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Abstract. The purpose of this study was to investigate the
activation of Hedgehog (Hh) signaling molecules and its
involvement in triple-negative breast cancer (TNBC). A total
of 123 cases of paraffin blocks, including 83 cases of primary
breast carcinoma, 30 cases of mammary hyperplasia and
10 cases of normal breast tissue, were immunohistochemically
analyzed for Sonic Hedgehog (SHH), Patched-1 (PTCHI),
Smoothened (SMO) and glioma-associated oncogene
homoglog 1 (GLII) expression. The expression of SMO and
GLII in TNBC was significantly increased in comparison to
non-triple-negative breast cancer (nTNBC). GLI1 expression
manifested an inverse association with the estrogen receptor.
The levels of GLI1 expression were increased in lymph node-
positive cases. The expression of SHH and SMO was increased
in high histological grades. Furthermore, the expression of
SMO and GLII was correlated with superior tumor stage. The
expression of SHH, SMO and GLI1 was significantly increased
in breast cancer and mammary hyperplasia. PTCHI1 expres-
sion was significantly decreased in breast cancer compared to
mammary hyperplasia and normal breast tissue. For the first
time, clinical evidence has been provided in support of signifi-
cant roles of Hh signaling in TNBC. Hh signaling is involved
in breast ductal changes and malignant transformation.
Measures to inhibit Hh activity may improve the prognosis of
TNBC patients.

Introduction
Breast cancer is a heterogeneous disease. Gene expression

analysis has identified molecular classes of breast cancer
that are biologically and clinically distinct (1). One of these
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subgroups, which has attracted significant attention in recent
years, is triple-negative breast cancer (TNBC). TNBC is
defined as a group of tumors that neither expressing estrogen
receptors (ER) and progesterone receptors (PR) nor overex-
pressing HER2. Studies have revealed that TNBC accounts
for 10-17% of all breast carcinomas (2,3) and is more aggres-
sive in that considerable recurrence and metastasis occurs
(4-7), and relatively few patients exhibit favorable survival
times (3,8,9). Due to reduced response to hormonal therapy
and poor prognosis (10,11), new targeted therapies for TNBC
are required to ameliorate breast cancer treatment.

The Hedgehog (Hh) signaling pathway involves a signal-
transduction cascade that includes a member of the Hedgehog
family of secreted ligands [Sonic Hedgehog (SHH), Indian
Hedgehog (IHH) or Desert Hedgehog (DHH)] in mammals.
Hh binds one or more Patched family hedgehog receptors
[Patched-1 (PTCH1) and Patched-2 (PTCH2)]. In the absence
of ligand, PTCH inhibits downstream signaling by limiting
the function of the Smoothened (SMO), a seven-transmem-
brane protein with strong resemblance to a G-protein-coupled
receptor. In the presence of ligand, PTCH releases inhibi-
tion of SMO, leading to induction of the target transcription
factors glioma-associated oncogene homoglog (GLI1, GLI2
or GLI3) (12). Dysregulation of Hh signaling has been shown
to induce malformation of the organism and carcinogenesis
in experimental systems (13-16). Previous studies emphasized
the importance of a tightly controlled Hh pathway activation
in the mammary gland to ensure proper development and
avert tumor formation (17,18). The exact role of activated Hh
signaling in the development or progression of tumors remains
to be elucidated. However, certain studies have indicated that
Hh signaling plays a role in stem/progenitor cell maintenance
and self-renewal, which is regarded as a significant marker of
cancer stem cell (CSC) activation (19,20). Nevertheless, the
role of this pathway in breast CSCs has yet to be determined.

In the present study, we addressed other types of breast
cancer that exhibit expression of ER, PR or overexpression
of HER?2 as non-triple-negative breast cancer (nTNBC). The
primary purpose of this study was, first to explore the activa-
tion of Hh in TNBC by analyzing the expression difference
of Hh signaling between TNBC and nTNBC; and second,
to elucidate the relationship between Hh molecules and
clinicopathological parameters to gain a better understanding
of the Hh pathway in TNBC. In addition, expression of Hh
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molecules in breast cancer, mammary hyperplasia and normal
breast tissue was analyzed to study the role of the Hh pathway
in breast ductal changes.

Materials and methods

Clinical samples. In total, 123 cases of paraffin blocks,
including 83 cases of primary breast carcinoma, 30 cases of
mammary hyperplasia and 10 cases of normal breast tissue,
were selected from the Department of Pathology, Dalian
Central Hospital (Dalian, China), between 2007 and 2010,
following approval of the study by the Institutional Human
Ethics Committee. The normal breast tissues were obtained
from the resection margins of modified radical mastectomy
specimens of breast cancer. The ages of the patients ranged
from 32 to 76 years (average 52.3). Immunopathology analysis
according to the expression of ER, PR and HER?2 contained in
breast cancer revealed that there were 23 TNBC specimens. In
addition, of 83 cases of primary breast carcinoma, 73 invasive
ductal carcinomas (IDC) and 10 invasive lobular carcinomas
were confirmed by histopathological examination, of which
the 23 TNBC specimens were IDC.

The clinicopathological parameters, including age, tumor
size, differentiation and the presence of nodal metastasis,
were evaluated. The 23 TNBC specimens comprised 3 cases
of pTNM stage I, 7 cases of pTNM stage Ila, 5 cases of pTNM
stage IIb, 4 cases of pTNM stage Illa and 4 cases of pTNM
stage IV. TNM staging was assessed according to the staging
system established by the American Joint Committee on
Cancer (AJCC) (21).

Immunohistochemical staining. The sections were deparaf-
finized in xylene and rehydrated with graded ethanol followed
by a microwave heating for 30 min in 10 mM sodium citrate
buffer (pH 7.2); 0.3% hydrogen peroxide solution was used
for the blocking of endogenous peroxidase activity. The
primary monoclonal antibodies against SHH (ab53281;
Abcam, Cambridge, UK), PTCHI1 (BS1286; Bioworld,
Atlanta, Georgia, USA), SMO (ab72130; Abcam), GLI1
(sc-20687; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), ER (M7047; Dako, Denmark), PR (M3569; Dako)
and HER2 (A0485; Dako) were applied at 4°C overnight.
The dilutions in PBS were as follows: SHH, 1:100; PTCH1,
1:50; SMO, 1:100; GLI1, 1:100; ER, 1:50; PR, 1:50 and
HER2, 1:100. Sections were then incubated with HRP-labeled
goat anti-mouse/rabbit antibody (Maixin Bio) for 30 min at
room temperature. 3,3'-Diaminobenzidine was used as the
chromogen and hematoxylin as the nuclear counterstain. The
sections were dehydrated, cleared and mounted.

Immunoblot analysis. Tissue lysates were prepared from
1 TNBC and 1 nTNBC specimen. Frozen tissue samples
were homogenized and lysed in RIPA buffer containing 1X
protease inhibitor cocktail. Protein concentrations were deter-
mined using the Bradford assay. Equal amounts of proteins
(80 mg/lane) from tissue lysates were electrophoresed in
10% sodium dodecyl sulfate-polyacrylamide gels. The
proteins were then transferred onto polyvinylidenedifluoride
membranes. After blotting in 5% non-fat dry milk in Tris-
buffered saline, blots were incubated with anti-SHH antibody
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(1:500 dilution), anti-PTCHI1 antibody (1:100 dilution),
anti-SMO antibody (1:200 dilution) and anti-GLI1 antibody
(1:200 dilution) at 4°C overnight. Membranes were incubated
with a secondary antibody, HRP-labeled goat anti-mouse/
rabbit antibody, diluted at an appropriate dilution in 1% BSA
for 2 h at room temperature. Protein bands were visualized
on X-ray film using an enhanced chemiluminescence system
(Santa Cruz).

Evaluation of immunohistochemical staining. According to
the scoring method of Sinicrope et al (22), the immuno-reac-
tive score (IRS) was obtained by multiplication of staining
intensity (graded between negative, 0; weak, 1; moderate, 2
and strong, 3) and the percentage of positively-stained
cells (graded between 0 and 4, where 0, negative; 1, <25%;
2,25-50%; 3, 51-75% and 4, >75%). Cases with discrepancies
in IRS were discussed together with two pathologists until
consensus was reached. Final staining scores were represented
as: negative (IRS 0), -; weak positive (IRS 1-4), +; moderate
positive (IRS 5-8), ++; and strong positive (IRS 9-12), +++.
Additionally, tumors with +++ scores were classified as over-
expression for HER2, whereas tumors with -, + or ++ scores
were considered as exhibiting no overexpression.

Statistical analysis. The data were statistically analyzed
using the SPSS software version 13.0 (SPSS Inc., Chicago,
IL, USA). Pearson's Chi-square test was performed to analyze
the difference in expression of H molecules between TNBC
and nTNBC, between breast cancer, mammary hyperplasia
and normal breast tissue, and possible associations between
Hh molecules and clinicopathological parameters. Spearman's
rank correlation coefficients were calculated to analyze the
associations between Hh molecules and ER, PR and HER2.
Two-sided p-values of <0.05 were considered to be statisti-
cally significant.

Results

SHH, PTCHI, SMO and GLII expression in TNBC and
nTNBC. SHH, PTCHI, SMO and GLII expression in TNBC
and nTNBC are shown in Table I. Expression of SMO and
GLIl in TNBC was significantly increased in comparison
to those in nTNBC (p=0.006 and p=0.022, respectively).
Furthermore, Western blot analysis independently confirmed
the immunohistochemical findings of SHH, PTCH1, SMO
and GLI1 protein expression in TNBC and paired nTNBC
(Fig. 1). The relationship between SHH, PTCHI1, SMO and
GLII expression, and ER, PR and HER-2 expression was
analyzed by Spearman's rank correlation coefficients (data not
shown): the result revealed that GLI1 manifested an inverse
association with ER (p=0.015).

Relationships between the expression of SHH, PTCHI, SMO,
GLII and clinicopathological parameters in TNBC. In the
present study, we assessed clinicopathological characteristics,
including age, lymphatic involvement, histologic grade and
tumor stage (Table II). The level of GLII expression was
increased in lymph node-positive cases (p=0.017). SHH
and SMO expression was increased in specimens with high
histological grades (p=0.023 and p=0.035, respectively). The



Table I. SHH, PTCHI1, SMO and GLI1 expression in TNBC and nTNBC.

SHH p-value PTCH1 p-value SMO p-value GLI1 p-value

No.

Type

+++

++

+++

++

+++

++

+++

++

0.006* 1 11 0.022°
10

11

3

0.259 10 3 0.707
29

7
24

10
15

23

TNBC

10

21

19

27

18

10

17

16

60

nTNBC

0.022, Pearson Chi-square 9.610, df=3. p-values were calculated by using Chi-square test and p<0.05 was considered to be statistically significant.

0.006, Pearson Chi-square 12.470, df=3; ®p=

ap=
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Figure 1. Analysis of the presence of SHH, PTCH1, SMO and GLI1 in TNBC
and nTNBC. Western blotting was performed using anti-SHH, PTCH1, SMO
and GLI1. The expression of SHH, PTCHI, SMO and GLI1 in TNBC and
nTNBC is consistent with that detected by immunohistochemical staining.

expression of SMO and GLI1 was correlated with superior
tumor stage (p=0.042 and p=0.032, respectively).

SHH, PTCHI, SMO and GLII expression in breast cancer,
mammary hyperplasia and normal breast tissue. The results
of the immunohistochemical analysis of SHH, PTCH1, SMO
and GLII expression in breast cancer, mammary hyperplasia
and normal breast tissue are shown in Table III and Fig. 2. The
expression of SHH was rare in normal breast epithelium, but
was frequently observed in breast cancer and mammary hyper-
plasia (p=0.000 and p=0.000, respectively). PTCH1 expression
was significantly decreased in breast cancer compared to
mammary hyperplasia and normal breast tissue. Significant
differences were observed between breast cancer, mammary
hyperplasia and normal breast tissue (p=0.000, p=0.001 and
p=0.007, respectively). Expression of SMO and GLII was
completely absent in normal breast tissue, but was markedly
increased in breast cancer and mammary hyperplasia (between
breast cancer, mammary hyperplasia and normal breast tissue,
differences of SMO expression were p=0.003, p=0.012 and
p=0.000, respectively; and differences of GLII expression
were p=0.005, p=0.02 and p=0.000, respectively).

Discussion

Hh signaling pathway is a highly conserved system for the
regulation of patterning and growth in animal development.
Tumorigenesis is concerned with abnormal activations in
components of the Hh signaling pathway (23-26). The molec-
ular mechanisms underlying this interaction remain unclear.
However, using an in vitro suspension culture system for
the breast CSCs, characterized by the cell surface phenotype
CD44*CD24/low and tumor initiating capacity, expression
of SHH, Glil and GIi2 in these cells was observed at higher
levels than in other types of breast cancer cells and was
down-regulated when CD44*CD247/low cells were allowed
to differentiate (18,27). In concordance with this observa-
tion, activation of the Hh pathway by adding SHH protein or
overexpressing GLI1, GLI2 or SmoM2 results in increased
mammary mammosphere (MS) formation, which enriches
stem cells (28). Conversely, inhibition of the Hh pathway
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Table III. SHH, PTCH1, SMO and GLI1 expression in breast cancer, mammary hyperplasia and normal breast tissue.

p-value PTCH1 p-value SMO p-value GLIl p-value

No. SHH

Type

+++

++

+++

++

+++

++

+++

++

21 0.005'

7 0.000¢ 10 23 31 19 0.003" 11 23 28
11 0.001¢ 0.012¢

15

22

19 25 31 0.128 39
0.000*

83

Breast cancer

0.020’

4

2 13

10

12

5

18

30

Mammary

hyperplasia

0.000*

0.000 vs. breast cancer, Pearson Chi-square 32.462, df=3; °p=0.000 vs. mammary hyperplasia, Pearson Chi-square 18.598, df=3;
0.007 vs. breast cancer, Pearson Chi-square 12.042, df=3; p

0.012 vs. normal breast tissue, Pearson Chi-square 10.909, df=3; "p=0.000 vs. breast cancer, Pearson Chi-square 40.898, df=3; 'p

0

0.000" 10

0

0.007¢ 10

0

2

0 0.000°
0.000 vs. normal breast tissue, Pearson Chi-square 28.859, df=3; °p
0.001 vs. normal breast tissue, Pearson Chi-square 15.971, df=3; °p

10

Normal breast

apz
p
p
Jp

0.003 vs. mammary hyperplasia, Pearson Chi-square 14.228, df=3;

0.005 vs. mammary hyperplasia, Pearson Chi-square 13.021, df=3;
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0.02 vs. normal breast tissue, Pearson Chi-square 9.855, df=3; ¥p=0.000 vs. breast cancer, Pearson Chi-square 38.417, df=3. P-values were calculated using the Chi-square test, p<0.05 (2-sided) was

considered to be statistically significant.

with cyclopamine was reported to decrease the MS formation
efficacy of human mammary cells (20). These results indicate
that the activation of Hh signaling plays an essential role
in the maintenance of CSCs (29-31). With regard to TNBC
with characteristics of cancer stem-like cells including more
frequent recurrence, chemoresistance and shorter survival
than nTNBC, we addressed the hypothesis that there are more
active CSCs in TNBC compared to nTNBC, and Hh signaling
may contribute to this activation. For the first time we provide
clinical evidence to prove this hypothesis by analyzing the
expression of SHH, PTCH1, SMO and GLII in TNBC. We
noted that the key molecules of Hh signaling SMO and GLI1
expression in TNBC were markedly increased in comparison
to nTNBC, indicating that Hh signaling in TNBC has been
activated and contributes to the proliferative abilities of CSCs.
Moreover, we observed that the expression of GLI1 was
up-regulated in lymph node-positive cases, the expression of
SHH and SMO was increased in high histological grade and
the expression of SMO and GLI1 was correlated with supe-
rior tumor stage. These findings indicate that, by regulating
the continuous activation of breast CSCs, the Hh signaling
pathway is involved, not only in progression, but also in
invasion and metastasis. In addition, the expression of GLI1
was inversely correlated with ER, consistent with a previous
study (32) that revealed that GII1 expression was decreased in
ER-positive breast cancer cell lines MCF-7 and T47D. These
data indicate that GLI1 may attenuate the response to estro-
genic stimulation by negatively regulating ER signaling,
which may be the reason for TNBC patients exhibiting
insensitivity to hormone therapy. As noted, current systemic
cancer therapies frequently fail to eradicate TNBC. Failure
of these therapies to effectively target CSCs may account
for this failure. Our results indicate that the development
of agents that eliminate or control CSCs by inhibiting Hh
signaling activation may be an effective strategy for TNBC
prevention.

Hh signaling plays a role in breast ductal changes. It has
been reported that targeted disruption of PTCHI in mouse
mammary stroma and expression of activated human Smo
(SmoM?2) under the MMTV promoter resulted in ductal
dysplasia characterized by increased proliferation (28). To
the best of our knowledge, expression of the Hh pathway in
clinical mammary hyperplasia specimens has seldom been
reported. Our clinical data revealed that SHH, SMO and
GLII expression was increased and PTCH1 expression was
decreased in mammary hyperplasia. The expression differ-
ences of SHH, PTCHI1, SMO and GLI1 were observed
between mammary hyperplasia and normal breast tissue. In
addition, we observed that the expression of SMO and GLI1
was increased and PTCHI expression was significantly
decreased in breast cancer compared to mammary hyperplasia.
These results indicate that Hh molecules were constitutively
activated in the continuous process of normal breast tissue-
mammary hyperplasia-breast cancer, and the target of Hh
molecules may be stem cells. Although breast stem cells are
capable of self-renewal, they are relatively quiescent; in other
words, these cells have proliferative capacity, but often do not
cycle (33). Hh signaling may induce breast stem cells into the
cell cycle to increase quantities of breast stem cells, thereby
contributing to mammary hyperplasia formation. Furthermore,
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Figure 2. Expression of SHH, PTCHI1, SMO and GLI1 in breast cancer, mammary hyperplasia and normal breast tissue. (A and E) SHH located in the
membrane and cytoplasm of breast cancer and mammary hyperplasia. (B and F) PTCH1 mainly located in the cytoplasm of breast cancer and mammary
hyperplasia. (C and G) SMO located in the cytoplasm and nucleus of breast cancer and mammary hyperplasia. (D and H) GLI1 mainly located in the nucleus
of breast cancer and mammary hyperplasia. (I-L) Loss of SHH, SMO and GLI1 expression in normal breast tissue, respectively. (J) Weak positive expression

of PTCHI in normal breast tissue. Original magnification, x400.

the continuous activation or mutation of Hh signaling may
cause breast stem cells to malignantly transform, resulting in
oncogenesis and malignant progression. However, the mecha-
nism of the Hh pathway in breast stem cell transformation
requires further study.

In the present study, clinical evidence was provided in
support of the crucial role of Hh signaling in TNBC. In addi-
tion, our clinical data also revealed that Hh signaling plays a
role in breast ductal changes. We postulate that the potential
mechanisms involved in the activation of stem cells, particu-
larly the maintenance of malignant biological behaviour of
breast CSCs and consequent promotion of tumor progression,
are attributed to activation of the Hh pathway. A greater
understanding of the role of the Hh signaling pathway in
TNBC may lead to an effective strategy for TNBC prevention
by developing molecular tools that interfere with it.
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