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Abstract. Background: Methylation-mediated suppression of detoxification, DNA repair and tumor suppressor genes has been
implicated in cancer development. This study was designed to investigate the impact of concurrent methylation of multiple genes
in breast tumors on disease prognosis.
Methods: Methylation specific PCR was carried out to analyze the methylation status of seven genes in archived breast tissues
and determine the effect of aberrant methylation of multiple genes on disease prognosis and patients’ survival.
Results: Promoter hypermethylation was observed in PRB 67%, ERα 64%, RASSF1A 63%, p16INK4A 51%, RARβ2 22%,
GSTP1 25% and BRCA1 27% of the breast cancers, respectively. Concurrent methylation of BRCA1, ERα, GSTP1 and RARβ2,
was observed in a large proportion of breast cancers analyzed, suggesting that these genes do not appear to be methylated alone.
Patients with high methylation indices had poor prognosis (p < 0.001, Hazards ratio = 14.58). Cox regression analysis showed
RARβ2 promoter methylation to be an independent important determinant of breast cancer prognosis.
Conclusion: Our results suggest that methylation of multiple genes plays an important role in prognosis of breast cancer. Our
study not only describes the association of methylation mediated silencing of multiple genes with the severity of disease, but also
drives to speculate the molecular crosstalk between genes or genetic pathways regulated by them individually.
Keywords: Breast cancer, methylation, prognosis, RARβ, GSTP1, BRCA1

1. Introduction
Breast cancer is the most commonly prevailing malignant disease in women, and tumor recurrence is
responsible for the majority of cancer-related deaths.
The prognoses of the extensively heterogeneous breast
tumors are very different. The 10-year distant recurrence rate is less in lymph node negative and ERαpositive patients even without adjuvant chemotherapy
* Corresponding author: Ranju Ralhan, Joseph and Mildred Sonshine Family Centre for Head and Neck Diseases, Mount Sinai
Hospital, Joseph and Wolf Lebovic Health Complex, 600 University Avenue, Room 6-500, Toronto, ON, Canada M5G 1X5.
Tel.: +1 416 586 4800 × 6426; Fax: +1 416 586 8628; E-mails:
rralhan@mtsinai.on.ca; ralhanr@gmail.com.

[22]; in contrast, a significant proportion of patients
have poor prognosis and will develop recurrence even
if given adjuvant chemotherapy [22]. This necessitates
a need for more sensitive and specific prognostic indicators. The clinical and biological significance of
molecular alterations in breast cancer are under intense investigation [1,21,25,31,35,39,45,50,52]. To ensure better characterization and treatment of breast
tumors, new approaches are needed to complement
the classical clinicopathological analysis. In particular,
tools that exploit the most recent molecular biology
knowledge and technological advances are required to
overcome this challenge.
Aberrant DNA methylation is now recognized as
one of the most common molecular abnormalities in
cancer (reviewed in [13] and references therein). This
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epigenetic modification occurs at the cytosines of CpG
dinucleotides, which often exist in clusters called CpG
islands. Methylation of these sites in the promoter region of a gene can result in chromatin condensation
and gene silencing. In cancer cells, aberrant methylation has frequently been reported in tumor suppressor
genes, DNA repair genes, and genes related to cancer
metastasis and invasion [13]. The silencing of these
functionally important genes leads to a shift of cells
from a normal cellular cycle to a state of high proliferation that favors tumor development and progression
[12,14,38]. It has been observed that promoter methylation of specific genes in cancer occurs in both tissuespecific and cell specific manner, making the identification of methylation patterns a potentially useful tool
for cancer management [8]. This may be especially important for patients with breast cancer, because early
detection and accurate prediction of disease prognosis can improve survival. We and others have detected
DNA methylation in different biological materials such
as tissue biopsy specimens, serum, nipple aspirates and
other body fluids and shown the potential of DNA hypermethylation in early detection and disease management [3,20,34,36].
Recent research has focused on identification of
groups of genes with consistent, concurrent methylation (methylator profiles or phenotypes) in cancers of
different organ sites including colorectal [51], cervical
[18], ovarian [54] and breast [17] cancers. However,
there remains a great deal of uncertainty regarding
the presence and classification of these methylator
phenotypes, due to the relatively small number of
genes analyzed and differences in selection of genes
and analytical methods in various studies. What remains particularly unclear is which genes should be
used to identify a methylator phenotype that best describes the process of either tumorigenesis or progression in a tissue-specific manner. Genes that are aberrantly methylated in specific tumors may be treated
as potential molecular signatures for tumor diagnosis and prognosis. Specific DNA methylation signatures vary in different cancers, as almost all tumorsuppressing genes are involved at different stages of all
cancers [7,11]. The pathological features of breast cancer follow a sequential progression from transition of a
normal cell to benign proliferative hyperplasia, hyperplasia with atypia, in situ carcinoma and, eventually, to
invasive and metastatic disease [6]. However, the timecourse of epigenetic alterations during this progression
is little understood. Thus, there is an urgent need for
stage specific evaluation of different cancers [37].

In the current study, we analyzed 101 breast cancer patients with invasive ductal carcinoma for concurrent methylation of a panel of 7 genes known
to be important in development and progression of
breast cancer: estrogen receptor-α (ERα), progesterone receptor B (PRB), Retinoic acid receptor β2
(RARβ2), p16INK4A, Breast cancer gene 1 (BRCA1),
Rass Associated Family 1 A (RASSF1A) glutathione
S-transferase P 1 (GSTP1). Suppression of ERα, PRB,
RARβ2, p16INK4A, BRCA1, RASSF1A expression by
methylation has been reported in several malignancies,
including breast cancer using freshly collected breast
tumors in prospective studies by our laboratory and
others [4,5,34,43,44]. The present retrospective study
was undertaken to determine the prognostic potential
of these genes individually and in a panel. Further, in
view of the high proportion of triple negative breast
cancers in Indian women we determined the correlation of methylation of this panel of genes with expression of estrogen receptor α(ERα), progesterone receptor (PR) and Her2/neu.

2. Materials and methods
2.1. Study population
This study was approved by the Human Ethics
Committee of All India Institute of Medical Sciences
(AIIMS), New Delhi, India. In this retrospective study,
101 breast cancer patients, who underwent definitive
surgical resection in the Department of Surgical Disciplines, AIIMS, between May 1996 and December
2005, and for whom the tissue blocks as well as follow
up data were available in the breast cancer follow up
clinic data bank were included. All available paraffin
blocks were reviewed by a pathologist and were histologically confirmed to be invasive ductal breast carcinomas. No patient had received chemotherapy and/or
hormonal therapy prior to surgery. After completion of
the primary treatment the patients underwent physical
examination, blood test and chest X-ray examination
every 3 months for 2 years post-operatively and subsequently every 6 months. Overall survival (OS) is defined as the time from the date of surgery to the date
of death or last contact if the patient was still alive and
ranged from 0.83 months to 131.3 months (median,
33.6 months). Disease free survival (DFS) is defined as
the time from the date of surgery to the date of local
recurrence or metastasis; ranged from 0.33 months to
131.3 months (median, 36.05 months).
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2.2. DNA extraction from paraffin embedded tissues

2.4. Immunohistochemistry

Formalin-fixed, paraffin embedded tissue blocks
were cut into 10 µm thick tissue sections. Serial tissue sections from each paraffin block were placed on
slides prior to DNA extraction and stained with H&E
and sections which showed 75–80% tumor cells were
collected in 15 ml centrifuge tubes, deparaffinized
overnight at 63◦ C in xylene, and vortexed vigorously.
Supernatants were removed by centrifugation; ethanol
was added to remove the residual xylene, and centrifuged. After ethanol evaporation, tissue pellets were
resuspended in lysis buffer ATL (DNeasy Tissue Kit,
Qiagen, Hilden, Germany) and the genomic DNA was
isolated using a DNeasy Tissue kit according to the
manufacturer’s instruction.

Monoclonal antibodies were purchased against PR
(A0098) from Dako Cytomation (Glostrup, Denmark)
and ERα (sc-8005), Her2/neu (sc-08) and p53 (sc-126)
from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Immunohistochemical analysis was carried out using paraffin embedded tissue sections as described by us [43]. Briefly, tissue sections were deparaffinized in xylene, hydrated and incubated with
0.3% (v/v) H2 O2 in methanol for 45 min, to inactivate
the endogenous peroxidases. Antigen was retrieved
by microwave treatment for 15 min in 0.01 M citrate buffer (pH 6.0), sections were incubated with primary antibody (1:50 dilution) at 4◦ C overnight. Thereafter, sections were incubated with biotinylated antimouse anti-serum and subsequently with horse-radish
peroxidase-streptavidin conjugate (Dako Cytomation,
Glostrup, Denmark), followed by color development
using 3,3 -diaminobenzidine hydrochloride (DAB) as
chromogen, counterstained with Mayer’s hematoxylin
and mounted for evaluation using microscope (NIKON
microphot-FXA, Japan). In the negative control, primary antibody was replaced by isotype-specific IgG.
In case of ERα, PR and p53 only nuclear staining was
considered as immunopositive. The slides were scored
as follows: negative, <10% tumor cells showing immunoreactivity; positive, >10% tumors cells showing
with nuclear immunoreactivity were considered [40].
For Her2/neu protein expression, membrane immunostaining was considered as positive. The slides were
scored following the criteria: no staining or membrane
staining in fewer than 10% of tumor cells, 0; faint,
barely perceptible membrane staining in more than
10% of tumor cells, the cells are stained only in part
of the membrane, 1+; weak to moderate membranous
staining observed in more than 10% of tumor cells, 2+;
and strong membranous staining in more than 10% of
tumor cells, 3+ [41].

2.3. Methylation-specific PCR
The methylation status of the promoter region of
RASSF1A, p16INK4A, RARβ2, GSTP1, ERα, BRCA1
and PRB genes was determined by methylation-specific PCR, as described by Herman et al. [23]. Two
sets of primers were designed for each gene, one
specific for DNA methylated at the promoter region and the other specific for unmethylated DNA.
Primer sequences and annealing temperatures for the
methylation-specific PCR of these 7 genes are given
in Supplementary Table 1 (see: http://www.qub.ac.uk/
isco/JCO) and were previously published [15,16,23,
27,42,53] and used in our earlier studies [5,34,43,44].
Briefly, 1 µg of genomic DNA was denatured by incubation with 0.2 mol/l NaOH for 10 min at 37◦ C.
Aliquots of 3 mol/l sodium bisulfite (pH 5.0) and 10
mmol/l of hydroquinone (both from Sigma Chemical,
Co., St. Louis, MO, USA) were then added, and the
solution was incubated at 50◦ C for 16 h. The modified DNA was purified using Wizard DNA purification
system (Promega Corp., Madison, WI, USA), followed
by ethanol precipitation. Modified DNA was stored in
aliquots at –20◦ C until required. For positive and negative controls of the MSP, a breast cancer cell line
(MCF-7, MDA-MB-231, MDA-MB-157 and T47D)
or tumor with known hypermethylation as a positive
control, normal lymphocyte and normal breast tissue
DNA as negative controls and water with no DNA template as a control for contamination were included in
each experiment. After amplification, each PCR product was electrophoresed using a 2–2.5% agarose gel,
stained with ethidium bromide and visualized under
UV illumination.

2.5. Statistical analysis
Associations between clinical and pathologic characteristics and individual gene promoter methylation
status were examined by Chi-square tests. To examine
the combined effect of methylation of multiple gene
promoters, methylation index (MI = total number
of genes methylated/total number of genes analyzed)
was calculated. This index was further divided into
4 categories (0/7–1/7 (reference), 2/7–3/7, 4/7–5/7,
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<0.05 was considered as statistically significant. All of
the statistical analyses were performed using SAS software (version 9.12; SAS Institute, Cary, NC, USA).

6/7–7/7) based on total number of gene methylation
in Cox regression models.
Disease free survival (DFS) and overall survival
(OS) curves were calculated with the Kaplan–Meier
method. Univariate Cox regression models were used
to compute hazard ratios for DFS and OS, 95% confidence intervals and p-values for gene methylation
and clinicopathological characteristics. In terms of adjusting the effect of several clinicopathological characteristics, the multiple Cox regression models were
used by adding these indicators to the univariate Cox
regression models. The multiple Cox regression with
backward selection was also used to select important
effects for DFS as well as OS among gene methylation and clinicopathological characteristics. A p-value

3. Results
Promoter methylation of 7 genes (RASSF1A,
p16INK4A, RARβ2, GSTP1, BRCA1, ERα and PRB)
was evaluated in 101 patients with invasive ductal
breast carcinoma. Figure 1a and b shows representative
methylation status of RASSF1A, p16INK4A, RARβ2,
GSTP1, ERα, BRCA1 and PRB in invasive ductal
breast carcinomas. Promoter methylation occurred frequently in PRB, ERα, RASSF1A and p16INK4A in

(a)
Fig. 1. (a) MSP analysis of ERα, PRB, BRCA1 and RARβ2 genes in archival breast tumors. (i) ERα panel viewed from left to right shows a
50-bp ladder as molecular weight marker, a water control for contamination in the PCR reaction, patient 1 shows presence of methylated DNA
in tumor, patient 2 shows presence of both methylated and unmethylated DNA. Breast cancer cell line MDA-231 used as a positive control
shows methylated DNA. MCF-7 used as a positive control for unmethylated DNA, normal breast tissue used also shows unmethylated DNA. (ii)
PRB panel viewed from left to right shows a 50-bp ladder as molecular weight marker, a water control for contamination in the PCR reaction,
patient 1 methylated DNA is detected in tumor, patient 2 shows presence of both methylated and unmethylated DNA. Breast cancer cell line
MDA-231 used as a positive control shows methylated DNA. T47D used as a positive control for unmethylated DNA, normal breast tissue
used also shows unmethylated DNA. (iii) BRCA1 panel viewed from left to right shows a 50-bp ladder as molecular weight marker, a water
control for contamination in the PCR reaction, patient 1 methylated DNA is detected in tumor, patient 2 shows presence of unmethylated DNA
in tumor. Breast cancer cell line MCF7 used as a positive control shows unmethylated DNA whereas Sss1 treated PBMC cells were used as
a positive control for methylated DNA, normal breast tissue used also shows unmethylated DNA. (iv) RARβ2 panel viewed from left to right
shows a 50-bp ladder as molecular weight marker, a water control for contamination in the PCR reaction, patient 1 shows presence of methylated
and unmethylated DNA in tumor, patient 2 shows presence of unmethylated DNA detected in tumor. PBMC used as a positive control shows
unmethylated DNA.MDA-231 used as a positive control for methylated DNA, normal breast tissue also shows unmethylated DNA.
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(b)
Fig. 1. (Continued.) (b) MSP analysis of RASSF1A, GSTP1 and p16INK4A. (v) RASSF1A panel viewed from left to right shows a 50-bp ladder as
molecular weight marker, a water control for contamination in the PCR reaction, patient 1 shows presence of methylated DNA in tumor, patient 2
also shows presence of methylated DNA detected in tumor. Breast cancer cell line MCF7 used as a positive control shows methylated DNA.
PBMC was used as a positive control for unmethylated DNA, normal breast tissue also shows unmethylated DNA. (vi) GSTP1 panel viewed from
left to right shows a 50-bp ladder as molecular weight marker, a water control for contamination in the PCR reaction, patient 1 unmethylated
DNA is detected in tumor, patient 2 shows presence of methylated DNA in tumor. PBMC used as a positive control shows unmethylated DNA.
Whereas Sss1 treated PBMC cells were used a positive control for methylated DNA, normal breast tissue used as shows unmethylated DNA.
(vii) p16INK4A panel viewed from left to right shows a 50-bp ladder as molecular weight marker, a water control for contamination in the PCR
reaction, patient 1 shows presence methylated DNA in tumor, patient 2 also shows presence of methylated DNA detected in tumor.

67%, 64%, 63% and 51% of breast cancers, respectively (Table 1). BRCA1, GSTP1 and RARβ2 showed
methylation in 27%, 25% and 22% cases respectively.
Figure 1c summarizes the methylation patterns of the
panel of 7 genes in the set of invasive ductal breast carcinomas analyzed.
3.1. Correlation of hypermethylation of individual
gene with clinicopathological characteristics
The methylation status of each gene was correlated
with clinicopathological parameters to determine their
clinical relevance (Table 1). BRCA1 and GSTP1 hypermethylation correlated significantly with tumor size
(p = 0.018 and <0.001, respectively). PRB, ERα and
BRCA1 were significantly more frequently methylated
in primary breast tumors with lymph node metastasis
(p = 0.042, 0.049 and 0.028, respectively). p16INK4A,
BRCA1, GSTP1 and RARβ2 hypermethylation was significantly associated with higher tumor stage (p =
0.019, 0.002, 0.001 and 0.018, respectively).
The methylation index (computed by the number of
genes methylated divided by total number of genes an-

alyzed) was significantly associated with tumor size
and stage (p = 0.024 and <0.001).
3.2. Relationships between hypermethylation of
individual genes with ERα, PR, HR and
Her2/neu status
ERα and PRB hypermethylation was associated with
loss of their respective protein expression (Table 1).
ERα hypermethylation was observed in 44 of 57 (77%)
ERα-negative tumors; in comparison 21 of 44 (48%)
patients with ERα-positive breast tumors showed ERα
hypermethylation (p = 0.002). Similarly, PRB hypermethylation occurred in 44 of 52 (85%) PR-negative
breast tumors, compared to 24 of 49 (49%) patients
with PR-positive breast tumors (p < 0.001). Similarly,
ERα hypermethylation was significantly associated
with loss of PR protein expression in breast tumors
(p < 0.001) and PRB methylation was significantly
associated with ERα-negative tumors (p < 0.001).
p16INK4A and BRCA1 hypermethylation was significantly associated with ERα and PR protein status. Specifically, breast cancer patients with negative
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methylation (p = 0.009, 0.008, 0.006 and 0.048, respectively).
The higher methylation index was significantly associated with negative ERα and PR status, positive
Her2/neu status, negative HR and triple negative status
(p < 0.001, 0.001, 0.008, <0.001 and 0.024, respectively).
3.3. Correlation of methylation status between tumor
related genes

(c)
Fig. 1. (Continued.) (c) CpG island methylation profile of 101 invasive ductal breast cancer patients. Each column represents one gene.
Each row is a primary breast tumor. Methylated genes are represented as dark rectangles and unmethylated genes are displayed as
bright rectangles.

ERα and PR status had higher methylation frequencies of p16INK4A (p = 0.004 and 0.002, respectively) and BRCA1 (p = 0.002 and 0.001, respectively).
Further, there was significant association between
hypermethylation of p16INK4A and BRCA1 and negative hormone receptor status (HR; ERα and PR-negative; p < 0.001 and <0.001, respectively).
Her2/neu amplification correlated positively with
hypermethylation status of GSTP1 and PRB (p =
0.004 and 0.022, respectively). Both the genes were
more frequently hypermethylated in breast tumor tissues harboring Her2/neu amplification as compared to
those which did not show Her2/neu amplification. We
observed significant association of triple negative tumors with PRB, ERα, p16INK4A and BRCA1 hyper-

The methylation status of each gene was correlated with methylation status of other genes in the
panel to determine any associations among promoter
methylation of all these genes (Table 2). PRB methylation was significantly associated with ERα methylation (88% vs. 15%, p < 0.001). In addition, PRB,
ERα methylation was also associated with BRCA1
(35% vs. 11%, p = 0.008). Similarly, the methylation of RASSF1A was associated with methylation of
BRCA1 (p = 0.023), GSTP1 (p < 0.001) and RARβ2
(p < 0.001). Importantly, BRCA1 methylation was associated with methylation of 5 of these 6 genes (ERα,
RASSF1A, p16INK4A, GSTP1 and RARβ2) examined
in our panel, the only exception being PRB, which
was of borderline significance (p = 0.06). In addition,
the gene methylation of RASSF1A, BRCA1, GSTP1
and RARβ2 were all significantly associated with each
other (Table 2). The patients were further subdivided
based on their total numbers of methylated genes. For
those patients with only one gene methylated (n = 9),
22% (n = 2) were PRB, 33% (n = 3) were RASSF1A
and 44% (n = 4) were p16INK4A. The ERα, BRCA1,
GSTP1 and RARβ2 did not appear to be methylated
alone.
3.4. Correlation with methylation of a panel of genes
and disease prognosis
The methylation status of all the genes in our panel
was evaluated as a prognostic variable by univariate
analysis (Table 3A and B, Cox regression analysis). All
the genes in our panel, except ERα were significantly
associated with disease recurrence (hazards ratio, HR
= 2.11–3.88). The methylation of BRCA1 (HR =
5.06, 95% CI = 1.58 − 16.22, p = 0.006), GSTP1
(HR = 6.61, 95% CI = 1.99 − 21.98, p = 0.002)
and RARβ2 (HR = 9.26, 95% CI = 2.76 − 31.05,
p < 0.001) were significantly associated with the overall survival rates. Breast cancer patients with high MI
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Table 1
Association of gene methylation with clinicopathological characteristics
Methylation index1

Variables
(n, # of patients)

PRB
n (%)

ERα
n (%)

RASSF1A
n (%)

p16INK4A
n (%)

BRCA1
n (%)

GSTP1
n (%)

RARβ2
n (%)

Mean

SD

Total (101)

68 (67)

65 (64)

64 (63)

51 (51)

27 (27)

25 (25)

22 (22)

0.46

0.25

Age group
>45 years (51)
<45 years (50)

36 (71)
32 (64)

32 (63)
33 (66)

32 (63)
32 (64)

29 (57)
22 (44)

14 (28)
13 (26)

12 (24)
13 (26)

10 (20)
12 (24)

0.46
0.45

0.24
0.27

ns

Menopausal status
Pre (45)
Post (56)

28 (62)
40 (71)

28 (62)
37 (66)

32 (71)
32 (57)

24 (53)
27 (48)

14 (31)
13 (23)

12 (27)
13 (23)

11 (24)
11 (20)

0.47
0.44

0.25
0.25

ns

10 (18)

7 (12)

0.024

t-test

Tumor size
T1 + T2 (57)

40 (70)

37 (65)

35 (61)

24 (42)

9 (16)

0.41

0.24

T3 + T4 (44)

28 (64)

28 (64)

29 (66)

27 (61)

17 (39)
18 (41)
p = 0.018 p < 0.001

13 (30)

0.52

0.26

17 (53)
47 (68)

14 (44)
37 (54)

4 (13)
23 (33)
p = 0.028

4 (13)
18 (26)

0.42
0.47

0.19
0.28

ns

0.38
0.56

0.22
0.25

<0.001

Node involvement
Negative (32)
Positive (69)
Stage
I + II (59)
III (42)

26 (81)
25 (78)
42(61)
40 (58)
p = 0.042 p = 0.049

5 (16)
20 (29)

39 (66)
29 (69)

36 (61)
29 (69)

34 (58)
30 (71)

24 (41)
27 (64)
p = 0.019

9 (15)
7 (12)
8 (14)
18 (43)
18 (43)
14 (33)
p = 0.002 p < 0.001 p = 0.018

21 (70)
47 (66)

21 (70)
44 (62)

18 (60)
46 (65)

18 (60)
33 (47)

10 (33)
17 (24)

7 (23)
18 (25)

7 (23)
15 (21)

0.49
0.44

0.24
0.26

ns

20 (46)
21 (48)
48 (84)
44 (77)
p < 0.001 p = 0.002

28 (64)
36 (63)

15 (34)
36 (63)
p = 0.004

5 (11)
22 (39)
p = 0.002

11 (25)
14 (25)

8 (18)
14 (25)

0.35
0.54

0.24
0.24

<0.0001

24 (49)
23 (47)
44 (85)
42 (81)
p < 0.001 p < 0.001

33 (67)
31 (60)

17 (35)
34 (65)
p = 0.002

6 (12)
21 (40)
p = 0.001

12 (25)
13 (25)

8 (16)
14 (27)

0.36
0.55

0.23
0.24

<0.001

20 (87)
48 (62)
p = 0.024

17 (74)
48 (62)

17 (74)
47 (60)

11 (48)
40 (51)

9 (39)
18 (23)

11 (48)
14 (18)
p = 0.004

8 (35)
14 (18)

0.58
0.42

0.29
0.23

0.008

25 (49)
43 (86)

24 (47)
41 (82)

33 (65)
31 (62)

17 (33.3)
34 (68)

6 (12)
21 (42)

12 (24)
13 (26)

8 (16)
14 (28)

0.35
0.56

0.23
0.23

<0.001

p < 0.001

p < 0.001

24 (39)
27 (68)
p = 0.006

12 (20)
15 (38)
p = 0.048

17 (28)
8 (20)

13 (21)
9 (23)

0.41
0.53

0.27
0.21

0.024

p53
Positive (30)
Negative (71)
ERα status
Positive (44)
Negative (57)
PR status
Positive (49)
Negative (52)
Her2/neu status
Positive (23)
Negative (78)
HR status
Positive (51)
Negative (50)

p < 0.001 p < 0.001
ERα/PR/Her2/neu status
Positive (61)
Negative (40)

35 (57)
33 (54)
33 (83)
32 (80)
p = 0.009 p = 0.008

41 (67)
23 (58)

Notes: 1 Methylation index – total number of genes methylated divided by total number of genes analyzed; ns – nonsignificant; ERα, estrogen
receptor α; PR – progesterone receptor.
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Correlation of hypermethylation of a panel of genes

Genes

Methylation
status (n)

PRB
n (%)

ERα
n (%)

RASSF1A
n (%)

p16INK4A
n (%)

BRCA1
n (%)

GSTP1
n (%)

RARβ2
n (%)

5 (15)
60 (88)
p < 0.001

22 (67)
42 (62)

16 (49)
35 (52)

5 (15)
22 (32)

8 (24)
17 (25)

6 (18)
16 (24)

23 (64)
41 (63)

16 (44)
35 (54)

4 (11)
23 (35)

8 (22)
17 (26)

6 (17)
16 (25)

p = 0.008
5 (13)
22 (34)
p = 0.023
9 (18)
18 (35)

2 (5)
23 (36)
p = 0.001
13 (26)
12 (24)

1 (3)
21 (33)
p < 0.001
9 (18)
13 (26)

11 (15)
14 (52)
p < 0.001

7 (10)
15 (56)
p < 0.001
8 (11)

PRB

U (33)
M (68)

ERα

U (36)
M (65)

8 (22)
60 (92)

RASSF1A

U (37)
M (64)

p < 0.001
26 (70)
42 (66)

24 (65)
41 (64)

p16INK4A

U (50)
M (51)

33 (66)
35 (69)

30 (60)
35 (69)

32 (64)
32 (63)

BRCA1

U (74)
M (27)

46 (62)
22 (82)

42 (57)
22 (82)
p = 0.023
41 (54)

33 (45)
18 (67)
p = 0.049
39 (51)
12 (48)
38 (48)
13 (59)

19 (51)
32 (50)

p = 0.049

GSTP1

U (76)

51 (67)

42 (57)
23 (85)
p = 0.008
48 (63)

M (25)

17 (68)

17 (68)

U (79)
M (22)

52 (66)
16 (73)

49 (62)
16 (73)

13 (17)

Total # of

1 (9)

2 (22)

0 (0)

23 (92)
p < 0.001
43 (54)
21 (96)
p < 0.001
3 (33)

4 (44)

14 (56)
p < 0.001
12 (15)
15 (68)
p < 0.001
0 (0)

methylated
genes in each
patient1

2 (26)
3 (17)
4 (21)
5 (11)
6 (6)
7 (5)

12 (46)
16 (94)
19 (91)
9 (82)
5 (83)
5 (100)

11 (42)
16 (94)
19 (91)
8 (73)
6 (100)
6 (100)

16 (62)
7 (41)
17 (81)
10 (91)
6 (100)
5 (100)

7 (27)
10 (59)
15 (71)
7 (64)
3 (50)
5 (100)

1 (4)
0 (0)
7 (33)
8 (73)
6 (100)
5 (100)

3 (12)
2 (12)
5 (24)
5 (46)
5 (83)
5 (100)

2 (8)
0 (0)
2 (10)
8 (73)
5 (83)
5 (100)

p < 0.001

p < 0.001

p < 0.001

p < 0.001

p = 0.003

p < 0.001

p < 0.001

p < 0.001

RARβ2

14 (56)
p < 0.001
11 (14)
14 (64)
p < 0.001
0 (0)

0 (0)

Notes: 1 The patients were further divided by their total numbers of methylated genes. For those patients with only one gene methylated (n = 9),
22% (n = 2) were PRB, 33% (n = 3) were RASSF1A and 44% (n = 4) were p16INK4A. The ERα, BRCA1, GSTP1 and RARβ2 do not appear
to be methylated alone.

(6/7–7/7) had significantly shorter DFS (Table 3A;
HR = 14.58, 95% CI = 3.19–66.73, p < 0.001)
and OS (Table 3B; HR = 12.16, 95% CI = 1.44–
102.77, p = 0.022). Figure 2 shows Kaplan–Meier
survival curves for methylation of each of these genes
and also for the combined effect of the methylated
genes.
To determine whether the prognostic value of gene
methylation was independent of other risk factors associated with clinical outcome, we examined the prognostic significance of gene methylation by adjusting
for age, menopausal status, and tumor stage, ERα, PR
and Her2/neu status. The methylation of PRB, BRCA1

and RARβ2 was significantly associated with DFS
when adjusted for age; menopausal status and tumor
stage (Table 3A). However, only the RARβ2 methylation remained significant for both DFS and OS when
adjusted for potential confounding factors such as age,
menopause, stage, ERα, PR and Her2/neu (HR =
3.19, 95% CI = 1.49–6.83, p = 0.003; HR = 9.22,
95% CI = 1.63–52.15, p = 0.012). The effect of
total number of genes methylated was examined on
DFS and OS. The multiple Cox regression with backward selection was used to select important effects
for DFS and OS among gene methylation and clinicopathological characteristics (Table 4). Tumor stage
was an important factor for both outcomes (HR = 3.51
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Table 3A
Hazard ratios for disease free survival
Variable

Univariate

Hazard
ratio

Adjusted by age, menopause,
stage

Adjusted by age, menopause,
stage, ERα, PR, Her2/neu

95% CI

p-value

Hazard
ratio

95% CI

p-value

Hazard
ratio

95% CI

0.008

2.07
1.18

0.81–5.30
0.55–2.56

1.80
1.49
2.03
1.76
3.19
1.08

0.79–4.09
0.73–3.05
0.96–4.29
0.87–3.59
1.49–6.83
0.23–5.16

3.02
6.25

0.66–13.90
1.01–38.60

PRB methylation
ERα methylation

1.07–5.50
0.82–3.45

0.034

1.68

3.14
1.67

1.35–7.29
0.81–3.43

RASSF1A methylation
p16INK4A methylation
BRCA1 methylation
GSTP1 methylation
RARβ2 methylation
MI1 : (2–3)/7 vs. (0–1)/7

2.14
2.11
3.88
2.79
3.87
1.44

1.02–4.51
1.10–4.06
2.05–7.34
1.47–5.26
2.04–7.34
0.31–6.67

0.045
0.024
<0.001
0.002
<0.001

1.80
1.92
2.83
1.92
3.24
1.14

0.82–3.93
0.98–3.76
1.45–5.55
0.99–3.76
1.66–6.33
0.24–5.38

MI1 : (4–5)/7 vs. (0–1)/7
MI1 : (6–7)/7 vs. (0–1)/7
ERα-negative
PR-negative
Her2/neu-positive

4.67
14.58
2.32
1.90
1.93

1.08–20.27
3.19–66.73
1.15–4.66
0.99–3.66
0.99–3.77

0.040
<0.001
0.018

3.85
7.32
2.33
2.30
1.88

0.88–16.92
1.49–36.00
1.15–4.71
1.17–4.52
0.92–3.82

0.002
<0.001

0.014
0.018
0.015

p-value

0.003

0.048

Notes: 1 MI (Methylation index) – total number of genes methylated divided by total number of genes analyzed; ERα – estrogen receptor α;
PR – progesterone receptor.
Table 3B
Hazard ratios for overall survival analysis
Variable

PRB methylation
ERα methylation
RASSF1A methylation
p16INK4A methylation
BRCA1 methylation
GSTP1 methylation
RARβ2 methylation
MI1 : (2–3)/7 vs. (0–1)/7
MI1 : (4–5)/7 vs. (0–1)/7
MI1 : (6–7)/7 vs. (0–1)/7
ERα-negative
PR-negative
Her2/neu-positive

Univariate

Hazard
ratio

95% CI

2.51
1.75
6.13
1.25
5.06
6.61

0.55–11.45
0.47–6.49
0.79–47.55
0.40–3.92
1.58–16.22
1.99–21.98

9.26
0.30
1.91
12.16
4.46
2.18

2.76–31.05
0.02–4.83
0.21–17.14
1.44–102.77
0.98–20.38
0.65–7.27

3.55

1.14–11.02

Adjusted by age, menopause,
stage
p-value

0.006
0.002
<0.001

0.022

0.028

Hazard
ratio

95% CI

2.96
1.43
5.62
1.02
3.10
3.05

0.60–14.70
0.38–5.38
0.69–45.55
0.31–3.38
0.90–10.69
0.88–10.60

6.03
0.17
1.28
3.00
4.81
2.58

1.69–21.45
0.01–3.03
0.14–11.99
0.31–28.93
1.01–22.79
0.72–9.26

2.50

0.76–8.25

p-value

0.006

Adjusted by age, menopause,
stage, ERα, PR, Her2/neu
Hazard
ratio

95% CI

p-value

1.08
0.68
4.05
0.66
2.12
4.90

0.16–7.14
0.15–3.05
0.47–34.92
0.18–2.39
0.47–9.63
1.10–21.88

0.037

9.22
0.13
1.02
5.68

1.63–52.15
0.01–2.62
0.08–12.48
0.22–150.18

0.012

0.048

Notes: 1 MI (Methylation index) – total number of genes methylated divided by total number of genes analyzed; ERα – estrogen receptor α;
PR – progesterone receptor.

and 14.37, respectively). The RARβ2 hypermethylation was significant for both DFS (HR = 3.29, 95%
CI = 1.72–6.28, p < 0.001) and OS (HR = 6.71, 95%
CI = 1.93–23.29, p = 0.003). In addition, PRB hypermethylation was only significant for DFS (HR = 2.40,
95% CI = 1.06–5.46, p = 0.037).

4. Discussion
This study was designed to evaluate the prognostic significance of promoter methylation of a panel
of genes in Invasive ductal carcinomas of breast.
The most salient findings of our study are (i) the hyper-
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(a)
Fig. 2. Kaplan–Meier survival curves to demonstrate a relationship between each gene methylation and methylation index (MI) with the probability of disease free survival (a) and overall survival (b) among all the breast cancer patients.

methylation of p16INK4A, BRCA1, ERα and PRB was
associated with negative ERα, PR, HR status and triple
negative breast cancers; (ii) there was significant correlation between hypermethylation of BRCA1, ERα,
GSTP1 and RARβ2; (iii) hypermethylation of GSTP1
and PRB was significantly associated with positive
Her2/neu status; (iv) hypermethylation of p16INK4A,
BRCA1 and GSTP1 was significantly more in advanced
stages of breast cancer; (v) combined effect of hypermethylation of multiple gene promoters was evaluated
by using MI. Higher MI was significantly associated
with higher tumor stage and negative ERα, PR, HR and

triple negative tumors; (vi) RARβ2 hypermethylation
was significantly associated with reduced DFS and OS;
(vii) patients with higher MI showed adverse disease
prognosis (reduced DFS and OS).
Overall, the evaluation of hypermethylation in a
panel of genes indicated that promoter hypermethylation does not occur randomly in breast cancer. Indeed, cancer related genes are targeted in a specific
manner with a direct correlation among ERα, GSTP1,
RARβ2 and BRCA1. Furthermore, patients with higher
stage tumor, negative ERα, PR status and triple negative cancers were likely to harbor higher methylation
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(b)
Fig. 2. (Continued.)
Table 4
Multiple Cox regression analysis with backward selection for disease free survival and overall survival
Variables

PRB methylation
RARβ2 methylation
Stage III

Disease-free survival

Over all survival

Hazard ratio

95% CI

p-value

Hazard ratio

95% CI

p-value

2.40
3.29
3.51

1.06–5.46
1.72–6.28
1.77–6.95

0.037
<0.001
<0.001

6.71
14.37

1.93–23.29
1.80–114.78

0.003
0.012

index. Among all these genes, RARβ2 hypermethylation emerged as the most important prognostic marker
for breast cancer.
The methylation frequencies in breast tumors in this
study were similar to those reported previously for
most of the genes in candidate gene methylation studies including the earlier work from our own group in
independent sets of breast cancer patients [10,15,27,
28,43]. In the earlier reports, methylation data have
been correlated with hormone receptor status to clarify

the existence of an interaction between DNA methylation and hormone receptor status biology in breast cancer cells [19,47]. Consistent with these investigations,
we observed a positive association between hypermethylation of BRCA1, p16INK4A and ERα and negative
ERα, PR and HR status [48]. Previously, on the basis
of the microarray profiling of invasive breast carcinomas, five distinct subtypes of tumors (luminal A, luminal B, normal breast-like, HER-2/neu overexpressing,
and basal) associated with different clinical outcomes
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have been identified [46]. The basal subtype is associated with poor clinical outcome and is the subtype observed in BRCA1-related breast cancers. Mostly basallike subtypes are triple-negative (that is to say, negative
for ER, PR and HER-2/neu expression) and poorly differentiated tumors [49]. Hence, our study supports the
previous studies that phenotypical, immunohistochemical characteristics and molecular features are shared
by basal-like breast cancers and tumors that exhibit
BRCA1 loss either by mutation or promoter hypermethylation.
Another important finding of our molecular survey was the correlation between promoter hypermethylation of tumor related genes. Methylation status of
BRCA1 was significantly correlated with ERα, GSTP1
and RARβ2. The molecular significance of this concordance remains to be determined, but BRCA1 gene,
originally cloned as the gene responsible for familial
breast cancers [33], encodes a multifunctional protein
involved in DNA repair, cell cycle check point control, protein ubiquitinylation and chromatin remodeling [9]. Therefore, we hypothesize that BRCA1 may
be functionally related to ERα and RARβ2. Previous
studies suggest that all nuclear receptors and BRCA1
require coactivator proteins such as p300 and its close
relative CREB-binding protein (CBP) to activate target gene transcription [9]. CBP/p300 interacts with
ERα and RARβ in their ligand-bound conformation
to induce gene expression. Further, BRCA1 has been
shown to interact with and inhibit the transcriptional
activity of ERα and also regulate PR signaling in
mammary epithelial cells [29,30]. This apparent nonrandom distribution of promoter hypermethylation of
some genes suggests the existence of specific factors
causing selective promoter region hypermethylation
of tumor-related genes. The association between increasing levels of DNA methylation and poor prognosis is a recurrent observation in oncology, consistent
across multiple tumor types that include liver cancers, esophageal cancers, lung cancers and various
leukemias [24]. A plausible hypothesis is that tumors
with high degrees of methylation are more likely to
inactivate genes critical for tumor progression and response to chemotherapy.
We also observed that breast cancer patients with
a higher MI were more likely to have poor prognosis compared with patients who had a low MI. To
our knowledge this is one of the first few studies
to examine the prognostic relevance of multiple gene
methylations in breast cancer using a candidate gene
approach. The most salient finding of our study is

that methylation of a panel of genes, BRCA1, GSTP1
and RARβ2 is an important determinant of breast
cancer prognosis. After adjustments for confounders
such as age, menopausal status, tumor stage, ERα,
PR and Her2/neu status. The emergence of RARβ2
as the most important adverse prognosticator is cognizant with its role in regulation of gene expression and
its retinoid-mediated antiproliferative, differentiative,
immuno-modulatory and apoptosis-inducing properties. Retinoids have been shown to inhibit the growth
of breast cancer cell lines in culture and breast tumors
in animal models [26]. RARβ2 has been proposed as
a tumor suppressor gene and loss of expression has
been found in variety of tumors as well as premalignant lesions resulting in uncontrolled cellular proliferation [2,32]. Detection of RARβ2 hypermethylation
may identify additional therapeutic targets of interest
in these groups of patients with more aggressive tumors. Current trials are under way to evaluate the effect
of administering retinoids in patients with breast cancer [26]. Pretreatment assessment of RARβ2 methylation status may more accurately identify patients likely
to respond to therapy.
The current results underscore the importance of
methylation of a panel of genes in the development and
prognosis of breast cancer. Further, MI composed of
important tumor suppressor and DNA repair genes is
likely to have clinical implications in the prognosis for
patients with breast cancer. Consequently, methylation
of these important genes may also serve as potential
therapeutic targets for future studies examining the effect of demethylating agents.

References
[1] K. Agelopoulos, C. Kersting, E. Korsching, H. Schmidt,
A. Kuijper, C. August, P. Wulfing, J. Tio, W. Boecker, P.J. van
Diest, B. Brandt and H. Buerger, Egfr amplification specific
gene expression in phyllodes tumours of the breast, Cell. Oncol. 29 (2007), 443–451.
[2] L. Altucci and S. Minucci, Epigenetic therapies in haematological malignancies: searching for true targets, Eur. J. Cancer
45 (2009), 1137–1145.
[3] Y.K. Bae, A. Brown, E. Garrett, D. Bornman, M.J. Fackler,
S. Sukumar, J.G. Herman and E. Gabrielson, Hypermethylation in histologically distinct classes of breast cancer, Clin.
Cancer Res. 10 (2004), 5998–6005.
[4] S.A. Bagadi, C.P. Prasad, A. Srivastava, R. Prashad, S.D.
Gupta and R. Ralhan, Frequent loss of Dab2 protein and infrequent promoter hypermethylation in breast cancer, Breast
Cancer Res. Treat. 104 (2007), 277–286.

G. Sharma et al. / Prognostic relevance of promoter hypermethylation of multiple genes
[5] S.A. Bagadi, C.P. Prasad, J. Kaur, A. Srivastava, R. Prashad,
S.D. Gupta and R. Ralhan, Clinical significance of promoter hypermethylation of RASSF1A, RARbeta2, BRCA1
and HOXA5 in breast cancers of Indian patients, Life Sci. 82
(2008), 1288–1292.
[6] M.W. Beckmann, D. Niederacher, H.G. Schnurch, B.A.
Gusterson and H.G. Bender, Multistep carcinogenesis of breast
cancer and tumour heterogeneity, J. Mol. Med. 75 (1997), 429–
439.
[7] S.J. Clark and J. Melki, DNA methylation and gene silencing in
cancer: which is the guilty party?, Oncogene 21 (2002), 5380–
5387.
[8] J.F. Costello, M.C. Fruhwald, D.J. Smiraglia, L.J. Rush, G.P.
Robertson, X. Gao, F.A. Wright, J.D. Feramisco, P. Peltomaki,
J.C. Lang, D.E. Schuller, L. Yu, C.D. Bloomfield, M.A.
Caligiuri, A. Yates, R. Nishikawa, H. Su Huang, N.J. Petrelli,
X. Zhang, M.S. O’Dorisio, W.A. Held, W.K. Cavenee and
C. Plass, Aberrant CpG-island methylation has non-random
and tumour-type-specific patterns, Nat. Genet. 24 (2000), 132–
138.
[9] D.L. Crowe and M.K. Lee, New role for nuclear hormone
receptors and coactivators in regulation of BRCA1-mediated
DNA repair in breast cancer cell lines, Breast Cancer Res. 8
(2006), R1.
[10] R. Dammann, G. Yang and G.P. Pfeifer, Hypermethylation
of the cpG island of Ras association domain family 1A
(RASSF1A), a putative tumor suppressor gene from the 3p21.3
locus, occurs in a large percentage of human breast cancers,
Cancer Res. 61 (2001), 3105–3109.
[11] M. Ehrlich, DNA methylation in cancer: too much, but also too
little, Oncogene 21 (2002), 5400–5413.
[12] M. Esteller, Aberrant DNA methylation as a cancer-inducing
mechanism, Annu. Rev. Pharmacol. Toxicol. 45 (2005), 629–
656.
[13] M. Esteller, Epigenetics in cancer, N. Engl. J. Med. 358 (2008),
1148–1159.
[14] M. Esteller, M.F. Fraga, M. Guo, J. Garcia-Foncillas, I. Hedenfalk, A.K. Godwin, J. Trojan, C. Vaurs-Barriere, Y.J. Bignon,
S. Ramus, J. Benitez, T. Caldes, Y. Akiyama, Y. Yuasa,
V. Launonen, M.J. Canal, R. Rodriguez, G. Capella, M.A.
Peinado, A. Borg, L.A. Aaltonen, B.A. Ponder, S.B. Baylin and
J.G. Herman, DNA methylation patterns in hereditary human
cancers mimic sporadic tumorigenesis, Hum. Mol. Genet. 10
(2001), 3001–3007.
[15] M. Esteller, J.M. Silva, G. Dominguez, F. Bonilla, X. MatiasGuiu, E. Lerma, E. Bussaglia, J. Prat, I.C. Harkes, E.A.
Repasky, E. Gabrielson, M. Schutte, S.B. Baylin and J.G. Herman, Promoter hypermethylation and BRCA1 inactivation in
sporadic breast and ovarian tumors, J. Natl. Cancer Inst. 92
(2000), 564–569.
[16] M.J. Fackler, M. McVeigh, E. Evron, E. Garrett, J. Mehrotra,
K. Polyak, S. Sukumar and P. Argani, DNA methylation of
RASSF1A, HIN-1, RAR-beta, Cyclin D2 and twist in situ and
invasive lobular breast carcinoma, Int. J. Cancer 107 (2003),
970–975.
[17] M.J. Fackler, M. McVeigh, J. Mehrotra, M.A. Blum, J. Lange,
A. Lapides, E. Garrett, P. Argani and S. Sukumar, Quantitative
multiplex methylation-specific PCR assay for the detection of
promoter hypermethylation in multiple genes in breast cancer,
Cancer Res. 64 (2004), 4442–4452.

499

[18] Q. Feng, A. Balasubramanian, S.E. Hawes, P. Toure, P.S. Sow,
A. Dem, B. Dembele, C.W. Critchlow, L. Xi, H. Lu, M.W.
McIntosh, A.M. Young and N.B. Kiviat, Detection of hypermethylated genes in women with and without cervical neoplasia, J. Natl. Cancer Inst. 97 (2005), 273–282.
[19] W. Feng, L. Shen, S. Wen, D.G. Rosen, J. Jelinek, X. Hu,
S. Huan, M. Huang, J. Liu, A.A. Sahin, K.K. Hunt, R.C. Bast
Jr., Y. Shen, J.P. Issa and Y. Yu, Correlation between CpG
methylation profiles and hormone receptor status in breast cancers, Breast Cancer Res. 9 (2007), R57.
[20] H. Fiegl, S. Millinger, E. Mueller-Holzner, C. Marth, C. Ensinger, A. Berger, H. Klocker, G. Goebel and M. Widschwendter, Circulating tumor-specific DNA: a marker for
monitoring efficacy of adjuvant therapy in cancer patients,
Cancer Res. 65 (2005), 1141–1145.
[21] K. Friedrich, T. Weber, J. Scheithauer, W. Meyer, G. Haroske,
K.D. Kunze and G. Baretton, Chromosomal genotype in breast
cancer progression: comparison of primary and secondary
manifestations, Cell. Oncol. 30 (2008), 39–50.
[22] D.F. Hayes, C. Isaacs and V. Stearns, Prognostic factors
in breast cancer: current and new predictors of metastasis,
J. Mammary Gland Biol. Neoplasia 6 (2001), 375–392.
[23] J.G. Herman, J.R. Graff, S. Myohanen, B.D. Nelkin and S.B.
Baylin, Methylation-specific PCR: a novel PCR assay for
methylation status of CpG islands, Proc. Natl. Acad. Sci. USA
93 (1996), 9821–9826.
[24] J.P. Issa, Methylation and prognosis: of molecular clocks
and hypermethylator phenotypes, Clin. Cancer Res. 9 (2003),
2879–2881.
[25] E.A. Janssen, H. Soiland, I. Skaland, E. Gudlaugson, K.H.
Kjellevold, A. Nysted, J.A. Soreide and J.P. Baak, Comparing the prognostic value of PTEN and Akt expression with the
Mitotic Activity Index in adjuvant chemotherapy-treated nodenegative breast cancer patients aged <55 years, Cell. Oncol.
29 (2007), 25–35.
[26] M.V. Karamouzis, P.A. Konstantinopoulos and A.G. Papavassiliou, The molecular basis of retinoids’ use in breast cancer
chemoprevention, Cell. Oncol. 29 (2007), 183–184.
[27] R.G. Lapidus, A.T. Ferguson, Y.L. Ottaviano, F.F. Parl, H.S.
Smith, S.A. Weitzman, S.B. Baylin, J.P. Issa and N.E. Davidson, Methylation of estrogen and progesterone receptor gene
5’ CpG islands correlates with lack of estrogen and progesterone receptor gene expression in breast tumors, Clin. Cancer
Res. 2 (1996), 805–810.
[28] U. Lehmann, F. Langer, H. Feist, S. Glockner, B. Hasemeier
and H. Kreipe, Quantitative assessment of promoter hypermethylation during breast cancer development, Am. J. Pathol. 160
(2002), 605–612.
[29] Y.X. Ma, Y. Tomita, S. Fan, K. Wu, Y. Tong, Z. Zhao, L.N.
Song, I.D. Goldberg and E.M. Rosen, Structural determinants
of the BRCA1: estrogen receptor interaction, Oncogene 24
(2005), 1831–1846.
[30] Y. Ma, P. Katiyar, L.P. Jones, S. Fan, Y. Zhang, P.A. Furth and
E.M. Rosen, The breast cancer susceptibility gene BRCA1 regulates progesterone receptor signaling in mammary epithelial
cells, Mol. Endocrinol. 20 (2006), 14–34.
[31] F. Mannello, L. Fabbri, E. Ciandrini and G.A. Tonti, Increased
levels of erythropoietin in nipple aspirate fluid and in ductal
cells from breast cancer patients, Cell. Oncol. 30 (2008), 51–
61.

500

G. Sharma et al. / Prognostic relevance of promoter hypermethylation of multiple genes

[32] F.Y. Miasaki, A. Vivaldi, R. Ciampi, L. Agate, P. Collecchi,
A. Capodanno, A. Pinchera and R. Elisei, Retinoic acid receptor beta2 re-expression and growth inhibition in thyroid carcinoma cell lines after 5-aza-2’-deoxycytidine treatment, J. Endocrinol. Invest. 31 (2008), 724–730.
[33] Y. Miki, J. Swensen, D. Shattuck-Eidens, P.A. Futreal,
K. Harshman, S. Tavtigian, Q. Liu, C. Cochran, L.M. Bennett,
W. Ding and et al., A strong candidate for the breast and ovarian cancer susceptibility gene BRCA1, Science 266 (1994),
66–71.
[34] S. Mirza, G. Sharma, C.P. Prasad, R. Parshad, A. Srivastava, S.D. Gupta and R. Ralhan, Promoter hypermethylation
of TMS1, BRCA1, ERalpha and PRB in serum and tumor
DNA of invasive ductal breast carcinoma patients, Life Sci. 81
(2007), 280–287.
[35] L. Montanaro, M. Calienni, C. Ceccarelli, D. Santini,
M. Taffurelli, S. Pileri, D. Trere and M. Derenzini, Relationship between dyskerin expression and telomerase activity in
human breast cancer, Cell. Oncol. 30 (2008), 483–490.
[36] H.M. Muller, A. Widschwendter, H. Fiegl, L. Ivarsson,
G. Goebel, E. Perkmann, C. Marth and M. Widschwendter,
DNA methylation in serum of breast cancer patients: an independent prognostic marker, Cancer Res. 63 (2003), 7641–
7645.
[37] R.A. Naqvi, A. Hussain, M. Raish, A. Noor, M. Shahid,
R. Sarin, H. Kukreti, N.J. Khan, S. Ahmad, S.V. Deo, S.A. Husain, S.T. Pasha, S.F. Basir and N.K. Shukla, Specific 50’CpG
island methylation signatures of FHIT and p16 genes and their
potential diagnostic relevance in Indian breast cancer patients,
DNA Cell Biol. 27 (2008), 517–525.
[38] S.S. Palii and K.D. Robertson, Epigenetic control of tumor
suppression, Crit. Rev. Eukaryot. Gene. Expr. 17 (2007), 295–
316.
[39] J. Paredes, A.L. Correia, A.S. Ribeiro and F. Schmitt, Expression of p120-catenin isoforms correlates with genomic and
transcriptional phenotype of breast cancer cell lines, Cell. Oncol. 29 (2007), 467–476.
[40] L.P. Pertschuk, D.S. Kim, K. Nayer, J.G. Feldman, K.B. Eisenberg, A.C. Carter, Z.T. Rong, W.L. Thelmo, J. Fleisher and
G.L. Greene, Immunocytochemical estrogen and progestin receptor assays in breast cancer with monoclonal antibodies.
Histopathologic, demographic, and biochemical correlations
and relationship to endocrine response and survival, Cancer 66
(1990), 1663–1670.
[41] A. Rhodes, B. Jasani, E. Anderson, A.R. Dodson and A.J.
Balaton, Evaluation of HER-2/neu immunohistochemical assay sensitivity and scoring on formalin-fixed and paraffinprocessed cell lines and breast tumors: a comparative study involving results from laboratories in 21 countries, Am. J. Clin.
Pathol. 118 (2002), 408–417.
[42] M. Sasaki, A. Dharia, B.R. Oh, Y. Tanaka, S. Fujimoto and
R. Dahiya, Progesterone receptor B gene inactivation and CpG
hypermethylation in human uterine endometrial cancer, Cancer Res. 61 (2001), 97–102.
[43] G. Sharma, S. Mirza, C.P. Prasad, A. Srivastava, S.D. Gupta
and R. Ralhan, Promoter hypermethylation of p16INK4A,

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

p14ARF, CyclinD2 and Slit2 in serum and tumor DNA from
breast cancer patients, Life Sci. 80 (2007), 1873–1881.
S. Shukla, S. Mirza, G. Sharma, R. Parshad, S.D. Gupta and
R. Ralhan, Detection of RASSF1A and RARbeta hypermethylation in serum DNA from breast cancer patients, Epigenetics
1 (2006), 88–93.
H. Soiland, K. Soreide, E.A. Janssen, H. Korner, J.P. Baak and
J.A. Soreide, Emerging concepts of apolipoprotein D with possible implications for breast cancer, Cell. Oncol. 29 (2007),
195–209.
T. Sorlie, R. Tibshirani, J. Parker, T. Hastie, J.S. Marron,
A. Nobel, S. Deng, H. Johnsen, R. Pesich, S. Geisler, J. Demeter, C.M. Perou, P.E. Lonning, P.O. Brown, A.L. BorresenDale and D. Botstein, Repeated observation of breast tumor
subtypes in independent gene expression data sets, Proc. Natl.
Acad. Sci. USA 100 (2003), 8418–8423.
E. Sunami, M. Shinozaki, M.S. Sim, S.L. Nguyen, A.T.
Vu, A.E. Giuliano and D.S. Hoon, Estrogen receptor and
HER2/neu status affect epigenetic differences of tumor-related
genes in primary breast tumors, Breast Cancer Res. 10 (2008),
R46.
M.H. Tao, P.G. Shields, J. Nie, A. Millen, C.B. Ambrosone,
S.B. Edge, S.S. Krishnan, C. Marian, B. Xie, J. Winston,
D. Vito, M. Trevisan and J.L. Freudenheim, DNA hypermethylation and clinicopathological features in breast cancer:
the Western New York Exposures and Breast Cancer (WEB)
Study, Breast Cancer Res. Treat. 114(3) (2009), 559–568.
M.D. Tischkowitz and W.D. Foulkes, The basal phenotype of
BRCA1-related breast cancer: past, present and future, Cell
Cycle 5 (2006), 963–967.
S. Tommasi, V. Fedele, R. Lacalamita, M. Bruno, F. Schittulli, D. Ginzinger, G. Scott, S. Eppenberger-Castori, D. Calistri, S. Casadei, I. Seymour, S. Longo, G. Giannelli, B. Pilato,
G. Simone, C.C. Benz and A. Paradiso, 655Val and 1170Pro
ERBB2 SNPs in familial breast cancer risk and BRCA1 alterations, Cell. Oncol. 29 (2007), 241–248.
M. Toyota, N. Ahuja, M. Ohe-Toyota, J.G. Herman, S.B.
Baylin and J.P. Issa, CpG island methylator phenotype in colorectal cancer, Proc. Natl. Acad. Sci. USA 96 (1999), 8681–
8686.
C.H. van Deurzen, R. van Hillegersberg, M.G. Hobbelink,
C.A. Seldenrijk, R. Koelemij and P.J. van Diest, Predictive
value of tumor load in breast cancer sentinel lymph nodes
for second echelon lymph node metastases, Cell. Oncol. 29
(2007), 497–505.
A.K. Virmani, A. Rathi, S. Zochbauer-Muller, N. Sacchi,
Y. Fukuyama, D. Bryant, A. Maitra, S. Heda, K.M. Fong,
F. Thunnissen, J.D. Minna and A.F. Gazdar, Promoter methylation and silencing of the retinoic acid receptor-beta gene in
lung carcinomas, J. Natl. Cancer Inst. 92 (2000), 1303–1307.
A. Wiley, D. Katsaros, H. Chen, I.A. Rigault de la Longrais,
A. Beeghly, M. Puopolo, R. Singal, Y. Zhang, A. Amoako,
D. Zelterman and H. Yu, Aberrant promoter methylation of
multiple genes in malignant ovarian tumors and in ovarian tumors with low malignant potential, Cancer 107 (2006), 299–
308.

