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Abstract: This study aims to identify the profile of immunohistochemical (IHC) parameters, copy number aberrations 
(CNAs) and epigenetic alterations [promoter methylation (PM) and miR expression] related to hereditary (H) and 
triple negative (TN) breast cancer (BC). This profile could be of relevance for guiding tumor response to treatment 
with targeting therapy. The study comprises 278 formalin fixed paraffin-embedded BCs divided into two groups: H 
group, including 88 hereditary BC (HBC) and 190 non hereditary (NHBC), and TN group, containing 79 TNBC and 
187 non TNBC (NTNBC). We assessed IHC parameters (Ki67, ER, PR, HER2, CK5/6, CK18 and Cadherin-E), CNA of 
20 BC related genes, and PM of 24 tumor suppressor genes employing MLPA/MS-MLPA (MRC Holland, Amsterdam). 
MiR-4417, miR-423-3p, miR-590-5p and miR-187-3p expression was assessed by quantitative RT-PCR (Applied 
Biosystems). Binary logistic regression was applied to select the parameters that better differentiate the HBC or TN 
groups. For HBC we found that, ER expression, ERBB2 CNA and PM in RASSF1 and TIMP3 were associated with 
NHBC whereas; MYC and AURKA CNA were linked to HBC. For TNBC, we found that CDC6 CNA, GSTP1 and RASSF1 
PM and miR-423-3p hyperexpression were characteristic of NTNBC, while MYC aberrations, BRCA1 hypermethyl-
ation and miR-590-5p and miR-4417 hyperexpression were more indicative of TNBC. The selected markers allow 
establishing BC subtypes, which are characterized by showing similar etiopathogenetic mechanisms, some of them 
being molecular targets for known drugs or possible molecular targets. These results could be the basis to imple-
ment a personalized therapy.
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Introduction

Every year about one million women worldwide 
are diagnosed with breast cancer (BC) [1], a 
heterogeneous disease that includes distinct 
biological entities associated with specific 
pathological features and clinical evolution. In 
5-10% of BCs, the disease occurs as part of a 
hereditary cancer susceptibility syndrome [2]. 

A substantial proportion of hereditary breast 
and ovarian cancers (HBC/HOC) can be attrib-

uted to mutations in BRCA1 [3] or BRCA2 genes 
[4], representing 16-25% of high risk familial 
BCs [5, 6]. Women with triple negative breast 
cancer (TNBC), represent 15-20% of all BCs [7], 
and are approximately five and a half times 
more likely to have BRCA1 mutations compared 
to non-TNBC (NTNBC). Moreover, approximately 
two out of nine women with TNBC harbor BRCA1 
mutations [8]. 

Somatic acquired copy number aberrations 
(CNAs) are an important mechanism for onco-
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Table 1. Anatomo-clinical parameters in 
breast cancer samples
Features n
Age Mean (SD) n

49.28 (12.02) 278
T <2 cm 143 

>2 cm 117
N 0 160 

1 94 
M 0 146 

1 5 
1 45 

GH 2 85 
3 113 

Histopathology CDI 229
CLI 19

In situ 8
Other 14

Hereditary HBC 88
NHBC 190

TN TNBC 79
NTNBC 187

T: Tumor stage; N: Node involvement (N0: Absence; N1: 
Presence); M: Metastasis (M0: Absence; M1: Presence); 
HG: Histological grade (1: Differentiated; 2: Medium dif-
ferentiation; 3: Undifferentiated); TN: Triple negative; SD: 
Standard deviation.

gene activation, a crucial step in carcinogene-
sis [9]. Furthermore epigenetic alterations such 
as promoter methylation (PM) and miR expres-
sion are known to have a key role in the altered 
gene expression profiles found in all human 
cancers, playing a relevant role in carcinogene-
sis and disease progression [10]. These altera-
tions may act as modifiers of carcinogenesis 
affecting proliferation pathways, DNA repair 
mechanisms and cell cycle control. 

One of the most recurrent CNAs are AURKA 
aberrations, detected in more than 12% of BCs 
[11] and has emerged as a great prognostic 
marker [12] conferring sensitivity to the PARP 
[13] and AURKA inhibitors [11]. In addition, 
MYC amplification has been detected in 14.6% 
of BCs [14, 15] being consistently observed in 
aggressive forms of the disease and is corre-
lated with poor prognosis and distant metasta-
ses [16]. Also, amplification and overexpression 
of human epidermal growth factor receptor 
type 2 (HER2) occurs in 20 to 30% of invasive 
BCs. In general, patients with BC cells overex-
pressing this receptor or carrying a high copy 

number of this gene have decreased overall 
survival and may have differential responses to 
chemotherapy and targeted monoclonal anti-
bodies [17].

Altered DNA methylation of CpG islands is 
known to play a key role in the altered gene 
expression patterns in all human cancers. 
Thus, a DNA methylation study performed in 70 
candidate gene loci in 140 BCs and matched 
normal tissues revealed six DNA methylation 
patterns in breast tumors relative to matched 
normal tissue [18]. Methylation profiles are 
associated with BC immunohistochemical fea-
tures [19-22], being able to differentiate new 
BC subtypes, not previously identified by con-
ventional immunohistochemistry (IHC) [23]. 
Promoter hypermethylation of APC, ATM, 
CDH13, GSTP1 and RASSF1 have been fre-
quently detected in SBC being absent in normal 
tissues [20, 24]. In addition, RASSF1 methyla-
tion is related to tumor size and associated 
with ER+ and PR+ BCs [22]. The BRCA1 silenc-
ing caused by its promoter hypermethylation 
supports the role of this gene in breast and 
ovarian tumorigenesis [25]. 

MiRNAs expression arrays in BC have identified 
specific patterns associated with the expres-
sion of HER2 and ER [26]. MiR are expressed in 
a tissue-specific manner and changes in miR 
expression within a tissue type can be corre-
lated with disease status [27, 28]. It has also 
been found that the expression profile of miRNA 
enables differentiation of luminal A, luminal B, 
basal-like, HER2 BCs and normal breast [26]. 
The potentiality shown by miRNAs profiles 
opens up the possibility to detect the tumors 
with defects in homologous recombination.

But leaving aside SBC and HBC, little is known 
about TNBC, a heterogeneous and aggressive 
disease with different molecular subtypes, in 
which the lack of known biomarkers limit the 
development of therapeutic strategies for the 
disease [29].

The relevance of CNAs and epigenetic altera-
tions, promoter methylations and miR expres-
sion, in the etiopathogenesis has been poorly 
studied in BC [9, 24, 30, 31], and only some-
what for Hereditary and TN BCs.

The aim of the present study is to identify the 
patterns of IHC parameters and genetic and 
epigenetic alterations linked to the etiopatho-
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genic mechanisms and cancer progression in 
Hereditary and TN BCs. These patterns could 
be of great relevance to guide tumor response 
to treatment with anti-neoplastic agents or tar-
geting therapy, which could support the basis 
for a personalized medicine.

Materials and methods

Patients 

The study includes 278 formalin fixed paraffin-
embedded (FFPE) BCs, 88 hereditary BCs 
(HBC) and 190 non-hereditary BCs (NHBC). 
Moreover, we considered 79 TNBC and 187 
NTNBC. The pathological characteristics and 
histopathology of patients included are sum-
marized in Table 1.

All the samples were assessed for IHC markers, 
PM, CNA and four microRNA expressions (miR-
4417, miR-423-3p, miR-590-5p and miR-187-
3p) [32]. 

Patients signed the informed consent elabo-
rated by the Health Department following the 
recommendations of the Declaration of Human 
Rights, the Conference of Helsinki (http://www.
wma.net/e/policy/pdf/17c.pdf).

Study of BRCA1 and BRCA2 mutations

BRCA1/2 mutation status in HBOC patients 
was assessed on genomic DNA extracted from 
peripheral blood. The entire BRCA1/2 exons 
and exon-intron boundaries were amplified by 
PCR using primer pairs and PCR conditions 
reported in the Breast Cancer Information Core 
(http://research.nhgri.nih.gov/bic/Member/in- 
dex.shtml). Mutational screening was carried 
out by pre-screening the heteroduplex formed 
in the PCR products by conformation sensitive 
gel electrophoresis [33] followed by direct 
sequencing of the PCR products in which het-
eroduplexes were identified [34].

Immunohistochemistry 

IHC analyses were performed using tissue 
microarray. The slides were immunostained 
using primary antibodies against Ki67, ER, PR, 
HER2, CK5/6, CK18 and Cadherin-E (DAKO, 
Denmark). ER and PR expression were evaluat-
ed according to the Allred scoring system [35]. 
HER2 expression was scored according to 

HercepTest criteria. In 2+ HER2 expression, 
fluorescent in situ hybridization was performed 
[36]. For Cadherin-E expression, the same cri-
teria were applied as for HER2 [37]. Ki67 
expression was evaluated according to the St. 
Gallen International Expert Consensus [38, 
39]. For CK5/6 and CK18 cytoplasmatic expres-
sion, the cut off score was 5% of cells. Finally, in 
order to define invasive BC subtypes we fol-
lowed the St. Gallen International Expert 
Consensus [38, 40].

Molecular studies

Two selected areas from FFPE were deparaf-
finized using Deparaffinization Solution (Quia- 
gen). DNA was isolated using QuiAmp DNA 
Investigation Kit (Quiagen) and total RNA using 
Recover All TM Total Nucleic Acid Isolation Kit 
(Applied Biosystems, Ambion) according to 
manufacturer’s protocols. 

We detect CNA by employing the multiple liga-
tion probes amplification (MLPA) technique 
with P078B1 Breast Tumor Kit [41] (MRC 
Holland, Amsterdam). This kit includes probes 
to detect CNA of ERBB2, BIRC5, MYC, TOP2A, 
ESR1, MTDH, CCND1, CCNE1, EGFR, C11orf30 
(EMSY), ADAM9, IKBKB, CDH1, CDC6, CPD, 
FGFR1, MED1, MAPT, PRMD14 and AURKA. 

Methylation studies were performed using the 
methylation-specific (MS) MLPA technique [42]. 
We used ME001 Tumor Suppressor Mix 1 Kit 
[43] (MRC Holland, Amsterdam) which contains 
probes to detect methylation in promoter 
regions of tumor suppressor genes (TIMP3, 
APC, CDKN2A, MLH1, ATM, RARB, CDKN2B, 
HIC1, CHFR, BRCA1, CASP8, CDKN1B, PTEN, 
BRCA2, CD44, RASSF1, DAPK1, VHL, ESR1, 
TP73, FHIT, IGSF4, CDH13 and GSTP1). 

Amplicons generated on MLPA and MS-MLPA 
were separated by capillary electrophoresis on 
AB3130 Capillary Sequencer (Applied Biosys- 
tems), fragment analysis was performed using 
Coffalyser.net software (MRC Holland, Am- 
sterdam, The Netherlands) and the results 
were evaluated as previously reported [42, 44]. 

Expression of miR-4417, miR-423-3p, miR-
590-5p and miR-187-3p was assessed by 
quantitative RT-PCR (qRT-PCR) using the 
TaqMan miRNA Reverse Transcription kit, 
TaqMan miRNA Assays (specific for each miR) 
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and TaqMan Universal PCR Master Mix (Applied 
Biosystems) [32]. Small nucleolar RNA U44 was 
used for normalization and relative expression 
was calculated using the ΔΔCT (Delta-Delta CT) 
method [45]. 

Statistical analysis

Categorical data (TNM, IHC and molecular 
results of CNA and methylation) were expressed 
in percentages and chi-square was applied to 
compare the proportions between the study 
groups. The quantitative data (miR expression) 
was summarized by their mean and standard 
deviation and univariated ANOVA was applied 
to compare the means between the estab-
lished groups.

Multivariate binary logistic regression with 
stepwise backwards Wald option was applied 

to compare categorical data and quantitative 
covariates between the study groups, selecting 
those independent variables most strongly 
linked with the group. We applied the multifac-
torial ANOVA to analyze the influence of the fac-
tors on the variability of quantitative parame-
ters. All the analyses were performed using 
SPSS ver. 20 package.

Results

Anatomo-clinical parameters in hereditary and 
triple negative breast cancers

HBC show higher prevalence of tumors with 
advanced histological grade (HG) in compari-
son to NHBC (P=0.04, Table 2). TNBC present 
advanced HG and, in addition, TNBC are usually 
large tumors (>2 cm) in comparison to NTNBC 
(Table 2).

Table 2. Anatomo-clinical features in HBC/NHBC and TNBC/NTNBC
Features HBC NHBC χ2 TNBC NTNBC χ2

n (%) n (%) P n (%) n (%) P
Age [Mean (SD) n] 47.5 (11.2) 88 50.1 (12.3) 190 n.s. 47.5 (11.6) 79 49.8 (11.9) 187 ns
T <2 cm 42 (51) 101 (57) n.s. 33 (44) 110 (61) 0.014

>2 cm 40 (49) 77 (43) 42 (56) 71 (39)
N 0 47 (59) 113 (69) n.s. 49 (69) 109 (61) n.s.

1 33 (41) 61 (35) 70 (39) 22 (31)
M 0 56 (98) 90 (96) n.s. 41 (98) 102 (96) n.s.

1 1 (2) 4 (4) 1 (2) 4 (4)
HG 1 10 (14) 35 (21) 0.04 3 (4) 41 (24) <0.001

2 20 (27) 65 (38) 16 (22) 68 (40)
3 43 (59) 70 (41) 52 (73) 60 (35)

T: Tumor stage; N: Node involvement (N0: Absence; N1: Presence); M: Metastasis (M0: Absence; M1: Presence); HG: Histologi-
cal grade (1: Differentiated; 2: Medium differentiation; 3: Undifferentiated); TN: Triple negative; SD: Standard deviation; Groups 
are compared using the mean comparison test t student in the case of age and proportion comparison test χ2 in the other 
parameters; n.s.: Not significant.

Table 3. Immunohistochemical parameters in HBC/NHBC and TNBC/NTNBC

IHC Marker
HBC NHBC χ2 TNBC NTNBC χ2

Pos (%) n Pos (%) n P Pos (%) n Pos (%) n P
ER 44 (50) 88 133 (70) 190 0.001 - 168 (90) 187 -
PR 33 (38) 88 114 (61) 188 <0.001 - 142 (76) 187 -
HER2 5 (6) 88 34 (18) 188 0.003 - 37 (20) 187 -
Ki67 47 (53) 88 71 (39) 183 0.015 54 (68) 79 63 (34) 183 <0.001
CK5/6 22 (25) 87 32 (18) 178 n.s. 37 (47) 79 17 (10) 179 <0.001
CK18 75 (94) 80 159 (93) 171 n.s. 64 (82) 78 163 (98) 166 <0.001
Cadherin-E 79 (95) 83 168 (96) 176 n.s. 77 (100) 77 163 (93) 175 0.02
IHC: immunohistochemical; ER: Estrogen receptor; PR: Progesterone receptor; HER2: Erythroblasticleukaemia viral oncogene 
homolog 2 receptor; Pos: number of positive cases for the expression of each immunohistochemical marker. In Ki67 indicates 
the number of cases with high proliferation index; n: total number of cases; n.s.: Not significant. p: χ2 p-value associated to the 
differences between groups.
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Immunohistochemical parameters in heredi-
tary and triple negative breast cancers 

HBC show a lower proportion of ER, PR and 
HER2 positivity than NHBC, and a larger pro-
portion of Ki67 (Table 3). However, TNBC are 
characterized by showing a greater proportion 
of Ki67, CK5/6 and Cadherin-E but a lower pro-
portion of CK18 in comparison with NTNBC 
(Table 3).

The binary stepwise backward Wald logistic 
regression selects the IHC parameters HER2, 
ER and CK18 as the ones that better differenti-
ate HBC from NHBC (Figure 1). The largest pro-
portion of HER2 and ER positive tumors are 
presented in NHBC while the higher proportion 
of CK18 positive are related to HBC.

Copy number aberrations in hereditary and 
triple negative breast cancers

HBC present the greatest proportion of aberra-
tions, in AURKA (mainly losses), and MYC 
(gains), while NHBC show aberrations, mostly 
gains, in ERBB2 and MED1 (Table 4). TNBC 
present higher incidence of gains in MYC, 

The binary stepwise backward Wald logistic 
regression selects the profile of CDH13, TIMP3 
and RASSF1 methylated genes as those that 
better differentiate HBC and NHBC (Figure 1). 
CDH13 methylated is more prevalent in HBC, 
whereas RASSF1 and TIMP3 methylated show 
a higher prevalence in NHBC. Regarding the 
TNBC, the logistic regression selects the meth-
ylation profile of BRCA1, CHFR, DAPK1, GSTP1, 
IGSF4, RARB and RASSF1 as the methylated 
genes that better differentiate TNBC and 
NTNBC. BRCA1, RARB and IGSF4 methylated 
are strongly associated with TNBC whereas 
CHFR, DAPK1, GSTP1 and RASSF1 methylated 
are more linked with NTNBC (Figure 2). 

MiR expression and IHC parameters

The four miR studied here are strongly related 
with ER status. MiR-187-3p, miR-590-5p and 
miR-4417 are overexpressed in ER negative 
BCs, whereas miR-423-3p is overexpressed in 
ER positive BCs. We also observed that miR-
4417 and miR-423-3p are related to PR status; 
the first is overexpressed in PR negative BCs 
while the second is overexpressed in PR posi-
tive BCs (Table 6).

Figure 1. Immunohistochemical, CNA, PM and miR expression profiles 
for the best differentiation of HBC and NHBC. Binary stepwise back-
ward Wald logistic regression. IHC: immunohistochemical markers; 
CNA: Copy number aberration; PM: Promoter methylation; NHBC: No 
hereditary breast cancer; HBC: Hereditary breast cancer.

BIRC5 and MTDH, however, NTNBC 
show higher proportions of gains in 
CDC6 and MED1 (Table 4).

The binary stepwise backward Wald 
logistic regression selects AURKA, 
ERBB2 and MYC as genes that bet-
ter differentiate HBC and NHBC 
(Figure 1). AURKA and MYC aberra-
tions are linked to HBC while ERBB2 
aberrations are related to NHBC. 
The TNBC are more prone to show 
aberrations on CCNE1 and MYC, 
while the aberrations in CCND1 and 
CDC6 are more likely in NTNBC 
(Figure 2).

Promoter methylation in hereditary 
and triple negative breast cancers 

NHBC show a higher prevalence of 
methylated APC and RASSF1 than 
the HBC (Table 5). TNBC present a 
greater proportion of methylation in 
BRCA1 and ESR1 than in NTNBC, 
while in this latter group the highest 
prevalence of methylation occurs in 
DAPK1, GSTP1, HIC1 and RASSF1 
(Table 5).
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Table 4. Prevalence of genetic alterations (CNAs) between HBC/
NHBC and TNBC/NTNBC

GENES CNA
HBC 

(n=81)
NHBC 

(n=172) χ2 TNBC 
(n=75)

NTNBC 
(n=174) χ2

n (%) n (%) P n (%) n (%) P 
ADAM9 Gain 15 (18) 37 (22) n.s. 14 (19) 37 (21) n.s.
 Loss 8 (10) 10 (6) 6 (8) 12 (7)
AURKA Gain 13 (16) 27 (16) 0.001 8 (11) 25 (14) n.s.
 Loss 14 (17) 7 (4) 11 (15) 10 (6)
BIRC5 Gain 38 (47) 62 (36) n.s. 39 (52) 61 (35) 0.05
 Loss 0 (0) 6 (4) 0 (0) 6 (3)
CCND1 Gain 29 (36) 60 (35) n.s. 24(32) 65 (37) n.s.
 Loss 5 (6) 13 (8) 3 (4) 15 (9)
CCNE1 Gain 22 (13) 14 (17) n.s. 16 (21) 20(12) n.s.
 Loss 1 (1) 1 (1) 0 (0) 2 (1)
CDC6 Gain 17 (21) 50 (29) n.s. 12 (16) 55 (32) 0.005
 Loss 1 (1) 6 (4) 1 (1) 6 (3)
CDH1 Gain 14 (17) 28 (16) n.s. 17 (23) 25 (14) n.s.
 Loss 4 (5) 9 (5) 3 (4) 10 (6)
CPD Gain 10 (12) 32 (19) n.s. 8 (11) 33 (19) n.s.
 Loss 4 (5) 5 (3) 3 (4) 6 (3)
EGFR Gain 6 (7) 19 (11) n.s. 13 (18) 12(7) n.s.
 Loss 6 (7) 6 (4) 2 (3) 10 (6)
EMSY Gain 17 (21) 41 (24) n.s. 19 (25) 38 (22) n.s.
 Loss 5 (6) 19 (11) 7 (9) 17 (10)
ERBB2 Gain 16 (20) 62 (36) 0.002 18 (24) 60 (35) n.s.
 Loss 2 (3) 10 (6) 3 (4) 9 (5)
ESR1 Gain 9 (11) 14 (8) n.s. 9 (12) 14 (8) n.s.
 Loss 0 (0) 1 (1) 1 (1) 0 (0)
FGFR1 Gain 18 (22) 47 (27) n.s. 19 (25) 46 (26) n.s.
 Loss 3 (4) 11 (7) 5 (7) 9 (5)
IKBKB Gain 19 (24) 43 (25) n.s. 24 (32) 38 (22) n.s.
 Loss 1 (1) 9 (5) 4 (5) 6 (3)
MAPT Gain 22 (27) 45 (26) n.s. 18 (24) 48 (28) n.s.
 Loss 2 (3) 7 (4) 3 (4) 6 (3)
MED1 Gain 18 (22) 67 (39) 0.021 18 (24) 66 (38) 0.04
 Loss 5 (6) 8 (5) 4 (5) 9 (5)
MTDH Gain 28 (35) 52 (30) n.s. 30 (40) 49 (28) 0.05
 Loss 0 (0) 2 (1) 1 (1) 1 (1)
MYC Gain 46 (57) 61 (35) 0.001 47 (63) 59 (34) <0.001
 Loss 1 (1) 1 (1) 1 (1) 0 (0)
PRMD14 Gain 24 (30) 56 (33) n.s. 26 (35) 53(31) n.s.
 Loss 0 (0) 1 (1) 1 (1) 0 (0)
TOP2A Gain 5 (6) 21 (12) n.s. 3 (4) 23 (13) n.s.
 Loss 3 (4) 7 (4) 3 (4) 7 (4)
CNA: Copy Number Aberrations; n: number of cases with alterations (gains or 
losses) for each gene. The proportions between groups are compared using χ2 
test; n.s.: No significant.

immunophenotype. MiR-590-
5p shows minimum expression 
levels in luminal A BCs and max-
imum expression in basal/plus 
fivefold negative. The miR-423-
3p, presents the higher expres-
sion in luminal B and the mini-
mum at basal/plus fivefold neg-
ative (Table 6).

The miR expression is strongly 
linked with TNBC. Thus, miR-
4417 and miR-590-5p show a 
high average expression in 
TNBC while miR-423-3p pres-
ents the lowest expression in 
NTNBC (Table 6). The multifac-
torial ANOVA, including the miRs 
as independent variables and 
ER, PR, HER2, CK5/6, Cad- 
herin-E, Ki67, CK18, as factors, 
selects as independent vari-
ables linked to miR expression, 
the TN status (P=0.006) and ER 
status (P=0.057).

The binary stepwise backward 
Wald logistic regression selects 
miR-4417 and miR-423-3p as 
those that better differentiate 
HBC and NHBC (Figure 1). The 
first miR is overexpressed in the 
HBC while the second miR does 
it in NHBC. Regarding TNBC, the 
binary stepwise backward Wald 
logistic regression selects the 
miR-590-5p, miR-4417 and miR- 
423-3p as those that better dif-
ferentiate TNBC and NTNBC. 
The first two miRs were overex-
pressed in TNBC whereas the 
third does it in NTNBC (Figure 
2). 

Logistic regression summary 
with all the selected param-
eters in hereditary and triple 
negative breast cancers

The binary stepwise backward 
Wald logistic regression, includ-
ing the IHC, molecular (CNA and 
PM) and miR expression, selects 
the parameters that better dif-

We have also seen that miR-590-5p and miR-
423-3p expression levels are related to the 

ferentiate the group status of HBC or TN groups 
(Figure 3). 
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For H groups, ER positivity, ERBB2 CNAs and 
RASSF1 and TIMP3 PM are linked to NHBC 
(Figure 3A), whereas the presence of MYC and 
AURKA CNAs are more prone in HBC. The 
regression correctly classified 37.1% of HBC 
(26/70) and 89.2% (132/148) of NHBC.

For TNBC, CDC6 CNA, GSTP1 and RASSF1 PM, 
and miR-423-3p hyperexpression are more 
prone in NTNBC, whereas MYC aberrations, 
BRCA1 PM, miR-590-5p and miR-4417 hyper-
expression are more characteristic of TNBC 
(Figure 3B). The regression correctly classified 
69.0% (49/71) of TNBC and 93.9% (155/165) 
of NTNBC.

Discussion

MYC CNA and RASSF1 PM are the parameters 
that better differentiated Hereditary and TNBC 
groups. MYC CNA present the highest preva-
lence in Hereditary and TNBC, whereas methyl-
ated RASSF1 showed the highest prevalence in 
NHBC and NTBC. However, the rest of the 
selected variables that differentiated the 
groups are characteristic of each one of the 
study groups.

methylation and ER+/PR+ BCs has been report-
ed [22]. We observed here higher prevalence of 
RASSF1 PM in NHBC and NTNBC (72% and 
78%, respectively) associated with the higher 
frequency of ER and PR positive in these 
tumors. RASSF1 methylation provides the 
opportunity to assay in these tumors treat-
ments with demethylating agents or histone 
deacetylase inhibitors.

One relevant difference between HBC and 
NHBC found here is CNA in AURKA, the gene 
involved in mitosis and meiosis processes as 
well as in DNA damage response modulating 
DSB repair [13]. Our results, in correspondence 
with previous reports [48], have shown that 
AURKA aberrations, mainly losses, are more 
prevalent in HBC, (mainly BCs of BRCA1 carri-
ers) than in NHBC. Hence, we have observed a 
prevalence of 41% for AURKA CNA in BRCA1 
BCs, 23% in BRCA2, and 14% and 16% for 
BRCAX and SBC, respectively (P=0.002). 
AURKA CNA is associated with a poorer progno-
sis in ER+ BCs [49]. However, these patients 
might benefit from targeted therapies based on 
Aurora-A inhibitors [11, 12].

Figure 2. Immunohistochemical, CNA, PM and miR expression profiles 
for the best differentiation of TNBC and NTNBC. Binary stepwise back-
ward Wald logistic regression. IHC: immunohistochemical markers; 
CNA: Copy number aberration; PM: Promoter methylation; NTNBC: No 
Triple negative breast cancer; TNBC: Triple negative breast cancer.

MYC is a central regulator of cell 
growth, proliferation and apoptosis. 
Its overexpression enhances DNA 
double-strand breaks (DSBs), genet-
ic instability and tumorigenesis [46]. 
MYC amplification has been detect-
ed in 14.6% of BCs [14]. The present 
study shows that MYC exhibit the 
highest CNA prevalence (57%, 
46/81) in HBC, principally in BRCA1 
mutation carriers (67%, 31/46), and 
in 63% (47/75) of TNBC. It has also 
been reported that TNBC exhibit 
elevated MYC expression associat-
ed with altered expression of MYC 
regulatory genes, resulting in inc- 
reased activity of the MYC pathway 
[47]. The increased MYC expression 
found in TNBC could be exploited 
using a synthetic-lethal approach 
based on cyclin-dependent kinase 
(CDK) inhibition [15].

Methylation of RASSF1 and other 
tumor suppressor genes such as 
APC, ATM, CDH13, GSTP1 were fre-
quently detected in SBC being 
absent in normal tissues [20]. A pos-
itive correlation between RASSF1 
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We here found the higher prevalence of ERBB2 
amplification in NHBC with regard to HBC, 36% 
vs. 20%, respectively. Patients harboring high 
ERBB2 CNA show decreased overall survival 
although HER2-targeted therapies have signifi-
cantly improved the survival of these patients 
[50]. 

TIMP3 is an inhibitor of the matrix metalloprote-
ases, a group of endopeptidases involved in 
the degradation of the extracellular matrix. We 
show here that TIMP3 methylation is more fre-
quent among NHBC than HBCs (16% vs. 8%). Its 
hypermethylation has been reported in gastric 
cancer and pancreatic endocrine tumors [51, 
52]. 

We have shown here that CDC6 CNA, BRCA1 
and GSTP1 PM and miR-590-5p, miR-4417 and 

9%). BRCA1 promoter methylation presents a 
particular interest since these patients are 
responsive to PARP inhibitors [62] and, con-
versely, the unmethylated could achieve a path-
ological complete response to anthracycline-
based therapy [63]. 

We have seen that CDC6 shows the higher per-
centage of gains in NTNBC (32%) in comparison 
to TNBC (16%). CDC6 is overexpressed in 
human cancers, where it might play a role in 
DNA replication. Gonzalez et al [64] reported 
that high levels of CDC6 result in RD (INK4/
ARF)-dependent transcriptional repression, 
recruitment of histone deacetylases and het-
erochromatinization of the INK4/ARF locus, 
with concomitant decrease in the expression of 
the three tumor suppressors encoded by this 
locus. Furthermore, CDC6 shows cellular 

Table 5. Prevalence of methylation between HBC/NHBC and 
TNBC/NTNBC

GENE PM
HBC 

(n=78)
NHBC 

(n=162) χ2 TNBC 
(n=71)

NTNBC 
(n=166) χ2

n (%) n (%) P n (%) n (%) P
APC 49 (63) 122 (75) 0.045 46 (65) 122 (74) n.s.
ATM 31 (40) 77 (48) n.s. 25 (35) 80 (48) n.s.
BRCA1 9 (12) 20 (12) n.s. 14 (20) 15 (9) 0.02
BRCA2 10 (13) 27 (17) n.s. 11 (16) 25 (15) n.s.
CASP8 21(27) 39 (24) n.s. 15 (21) 45 (27) n.s.
CD44 1 (1) 5 (3) n.s. 3 (4) 3 (2) n.s.
CDH13 64 (82) 123 (76) n.s. 51 (72) 133 (80) n.s.
CDKN1B 9 (12) 27 (17) n.s. 9 (13) 26 (16) n.s.
CDKN2A 36 (46) 70 (43) n.s. 29 (41) 76 (46) n.s.
CDKN2B 12 (15) 21 (13) n.s. 8 (11) 23 (14) n.s.
CHFR 11 (14) 35 (22) n.s. 9 (13) 37 (22) n.s.
DAPK1 24 (31) 44 (27) n.s. 10 (14) 56 (34) 0.002
ESR1 4 (5) 15 (9) n.s. 10 (14) 6 (5) 0.02
FHIT 9 (12) 13 (8) n.s. 9 (10) 15 (9) n.s.
GSTP1 28 (36) 59 (36) n.s. 12 (17) 75 (45) <0.001
HIC1 10 (13) 23 (14) n.s. 5 (7) 28 (17) 0,05
IGSF4 5 (6) 16 (10) n.s. 7 (10) 13 (8) n.s.
MLH1 7 (9) 24 (15) n.s. 8 (11) 21 (13) n.s.
PTEN 16 (21) 44 (27) n.s. 15 (21) 45 (27) n.s.
RARB1 10 (13) 14 (9) n.s. 8 (11) 16 (10) n.s.
RASSF1 38 (49) 117 (72) <0.001 24 (34) 130 (78) <0.001
TIMP3 6 (8) 26 (16) n.s. 11 (16) 21 (13) n.s.
TP73 15 (19) 21 (13) n.s. 12 (17) 23 (14) n.s.
VHL 9 (12) 16 (10) n.s. 5 (7) 19 (11) n.s.
n: number of cases with methylation in the promoter of the gene; PM: Pro-
moter methylation; n.s.: Not significant. The proportions between groups are 
compared using the χ2 test.

miR-423-3p expression are specific 
parameters that differentiated TN 
and NTNBCs. 

Studies conducted in series 
between 77 and 450 TNBCs (medi-
an of 137 patients) reported 
between 2011 and 2014 [53-57] 
showed a prevalence of 17.35% 
(range: 6.10-24.6) of BRCA1/2 
mutation, which increases to 
38.12% (range: 25.7-66.0) when 
family history of BC/OC was pres-
ent. In our series that includes 156 
BCs with family history, we detect-
ed 39 (49.4%) BRCA1/2 mutation 
carriers among 79 TNPBC and 45 
(24.1%) amid 187 NTNBC.

GSTP1 participates in detoxifica-
tion processes protecting cells 
from carcinogens. It is expressed in 
normal breast epithelial cells and 
its methylation is associated with 
hormone receptor expression in 
BCs [58-60]. We have seen that the 
percentage of GSTP1 methylation 
shows a neat difference between 
TNBC and NTNBC, with NTNBC dis-
playing the highest prevalence. 

Week et al reported that 36.7% of 
NH TNBC presented BRCA1 PM 
[61]. In this respect we also found 
that TNBCs showed higher preva-
lence of BRCA1 methylation in 
comparison to NTNBC (20% vs. 
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immortalization activity and neoplastic trans-
formation capacity in cooperation with onco-
genic RAS. 

We have shown that miR-590-5p, miR-4417 
were significantly hyperexpressed in TNBC, 
while miR-423-3p showed higher expression in 
NTNBC. 

We observed that miR-590-5p was hyper-
expressed in ER negative BCs (P<0.001), TN 
(P=0.001) and in basal/plus fivefold negative 
BCs (P=0.005). In silico studies employing the 
target prediction software microT-cds indicate 
that this microRNA can interact with two mRNA 
sequences of the ESR1 gene located on two 
3’UTR regions, which has also been confirmed 
by the TargetScan. Experimental studies con-
firmed that miR-590 interacts with ESR1 mRNA 
in its 3p form [65]. Hongfei et al [66] analyzed 
the expression pattern of miR-590 in liver can-
cer specimens and cell lines by miRNA microar-
rays and qPCR, he reported that miR-590 is an 
important tumorigenic factor for hepatocellular 

carcinoma and its two forms, 3p and 5p, can 
both promote tumorigenesis by regulating the 
expression of their target tumor suppressor 
genes, PDCD4 and PTEN, promoting hepatocel-
lular carcinoma, cell proliferation and survival. 

MiR-4417 shows higher expression in TNBC 
(P=0.043) and also in ER negative (P=0.019), 
PR negative (P=0.04), EGFR positive (P=0.02) 
and HBC (P=0.001). Target prediction software 
micro-cds indicates that this miR can establish 
connections with 3 different regions of BRCA1 
mRNA.

We have seen that miR-423-3p is overex-
pressed in NTNBC (P<0.001) and in ER+ 
(P<0.001), PR+ (P<0.001), CK5/6 negative 
(P=0.005), and luminal A and B immunopheno-
types (P<0.001). Target prediction software 
micro-cds and miRanda identified a strong 
bond of this miR with mRNA of ESRRA (Related 
Estrogen Receptor Alpha) gene [67]. This sug-
gests that ER positive tumors could have a 
diminished protein synthesis of ESRRA, in cor-

Table 6. Mean expression of microRNAS and immunohistochemical markers and immunophenotype

IHC Marker n
miR-187-3p

P
miR-590-5p 

P
miR-4417

P
miR-423-3p

P_
X  (SD)

_
X  (SD)

_
X  (SD)

_
X  (SD)

ER - 98 10.4 (1.3) 0.008 9.4 (0.8) <0.001 10.7 (1.1) 0.02 9.1 (0.6) <0.001
+ 170 9.9 (1.4) 9.0 (0.7) 10.3 (1.2) 9.5 (0.6)

PR - 125 10.3 (1.4) ns 9.2 (0.9) ns 10.6 (1.2) 0.04 9.2 (0.7) <0.001
+ 143 9.9 (1.4) 9.1 (0.7) 10.3 (1.1) 9.5 (0.6)

HER2 - 233 10.0 (1.4) 0.03 9.1 (0.8) ns 10.4 (1.2) ns 9.4 (0.7) ns
+ 37 10.6 (1.4) 9.2 (0.7) 10.6 (1.1) 9.5 (0.7)

Ki67 h 149 10.0 (1.41) ns 9.0 (0.8) ns 10.5 (1.1) ns 9.5 (0.6) ns
l 117 10.2 (1.40) 9.2 (0.8) 10.4 (1.3) 9.3 (0.7)

CK5-6 - 208 10.1 (1.4) ns 9.1 (0.8) ns 10.4 (1.2) ns 9.5 (0.6) 0.01
+ 54 10.3 (1.4) 9.3 (0.8) 10.7 (1.3) 9.2 (0.8)

CK18 - 17 10.2 (1.5) ns 9.5 (0.8) 0.03 10.4 (0.7) ns 9.3 (0.4) ns
+ 231 10.1 (1.4) 9.1 (0.8) 10.4 (1.2) 9.4 (0.7)

EGFR - 209 10.2 (1.4) ns 9.1 (0.8) ns 10.4 (1.2) 0.02 9.4 (0.7) ns
+ 27 10.1 (1.5) 9.3 (0.2) 11.0 (1.4) 9.4 (0.8)

Cad-E - 12 9.9 (0.8) ns 8.8 (0.7) ns 10.0 (0.9) ns 9.2 (0.5) ns
+ 244 10.1 (1.5) 9.2 (0.8) 10.5 (1.2) 9.4 (0.7)

PHENOTYPE LA 112 9.9 (1.3) 0.05 9.0 (0.7) 0.005 10.4 (1.1) ns 9.5 (0.6) <0.001
LB 46 9.9 (1.6) 9.0 (0.6) 10.2 (1.4) 9.6 (0.8)

HER2 33 10.6 (1.5) 9.2 (0.6) 10.5 (1.2) 9.5 (0.7)
TN 79 10.3 (1.3) 9.4 (0.8) 10.7 (1.1) 9.0 (0.6)

X: mean expression; SD: standar deviation; h: high; l: low; n: number of cases;  Cad-E: Cadherin-E; LA: Luminal A; LB: Luminal 
B; TN: Triple Negative (includes basal tumors and fivefold negative tumors); n.s.: Not significant. Means are compared using 
ANOVA test.
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respondence with this hypothesis, Ariazi et al 
[68] showed that the high expression of ESRRA 
is correlated with the absence of expression of 
ER and PR.

With regard to miR-4417 and miR-423-3p, we 
have previously reported that co-expression of 
both miR enabled the differentiation in 70% of 
cases of HBC and NHBC [32].

Our results indicate that BCs present a differ-
ent spectrum of altered markers, mostly spe-
cific of the groups with the exception of MYC 
CNAs and RASSF1 PM that are shared by the 
two study groups. The markers selected are 
involved in the pathogenesis of the tumors, 
many of them being targets for drug therapy or 
predictors of response to adjuvant therapy. 
Hence MYC CNA is highly prevalent in HBC and 
TNBC and associated with aggressive forms of 
BC and correlated with poor prognosis and  

In summary the markers selected could allow 
us to establish subtypes of BCs characterized 
by showing similar etiopathogenetic mecha-
nisms, some of them being molecular targets 
for known drugs or possible molecular targets. 
The results found here could be a basis to 
implement a personalized therapy.

Acknowledgements 

We would like to thank to the Carlos III Health 
Institute for having granted this project 
PI10/00347 and to the Health Research 
Institute La Fe for having granted Rosa Murria 
Estal which made possible her participation in 
the study. We should thank the effort to per-
form this work to the pathologist Ana García 
Martínez (University Hospital La Fe). We also 
should thank to the molecular biologist José 
Antonio López Guerrero (Valencia Institute of 
Oncology); to the laboratory technician 

Figure 3. Immunohistochemical and molecular profiles for the best differ-
entiation of the HBC/NHBC (A) and TNBC/NTNBC phenotypes (B). Binary 
stepwise backward Wald logistic regression.

distant metastases. Likewise 
RASSF1 methylation, chiefly 
detected in NHBC and NTNBC, 
has been associated with a high 
risk of relapse and a short 
survival.

The parameters characteristic 
of each group are also relevant 
in the etiopathogenesis and BC 
progression. Hence, AURKA and 
ERBB2 CNA are very relevant in 
HBC groups, AURKA CNA is 
associated with a poorer prog-
nosis in ER positive BCs, and 
ERBB2 is a reliable biomarker 
and a drug target. In the TNBC 
group, BRCA1 PM shows a high 
prevalence in TNBC, conferring 
sensitivity to PARP inhibitors, 
while the unmethylated forms 
could achieve pathological com-
plete response to anthracycline-
based therapy. GSTP1 methyla-
tion, prevalent in NTNBC, reduc-
es the detoxification capacity of 
the enzyme. And of the microR-
NAs miR-590-5p and miR-4417 
both hyperexpressed in TNBC, 
the first one interacts with two 
ESRA sequences of ESR1, and 
miR-4417 could be implicated in 
the regulation of BRCA1 mRNA. 



IHC, genetic and epigenetic profiles hereditary and TN BC

2340 Am J Cancer Res 2015;5(7):2330-2343

Estefania Rojas Calvente (University Hospital of 
Alicante) and to Jacobo Martinez Santamaría 
and Mercedes Goicoechea Sáez (General 
department of public health, Conselleria de 
Sanitat, Generalitat Valenciana). Finally we 
would like to acknowledge the patients enrolled 
in this study and the Biobank of the General 
University Hospital of Alicante and the biobank 
for the biomedical research and public health 
of the Comunidad Valenciana (IBSP-CV) as part 
of the Valenciana Biobank Network (RVB) and 
the National Biobank.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Pascual Bolufer, 
Laboratory of Molecular Biology, University Hospital 
La Fe, Escuela de Enfermería 7ª planta, Avd. 
Campanar 21, 46009 Valencia, Spain. Tel: 34 
961973351; E-mail: bolufer_pas@gva.es

References

[1] Boyle P, Ferlay J. Cancer incidence and mortal-
ity in Europe. Ann Oncol 2004; 16: 481-488.

[2] Claus EB, Risch N, Thompson WD. Genetic 
analysis of breast cancer in the cancer and 
steroid hormone study. Am J Hum Genet 1991; 
48: 232-42.

[3] Miki Y, Swensen J, Shattuck-Eidens D, Futreal 
PA, Harshman K, Tavtigian S, Liu Q, Cochran C, 
Bennett LM, Ding W, Bell R, Rosenthal J, 
Hussey C, Tran T, McClure M, Frye C, Hattier T, 
Phelps R, Haugen-Strano A, Katcher H, Yakumo 
K, Gholami Z, Shaffer D, Stone S, Bayer S, 
Wray C, Bogden R, Dayananth P, Ward J, Tonin 
P, Narod S, Bristow PK, Norris FH, Helvering L, 
Morrison P, Rosteck P, Lai M, Barrett JC, Lewis 
C, Neuhausen S, Albright L, Goldgar D, 
Wiseman R, Kamb A, Skolnick MH. A strong 
candidate for the breast and ovarian cancer 
susceptibility gene BRCA1. Science 1994; 
266: 66-71.

[4] Wooster R, Bignell G, Lancaster J, Swift S, Seal 
S, Mangion J, Collins N, Gregory S, Gumbs C, 
Micklem G. Identification of the breast cancer 
susceptibility gene BRCA2. Nature 1995; 378: 
789-792.

[5] Prevalence and penetrance of BRCA1 and 
BRCA2 mutations in a population-based series 
of breast cancer cases. Anglian Breast Cancer 
Study Group. Br J Cancer 2000; 83: 1301-
1308.

[6] Peto J, Collins N, Barfoot R, Seal S, Warren W, 
Rahman N, Easton DF, Evans C, Deacon J, 
Stratton MR. Prevalence of BRCA1 and BRCA2 

gene mutations in patients with early-onset 
breast cancer. J Natl Cancer Inst 1999; 91: 
943-949.

[7] Dent R, Trudeau M, Pritchard KI, Hanna WM, 
Kahn HK, Sawka CA, Lickley LA, Rawlinson E, 
Sun P, Narod SA.Triple-negative breast cancer: 
clinical features and patterns of recurrence. 
Clin Cancer Res 2007; 13: 4429-4434.

[8] Tun NM, Villani G, Ong K, Yoe L, Bo ZM. Risk of 
having BRCA1 mutation in high-risk women 
with triple-negative breast cancer: a meta-
analysis. Clin Genet 2014; 85: 43-48.

[9] Kornegoor R, Moelans CB, Verschuur-Maes 
AH, Hogenes MC, de Bruin PC, Oudejans JJ, 
Marchionni L, van Diest PJ. Oncogene amplifi-
cation in male breast cancer: analysis by multi-
plex ligation-dependent probe amplification. 
Breast Cancer Res Treat 2012; 135: 49-58.

[10] Jovanovic J, Rønneberg JA, Tost J, Kristensen V. 
The epigenetics of breast cancer. Mol Oncol 
2010; 4: 242-254.

[11] Staff S, Isola J, Jumppanen M, Tanner M. 
Aurora-A gene is frequently amplified in basal-
like breast cancer. Oncol Rep 2010; 23: 307-
312.

[12] Ali HR, Dawson SJ, Blows FM, Provenzano E, 
Pharoah PD, Caldas C. Aurora kinase A outper-
forms Ki67 as a prognostic marker in ER-
positive breast cancer. Br J Cancer 2012; 106: 
1798-1806.

[13] Dedes KJ, Wilkerson PM, Wetterskog D, 
Weigelt B, Ashworth A, Reis-Filho JS. Synthetic 
lethality of PARP inhibition in cancers lacking 
BRCA1 and BRCA2 mutations. Cell Cycle 2011; 
10: 1192-1199.

[14] Rummukainen JK, Salminen T, Lundin J, Kytölä 
S, Joensuu H, Isola J. Amplification of c-myc by 
fluorescence in situ hybridization in a popula-
tion-based breast cancer tissue array. Mod 
Pathol 2001; 14: 1030-1035.

[15] Xu J, Chen Y, Olopade OI. MYC and Breast 
Cancer. Genes cancer 2010; 1: 629-640.

[16] Singhi AD, Cimino-Mathews A, Jenkins RB, Lan 
F, Fink SR, Nassar H, Vang R, Fetting J, Hicks J, 
Sukumar S, De Marzo AM, Argani P. MYC gene 
amplification is often acquired in lethal distant 
breast cancer metastases of unamplified pri-
mary tumors. Mod Pathol 2012; 25: 378-387.

[17] Hudis CA. Trastuzumab Mechanism of Action 
and Use in Clinical Practice. N Engl J Med 357 
2007; 39-51.

[18] Bardowell SA, Parker J, Fan C, Crandell J, Perou 
CM, Swift-Scanlan T. Differential methylation 
relative to breast cancer subtype and matched 
normal tissue reveals distinct patterns. Breast 
Cancer Res Treat 2013; 142: 365-380.

[19] Roa JC, Anabalón L, Tapia O, Martínez J, Araya 
JC, Villaseca M, Guzmán P, Roa I. Promoter 
methylation profile in breast cancer. Rev Med 
Chil 2004; 132: 1069-1077.

mailto:bolufer_pas@gva.es


IHC, genetic and epigenetic profiles hereditary and TN BC

2341 Am J Cancer Res 2015;5(7):2330-2343

[20] Radpour R, Kohler C, Haghighi MM, Fan AX, 
Holzgreve W, Zhong XY. Methylation profiles of 
22 candidate genes in breast cancer using 
high-throughput MALDI-TOF mass array. 
Oncogene 2009; 28: 2969-2978.

[21] Sun Z, Asmann YW, Kalari KR, Bot B, Eckel-
Passow JE, Baker TR, Carr JM, Khrebtukova I, 
Luo S, Zhang L, Schroth GP, Perez EA, 
Thompson EA. Integrated analysis of gene ex-
pression, CPG island methylation, and gene 
copy number in breast cancer cells by deep 
sequencing. PLoS One 2011; 6: e17490.

[22] Kajabova V, Smolkova B, Zmetakova I, Sebova 
K, Krivulcik T, Bella V, Kajo K, Machalekova K, 
Fridrichova I. RASSF1A promoter methylation 
levels positively correlate with estrogen recep-
tor expression in breast cancer patients. Transl 
Oncol 2013; 6: 297-304.

[23] Rhee JK, Kim K, Chae H, Evans J, Yan P, Zhang 
BT, Gray J, Spellman P, Huang TH, Nephew KP, 
Kim S. Integrated analysis of genome-wide 
DNA methylation and gene expression profiles 
in molecular subtypes of breast cancer. 
Nucleic Acids Res 2013; 41: 8464-8474.

[24] Murria R, Palanca S, de Juan I, Egoavil C, 
Alenda C, García-Casado Z, Juan MJ, Sánchez 
AB, Santaballa A, Chirivella I, Segura Á, Hervás 
D, Llop M, Barragán E, Bolufer P. Methylation 
of tumor suppressor genes is related with copy 
number aberrations in breast cancer. Am J 
Cancer Res 2014; 5: 375-85.

[25] Esteller M, Silva JM, Dominguez G, Bonilla F, 
Matias-Guiu X, Lerma E, Bussaglia E, Prat J, 
Harkes IC, Repasky EA, Gabrielson E, Schutte 
M, Baylin SB, Herman JG. Promoter hyper-
methylation and BRCA1 inactivation in sporad-
ic breast and ovarian tumors. J Natl Cancer 
Inst 2000; 92: 564-569.

[26] Mattie MD, Benz CC, Bowers J, Sensinger K, 
Wong L, Scott GK, Fedele V, Ginzinger D, Getts 
R, Haqq C. Optimized high-throughput microR-
NA expression profiling provides novel bio-
marker assessment of clinical prostate and 
breast cancer biopsies. Mol Cancer 2006; 5: 
24.

[27] Lu J, Getz G, Miska EA, Alvarez-Saavedra E, 
Lamb J, Peck D, Sweet-Cordero A, Ebert BL, 
Mak RH, Ferrando AA, Downing JR, Jacks T, 
Horvitz HR, Golub TR. MicroRNA expression 
profiles classify human cancers. Nature 2005; 
435: 834-838.

[28] Rosenfeld N, Aharonov R, Meiri E, Rosenwald 
S, Spector Y, Zepeniuk M, Benjamin H, Shabes 
N, Tabak S, Levy A, Lebanony D, Goren Y, 
Silberschein E, Targan N, Ben-Ari A, Gilad S, 
Sion- Vardy N, Tobar A, Feinmesser M, 
Kharenko O, Nativ O, Nass D, Perelman M, 
Yosepovich A, Shalmon B, Polak-Charcon S, 
Fridman E, Avniel A, Bentwich I, Bentwich Z, 

Cohen D, Chajut A, Barshack I. MicroRNAs ac-
curately identify cancer tissue origin. Nat 
Biotechnol 2008; 26: 462-469.

[29] Lehmann BD, Pietenpo JA. Identification and 
use of biomarkers in treatment strategies for 
triple-negative breast cancer subtypes. J 
Pathol 2014; 232: 142-50.

[30] Curtis C, Shah SP, Chin SF, Turashvili G, Rueda 
OM, Dunning MJ, Speed D, Lynch AG, 
Samarajiwa S, Yuan Y, Gräf S, Ha G, Haffari G, 
Bashashati A, Russell R, McKinney S; 
METABRIC Group, Langerød A, Green A, 
Provenzano E, Wishart G, Pinder S, Watson P, 
Markowetz F, Murphy L, Ellis I, Purushotham A, 
Børresen-Dale AL, Brenton JD, Tavaré S, Caldas 
C, Aparicio S. The genomic and transcriptomic 
architecture of 2,000 breast tumours reveals 
novel subgroups. Nature 2012; 486: 346-352. 

[31] Moelans CB, de Weger RA, Monsuur HN, 
Vijzelaar R, van Diest PJ. Molecular profiling of 
invasive breast cancer by multiplex ligation-
dependent probe amplification-based copy 
number analysis of tumor suppressor and on-
cogenes. Mod Pathol 2010; 23: 1029-1039.

[32] Murria Estal R, Palanca Suela S, de Juan 
Jiménez I, Egoavil Rojas C, García-Casado Z, 
Juan Fita MJ, Sánchez Heras AB, Segura 
Huerta A, Chirivella González I, Sánchez-
Izquierdo D, Llop García M, Barragán González 
E, Bolufer Gilabert P. MicroRNA signatures in 
hereditary breast cancer. Breast Cancer Res 
Treat 2013; 142: 19-30.

[33] Ganguly A, Rock MJ, Prockop DJ. Conformation-
sensitive gel electrophoresis for rapid detec-
tion of single-base differences in double-
stranded PCR products and DNA fragments: 
evidence for solvent-induced bends in DNA 
heteroduplexes. Proc Natl Acad Sci U S A 1993;  
90: 10325-10329.

[34] Esteban E, Bolufer P, Palanca S, Barragán E, 
Oltra S, Chirivella I, Segura A, Guillén C, 
Martínez E, Cuevas D, Salas D. BRCA1 and 
BRCA2 mutations in families studied in the 
Program of Genetic Counselling in Cancer of 
the Valencian Community (Spain). Med Clin 
(Barc) 2008; 130: 121-126.

[35] Hammond ME, Hayes DF, Dowsett M, Allred 
DC, Hagerty KL, Badve S, Fitzgibbons PL, 
Francis G, Goldstein NS, Hayes M, Hicks DG, 
Lester S, Love R, Mangu PB, McShane L, Miller 
K, Osborne CK, Paik S, Perlmutter J, Rhodes A, 
Sasano H, Schwartz JN, Sweep FC, Taube S, 
Torlakovic EE, Valenstein P, Viale G, Visscher D, 
Wheeler T, Williams RB, Wittliff JL, Wolff AC. 
American Society of Clinical Oncology/College 
of American Pathologists guideline recommen-
dations for immunohistochemical testing of 
estrogen and progesterone receptors in breast 
cancer. Arch Pathol Lab Med 2010; 134: e48-
72.



IHC, genetic and epigenetic profiles hereditary and TN BC

2342 Am J Cancer Res 2015;5(7):2330-2343

[36] Milanezi F, Carvalho S, Schmitt FC. EGFR/
HER2 in breast cancer: a biological approach 
for molecular diagnosis and therapy. Expert 
Rev Mol Diagn 2008; 8: 417-434

[37] Gillett CE, Miles DW, Ryder K, Skilton D, 
Liebman RD, Springall RJ, Barnes DM, Hanby 
AM. Retention of the expression of E-cadherin 
and catenins is associated with shorter surviv-
al in grade III ductal carcinoma of the breast. J 
Pathol 2001; 193: 433-41.

[38] Goldhirsch A, Wood WC, Coates AS, Gelber RD, 
Thürlimann B, Senn HJ. Strategies for sub-
types-dealing with the diversity of breast can-
cer: highlights of the St. Gallen International 
Expert Consensus on the Primary Therapy of 
Early Breast Cancer 2011. Ann Oncol 2011; 
22: 1736-1747.

[39] Cheang MC, Chia SK, Voduc D, Gao D, Leung S, 
Snider J, Watson M, Davies S, Bernard PS, 
Parker JS, Perou CM, Ellis MJ, Nielsen TO. Ki67 
index, HER2 status, and prognosis of patients 
with luminal B breast cancer. J Natl Cancer Inst 
2009; 101: 736-750.

[40] Nielsen TO, Hsu FD, Jensen K, Cheang M, 
Karaca G, Hu Z, Hernandez-Boussard T, Livasy 
C, Cowan D, Dressler L, Akslen LA, Ragaz J, 
Gown AM, Gilks CB, van de Rijn M, Perou CM. 
Immunohistochemical and clinical character-
ization of the basal-like subtype of invasive 
breast carcinoma. Clin Cancer Res 2004; 10: 
5367-5374.

[41] Schouten JP, McElgunn CJ, Waaijer R, 
Zwijnenburg D, Diepvens F, Pals G. Relative 
quantification of 40 nucleic acid sequences by 
multiplex ligation-dependent probe amplifica-
tion. Nucleic Acids Res 2002; 30: e57. 

[42] Nygren AOH, Ameziane N, Duarte HMB, 
Vijzelaar R, Waisfisz Q, Hess CJ, Schouten JP, 
Errami A. Methylation-Specific MLPA (MS-
MLPA): simultaneous detection of CpG methyl-
ation and copy number changes of up to 40 
sequences. Nucleic Acids Res 2005; 33: e128.

[43] Henken FE, Wilting SM, Overmeer RM, van 
Rietschoten JG, Nygren AO, Errami A, Schouten 
JP, Meijer CJ, Snijders PJ, Steenbergen RD. 
Sequential gene promoter methylation during 
HPV-induced cervical carcinogenesis. Br J 
Cancer 2007; 97: 1457–1464.

[44] Bunyan DJ, Eccles DM, Sillibourne J, Wilkins E, 
Thomas NS, Shea-Simonds J, Duncan PJ, 
Curtis CE, Robinson DO, Harvey JF, Cross NC. 
Dosage analysis of cancer predisposition 
genes by multiplex ligation-dependent probe 
amplification. Br J Cancer 2004; 91: 1155-
1159.

[45] Pfaffl MW. A new mathematical model for rela-
tive quantification in real-time RT-PCR. Nucleic 
Acids Res 2001; 29: 2002-2007.

[46] Li Z, Owonikoko TK, Sun SY, Ramalingam SS, 
Doetsch PW, Xiao ZQ, Khuri FR, Curran WJ, 

Deng X. c-Myc suppression of DNA double-
strand break repair. Neoplasia 2012; 14: 
1190-1202.

[47] Horiuchi D, Kusdra L, Huskey NE, Chandriani S, 
Lenburg ME, Gonzalez-Angulo AM, Creasman 
KJ, Bazarov AV, Smyth JW, Davis SE, Yaswen P, 
Mills GB, Esserman LJ, Goga A. MYC pathway 
activation in triple-negative breast cancer is 
synthetic lethal with CDK inhibition. J Exp Med 
2012; 209: 679-696.

[48] Couch FJ, Sinilnikova O, Vierkant RA, Pankratz 
VS, Fredericksen ZS, Stoppa-Lyonnet D, 
Coupier I, Hughes D, Hardouin A, Berthet P, 
Peock S, Cook M, Baynes C, Hodgson S, 
Morrison PJ, Porteous ME, Jakubowska A, 
Lubinski J, Gronwald J, Spurdle AB, kConFab, 
Schmutzler R, Versmold B, Engel C, Meindl A, 
Sutter C, Horst J, Schaefer D, Offit K, Kirchhoff 
T, Andrulis IL, Ilyushik E, Glendon G, Devilee P, 
Vreeswijk MP, Vasen HF, Borg A, Backenhorn 
K, Struewing JP, Greene MH, Neuhausen SL, 
Rebbeck TR, Nathanson K, Domchek S, 
Wagner T, Garber JE, Szabo C, Zikan M, 
Foretova L, Olson JE, Sellers TA, Lindor N, 
Nevanlinna H, Tommiska J, Aittomaki K, 
Hamann U, Rashid MU, Torres D, Simard J, 
Durocher F, Guenard F, Lynch HT, Isaacs C, 
Weitzel J, Olopade OI, Narod S, Daly MB, 
Godwin AK, Tomlinson G, Easton DF, Chenevix-
Trench G, Antoniouon AC; Consortium of 
Investigators of Modifiers of BRCA1/2. AURKA 
F31I Polymorphism and Breast Cancer Risk in 
BRCA1 and BRCA2 Mutation Carriers: A CIMBA 
study. Cancer Epidemiol Biomarkers Prev 
2007; 16: 1416-1421.

[49] Siggelkow W, Boehm D, Gebhard S, Battista M, 
Sicking I, Lebrecht A, Solbach C, Hellwig B, 
Rahnenführer J, Koelbl H, Gehrmann M, 
Marchan R, Cadenas C, Hengstler JG, Schmidt 
M. Expression of aurora kinase A is associated 
with metastasis-free survival in node-negative 
breast cancer patients. BMC Cancer 2012; 12: 
562

[50] Li SG, Li L. Targeted therapy in HER2-positive 
breast cancer (Review). Biomedical Reports 
2013; 1: 499-505.

[51] Guan Z, Zhang J, Song S, Dai D. Promoter 
methylation and expression of TIMP3 gene in 
gastric cancer. Diagn Pathol 2013; 8: 110. 

[52] Wild A, Ramaswamy A, Langer P, Celik I, 
Fendrich V, Chaloupka B, Simon B, Bartsch 
DK. Frequent methylation-associated silencing 
of the tissue inhibitor of metalloproteinase-3 
gene in pancreatic endocrine tumors. J Clin 
Endocrinol Metab 2003; 88: 1367-1373.

[53] Li YT, Ni D, Yang L, Zhao Q, Ou JH. The preva-
lence of BRCA1/2 mutations of triple-negative 
breast cancer patients in Xinjiang multiple eth-
nic region of China. Eur J Med Res 2014; 19: 
35.



IHC, genetic and epigenetic profiles hereditary and TN BC

2343 Am J Cancer Res 2015;5(7):2330-2343

[54] Gonzalez-Angulo AM, Timms KM, Liu S, Chen 
H, Litton JK, Potter J, Lanchbury JS, Stemke-
Hale K, Hennessy BT, Arun BK, Hortobagyi GN, 
Do KA, Mills GB, Meric-Bernstam F. Incidence 
and outcome of BRCA mutations in unselected 
patients with triple receptor-negative breast 
cancer. Clin Cancer Res 2011; 17: 1082-1089.

[55] Seong MW, Kim KH, Chung IY, Kang E, Lee JW, 
Park SK, Lee MH, Lee JE, Noh DY, Son BH, Park 
HL, Cho SI, Park SS; Korean Hereditary Breast 
Cancer Study Group, Kim SW. A multi-institu-
tional study on the association between 
BRCA1/BRCA2 mutational status and triple-
negative breast cancer in familial breast can-
cer patients. Breast Cancer Res Treat 2014; 
146: 63-69.

[56] Sharma P, Klemp JR, Kimler BF, Mahnken JD, 
Geier LJ, Khan QJ, Elia M, Connor CS, 
McGinness MK, Mammen JM, Wagner JL, 
Ward C, Ranallo L, Knight CJ, Stecklein SR, 
Jensen RA, Fabian CJ, Godwin AK. Germline 
BRCA mutation evaluation in a prospective tri-
ple-negative breast cancer registry: implica-
tions for hereditary breast and/or ovarian can-
cer syndrome testing. Breast Cancer Res Treat 
2014; 145: 707-714.

[57]  Hartman AR, Kaldate RR, Sailer LM, Painter L, 
Grier CE, Endsley RR, Griffin M, Hamilton SA, 
Frye CA, Silberman MA, Wenstrup RJ, 
Sandbach JF. Prevalence of BRCA mutations in 
an unselected population of triple-negative 
breast cancer. Cancer 2012; 118: 2787-2795. 

[58] Saxena A, Dhillon VS, Shahid M, Khalil HS, 
Rani M, Prasad DAS T, Hedau S, Hussain A, 
Naqvi RA, Deo SV, Shukla NK, DAS BC, Husain 
SA. GSTP1 methylation and polymorphism in-
crease the risk of breast cancer and the ef-
fects of diet and lifestyle in breast cancer pa-
tients. Exp Ther Med 2012; 4: 1097-1103.

[59] Lasabova Z, Tilandyova P, Kajo K, Zubor P, 
Burjanivova T, Danko J, Plank L. Hyper- 
methylation of the GSTP1 promoter region in 
breast cancer is associated with prognostic 
clinicopathological parameters. Neoplasma 
2010; 57: 35-40.

[60] Sunami E, Shinozaki M, Sim MS, Nguyen SL, 
Vu AT, Giuliano AE, Hoon DS. Estrogen receptor 
and HER2/neu status affect epigenetic differ-
ences of tumor-related genes in primary breast 
tumors. Breast Cancer Res 2008; 10: R46.

[61] Veeck J, Ropero S, Setien F, Gonzalez-Suarez 
E, Osorio A, Benitez J, Herman JG, Esteller M. 
BRCA1 CpG island hypermethylation predicts 
sensitivity to poly(adenosine diphosphate)-ri-
bose polymerase inhibitors. J Clin Oncol 2010; 
28: e563-4. 

[62] Turner NC, Ashworth A. Biomarkers of PARP in-
hibitor sensitivity. Breast Cancer Res Treat 
2011; 127: 283-6.

[63] Yuan P, Xu Y, Ouyang T, Wang TF, Fan ZQ, Fan T, 
Lin BY, Xie YT, Li JF. Correlation of BRCA1 and 
APC aberrant methylation with the response to 
anthracycline-based neoadjuvant chemothera-
py in primary breast cancer. Zhonghua Zhong 
Liu Za Zhi 2009; 31: 282-6.

[64] Gonzalez S, Klatt P, Delgado S, Conde E, Lopez-
Rios F, Sanchez-Cespedes M, Mendez J, 
Antequera F, Serrano M. Oncogenic activity of 
Cdc6 through repression of the INK4/ARF lo-
cus. Nature 2006; 440: 702-706.

[65] Xiong J, Yu D, Wei N, Fu H, Cai T, Huang Y, Wu 
C, Zheng X, Du Q, Lin D, Liang Z. An estrogen 
receptor alpha suppressor, microRNA-22, is 
downregulated in estrogen receptor alpha-pos-
itive human breast cancer cell lines and clini-
cal samples. FEBS J 2010; 277: 1684-1694.

[66] Yang H, Zheng W, Zhao W, Guan C, An J. Roles 
of miR-590-5p and miR-590-3p in the develop-
ment of hepatocellular carcinoma. Nan Fang Yi 
Ke Da Xue Xue Bao 2013; 33: 804-811.

[67] Hafner M, Landthaler M, Burger L, Khorshid M, 
Hausser J, Berninger P, Rothballer A, Ascano M 
Jr, Jungkamp AC, Munschauer M, Ulrich A, 
Wardle GS, Dewell S, Zavolan M, Tuschl T. 
Transcriptome-wide identification of RNA-
binding protein and microRNA target sites by 
PAR-CLIP. Cell 2010; 141: 129-41. 

[68] Ariazi EA, Clark GM, Mertz JE. Estrogen-related 
receptor alpha and estrogen-related receptor 
gamma associate with unfavorable and favor-
able biomarkers, respectively, in human breast 
cancer. Cancer Res 2002; 62: 6510-6508.


