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Abstract

Southern analysis has shown that DNA from 25% of primary estrogen
receptor (ER) a -negative breast tumors displays aberrant methylation at

one site within the ER gene CpG island. To examine more sites and
increase sensitivity, we developed a methylation-specific PCR assay to
map methylation of the entire ER CpG island. The island was unmethy-
lated in normal breast tissue and ER-positive breast cancer cell lines, but
extensively methylated in all ER-negative cell lines and breast tumors
examined. In addition, some of the ER-positive/progesterone receptor-
negative and ER-positive/progesterone receptor-positive tumors (about

70% and 35%, respectively) displayed methylation of the ER CpG island,
suggesting that this heterogeneity within tumor cell populations could
potentially shed light on the etiology of ER-negative recurrent tumors
arising from ER-positive tumors.

Introduction

ER4 and its ligand, estradici, play a significant role in the devel

opment, progression, treatment, and outcome of breast cancer (1).
Approximately two-thirds of breast tumors express the ER gene and
synthesize ER protein as assayed by ligand binding and immunohis-
tochemistry. However, one-third of breast cancers lack ER. These

tumors rarely respond to endocrine therapy and are associated with
poorer histological differentiation, higher growth fraction, and some
what worse clinical outcome. Thus, loss of ER gene expression is a
potential mechanism for hormone resistance.

The ER-negative phenotype could potentially result from homozy-

gous deletion of the ER gene or loss of heterozygosity along with
mutation in the remaining alÃele(reviewed in Ref. 2). However, there
is no evidence for homozygous deletion of the region surrounding the
ER gene on chromosome 6q in human breast cancer, and the fre
quency of ER loss of heterozygosity is not significantly different
between ER-positive and ER-negative breast cancers. In addition, no

significant alterations such as insertions, deletions, rearrangements, or
point mutations within the ER gene have been reported that would
explain the loss of ER function in ER-negative breast cancers (2).

Loss of gene transcription in the absence of mutations could be
explained by epigenetic modifications. One such mechanism that
may block transcription of a gene is methylation of cytosine-
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methylation-specific PCR.

guanine rich areas, termed CpG islands, which are located in the 5'

regulatory region of some genes (3). CpG island methylation
results in transcriptional silencing of the associated gene, either
through direct effects or via a change in chromatin conformation
which inhibits transcription (4). In normal somatic cells, CpG
islands are usually unmethylated except for genes on the inactive
X chromosome and some imprinted genes (5). In contrast, cancer
cells often display anomalous patterns of DNA methylation, with
site specific hypermethylation in CpG islands and hypomethylation
of bulk genomic DNA (reviewed in Refs. 6 and 7).

Loss of ER gene transcription by ER gene CpG island methylation
is the only mechanism described thus far that accounts for loss of ER
gene expression in a significant fraction of human breast cancer cell
lines and tumors (8, 9). DNA from human ER-negative breast cancer

cell lines is highly methylated at the ER gene CpG island as deter
mined by Southern analysis (8). Upon treatment with the demethyl-
ating agent, 5-aza-2'-deoxycytidine, the ER gene CpG island was

demethylated, resulting in re-expression of a functional ER (10). In
addition, DNA from a significant fraction of ER-negative human
breast cancers, but not ER-positive cancers or normal tissues, is

methylated at the Non site within the ER gene CpG island (9).
Because Southern analysis using methylation-sensitive restriction

enzymes is limited to examination of CpG dinucleotides within re
striction sites and also requires relatively large quantities of high
molecular weight DNA, we wished to develop a sensitive assay that
would allow us to examine multiple sites across the ER CpG island
with higher sensitivity. We, therefore, adapted a new technique known
as MSP for analysis of the ER gene. MSP involves modification of
DNA by sodium bisulfite, converting all unmethylated, but not meth
ylated, cytosines to uracil, and subsequent amplification with primers
specific for methylated versus unmethylated DNA (11). This method
allows rapid analysis of essentially any group of CpG sites, can be
performed on relatively small amounts of DNA from fixed or frozen
tissue, and is sensitive to 0.1 % methylated alÃelesof a given locus.
Using MSP, we have mapped the entire CpG island of the ER gene to
determine the extent of DNA methylation in normal breast, human
breast cancer cell lines, and human breast tumors of defined ER
protein expression.

Materials and Methods

Cell Lines. Human breast cancer cell lines (MCF-7/WT, MCF-7/Adr,
ZR-75-1, T47D. Hs578t, MDA-MB-231, MDA-MB-435. and MDA-MB-468)

were acquired and routinely maintained as described previously (8).
Tissue Samples. Reduction mammoplasty specimens and two ER-nega-

tive/PR-negative breast cancer mÃ©tastaseswere obtained from the Department
of Medicine at Northwestern University Medical School. DNA from ER-
positive/PR-positive, ER-positive/PR-negative. and ER-negative/PR-negative

human breast cancers were obtained from the Department of Pathology at
Vanderbilt University Hospital. Hormone receptor status was analyzed by both
biochemical hormone-binding assay and ER Â¡mmunohistochemical assay. Re-
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ceptor negativity was defined as less than 3 fmol/mg protein and negative
immunohistochemistry. Tissues derived from reduction mammoplasty were
enriched for epithelial cells by digestion with collagenase and hyaluronidase
followed by filtration and centrifugation to obtain an organoid preparation
(12).

DNA Isolation. DNA was isolated from various tissues and cell lines by
solubilization in a SDS/proteinase K solution, followed by phenol/chloroform
extractions and ethanol precipitation. DNA concentration was quantified by
determination of OD;6(>, and the integrity of DNA was verified on a 1%

agarose gel.
MSP. DNA ( 1 /^g) was bisulfite modified as described previously (11) and

stored at â€”70Â°C.Primer pairs for PCR amplification were purchased from

BRL Life Technologies (Gaithersburg. MD). The PCR reaction contained
I X PCR buffer |16.6 mM ammonium sulfate, 67 mM Tris-HCl (pH 8.8), 6.7
mM MgCl-,. and 10 mM ÃŸ-mercaptoethanol], dNTPs (BM, each at 1.25 mM).
primers (150 ng/reaction each), and bisulfite-modified DNA (â€”100 ng) or

unmodified DNA (100 ng) in a final volume of 25 jul. Reactions were hot
started at 95Â°Cfor 5 min before the addition of 0.63 units of TacÂ¡polymerase

(BRL Life Technologies). PCR was carried out for a specific number of cycles,
as listed in Table 1, for 30 s at 95Â°C,30 s at annealing temperature also listed
in Table 1, and 30 s at 72Â°C,followed by a final 10 min extension at 72Â°C.

Total reaction ( 10 ju.1)was run on a 3% TBE/agarose gel. stained with cthidium
bromide, and visualized by UV light. Controls lacking DNA were included
with each set of PCR reactions. Control reactions with untreated DNA dem
onstrated that PCR products were obtained only from bisulfite-treated DNA.

continuing that our data did not contain any false positive results due to
incomplete bisulfite treatment (data not shown). Results for a given DNA
sample were found to be highly reproducible by performing multiple replicate
analyses on many samples. Samples producing unexpected results (e.g.. highly
methylated ER+/PR+ tumors) were always re-analyzed to confirm results.

Eagle Eye technology (Stratagene) and standard graphic software packages
were used to prepare figures.

Statistical Analysis of Primary Tumor Data. Any tumor sample that
produced a PCR product in the methylated reaction visible by ethidium
bromide staining was considered positive for CpG methylation. However, to
distinguish between weak positive signals, which are indicative of methylalion
in only a small percentage of cells, and stronger bands, which reflect a larger
percentage of methylation positive cells, the relative intensity of the DNA
products from the methylated PCR reactions were scored by four individuals.
Reactions deemed to be negative were assigned a value of 0, whereas positive
bands were scored on a scale of 1-3, with 1 being weak and 3 being strongly

positive. The mean values of the four independent methylation scores are listed
in Table 3. For each primer set, ANOVA (ANOVA. Statview 4.02) was used
to determine whether there was a significant effect of receptor status on tumor

methylation score (Table 4). In addition, a total methylation score for all six
primer sets was calculated for each tumor, and the results were assessed by
ANOVA. Significance was set at P <0.05. Individual comparisons among
tumor sets grouped by receptor status (e.g., ER+/PR + versus ER+/PR-
versus ER-/PR- ) were tested for significant differences by Fisher's Protected

Least Significant Difference analysis. We also examined the data for statisti
cally significant correlations between methylation score and patient age or
quantitative measures of tumor ER levels.

Results and Discussion

MSP is a sensitive technique designed to analyze methylation of
CpG dinucleotides within islands and has been used to detect aberrant
methylation of four genes (pl6, pl5, VHL, and E-cadherin) in human

cancers (11). Although the method cannot be used to determine the
methylation status of individual CpG dinucleotides, it is quite useful
for mapping the important regions of methylation in CpG islands.
Using this technique, we mapped the methylation status of the entire
ER CpG island from normal breast epithelial cells, human breast
cancer cell lines, and primary breast cancers. We designed six primer
sets encompassing 29 CpGs across the ER gene CpG island. The
primers were modeled on bisulfite-modified DNA, and two pairs

(methylated and unmethylated) were defined for each 100 to 150 bp
area (Fig 1/4; Table 1). MSP distinguishes between methylated and
unmethylated cytosines of bisulfite-treated DNA, with the CpGs in the
3' region of the primers being the most influential for primer speci

ficity. Because we have previously studied some of the methylation-

sensitive restriction sites of this region in the same cell lines and
tumor set by Southern analysis, we can now directly compare the
current MSP data with previously reported Southern analysis results
(8, 9).

We first investigated the methylation status of DNA from five
normal human breast samples. The five DNA samples were unmethy
lated at all six primer sites tested (Fig IÃŸ;Table 2). This result was
expected for two reasons. First, CpG islands are usually unmethylated
in DNA from normal tissues. Second, we have shown previously by
Southern analysis that these same samples were unmethylated at a
single restriction site, Noti, within the ER CpG island (9). These MSP
data suggest that the entire ER gene CpG island is unmethylated in
normal breast epithelia.

DNA from three ER-positive breast cancer cell lines (MCF-7/WT,

Table 1 UnmelhylaÃ®rd(w) tinti meÃhyktÃed(m) printer .vc/.vutilized inER-MSPNameERI

uERI

mER2uER2mER3uER3

mER4u1ÃŒR4

mER5

uER5

mER6uER6

mSize

(bp)192192164190120130158151120118134131Sites"+44+

236+

169+333+

225+
345+

310+468+

375+495+

395+529Anneal

T(Â°C)595955585555555555556060CycleNo.313131313131313131313333Primer pairsequences5
' -TTTTGGGATTGTATTTGTTTTTGTTG- 3'5

' - AAACAAAATACAAACCATATCCCCA- 3'5

' -TTTTGGGATTGTATTTGTTTTCGTC- 3'5

' -AACAAAATACAAACCGTATCCCCG- 3'5

' - AGTTGTATTTGTTTTGTTGGGTTGTT - 3'5

' - AAAACAAAAAACTCAAAAACCAACA- 3'5

' - AGGAGTTGGCGGAGGGCGTTC- 3'5
' - AAACAAAAAACTCAAAAACCGACG- 3'5

' - GGATATGGTTTGTATTTTGTTTGT - 3'5

' - ACAAACAATTCAAAAACTCCAACT- 3'5

' - GATACGGTTTGTATTTTGTTCGC - 3'5

' -CGAACGATTCAAAAACTCCAACT- 3'5

' - ATGAGTTGGAGTTTTTGAATTGTTT - 3'5

' - ATAAACCTACACATTAACAACAACCA- 3'5

' -CGAGTTGGAGTTTTTGAATCGTTC- 3'5
' -CTACGCGTTAACGACGACCG- 3'5

' -GGTGTATTTGGATAGTAGTAAGTTTGT- 3'5

' -CCATAAAAAAAACCAATCTAACCA- 3'5

' -GTGTATTTGGATAGTAGTAAGTTCGTC - 3'5

' -CGTAAAAAAAACCGATCTAACCG- 3'5

' -TTGTGTATAATTATTTTGAGGGTG- 3'5

' -CCAAACCATTAAAACCAAACACCA- 3'5

' -TGTATAATTATTTCGAGGGCGTC - 3'5

'- AAACCGTTAAAACCGAACGCCG- 3 '

" Relative to transcription start.
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Fig. I. MSP of the ER gene CpG island. A. map of the ER gene CpG island adapted
from Refs. 8, 21, and 22. Location and sizes of six primer pairs, the methylation sensitive
restriction sites Noll and Sacll, and the transcription (â€”>)and translation (ATG) start sites

are shown. B, MSP analysis of the ER gene in representative normal human breast
epithelia, and human ER-positive and ER-negative breast cancer cell lines. Primer sets are
identified by number (ER1-ER6) and are designated as unmethylated (u) or methylated
(m). MCF-7 and T47D are ER-positive; 231 = MDA-MB-231, Hs5 = Hs578t, both
ER-negative.

T47D, and ZR-75-1) was also completely unmethylated at all loci

targeted by the six primer sets (Table 2; two representative lines in Fig
IÃŸ).These data are in accord with results from a previous study that
showed no methylation of the ER gene CpG island in the same
ER-positive breast cancer cell lines when examined by methylation-

sensitive restriction endonucleases and Southern analysis (8).
In contrast, DNA from five ER-negative breast cancer cell lines

(MDA-MB-231, Hs578t, MDA-MB-435, MDA-MB-468, and MCF-

7/Adr) was extensively methylated within the ER gene CpG island
(Table 2). The MSP results for two representative ER-negative cell
lines (MDA-MB-231 and Hs578t) are shown (Fig 10). When assayed

by Southern analysis, DNA from these cell lines displayed partial or
complete methylation (8) and this variation also was evident when the
DNA was examined by MSP in that PCR products were often ob
served in both the unmethylated and methylated reactions. Thus, the
MSP data correlate well with the previously published Southern
analysis data (8).

To confirm that ER CpG island methylation could also be detected
by MSP in primary human breast cancers, we assayed DNA from a
panel of 22 ER-positive and 11 ER-negative primary breast cancers.
Half of the ER-positive tumors were also PR-positive, whereas all of
the ER-negative tumors were PR-negative. Two ERâ€”/PRâ€”metastatic

tumors were also examined. Interpretation of the results obtained with
the tumor samples was more complex than for the established cell
lines, as would be expected given the heterogeneous cell populations

within a tumor. Although PCR products were more frequently ob
served in the methylated reactions of ER-negative tumors, all 35
tumors examined (both ER+ and ERâ€”)showed at least some degree

of methylation at one or more primer sites (Fig. 2). We, therefore,
made a distinction between weak positive results in the methylated
reactions which are indicative of methylation in only a small percent
age of cells, and stronger bands, which reflect a larger percentage of
methylation positive cells (11) by using a semiquantitative scoring
system similar to that commonly used to interpret results for methods
such as immunohistochemistry or in situ hybridization. Four individ
uals scored the intensity (0-3) of the bands from the six primer sets

for all 35 tumors, and the mean values of those scores are shown in
Table 3. The mean variance among individual scores for a given
reaction was 0.197. No significant correlation between methylation
scores and patient age or quantitative measures of ER levels (hor
mone-binding assay) was observed. The data were then grouped into
three sets based on receptor status (ER+/PR + . ER+/PR-, ER-/
PRâ€”) and a mean methylation score was calculated for the three

tumor types at each of the primer sites (Table 4). ANOVA was used
to determine whether receptor status had a statistically significant
effect on methylation score (Table 4).

As shown in Table 4, the mean methylation score for four individ
ual primer sets (ERI, ER3, ER4, and ER5), as well as the total
methylation score (sum for all six primers), was significantly related
to receptor status (P <0.05). In each case, the lowest mean methyl
ation scores were observed in ER+/PR+ tumors, the highest score
was associated with ERâ€”/PRâ€”tumors, and an intermediate score was
observed for ER+/PR- tumors. The mean methylation scores for

ER2 and ER6 also followed this trend, but the differences among the
three tumor groups were not statistically significant for these two
primer sites. In the case of ER2, the scores were relatively low for all
three tumor groups compared with the values obtained for the other
primer sets. These results may perhaps be explained by the fact that
the relative CpG density is lower in the vicinity of the ER2 primers
than in other regions in the island (Fig. 1), suggesting that this region
may be relatively unimportant for silencing the ER gene. In support of
this hypothesis, it is interesting to note that the ER2 locus was also
completely unmethylated in one of the ER-negative cell lines exam
ined (MDA-MB-435; Table 2), suggesting that methylation ofthat site

is not required for ER gene silencing. In contrast, mean scores for ER6
were relatively high for all three tumor types. Even ER+/PR+ tumors
had a mean score of 1.27, suggesting that CpG methylation in this
region does not have a dramatic impact on ER gene expression. To
further test that hypothesis, we examined the extent of ER CpG island
demethylation in the ER-negative MDA-MB-231 cells after 5-aza-2'-

deoxycytidine treatment using MSP. Significant CpG demethylation
was observed for ER1-5, but no evidence of demethylation could be

detected at the ER6 locus (data not shown). Because these treated cells

Table 2 ER gene CpG island methylation status of human breast cancer cell lines

SourceNormal

breastepitheliaER-positive
celllinesMCF-7T47DZR-75-1ER-negative

celllinesMDA-MB-231Hs578tMDA-MB-435MDA-MB-468MCF-7/AdrERIIT*uuuMMU

+MMMER2UUuuMMUU
+MMER3UUUUMU

+MU
+MU
+MU
+ MER4UUuuMMMU

+MU
+ MER5UUUuMMU

+MU
+MU+MER6UUUUMMMU+MU

+ M
" Representative of five normal breast epithelia samples.
*U, unmelhylated; M, methylated: U + M, heterogeneous, both unmethylaled and

methylated PCR products.
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ER+/PR+

u m u m

Fig. 2. MSP analysis of (he ER CpG island in
human breast cancers. Two representative ER-pos-
itive/PR-positive. ER-posilive/PR-negative and
ER-ncgative/PR-negalive primary breast cancers
are shown. Primer sets are identified as ERI
through ER6 and are designated as unmelhylated
(u) or methylated (m).

ERI

ER2

ER3

ER4

ER5

ER6

ER+/PR-

in u in

ER-/PR-

do in fact express ER (10). the results confirm that methylation at the
ER6 locus is not sufficient to inhibit ER transcription.

Although the exact mechanism by which methylation inhibits gene
expression is not known, it is well-documented that transcriptional

silencing by CpG island methylation is tightly linked to the density of
inethyl-cytosine (4, 13, 14). Given that fact, it is assumed that the low

level of methylation observed for many of the tumors in Table 3
probably does not have a significant impact on ER gene expression.

By defining a total methylation score of 3 (representative of a minimal
positive score of 1 for at least half the sites examined) as a threshold
for elevated CpG density, the percentage of tumors displaying sub
stantial methylation can be calculated for each tumor set defined by
receptor status. Using this criteria, all ER-/PR- tumors examined

(13 of 13, both primary and metastatic) were extensively methylated
(indicated by bold type in the total score column in Table 3). For
ER+/PR- tumors, about 70% (8 of 11) of the tumors had a total

Table 3 Data sitmtmiry on human breast lutnora
A mean of four independent melhylation scores (0-3) for ER1-ER6 is shown for each tumor.

Tumor No. Patienl Age ER/PR (fmol/mg)ERIER2ER3ER4ER5ER6Total Score"Southernresults''Primary

breasttumors12345ft789II)II1213141415If,1718W202122232425262728293031328546837047664676807474ho49666256576567675662566448526652865740(,')37119/140123/1481069/116260/103100/83422/154105/149448/191550/500799/492376/45398/<382/<3303/<381/<3224/<3369/<3916/<3726/<3183/<3211/<3476/<3<3/<3<3/<3<3/<3<3/<3<3/<3<3/<3<3/<3<3/<3<3/<3<3/<3<3/<30.300201.300000.911200â€¢01.51.51.81.822.31.50.30.30.81.32.3131.81001.310â€¢0â€¢â€¢001210.80001.321->100.3110002.310001.30.91000011.511.800.8000.90.91.31.32.31221.410112.81.810.3010.41.310.300110.51.8000.30.71.31.621.32.701.821.311.51.91.52.71.50001.301.30000.90.91110.70.310.31.81.81.521.711.321.71.30.51.30.72.720.31.32.32.51.51.8â€¢01.51.501.51.52.312.3111.322222.322.30.71.31.81.820.71.82.61.62.39.4e3.86.710.31.52.43.86610.92.74.22.326.89.110.69.412.77.68.68.96.46.45.1UCJ14.29.9uuu.'uuuuuuuuuuuuuuuuuuuuummuuuummMetastatic

breasttumors12<3/<3<3/<31.730.3221.71.72.3333311.715mm"

Sum of scores forER1-ER6.u,

unmethylated:m.'
Bold type indicatesmethylated;

at theNoi\ site as previouslydetermined(Ref.9).total
methylation score>3.''

Uninformative results.2518
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Table 4 ANOVA im the scaring data found in Table 3

For each primer set. a mean methylation score was calculated for the 3 primary tumor
types (ER-H/PR + , ER+/PR-, ER-/PR-).

Mean methylation score

PrimersetERIER2ER3ER4ER5ER6Total

methylationER+/PR

+0.410.410380.570.401.273.22ER+/PR-1.100.830.860.961.131.636.36ER-/PR-1.510.781.481.631.471.708.57P(ANOVA)0.010"0.4450.002"0.003"0.0007"0.310.0008Â°

" Bold type indicates a significant effect of receptor status on mean methylation score

for the given primer set (/> < 0.05).

methylation score greater than 3, whereas 35% of ER+/PR+ tumors
(4 of 11) were substantially methylated across the CpG island.

The fact that a sizeable fraction of the ER+/PR+ tumors showed
extensive ER gene methylation may be initially surprising, but it is
well-known that the cell populations within breast tumors can be quite

heterogeneous (15, 16). Only about 60% of primary tumors that are
ER-positive at the time of diagnosis respond to hormonal therapy, and
many ER-positive cancers that initially respond to tamoxifen ulti
mately progress to a more aggressive hormone-independent pheno-
type (1, 17, 18). Recent work has demonstrated that up to one-third of
recurrent tumors associated with initially ER-positive primary tumors
in fact lack ER expression (19). Because about one-third of the

ER+/PR+ tumors showed extensive methylation of the ER CpG
island, our results raise the possibility that ER gene methylation in
ER+/PR+ tumors could perhaps be a predictor for recurrence as an
ER-metastatic tumor and/or development of resistance to endocrine

therapy. Additional studies will be needed to address this question.
The reason for the high incidence of extensive methylation in the

ER+/PRâ€” tumors is not clear. Because the PR gene is a major
transcriptional target of ER, the ER+/PR- phenotype may be indic

ative of a nonfunctional or aberrantly functioning estrogen receptor. If
the ER expressed by these tumor cells is no longer necessary for cell
growth or survival, then there may be a selection for epigenetic
silencing of the ER gene. It has been hypothesized that the ER gene
may actually function as a tumor suppressor gene, because re-expres
sion of ER in ER-negative breast cancer cells via transfection with an
ER expression construct results in diminished cell growth and tumor-

igenicity (20). Such a premise would suggest that loss of ER function
and expression may be an important step in the progression of some
breast tumors. It would, therefore, be of interest to examine individual
cells within tumors for both receptor status and ER CpG island
methylation. Such studies await a more directed in situ methylation
analysis. The highly methylated ER+/PR- tumors may contain at

least two cell populations, one of which would be characterized by ER
expression and relatively lower levels of ER gene methylation, and
another population that would lack ER expression and display higher
levels of ER gene methylation. A similar phenotype would be ex
pected in the ER+/PR+ tumors that display substantial ER gene
methylation by the standard MSP method.

In summary, our results indicate that the most important regions of
the ER CpG island with respect to ER expression are those sequences
targeted by the primers sets ERI, ER3, ER4, and ER5. Those primer
sets will, therefore, be used for future analyses. MSP analysis has
distinct advantages over Southern analysis in detecting ER CpG island
methylation within the heterogeneous cell populations in breast tu
mors. The six tumors in which methylation could be detected at the
Noti site by Southern analysis were also found to be extensively

methylated across the CpG island by MSP analysis (Table 3). In
addition, 17 tumors that were negative by Southern analysis at a single
restriction site were positive by MSP (total methylation score >3).
The most intriguing finding of this study was that many ER-positive

breast tumors showed evidence of ER gene methylation. In contrast,
the established ER-positive cell lines, which display much more

homogeneous expression of ER compared with primary tumors, did
not show signs of ER gene methylation. Thus, the heterogeneous ER
expression previously described in human breast cancer may be
explained by our finding of ER gene CpG island methylation in many
of the ER-positive tumors. Furthermore, this heterogeneity in ER gene
methylation may play a role in the development of ER-negative
recurrent tumors arising from ER-positive tumors.
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