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Promoter methylation analysis of genes frequently silenced in breast cancer is a promising indicator of breast cancer
risk, as these methylation events are thought to occur long before presentation of disease. The numerous exfoliated
epithelial cells present in breast milk may provide the breast epithelial DNA needed for detailed methylation analysis and
assessment of breast cancer risk. Fresh breast milk samples and health, lifestyle and reproductive history questionnaires
were collected from 111 women. Pyrosequencing analysis was conducted on DNA isolated from the exfoliated epithelial
cells immunomagnetically separated from the total cell population in the breast milk of 102 women. A total of 65 CpG
sites were examined in six tumor suppressor genes: PYCARD (also known as ASC or TMS1), CDH1, GSTP1, RBP1 (also known
as CRBP1), SFRP1 and RASSF1. A sufficient quantity of DNA was obtained for meaningful analysis of promoter methylation;
women donated an average of 86 ml of milk with a mean yield of 32,700 epithelial cells per ml. Methylation scores were
in general low as expected of benign tissue, but analysis of outlier methylation scores revealed a significant relationship
between breast cancer risk, as indicated by previous biopsy and methylation score, for several CpG sites in CDH1, GSTP1,
SFRP1 and RBP1. Methylation of RASSF1 was positively correlated with women’s age irrespective of her reproductive
history. Promoter methylation patterns in DNA from breast milk epithelial cells can likely be used to assess breast cancer
risk. Additional studies of women at high breast cancer risk are warranted.

Introduction
Breast cancer is the most common malignant neoplasm of women
living in developed nations with an estimated 182,460 new cases
and 40,480 deaths in 2008.1 While the widespread use of mammography has led to a decline in the incidence of late stage breast
cancer, young women (under 40) have seen the smallest decline in
incidence and stand to benefit the most from improved methods
for assessing individual breast cancer risk.2 Analysis of epithelial
cells in breast fluids (nipple aspirate and ducal lavage) and breast
tissue (fine needle aspirate and core biopsy) has been proposed as
a valuable aid in assessing individual breast cancer risk.3-6
Deregulation of the epigenome, heritable non-sequence
changes in DNA, is widely recognized as a major mechanism
in the development and progression of cancer.7-9 One type of
epigenetic event frequently detected in breast cancer tissue and
in fluid from diseased breasts is the addition of methyl groups

on cytosines in CpG rich areas within the promoter regions of
various tumor-related genes.10-15 Promoter hypermethylation of
tumor suppressor genes, proto-oncogenes, and vital cell cycle
genes results in changes to the chromatin structure that often
lead to transcriptional silencing and disruption of normal cell
function.16 Because methylation is thought to occur early in
disease and is potentially reversible, it is considered one of the
most promising tools for accurate for detection, prognosis and
treatment.17 Several recent studies have shown that methylation
of benign breast epithelium is increased in women at high risk of
developing breast cancer.18,19
The promoter methylation of several tumor suppressor genes
has been shown to increase with age,20,21 and the methylation
of Rass association domain family1 protein (RASSF1) in particular, increases with both age and breast-cancer-risk in benign
breast epithelium.19 Since the most significant risk factor for
breast cancer is age,1 and pregnancy is associated with a transient
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(3–5 years) increased risk of breast cancer,22,23 as women wait
longer to have their first child their risk of developing pregnancyassociated breast cancer increases. In contrast early pregnancy
decreases a woman’s lifetime risk of developing breast cancer.24,25
It has been proposed that long lasting changes in gene expression,
such as those resulting from methylation or demethylation could
be partly responsible for the breast-cancer-protection associated
with an early pregnancy. An early pregnancy could plausibly reset
a ‘methylation clock’ resulting in a ‘younger’ promoter methylation profile.
To examine whether epithelial cells from milk are a good source
of material to study effects such as age-induced methylation,
biomarkers associated with risk or parity-induced alterations in
methylation status, six genes were chosen. Promoter methylation
of the six genes analyzed in the present study has been detected
previously in breast cancer, and may increase a woman’s risk of
developing this disease. PYCARD (PY and CARD domain containing; also known as TMS or TMS1 (target of methylation
silencing) and as ASC) is involved in the regulation of apoptosis, activation of inflammatory caspases and the regulation of
NFkB activity.26 PYCARD expression suppresses the growth
of breast cancer cells and methylation in the promoter region
downregulates protein expression.10 Promoter hypermethylation
of PYCARD was detected in 40% and 23% of primary breast
tumors.10,27 CDH1 (E-Cadherin) functions in maintaining cellcell adhesions in epithelial tissues. Promoter hypermethylation
of CDH1 is frequently detected in breast cancer.28-30 In breast
cancer, loss of CDH1 expression correlates with loss of differentiation, increased invasiveness and tumor grade, metastasis and
poor prognosis.31 GSTP1 (Glutathione-s-transferase pi) plays a
role in protecting cells from cytotoxic and carcinogenic agents.32
Expression of GSTP1 varies from tissue to tissue, however loss
of GSTP1 expression has been attributed to DNA hypermethylation.33 Methylation of GSTP1 has been detected in breast cancer
tissue14,29,34-36 and breast fluids from cancer patients12,37 and has
been correlated with age in benign prostate.38 RBP1 (cellular retinol-binding protein 1, also known as CRBP1) functions in retinol
(vitamin A) storage which is required for maintaining the differentiated state of adult epithelium.39 RBP1 is uniformly expressed
in normal breast epithelium but downregulated in approximately
24% of human breast cancers40 and the downregulation has been
linked to DNA hypermethylation.35,41 SFRP1 (Secreted frizzle
related protein 1) is a tumor suppressor gene encoding a WNT
signaling antagonist abundantly expressed in normal breast tissue. SFRP1 has been reported to be hypermethylated in >70% of
breast cancers.42 RASSF1 (Rass association domain family1 protein), a tumor suppressor gene implicated in the development of
breast cancer43 promotes apoptosis, cell cycle arrest and reduces
the tumorgenicity of cancer cell lines.44 Aberrant promoter methylation of RASSF1 is frequently detected in the breast cancer tissue13,34,45 and has also been detected in serum of breast cancer
patients46 and in fine needle aspirate from benign epithelium of
woman at high risk for breast cancer.19
Unlike other biomarkers or risk factors, promoter methylation
is potentially reversible with treatment, making methylation analysis even more desirable as an early screen for detecting increased
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breast-cancer-risk. This has lead several researches to suggest that
nipple aspirate or other non-invasively collected breast fluid could
be used to obtain breast epithelial cells for routine screening of
breast-cancer-risk using methylation analysis.47,48 Aspiration techniques, however, may be not suitable for widespread screening for
breast-cancer-risk as the number of cells obtained can be quite
low and the techniques are uncomfortable at best and therefore
not likely to be widely accepted as part of a breast-cancer screen.
Breast milk, in contrast, is a rich, easily accessible source of epithelial-cell DNA. Importantly, the cells are representative of all
the milk-producing lobules in the breast and it is equally easy to
obtain samples from both breasts.
The purpose of the present research was threefold: (1) determine if breast milk provides sufficient quantity and quality of
breast epithelial cell DNA for epigenetic analyses and breastcancer-risk assessment, (2) use pyrosequencing to quantitatively
examine breast epithelial cell DNA from healthy women for agerelated increases in promoter methylation in six tumor suppressor genes and, (3) determine if early pregnancy alters promoter
methylation patterns.
Our results demonstrate that human milk can serve as an
excellent fluid for assessing breast-cancer-risk in lactating women.
The large number of epithelial cells and high quality of DNA
obtained are sufficient for quantitatively examining methylation of numerous genes, and the frequency and distribution of
outlier methylation values indicate that the high CpG-specific
methylation scores are not random. Promoter methylation
of RASSF1 increased with age and there was some indication
that the observed increase differed between women who had an
early first birth and those who had their first child after age 25.
Additional studies examining promoter methylation in the epithelial cell DNA obtained from the milk of women at high risk
of developing breast cancer and diverse reproductive histories are
warranted.
Results
Study demographics. Breast milk, questionnaires, and informed
consent were obtained from 111 lactating women. Nine of the
111 breast milk samples were excluded from the analyses. Three
of the nine excluded samples had a volume less than 10 ml and
were not processed and the other six excluded samples yielded too
few cells to count and were not processed further. All results are
based on the remaining 102 breast milk samples and the women
who provided them.
As shown in Figure 2, participants ranged in age from 19 to
45 years (mean = 32; s.d. = 6) and were nursing children who
ranged in age from 30 to 820 days (mean = 239; s.d. = 177).
Sixty-three percent of the 102 women were nursing their firstborn. The remaining women had between one and four previous
births. All of the women considered themselves healthy; none
of the women had breast cancer presently or previously; seven
women had a prior breast biopsy. The volume of the breast milk
samples ranged between 20 and 180 ml (mean = 86; s.d. = 33)
and there was no significant correlation between the volume of
milk donated and the age of the mother (r = 0.12, F[1,100] = 1.5,
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p = 0.22), the age of the child (r = -0.01, f[1,99] = 0.54, p = 0.47)
or the number of children the mother had previously nursed (r =
0.14, F[1,100] = 2.06, p = 0.16).
A cell count was made on ninety of the 102 samples prior
to the epithelial cell separation revealing an average total-cell
population of 203,394 cells per ml (range: 3,917 to 2,102,857
cells per ml). Among these 90 milk samples there was a marginally significant negative correlation between a mother’s age
and the number of cells per ml (r = -0.18, F[1,88] = 2.84, p =
0.10). There was no correlation between the child’s age and
the number of cells in the mother’s milk (r = -0.11, F[1,87] =
1.12, p = 0.29). Immunomagnetic cell separation on the totalcell population yielded an average of 32,718 cells per ml in the
epithelial-enriched cell fraction (range: 417 to 241,714 cells per
ml) or roughly 20% of the total-cell population. There was no
significant relationship between the number of epithelial-selected
cells and mother’s age (r = -0.14, F[1,99] = 2.17, p = 0.14) or the
child’s age (r = 0.03, F[1,98] = 0.06, p = 0.80). DNA isolation
of the epithelial-enriched cell fractions yielded an average of 2.4
mg per sample and as expected the amount of DNA isolated was
directly related to the number of cells in the epithelial-enriched
fraction (r = 0.75, F[1,87] = 114.3, p < 0.00).
Pyrosequencing analyses. Gene-specific amplified products from bisulfite-modified epithelial cell DNA were sent to
EpigenDx, Inc., (Worcester, MA) for pyrosequencing analysis
in batches of roughly 50 samples per shipment. Methylated and
unmethylated controls were included with each batch. Individual
‘pyrograms’ or sequencing readouts and percent of methylated
DNA at each CpG site were returned for each of the six genes
for all 102 epithelial cell samples. Each pyrogram includes the
expected sequence, the nucleotide dispensation order, the sequencing results with at least one sequencing control and one bisulfite
modification control. The efficiency of our bisulfite modification
is demonstrated in Figure 3 (pyrograms) at position 18 in which
a cytosine not followed by a guanine in the genomic DNA (therefore not methylated) was completely converted to uracil after
bisulfute treatment and then replaced with thymidine during the
PCR amplification as indicated by the complete absence of cytosine in position 18 in either the methylated (top pyrogram) or
nonmethyated (bottom pyrogram) DNA. If either the expected
sequence was not obtained or the bisulfite conversion was incomplete the pyrosequencing run is flagged with a red code and data
are not accepted. A yellow flag indicates that a manual check of
the data is needed before accepting or rejecting the data, whereas
a blue flag indicates reliable results. The pyrograms from each of
the six genes for all 102 samples were examined and after elimination of any unreliable result the sample size for several genes
was less than 102.
The reproducibility of the PCR amplification and pyrosequencing analysis is demonstrated in Figure 3 (bottom), in which
bisulfite-treated methylated and nonmethylated DNA from
three separate PCR amplifications for RASSF1 was sequenced
in three separate batches. As can be seen, the variability among
the three batches for both the methylated and nonmethyated
DNA is extremely low and site-specific methylation patterns are
apparent.
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Mean overall methylation for each gene. Pyrosequncing promoter methylation values below 5% for each of the genes examined is considered typical of normal healthy tissue or background
noise.49 We use this standard only to assist in the interpretation
of methylation levels and all values of methylation levels are
included as real data in all statistical analyses. As expected of
healthy women without breast cancer, the methylation scores in
the DNA isolated from epithelial cells in breast milk were low.
The bottom row of Table 1 presents mean overall methylation,
the interquartile range and the number of outliers for each of
the six genes. Mean overall methylation was below 5% for
PYCARD, CDH1, GSTP1 and RASSF1 and only slightly above
5% for RBP1 (6.49) and SFRP1 (5.8). However, for each of the
genes there were several epithelial cell samples with substantially
higher levels of overall methylation as indicated by the number of
outliers per gene; PYCARD, CDH1 and GSTP1 each had three
outliers, while RBP1, SFRP1 and RASSF1 had 4, 15 and 7 outliers, respectively. The relationship of these outliers to the distribution of overall methylation is given in Figure 4. Four of the
genes, PYCARD, RBP1, SFRP1 and RASSF1, had epithelial cell
samples for women with overall methylation scores above 10%.
Of these genes, SFRP and RASSF1 had the greatest number of
highly methylated samples.
CpG site-specific percent methylation. Between 8 and 15
CpG sites were examined in each of six genes for a total of 65
CpGs. The bulk of Table 1 provides the mean percent methylation, interquartile range and number of outliers for each of the
CpG sites within the six genes. While the mean overall methylation for the 102 women were above 5% for only two genes, RBP1
and SFRP1, in each of the six genes there were several individual
CpG sites with mean percent methylation above 5%. PYCARD,
CDH1 and GSTP1 had two sites each with mean methylation scores above 5%, while RBP1, SFRP1 and RASSF1, had
9, 6, 4 sites respectively (shown in bold in Table 1). Of all the
CpGs examined, the three sites with the highest mean methylation scores were all in the promoter region of RBP1 (CpGs 6, 10
and 14, had mean percent methylation of 10.19, 11.17 and 8.25
respectively).
Age and overall methylation. We next examined whether
mother’s age contributed to the variability observed in methylation. Only for RASSF1 is there a statistically significant linear
relationship between age and overall methylation, with overall
methylation increasing with age (r = 0.24, b = 0.143, F[1,100] =
6.06, p = 0.016). Overall methylation for RASSF1 increases by
just under one and one half percent for each decade of a woman’s
life. In RASSF1, not surprisingly, variability in overall methylation also increases with age.
Given the significant relationship between overall methylation
for RASSF1 and age, and the interest in understanding how early
pregnancy reduces a woman’s lifetime risk of developing breast
cancer, we further considered whether having a first birth before
age 25 conditioned this relationship in any way. The increase in
overall methylation and methylation variability with increasing
age is visually apparent for women who gave birth to their first
child after age 25 and for those who had their first birth before
that (Fig. 5). However, because of the absence of counterfactuals
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Table 1. Mean percent methylated DNA for each of the six genes examined
PYCARD (n = 100)
CpG

%M

IQR

CDH1 (n = 93)

#
OL

%M

IQR

GSTP1 (n = 99)

#
OL

%M

IQR

RBP1 (n = 97)

SFRP1 (n = 101)

#
OL

%M

IQR

#
OL

%M

IQR

RASSF1 (n = 102)

#
OL

%M

IQR

#
OL

1

1.68

1.86

4

3.03

2.42

4

3.17

1.74

6

5.49

3.57

6

5.55

5.42

6

3.86

1.78

12

2

2.57

1.90

4

1.71

1.66

3

3.58

1.85

3

3.6

2.82

6

6.91

5.86

8

3.68

2.49

4

3

2.27

1.74

6

3.73

2.62

5

2.16

1.27

7

8.03

4.63

2

6.25

4.93

9

3.68

2.74

5

4

4.33

2.52

5

3.73

3.89

1

4.42

2.54

5

4.78

2.94

8

4.38

3.68

8

2.17

2.00

7

5

4.75

3.98

9

1.99

1.36

2

3.06

1.59

7

5.39

4.27

3

5.58

3.44

14

3.73

1.73

6

6

5.68

3.79

7

4.55

3.91

3

3.1

1.74

3

10.19

6.2

2

7.28

4.71

6

7.43

4.40

2

7

3.38

1.93

7

5.12

4.08

2

3.09

1.65

3

3.29

2.41

8

3.97

2.52

9

5.02

3.58

3

6.45

4.44

6

8

2.94

1.96

6

6.52

4.73

1

5.09

2.66

3

8.23

5.93

3

9

2.92

2.40

3

1.65

1.08

4

8.23

3.95

6

4.84

3.25

7

10

3.03

2.18

7

2.4

1.43

3

11.17

6.71

2

11

3.1

2.15

4

2.72

1.34

5

3.18

1.92

10

12

7.38

4.91

3

4.24

1.99

6

7.21

5.47

3

2.07

1.26

1

7.27

4.49

6

8.25

6.03

8

6.49

3.41

4

13
14
Combined

3.67

1.83

3

3.56

2.19

3

3.64

1.36

3

5.8

2.39

15

6.16

4.64

4

6.76

3.97

9

4.72

2.37

7

%M, percent DNA methylated; IQR, interquartile range; # OL, number of outliers >(75th percentile + 1.5 * IQR). Overall values also shown in Figure 4.
BOLD, CpG sites for which the mean methylation score was ≥5%.

(no women in the sample could be under 26 at the time of milk
sample collection if they had not had a birth until after that age)
the relationship among older women is truncated by age and not
statistically significant. Despite the small sample of women available (n = 21) the increase in overall methylation for those who
had a first birth before age 26 is statistically significant (r = 0.61,
F[1,19] = 11.17, p < 0.00). Importantly, having a first birth at a
younger first age did not attenuate the relationship between overall RASSF1 methylation and age.
We also examined the relationship between overall methylation for each of the six genes and both age at menarche and
current birth parity. Only RBP1 had a significant relationship
between overall methylation and age at menarche [r = 0.23,
F[1,94] = 5.09, p = 0.03] and this relationship disappeared when
controlling for mother’s age. Parity had no relationship to overall
methylation for any of the six genes regardless of whether or not
age was included in the regression.
Age and CpG site-specific percent methylation. To determine if site-specific percent methylation in breast epithelial cell
DNA increased with age we examined the relationship between
mother’s age and each of the 65 individual CpG sites. For four
of the genes PYCARD, CDH1, GSTP1 and SFRP1, there were
no significant relationships between mean methylation score and
mother’s age for any of the CpG sites and for RBP1, only percent
methylation of CpG 4 increased significantly with mother’s age (r
= 0.20, F[1,95] = 4.11, p = 0.05). However, for RASSF1, the only
gene for which overall methylation scores increased significantly
with age, there are a number of CpG sites in which methylation also increased significantly with age (Fig. 6). The correlation between age and percent methylation was greatest for CpG
sites 1, 5, 7 and 9, and the highest methylation scores occurred
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in CpG sites 1 and 9. The replicated relationship between age
and percent methylation for multiple CpG sites suggests that the
relationship between age and RASSF1 overall methylation is not
due to a statistical artifact or random variation.
Analysis of percent methylation outliers. One of our goals
in analyzing epithelial cells from breast milk is to determine if
these cells can be used to assess breast cancer risk. While none
of the 102 women who provided milk samples for the present
study had breast cancer, there were several epithelial cell samples
with percent methylation and overall methylation more typical
of those observed in breast cancer tissue. Only with a prospective or retrospective, research design would be able to assess
the future diagnostic utility of these outliers for women in our
sample. Some analysis of outliers, however, can suggest whether
they might plausibly reflect elevated cancer risk or are simply the
random product of an extensive repetition of statistical testing
and measurement.
First, we can ask the simple question of whether the number and patterns of association among outliers in the data are
beyond what would be expected due to random chance. Given
that for each epithelial cell sample, 71 separate analyses of methylation data were conducted (65 individual CpG sites and 6 overall
methylation scores) and 102 samples were examined, if we were
to assume a 95% confidence level we might expect a mean of
3.55 outlier methylation scores per woman due to random chance
alone. Results were only slightly higher than this expectation due
to random chance, with the actual average number of outliers per
woman 3.68 and a median of 2. Importantly, however, there was
an indication in the clustering of outliers within women that the
outliers were likely not due to chance alone. Just thirteen women
accounted for 44% of all outliers in the data, suggesting these
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outliers reflect high methylation across CpG sites within specific
women and not simple measurement errors.
Second, seven women in our sample had a previous biopsy
that may serve as a proxy for elevated risk. Sample sizes for comparisons are small and should be interpreted cautiously. However,
using a binomial test of proportions, there is evidence for a significantly higher proportion of methylation outliers for women
with previous biopsies than for those with no previous biopsy
in 7 of the 67 CpG sites (CDH1-1, p = 0.00; 5, p = 0.03; and
6, p = 0.10; GSTP1-10, p = 0.10; SFRP1-4, p = 0.06 and 5, p
= 0.04; RBP1-5, p = 0.10). At each of these sites there were also
substantively meaningful outliers (i.e., over five percent methylated) and most of these sites include outliers that were also over
ten percent methylated. Using a more conservative statistical test,
Fisher’s Exact Test, the higher proportion of outliers among biopsied women was significant for CDH1-1 (p = 0.03) and SFRP1-4
(p = 0.09) and 5 (p = 0.05) methylation. These results offer some
evidence for non-random occurrence of methylation outliers,
clustering of those outliers in a small number of women, clearly
higher levels of methylation measures among those for biopsied
women and evidence for plausible statistical associations between
methylation outliers and biopsied women.
Discussion
In the present study we used pyrosequencing to examine promoter methylation of six tumor suppressor genes in DNA isolated
from epithelial cells present in the breast milk obtained from 102
nursing mothers. Mean overall methylation scores for PYCARD,
CDH1, GSTP1, RBP1, SFRP1 and RASSF1 were low, as would
be expected of cells from healthy epithelium. However, analysis
of outliers in the 62 individual CpG sites revealed a significantly
higher level of promoter methylation in specific CpGs of CDH1,
GSTP1, SFRP1 and RBP1 among women who had a previous
biopsy. In agreement with previous reports from benign breast
tissue,19 we found promoter methylation of RASSF1 to increase
with age. Taken together these results support the viewpoint that
promoter methylation of specific genes in healthy breast cells can
be used to assess breast-cancer-risk and suggest that breast milk
is an appropriate source of epithelial cells for risk assessment.
If breast tissue is to be used to detect occult breast cancer or to
assess breast-cancer-risk, then the tissue obtained must be representative of the total breast epithelium. The three methods currently used for sampling breast tissue in asymptomatic women
are nipple aspiration, random periareolar fine needle aspiration
and ductal lavage.4 While each of these methods has been used in
at least one study revealing a significant breast cancer-associated
promoter methylation pattern in women at high risk,3,5,6,11,12,19
the number of cells collected using nipple aspiration and ductal lavage is typically very low (between 10 and a few thousand
1,000), and usually only 1–2 of the 15 duct systems in a breast
is surveyed4,48 possibly leading to the inconsistencies observed
among studies. In contrast, the large number of cells obtained
from milk, 66% of samples in the present study contained one
million or more epithelial cells, suggest that the cells originated
throughout the breast and provide appropriate DNA for risk
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assessment. The perception of discomfort associated with fine
needle aspiration and ductal lavage as well as the cost of the procedures potentially limit the widespread use of these techniques,
either as part of women’s routine breast cancer screening or as a
collection method in large epidemiological studies. In contrast,
collection of breast milk requires no trained personnel, milk
from both breasts can be easily obtained, and we found lactating
women eager to participate in research and donate a milk sample.
The use of breast milk as a screen for increased breast-cancerrisk is obviously limited to lactating women. However it may
provide an early and valuable assay to establish which women
should be followed more closely as they age. The potential subpopulation of pregnant women with hypermethylation would be
expected to be much higher than the roughly 1 in 3,000 women
diagnosed with breast cancer during pregnancy or within the
year following birth.50 Furthermore, the population of women
at risk for pregnancy-associated breast cancer will likely rise due
to changing childbearing trends. A screen based upon lactation
may be of particular value to the growing number of women, at
higher risk, having their first pregnancy at older ages and among
all women of any parity having children at older ages.
In our study we, in fact, hypothesized that we would see differences in age-related methylation patterns between women
who had an early first birth (before 25) and those with later first
births. In our sample, however, we did not see evidence that age
at first birth affected age-related increases in methylation. The
testing of this hypothesis is limited by the sample size, the structural absence of counterfactuals across age and cohort trends
with younger women in the sample drawn from more recent
birth cohorts. Although our data did not reveal differences in age
related increases in methylation between women with early and
late first births, it does not rule out such a relationship.
A major concern with trying to use cells in milk to assess
breast-cancer-risk is that the methylation pattern of exfoliated
epithelial cells in milk may simply reflect the state of the lactating
breast and reveal little if anything about the long-term health of
the breast. Several results from the present study help reduce these
concerns; we detected the same age-related increases in RASSF1
promoter methylation that have been previously reported, and
the outlier values appear to be nonrandom and associated with
increased breast-cancer-risk.
Our initial results from this sample of 102 women at average
risk of breast cancer warrant additional research. A more comprehensive assessment of the use of breast milk in screening for
hypermethylation, particularly for the comparison across population subgroups such as those with and without early pregnancy,
would benefit from a larger sample size with a greater dispersion
across ages, cohorts and age at first birth. Future studies could also
benefit from sampling strategies designed to increase the sample
density of women at a high risk of breast cancer to increase the
representation of methylation outliers in statistical analyses such
as those presented. Lastly, the procedures developed for milk collection and analysis in this study are clearly suitable for pairing
with concurrent and subsequent diagnostic information, such as
biopsy data, in a prospective study which attempts to link methylation to breast cancer outcomes. Our current research efforts
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are directed at obtaining such expanded sample data for future
analysis.
Materials and Methods
Study participants and collection of milk sample. This study was
approved by the Internal Review Board of the Human Subjects
Protection Office at the University of Massachusetts, Amherst.
From 2006 through 2008 lactating women living or visiting
within 100 miles of Amherst, Massachusetts were recruited
through local advertisements and fliers. One hundred and eleven
nursing mothers provided a milk sample and completed a health
and lifestyle questionnaire. Each participant was asked to provide up to 100 mL of breast milk by pumping or hand expressing all the milk from one breast and additional milk from the
second breast, as needed. The fresh breast milk was transferred
to a sterile glass bottle. The majority of the participants lived in
western Massachusetts and in most cases a researcher collected
the milk and questionnaire from the participant at her home the
morning the breast milk was pumped or expressed. Milk samples
were maintained at ambient temperature and taken directly to
the laboratory. Less than 10% of the milk samples were collected
in the evening and these milk samples were kept cool (placed in
a cooler with a small amount of ice) and taken to the laboratory
the following morning.
Processing of milk samples. Fresh milk samples were processed immediately upon arrival at the laboratory. Five ml of
the milk was placed in a glass vial and archived at -20°C for
future studies. The remaining milk was diluted 1:1 with sterile PBS and centrifuged at 1,000 G for 10 minutes in glass 50
mL centrifuge tubes. The supernatant including all of the milk
fat was transferred to a 250 mL acid washed amber bottle and
archived at -20°C for future studies. The cell pellet was resuspended in ~40 mL PBS and washed 3–5 times until the supernatant was clear. The washed cell pellet was resuspended in 1
mL degassed PBS (with 2 mM EDTA/0.5% BSA) and total cell
count determined using a hemocytometer. For cell counts ≤1 x
107, the cells were resuspended in 60 ml of degassed PBS (with 2
mM EDTA/0.5% BSA) with 20 ml of epithelial-specific MACS
HEA-125 microbeads (Miltenyi Biotec, Germany) and 20 ml of
Fc blocking reagent (Miltenyi Biotec, Germany). Volumes were
appropriately scaled for larger numbers of cells. The cell-microbead suspension was incubated for 15 minutes at 4°C, brought
to a total volume of 1 mL with degassed PBS (with 2 mM
EDTA/0.5% BSA) and centrifuged at 210 G for 10 minutes.
This final pellet was resuspended in 0.5 mL of degassed PBS and
epithelial cells separated using the MACS paramagnetic column
and stand (Miltenyi Biotec, Germany) according to the manufacturer’s instructions. Both the epithelial-enriched (positive)
cell fraction and epithelial-depleted (negative) cell fractions were
frozen until needed.
DNA isolation, bisulfite modification and PCR amplification for pyrosequencing. DNA was isolated from both
the enriched and depleted cell fractions using the QIAamp
DNA isolation kit (Qiagen, Valencia CA) with the addition of
RNAse A and Proteinase K digestion steps as per manufacturer’s
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Figure 1. CpG sites examined in the six genes. The vertical lines represent individual CpG sites within the CpG island of the promoter region.
The boxed areas enclose the sites analyzed in each assay. The transcriptional start site is marked with an arrow and the numbers in parentheses define the boxed region relative to the transcriptional start site.

suggestions. DNA was quantified and quality was assessed
using a spectrophotometer (Genequant Amersham Biosciences,
Buckinghamshire UK). Bisulfite modification of 1 mg genomic
DNA per sample was conducted using the Epitect Bisulfite Kit
(Qiagen, Valencia CA) according to the instructions provided.
Bisulfite modified DNA was aliquoted and frozen for use within
the next few months.
We refer to each of the six genes by their official symbol
and name as listed on the Entrez Gene data base of NCBI as
of September 1 2009. The biotinylated primer sets for CDH1,
GSTP1 and RASSF1 were available through Biotages’ Pyromark
Assay Database (http://techsupport.pyrosequencing.com/).
The biotinylated primers for PYCARD, RBP1 and SFRP1 were
designed for the CpG island region flanking the transcription
start site at the 5'UTR with the assistance of EpigenDx Inc., and
their Pyrosequencing design software. Each of the newly designed
primer sets were tested for PCR bias in a mixing experiment using
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Figure 2. Participant demographics and sample yields from 102 of the 111 women who provided a breast milk sample.

in vitro methylated and non-methylated DNA. Locations of the
CpG sites examined are shown in Figure 1.
For each of the six genes 1 ml of bisulfite-modified DNA
was amplified in 30 mL of reaction mixture containing 1x buffer, 200 nM primers and 0.2 units of HotStar Taq Polymerase
(Qiagen, Valencia CA) for over 45 cycles at an annealing temperature unique to each primer set (Table S1). Control products were prepared using bisulfite-treated DNA from HMECs
treated with m.Sssi methylase (New England Biolabs, Ipswich,
MA), non-treated HMECs and non-methylated commercial
Fetal DNA (Chemicon, Billerica, MA). Amplified PCR products for the six genes and controls were verified by gel electrophoresis and sent on ice to EpigenDx Inc., in Worcester, MA
for pyrosequencing analysis. The PCR product was bound to
Streptavidin Sepharose HP (Amersham Biosciences, Uppsala,
Sweden) and the Sepharose beads containing the immobilized
PCR product were purified, washed and denatured using a 0.2
M NaOH solution and rewashed using the Pyrosequencing
Vacuum Prep Tool (Biotage AB) as recommended by the manufacturer. Then 0.2 mM pyrosequencing primer was annealed
to the purified single-stranded PCR product. 10 ml of the
PCR products were sequenced by Pyrosequencing PSQ96 HS
System (Biotage AB) following the manufacturer’s instructions
(Biotage, Kungsgatan, Sweden). The methylation status of each
locus was analyzed individually as a T/C SNP using QCpG
software (Biotage, Kungsgatan, Sweden). Resulting pyrograms

www.landesbioscience.com

and percent methylation scores for each CpG site were received
from EpigenDX, Inc.
Statistical analyses. Our analysis is concerned with both
evidence of CpG-site-specific methylation within each gene
and with overall indications of methylation for each of the
six genes. When analyzing CpG-site-specific methylation in a
gene, data are presented for each woman, as in some graphs,
as the percent methylation at each specific CpG site, or, as in
tables, summarized through the mean percent methylation at the
CpG site across the sample of women. To examine gene methylation, data are presented, again as in some graphs, for overall methylation (the mean percentage of methylation averaged
across the CpG-sites of the gene for each woman in the sample)
or summarized across the sample women, as in tables, through
the grand mean overall methylation for the gene. Methylation
and questionnaire data were merged into a combined data file
and statistical analyses were performed using-Stata10: Data
Analysis & Statistical Software (Statacorp LP, College Station
TX). In discussing levels of statistical significance exact probability values are provided when specific statistical tests are
reported. In some small sample exploratory analyses which
seek for any plausible evidence of association we utilize a lower
bound of 0.10, corresponding to any evidence of even a “weak”
relationship in a one-sided test with given sample sizes.51 In discussing results, abnormally high levels of methylation or sample
outliers, are noted. Outliers were identified as values of percent
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Figure 3. Comparison of pyrosequencing results obtained from methylated and non-methylated DNA for nine CpG sites spanning the transcriptional
start site in the tumor suppressor gene RASSF1. (A) Pyrograms of methylated (top) and non-methylated (bottom) HMEC DNA show the nucleotide
dispensation order on the x axis, the signal intensity on the y axis, the sequence being analyzed on the top and the percent methylated (gray columns)
for each of the nine CpG sites. The narrower tan-shaded column at dispensation 18 marks a bisulfite-treatment control; as a non-methylated cytosine
in the genomic DNA (a cytosine not followed by a guanine) will be completely converted to uracil with bisulfite treatment and then replaced with
thymidine during the PCR. The dispensation begins with the addition of enzyme (E) followed by substrate (S) and then the dinucleotides. When no
deviation from the predicted sequence is encountered and the bisulfite-conversion is ≥96% complete, the methylation score (%) is framed in a blue
square at the top of the gray column and considered a perfect call. Small deviations from the expected sequence and/or bisulfite conversions between
92.5 and 95.5% complete are framed in yellow squares and the sequencing results are manually checked before accepting or rejecting the methylation score. Large deviations and/or bisulfite conversions less than 92.5% complete are framed in red squares (none shown) and the methylation score
is rejected. (B) Pyrosequencing results from three separate PCR reactions of bisulfite-modified methylated control DNA (top three lines) and nonmethylated control DNA (bottom three lines).
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Figure 4. Box and whisker plots of percent overall mean methylation for each of the six genes analyzed in epithelial cell DNA isolated from breast milk.
The filled circles represent outliers as defined in the methods. The top whisker represents the highest non-outlier score and the bottom whisker represents the lowest non-outlier score. The top line of the box represents the third quartile, the bottom line of the box the first quartile and the middle line
the median. Samples sizes range between 93 and 102 as shown in Table 1.

Figure 5. Relationship between mother’s age, age at first birth and percent overall mean methylation in RASSF1 epithelial cell DNA isolated from the
breast milk of 102 women. The percent overall mean methylation for RASSF1 in women who first gave birth after they turned 25 years of age is represented as “O” (older at first birth) and the percent overall mean methylation for RASSF1 in women who first gave birth before they turned 25 years of
age is represented as “Y” (younger at first birth).

methylation or overall methylation for a woman >(75th percentile + 1.5*(Interquartile Range)). In any analysis of outliers it
is important to bear in mind that any one outlier may reflect
genuinely abnormal levels of methylation or simple stochastic
measurement error. Hence, association between methylation

www.landesbioscience.com

outliers and other covariates is inferential evidence of an association only if there is an overall association between outliers
and a given covariate and only so far as there is no reason to suspect systematic bias in measurement processes and the covariates analyzed.
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Figure 6. Relationship between mother’s age and percent methylation for each of the nine CpG sites analyzed in RASSF1 epithelial cell DNA isolated
from the breast milk of 102 women.
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