well. Clearly, additional investigation to
determine the roles of these SNPs is warranted.

This study has both strengths and limitations. One limitation was
the small sample size, which could have limited our power to detect
meaningful associations separate from what we report; however, the
findings reported herein will be useful for generating new hypotheses
that can be investigated in larger studies. Because of the small size,
our exposure variables and the way we categorized genetic risk were

necessarily broad, and so future studies can be powered sufficiently
based on our findings. In addition, while many of our conclusions (i.e.
the reported associations between alcohol consumption and several
breast tissue biomarkers) were based on bivariate analyses, when we
examined these associations through multivariable-adjusted models
the results were generally in agreement, albeit not statistically sig-
nificant, probably due to limited power. Similarly, limited statistical
power may have reduced our ability to detect significant associations
between genotypes and breast tissue biomarkers. These limitations
notwithstanding, the present study is the largest of its kind to date.
Larger studies are needed to better address confounding, to replicate
our findings and to clarify the relationships between various expo-
sures and biomarkers within the breast. Another limitation is that our
study participants were women undergoing reduction mammoplasty,
and they may not be generalizable to other women. For example, our
study participants tended to have high BMI. This limitation is tem-
pered however, because participants had a wide range of BMI, allow-
ing for internal comparisons and adjustment in multivariable analyses.
Separately, women undergoing mammoplasty necessarily have larger
breasts and while breast size may affect breast tissue biology and
increase breast cancer risk (47,48), within group comparisons are still
valid, providing insight regarding the biology of normal breast tissues,
not otherwise feasible. Further, given that these women are potentially
at increased risk based on higher BMI and larger breast size, this study
can be considered one of a susceptible population. Because this study
was cross-sectional, it was not possible to determine the temporal
sequence of the measures we examined; we were not able to ascer-
tain if one change occurred before another. The study also possesses
some important strengths and yielded novel data. It is the first, to our
knowledge, to examine associations of folate concentrations, p6/Vk#
promoter methylation and P16 expression within human breast tis-
sues. The fairly modest correlation between plasma and breast folate
concentrations underscores the potential value of examining tissue-
specific concentrations of the vitamin rather than systemic measures.
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Examination of histologically normal breast tissues from a well-char-
acterized sample of women with no history of breast cancer enabled
us to investigate issues pertaining to events that precede the appear-
ance of neoplastic transformation in the target organ.

Altogether, this study of healthy women undergoing reduction
mammoplasty suggested that alcohol consumption may be associated
with reduced breast folate, p/6™%% promoter hypermethylation and
reduced P16 protein expression, and that the latter two were inversely
associated. Breast folate was lower among women with higher
pl6™K4 hypermethylation and lower P16 expression. In addition,
women carrying variant alleles of two common, functional polymor-
phisms involved in one-carbon metabolism were more likely to have
increased p16™%* promoter methylation. p16™k% frequently hyper-
methylated in breast cancer, may play an early critical role in breast
carcinogenesis. Our examination of factors associated with p16/Nk#
promoter methylation in apparently healthy women provides insight
as to factors which may affect early development of cancer. These
findings provide new evidence that one-carbon metabolism plays an
important role in epigenetic variation and may be an important deter-
mining factor in breast carcinogenesis.
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