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Co-activation of Hedgehog and Wnt signaling pathways is
associated with poor outcomes in triple negative breast cancer

KIMBERLY M. ARNOLD'?, RYAN T. POHLIG' and JENNIFER SIMS-MOURTADA '~

ICenter for Translational Cancer Research, Helen F. Graham Cancer Center and Research Institute, Newark, DE 19713;

Departments of "Medical Laboratory Sciences and 3Biological Sciences, University of Delaware, Newark, DE 19716, USA

Received March 17,2017; Accepted August 3, 2017

DOI: 10.3892/01.2017.6874

Abstract. Hedgehog (HH) and Wnt pathway activation have
been implicated in poor prognosis of breast cancer. Crosstalk
between these two pathways has been demonstrated to be
important in breast cancer progression, however the association
between these two pathways and breast cancer survival rate is
unknown. The present study comprised a cohort of 36 patients
with triple negative breast cancer (TNBC) to investigate
co-activation of HH and canonical Wnt pathway in association
to patient outcome. All patients had varying degrees of cyto-
plasmic sonic HH and glioma-associated oncogene homolog
(Gli)-1 staining, which positively correlated with tumor stage.
Nuclear -catenin was additionally correlated to tumor stage.
A significant association was observed between nuclear Gli-1
and nuclear (3-catenin. Co-activation of HH and Wnt pathways
was associated with poorer prognosis in TNBC patients
resulting in a greater risk of early recurrence and decreased
overall survival rate compared with patients with only one
pathway activated. Therefore, the combined activation status
of the HH and Wnt pathways may be a useful prognostic
marker for TNBC patients at risk for early recurrence.

Introduction

Triple negative breast cancer (TNBC) accounts for approxi-
mately 15% of all breast cancers. This subset of breast cancer
is defined by the absence of positive staining for estrogen
receptor (ER) and progesterone receptor (PR) and lack
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amplification of HER2. Molecular profiling of TNBC has
revealed that most TNBC have a subset of gene expression
patterns that are associated to basal-myoepithelial cells in the
breast. TNBC is more likely to affect younger women, women
of African American descent, women who were exposed to
radiation at an early age and BRCA1 mutation carriers (1-3).
TNBCs are considered aggressive tumors with a high degree
of genomic instability and therefore usually present as high
grade, large tumors with a high proliferative index (4).

Due to the aggressive nature of TNBC tumors and decreased
efficacy of targeted chemotherapy, TNBCs are associated with
poor prognosis and early visceral metastasis (5). Survival rates
for women who have a systemic or local recurrence within
3-5 years of treatment (early recurrence) are significantly lower
survival rates for hormone receptor positive (ER/PR*) breast
cancer, while those who recur after 5 years have survival rates
similar to ER/PR* cancers (4). Understanding the molecular
mechanisms that drive growth of TNBC may lead to better
treatment, as well as predictive biomarkers that may identify
women at risk for aggressive disease. TNBCs represent a
collection of subtypes, some of which are associated with rapid
progression, while others are reported as being less aggressive.
Therefore, there is a clinical need to determine the molecular
differences between these subtypes of TNBC patients in order
to provide the most effective treatment; however a reliable
prognostic marker has not been identified.

Molecular pathways crucial in embryonic development,
including the Hedgehog (HH) and Wnt signaling pathways
have been shown to play an important role in breast cancer
development and progression. Abnormal regulation of these
pathways can lead to activation of genes essential for cell
proliferation, cell survival, and therapeutic resistance (6,7).
In addition, activation of HH and Wnt signaling have been
implicated in the growth and resistance of cancer stem cells
and maintenance of the stem cell niche (8-12). These pathways
are also key regulators of genes controlling epithelial-mesen-
chymal transition (EMT), contributing to cancer invasion and
metastasis (13,14).

The HH signaling pathway is critical for growth and
differentiation during embryonic development. Initiation
of the pathway requires secreted HH molecules [Sonic HH
(SHH), Desert and Indian] to bind to and inhibit the cell
surface HH receptor, Patched (PTCH). This binding relieves
the PTCH-mediated suppression of the transmembrane
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protein smoothened (SMO), leading to multiple intracellular
events that result in the stabilization, nuclear translocation and
activation of the glioma-associated oncogene (Gli) family of
transcription factors, which initiate transcription of HH target
genes (15). However, aberrant HH signaling has been shown to
be associated with malignant transformation in many tissues,
including breast (16-19). It has been reported that protein
levels of SHH, PTCH, and Gli-1 in the breast tumor are
significantly elevated compared to the adjacent normal breast
ducts (20,21). Overactivation of HH signaling is thought to
result in increased number of mammary stem cells, resulting
in tumor formation (10). However, there are a limited number
of studies on how the HH pathway relates to patient prognosis.
Inactivation of HH through high expression of Ptch in patients
with invasive ductal breast carcinoma was associated with a
favorable prognosis (22). Additionally, patients with inflam-
matory breast cancer had elevated SHH expression, which was
associated with poor prognosis (23).

The Wnt signaling pathway is a complex signaling network
involved in many physiological processes, including tissue
patterning, cell migration, EMT, and maintenance of stem
cells (24-26). Canonical Wnt signaling involves stabilization
of B-catenin and translocation of the protein to the nucleus
resulting in activation of Wnt target genes. In the absence
of Wnt ligand, -catenin is in a multi-protein, cytoplasmic
complex with axin and adenomatous polyposis coli (APC).
Upon phosphorylation by glycogen synthase kinase-3 (GSK-3f3)
and casein kinase-1p, f-catenin is degraded (24,26,27). In the
presence of canonical Wnt proteins, Wnt binds to the receptors,
Frizzled and lipoprotein receptor-related proteins (LRP) 5 and
6, resulting in activation of Dishevelled. This in turn disrupts
the B-catenin-APC-axin complex, blocking degradation of
B-catenin and allowing accumulation and translocation of
[-catenin to the nucleus where it forms an activation complex
with the T-cell factor/lymphoid enhancing factor (Tcf/LEF)
family of transcription factors, leading to expression of
genes critical for development of cell transformation and
cancer, including cyclin D1, c-Myc, and peroxisome-prolif-
erator-activated receptor-f (PPAR-P) (26-28). Only canonical
Wnt signaling drives (3-catenin mediated transcription and
thus nuclear f-catenin is considered an indicator of Wnt
activation (29).

Aberrant canonical Wnt signaling has been shown in
many tumors, including breast (9,30-32). In mouse models,
overexpression of a B-catenin mutant and mutations of the
Apc gene have resulted in mammary tumorigenesis (33).
Human breast cancer cell lines show higher amplification of
canonical Wnt genes (34,35) concomitant with downregula-
tion of non-canonical Wnt gene s (35) and a higher expression
of Dishevelled (36). Normally in the human breast duct and
lobules, B-catenin is localized at the cell membrane, bound
to E-cadherin and not part of Wnt signaling (25,31,33,37-39).
Studies have reported a complete loss of (3-catenin at the cell
membrane in invasive lobular breast carcinomas consistent
with a loss of E-cadherin; however, localization of [3-catenin in
the cell was not reported in these studies (37,38). In addition,
in invasive ductal carcinoma, a loss of membranous [3-catenin
correlates with increased expression of canonical Wnt
signaling target genes, suggesting activation of the canonical
Wnt pathway and this correlates with poorer outcomes in
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breast cancer patients (31). However, others have shown that a
loss of membranous B-catenin staining is not correlated with
tumor stage, grade, or outcome (37). Therefore, how activation
of the Wnt/p-catenin signaling pathway correlates with breast
cancer patient prognosis is not completely clear.

Independently, HH and Wnt signaling pathways play a role
in the progression of breast cancer and therefore the crosstalk
between these developmental pathways is thought to provide
tumor cells with multiple mechanisms to evade chemotherapy.
Current research has shown a potential for crosstalk between
HH and Wnt signaling in cancer. Co-activation of HH and Wnt
signaling has been exhibited in a variety of cancers, including
basal cell carcinoma and pancreatic ductal adenocarci-
noma (40). In contrast, it has also been shown that the activity
of the Wnt/B-catenin pathway can be suppressed by players of
the HH pathway (41,42). However, the impact of HH and Wnt
signaling crosstalk in breast cancer outcomes is poorly under-
stood. Therefore, we wanted to determine if co-activation of
the HH signaling pathway and canonical Wnt pathway could
be used as a prognostic marker in TNBC patients.

Materials and methods

Patient population. Breast cancer tissue specimens were
obtained from the biorepository at the Helen F. Graham
Cancer Center and Research Institute (HFGCCRI) under
protocol approved by the institutional review board.
De-identified samples were obtained from surgical resection
from women diagnosed with TNBC who consented to the
use of their tissues for research. Tissue blocks were prepared
by formalin-fixation and embedded in paraffin for serial
sectioning. Each sample underwent a pathological diagnostic
procedure including staining for the ER, PR and HER2
expression. HER?2 status was further confirmed by FISH.
Pathologically confirmed TNBC (ER expression <1.0%)
samples were used in this study. Hematoxylin and eosin
(H&E) stains of tumors sections were reviewed by a breast
cancer pathologist to determine the percentage of tumor
nuclei and necrosis. Only samples containing >60% tumor
nuclei were used for this study.

Immunohistochemical procedure. Immunohistochemical
staining was performed on 4 pm thick tissue sections of each
specimen using the LSAB+System-HRP staining kit (Dako;
Agilent Technologies, Inc., Santa Clara, CA, USA) according
to the manufacturer's instructions as previously described (43).
Antibodies to SHH (cloneEP1190Y; Abcam, Cambridge, UK;
and H160-sc9026; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), Gli-1 (Clone H-300; Santa Cruz Biotechnology, Inc.),
and p-catenin (cloneE247; Abcam) were used at a dilution of
1:100 for SHH, 1:1,000 for Gli-1 and 1:500 for -catenin. Both
SHH antibodies showed a similar staining pattern. Specificity
of staining was confirmed by omission of the primary anti-
body and staining with an isotype matched control antibody
(Jackson Laboratory, Ben Harbor, ME, USA). Slides were
scored by two independent investigators blinded to the sample
data. Slides were scored as having no expression (0), weak
(1), moderate (2), or strong (3) tumor cell staining. Nuclear
staining was noted if nuclear stain was observed in more than
10% of cells in 3 fields at x40 magnification.
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Table I. Patient characteristics and expression of HH and WNT pathway members.

Characteristics No. % P-value stage P-value RFS P-value OS
Stage

1A 6 16.7

1B 1 2.8

2A 14 389

2B 4 11.1

3A 4 11.1

3B 0 0.0

3C 5 139

4 2 5.6 0.0055 0.0036
Grade

2 5 139

3 31 86.1 0.3 0.732 0.985
SHH

1 8 222

2 20 55.6

3 8 22.2 0.0440 0.051 0.026
Gli-1

0 1 2.8

1 9 25.0

2 14 389

3 12 333 0.0010 0.0213 0.017
Nuclear Gli-1

<10% 11 30.6

>10% 25 69.4 0.0080 0.003 0.0387
[-catenin

Membranous 13 36.1

Nuclear/cytoplasmic 23 639 0.0030 0.019 0.025

HH, Hedgehog; SHH, sonic HH; Gli-1, glioma-associated oncogene homolog-1; RFS; relapse-free survival; OS, overall survival.

Statistical analysis. Spearman correlations were used to test
the relationships between SHH, Gli-1, and (3-catenin staining
and clinical characteristics. Due to the small sample size,
samples were grouped into three categories based on activa-
tion of HH and Wnt pathways for survival analysis: i) Those
with activation of neither pathway (no staining for nuclear
Gli-1 and nuclear f-catenin), n==8; ii) only one pathway acti-
vated, staining for either nuclear Gli-1 or nuclear B-catenin,
n=8; and iii) those with staining for nuclear expression of both
pathways, n=20. These groups were then compared using
chi-square tests for survival and recurrence. Lastly,
Kaplan-Meier Survival Curves were presented to show the
detrimental effect of dual activation of HH and Wnt signaling
on outcome. Due to the small sample size, multi-variate
analysis was not performed.

Results
Patient cohort. This study comprised a cohort of 36 tumors

from women with histologically confirmed TNBC. A
summary of clinical data is provided in Table I. This cohort

included 21 patients with early stage disease (58%, stage 1-2A)
and 15 patients with late stage disease (42%, stage 2B-4).
The majority of patients presented with high grade tumors
(grade 3, 86%) as is common in TNBC. Five patients (14%)
had grade 2 cancers.

Expression of stem cell pathways and relationship to clinical
characteristics. Serial sections were stained for expression
of SHH, Gli-1 and B-catenin. For SHH and Gli-1, slides were
scored as having no expression (0), weak (1), moderate (2), or
strong (3) tumor cell staining (Fig. 1; Table I). All samples
showed cytoplasmic staining for SHH with 8 (22%) showing
weak, 20 (56%) showing moderate, and 8 (22%) showing strong
staining (Fig. 1A; Table I). Expression of SHH was weakly
correlated to tumor stage (P=0.044) (Table I). Cytoplasmic
Gli-1 expression was observed in 35 (97%) of the 36 samples,
with 9 samples (25%) showing weak staining, 14 samples
(39%) having moderate staining and 12 samples (33%) having
strong staining (Table I) (Fig. 1B). Nuclear Gli-1 expression
was observed in 25 samples (70%). Both cytoplasmic and
nuclear Gli-1 expression correlated to tumor stage (Table I).
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Figure 1. Immunohistochemical analysis of sonic Hedgehog (SHH) in triple negative breast cancer (TNBC) tumors. Representative images are shown of weak,
moderate, and strong SHH staining. Images were acquired using a x20 magnification objective.

Non-nuclear

Nuclear

-catenin

Figure 2. Immunohistochemical analysis of nuclear and non-nuclear glioma-associated oncogene homolog (Gli)-1 and f-catenin in triple negative breast
cancer (TNBC) tumors. Images were acquired using a x40 magnification objective.

For B-catenin staining, slides were categorized as having
membranous staining or cytoplasmic/nuclear staining (Fig. 2).
Membranous f-catenin staining was observed in 13 samples
(36%). Nuclear/cytoplasmic staining was observed in 64% of
samples Cytoplasmic/nuclear f-catenin was highly correlated
to tumor stage (Table I). There was no significant associa-
tion with grade for any proteins examined (Table I). This is
most likely due to the fact that most tumors (n=31, 86%) were
grade 3. This is consistent with the fact that most TNBC are
high grade at diagnosis.

Association between HH and Wnt activation. SHH is signifi-
cantly correlated to cytoplasmic expression of Gli-1 (P<.001,
Table IT). Interestingly, there was no association between nuclear
Gli-1 and cytoplasmic SHH expression (P=0.291). Expression of
both cytoplasmic and nuclear Gli-1 were correlated with tumor

stage (P<.001) and each other (P<.001). Likewise, there was an
association between cytoplasmic and nuclear 3-catenin (P<.001)
and both correlated to tumor stage (P<.003, cytoplasmic, P<.001
nuclear). SHH expression was significantly correlated to cyto-
plasmic/nuclear (3-catenin (P<.001). Likewise, a significant
correlation was observed between nuclear Gli-1 and nuclear
[-catenin (P<.002) (Table II). This association remained when
adjusting for tumor stage and grade.

Co-activation of HH and Wnt predict recurrence-free and
overall survival. Independently, overexpression of SHH, Gli-1
and p-catenin, as well as nuclear localization of Gli-1 and
[(-catenin were associated with recurrence free and overall
survival (Table I). To determine if dual activation of HH and
Wt pathways lead to a worse prognosis, patients were divided
into three groups: those without activation of either pathway,
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Variables SHH Gli-1 Nuclear Gli Nuclear Beat
SHH Correlation coefficient 1.000 0.598* 0.181 0.520°
P-value 0.000 0.291 0.001
Gli-1 Correlation coefficient 0.598* 1.000 0.585* 0.649*
P-value 0.000 0.000 0.000
Nuclear Gli Correlation coefficient 0.181 0.585* 1.000 0.506*
P-value 0.291 0.000 0.002
Nuclear/cytoplasmic Correlation coefficient 0.520° 0.649* 0.506" 1.000
[-catenin P-value 0.001 0.000 0.002
HH, Hedgehog; SHH, sonic HH; Gli-1, glioma-associated oncogene homolog-1; TNBC, triple negative breast cancer. “P<0.05.
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Figure 3. Graphical representation of the number of patients who
(A) exhibited recurrence or (B) who had survived at the completion of this
study in comparison to Hedgehog (HH) or Wnt activation. Patients were
divided into three groups: No activation of HH or Wnt pathways, only one
pathway activated or both pathways activated. Patients with dual activation
of HH and canonical Wnt had poorer survival and were at greater risk of
recurrence.

those with activation of only HH or Wnt, and those with acti-
vation of both pathways. There was an association between
pathway activation and recurrence, ¥ (2)=11.11, P=.004, with
those having activation of both HH and Wnt pathways being
more likely to be in the later stage at diagnosis and at greater
risk for recurrence (Fig. 3A). Likewise, there was an association
between pathway activation and survival, ¥* (2)=6.75, P=.034,
with longer survival observed in patients who lacked activa-
tion of both pathways (Fig. 3B). Progression free and overall
survival time of the patients with dual activation of HH and
Wnt pathways was significantly decreased (Fig. 4A and B).

Figure 4. Kaplan-Meier (A) relapse-free survival (RFS) and (B) overall
survival (OS) curves from women with triple negative breast cancer according
to Hedgehog (HH) and Wnt pathway activation. Patients were divided into
three groups: no activation of HH or Wnt, only one pathway activated or
both pathways activated. Co-activation of HH and canonical Wnt pathways
resulted in poor patient outcome. Patients with both pathways activated had
an increased risk for early recurrence and decreased overall survival when
compared to patients with only one pathway activated. Patients with neither
pathway activated had a 100% survival rate and no evidence of recurrence.

Patients who did not exhibit activation of HH or Wnt pathways
had a 100% survival rate and no evidence of recurrence as of
the end of this study. However, patients with both HH and Wnt
pathways activated had a greater chance of early recurrence
within the first three years compared to those with only one
pathway activated, with greater than half of the patients exhib-
iting dual pathway activation relapsing. Patients with only one
pathway activated had a higher risk of later recurrence than
those without activation of either pathway, with greater than
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half of these patients relapsing after three years. Similarly,
patients with both pathways activated had a lower survival rate
(50%) compared to patients with only one pathway activated
(87.5%) as of the end of this study (Fig. 4B).

Discussion

In this study we report activation of the HH and Wnt pathways
in TNBC. Expression of SHH, GLI-1, -catenin were inde-
pendently associated to tumor stage. A significant correlation
was observed between nuclear Gli-1 and nuclear -catenin
and our results indicate that co-activation of both HH and
Whnt pathways is associated with shorter recurrence-free and
overall survival times.

Our findings are consistent with previous studies that
indicate an association between HH signaling and clinical
outcome in breast cancer. Over expression of SMO and Gli-1
has been observed in TNBC compared to both normal breast
tissue, mammary hyperplasia and ER+breast cancers (44). In
this study, expression of Gli-1 was significantly correlated to
tumor stage and lymphatic involvement. Alternatively, high
expression of PTCH, and thereby inactivation of HH signaling,
is associated with favorable prognosis (22). Moreover, a recent
report in HER2+ breast cancer indicated that nuclear activa-
tion of Gli-1 was associated with an incomplete pathological
response to neoadjuvant chemotherapy, and poorer survival
in both hormone receptor positive and negative tumors (45).
In addition, in inflammatory breast cancer, high expression
of SHH is associated with poor prognosis (23). Interestingly,
although expression levels of SHH and Gli-1 were associated
with each other and tumor stage in our study, there was no
significant association between SHH and nuclear Gli-1 in
tumor cells. Although stromal staining was not included in
our analysis, weak to moderate staining of SHH was observed
in the stroma of several samples, and may contribute to para-
crine activation of HH signaling. Additionally, non-canonical
activation may be responsible for HH pathway activity in a
subset of TNBC. Non-canonical activation of Gli-1 has been
previously described in claudin-low subsets of breast cancer,
and may be driven through a NF-«B dependent pathway (46).

Activation of Wnt signaling has also been associated to
prognosis of TNBC (47). Overexpression of WNT ligands
was found to predict recurrence in late stage TNBC (48).
Wnt pathway activity is also associated to increased metas-
tasis in TNBC. Using a classifier trained on f-catenin
transfected mammary cells, in a meta-analysis of 11 studies
and 1,878 breast cancer patients found Wnt activity associ-
ated primarily to TNBC compared to other subtypes of breast
cancer (49). In addition, patients with high WNT activity were
more likely to have increased risk of brain and lung metastasis.

Our data show increased nuclear activity of Gli-1 and
[(-catenin correlates with increasing tumor stage and dual
activation of both is associated to shorter recurrence times
and overall survival, suggesting a role in invasion and disease
progression. Both pathways are involved in the regulation of
genes critical for drug resistance (50,51), EMT (13,52) and
differentiation (53,54). Moreover, co-expression of HH and
[-catenin was observed in poorly differentiated breast cancers
compared to low grade and benign lesions (55). This expres-
sion correlated with a mesenchymal-like phenotype defined

ARNOLD et al: CO-ACTIVATION OF HEDGEHOG AND WNT SIGNALING PATHWAYS

by expression of CD44 and vimentin, suggesting that simul-
taneous activation of HH and Wnt pathways may promote
enhanced EMT and de-differentiation of breast cancer cells.

Although we observed significant expression of nuclear
Gli-1 and nuclear B-catenin in TNBC samples, it is unknown
if there is cross-talk between these pathways that results in
increased activation of one or both pathways. Direct interac-
tions of the HH and Wnt pathways have previously been
reported. Transcriptome analysis of WNT3a responsive TNBC
cell lines revealed Wnt target genes that are involved in the HH
pathway signaling (56). Additionally, exogenous expression of
constitutively nuclear [3-catenin has been shown to increase
activity of a Gli-1 reporter, suggesting that active Wnt signaling
enhances Gli transcriptional activity (57). Likewise, inhibition
of HH signaling with the SMO inhibitor cyclopamine has been
reported to decrease f-catenin-TCF transcriptional activity in
colon cancer lines (58). Further research is needed to determine
the consequences of HH-Wnt interactions in breast cancer in
relation to drug resistance and metastasis.

Our study is the first to report that co-activation of HH and
Wt pathways in clinical TNBC samples is associated to shorter
recurrence times and decreased survival when compared to
activation of only one of these pathways. Although this study
was performed in a limited cohort of patients, our findings
suggest that activation status of HH and Wnt pathways may
provide a prognostic biomarker for patients at risk for treatment
resistance and early recurrence and may be more valuable than
independent analysis of either pathway. However, our limited
sample size prevented multi-variant analysis to determine if
co-activation of HH and WNT pathways occurs independent
of tumor stage. These findings should be confirmed in subse-
quent studies with larger patient numbers.
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