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Abstract

As one of the most common tumors in women, breast cancer has drawn considerable interest from investigators
and clinicians in recent years. Despite early diagnosis and best therapeutic regimens available, the prognosis of
malignant or metastatic breast cancer patients is still not optimistic. Hedgehog signaling, a classical pathway
indispensable to embryonic development, participates in the growth of a variety of tumors. In the present study,
the effect of Sonic Hedgehog (Shh) on breast cancer cells was investigated. We identified that Shh signal
stimulated the migration of MCF-7 breast cancer cells. Smo and Glil were involved in Shh-stimulated migration
of MCF-7 cells. Activating Smo and Glil induced cell migration, which was blocked by their specific antagonists.
The effect of Shh signaling on MCF-7 cells was independent of Wnt5a, DvI2 and Rab35, but directly dependent
on Racl. In conclusion, our study suggested that Shh promotes breast cancer cell migration via Racl
independently of the non-canonical Wnt signaling pathway, which may represent a rational molecular target for
combination medication in breast cancer.
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Introduction

Breast cancer is a most common cancer in women
worldwidel'l. Although the prognosis of the primary
tumors has improved significantly with new
therapeutic techniques in recent years, the prognosis
of metastatic breast cancer remains a major challenge
in clinical work!2. Tumor metastasis is a complex
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biological process, involving many genes and
biomoleculesl®l. Until now, the understanding of breast
cancer metastasis is still incomplete. It is urgent to
fully understand the biological basis of metastasis to
improve the long-term survival of breast cancer
patients(*l.

The pseudopodium, which is mainly composed of
lamellipodium and filopodium, participates in tumor
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metastasis. The formation of pseudopodium depends
on microfilamentsl5-¢), which are regulated by Rho
family small GTPases. The Rac subfamily of Rho
GTPases activates the front edge of cells. A
representative member of Rac family is Racl, which
regulates the polymerization of the branched
microfilaments, and thus plays a key role in the
formation and function of lamellipodiums!”. In our
earlier study, Wnt5a, a nonclassical Wnt signal
promotes the migration of MCF-7 breast cancer cells
through Racl®. However, migration involves many
signaling pathways, so exploring the molecular
mechanisms of migration is critical for precise
selection of therapeutic targets during clinical
treatment. An appropriate combination of multiple
signaling pathway inhibitors can improve the efficacy
of treatment and reduce the incidence of drug
resistance.

It has been demonstrated that Sonic Hedgehog
(Shh) signal is required for the growth and
proliferation of a variety of tumors®'0. Shh is an
essential morphogenic and mitogenic factor in
embryonic development and postnatal physiological
processes. Shh signaling is initiated by the binding of
Shh ligand to the 12-pass transmembrane receptor
Patched-1 (Ptchl), which attenuates the inhibition of
Ptchl on Smoothened (Smo), a G-protein coupled
receptor. Activated Smo turns on the downstream
transcription ~ program  orchestrated by three
transcription factors: Glioma-associated oncogene
homolog 1, 2, and 3 (Glil, Gli2 and Gli3)'!l. Mouse
mammary cancer model studies have found the Shh-
dependent mechanisms in mammary gland tumor
formation and development!'2l. Inhibition of Shh
signaling reduces the survival of tumor cells and the
abnormal stimulation of basal cells. However, it is not
clear whether Shh contributes to metastasis of breast
cancer.

In this study, we found that in MCF-7 breast cancer
cells, Shh signal regulates the activation of Racl,
thereby affecting cell migration independent of
Wnt5a, which called for further exploration of the
potential crosstalk between two important signaling
pathways of Wnt5a and Shh. It is also suggested that
key molecules of the Shh signaling can be used as
drug targets and combined with other drugs, to
contribute to clinical breast cancer treatment.

Materials and methods

Cell culture

The human breast cancer cell line MCF-7 was
obtained from the American Type Culture Collection

(ATCC, Manassas, VA, USA). MCF-7 cells were
cultured in DMEM supplemented with 10% FBS and
grown in a 5% CO, atmosphere at 37 °C.

Tissue samples

Human normal and tumor tissues were obtained
from the First Affiliated Hospital of Nanjing Medical
University (Jiangsu Province Hospital). Written
consent forms were obtained from all patients before
tissue collection. All tissue samples were histologi-
cally confirmed with hemotoxylin-eosin staining. This
study was approved by the Research Ethics
Committee of Nanjing Medical University.

Actin cytoskeleton immunofluo-

rescence

staining and

Cells were fixed in 4% paraformaldehyde in PBS
for 20 minutes, permeabilized in 0.1% Triton X-100
and blocked in PBS containing 1% BSA for 1 hour at
room temperature. F-actin was stained with FITC-
labeled phalloidin (5 pg/mL) (Sigma, St. Louis, MO,
USA) for 60 minutes at 37 °C. After washing with
PBS, the coverslips were mounted on glass slides with
4'-6- diamidino-2-phenylindole (DAPI) Fluoromount
G (Southern Biotech, Birmingham, AL, US). The
images were acquired with a fluorescence microscope
(BX51, Nikon, Japan).

Wound-healing assay

MCF-7 cells were plated onto 96-well cell culture
clusters (Costar, Cambridge, MA, USA) and grown to
confluence, and then serum-starved for 24 hours. The
transfected cells were cultured for 48 hours before
serum starvation. The monolayer cells were scratched
manually with a plastic pipette tip, and after two
washes with PBS, the wounded cellular monolayer
was allowed to heal for 24 hours in DMEM containing
indicated compounds. Photographs of central wound
edges were taken at time 0 and indicated time points
using PowerShot G10 camera (Canon, Tokyo, Japan).

Cell migration assay

Cell migration was assessed in modified Boyden
chamber assays (Costar), in which the two chambers
were separated by a polycarbonate membrane (pore
diameter, 8.0 mm). Boyden chamber wells were
coated with human collagen type 1 (10 mg/mL) for 1
hour at 37 °C. MCF-7 cells were grown to subcon-
fluence in tissue culture plates and then suspended in
serum-free medium supplemented with 5 mg/mL BSA.
5%104 cells were seeded into upper compartment.
Medium containing indicated compounds was added
to the upper and lower compartments of the Boyden
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chambers. The cells were allowed to migrate for
24 hours at 37 °C. Thereafter, the medium was
discarded, stationary cells were removed with a
cotton-tipped applicator and the membranes were cut
out of the chamber and stained with 0.5% crystal
violet. The response was evaluated in a light
microscope by counting the number of cells that had
migrated into the membrane.

Immunoblotting

Subconfluent cells were washed twice with PBS,
and then lysed with ice-cold lysis buffer (50 mmol/L
Tris, 150 mmol/L NaCl, 1% sodium deoxycholate,
1 mmol/L sodium orthovanadate, 1 mmol/L sodium
fluoride, 1 mmol/L EDTA, 1 mmol/L PMSF, and 1%
cocktail of protease inhibitors, pH7.4) containing the
appropriate detergent for immunoblotting analysis of
whole-cell lysates (1% SDS) or pulldown assays. The
lysates were then clarified by centrifugation at 12 000 g
for 20 minutes at 4 °C. The protein samples were
separated by 8, 10, or 12% SDS-PAGE, transferred
onto PVDF membranes, blocked with 5% milk-TBS-
0.2% Tween, probed with primary antibodies,
then horseradish peroxidase-conjugated secondary
antibodies, and visualized with ECL reagent (Thermo
Fisher Scientific, Waltham, MA, USA). The following
primary antibodies were wused: anti-GAPDH
(Chemicon, Temecula, CA, USA), anti-HA (Thermo
Fisher Scientific), anti-Racl (Proteintech, Chicago,
IL, USA), anti-Shh (Abcam, Cambridge, MA, USA),
and anti-Smo (Abcam) antibodies.

Active Racl pulldown assays

Endogenous active GTP-bound Racl levels were
determined using PAK binding domain (PBD)
pulldown assay. GST-PBD fusion protein was bound
to MagneGST glutathione particles (Promega,
Madison, WI, USA) as a bait to capture active Racl.
Cellular extracts were incubated with GST-PBD
beads at 4 °C for 90 minutes. Thereafter, beads were
captured magnetically, washed with ice-cold washing
buffer (4.2 mmol/L Na,HPO,, 2 mmol/L KH,PO,,
280 mmol/ L NaCl, and 10 mmol/L KCI, pH7.2), and
then resuspended in 2x Laemmli buffer. Levels of
active and total Racl were detected by Western
blotting.

Small interfering RNA (siRNA)

For gene knockdown, siRNA duplexes (Gene-
Pharma, Shanghai, China) targeting DvI2 (5'-GUGA-
GAGCUACCUAGUCAAT T-3' and 5-CGCUAA-
ACAUGGAGAAGUATT-3'), Rab35 (5'- UUGAU-
UUCGUGAAGCCACC-3'), Racl (5-GAGGAAG-

AGAAAAUGCCUGTT-3" and 5-GUUCUUAAUU-

UGCUUUUCCTT-3'), and negative control (N.C.) (5-
UUGUACUACACAAAAGUACUG-3") were trans

fected into MCF-7 cells by using Lipofectamine 2000
Reagent as described in the previous section.
Knockdown efficiency was evaluated by measuring
protein levels in cell lysates after 48 hours of
transfection.

Statistical analysis

Statistical analysis was performed with SPSS
software package version 17 (SPSS Inc., Chicago, IL,
USA). All data were performed as mean+SD.
Twosided P values less than 0.05 were deemed
statistically significant. The Chi-square test was
applied to analyze the relationship between Shh
expression status. Differences were considered as
statistically significant data when P values were less
than 0.05.

Results

Shh expression is higher in breast cancer tissues
than normal tissues

It has been reported that the expression of Shh in
breast cancers is higher than in normal mammary
tissues!l. TCGA database searching and UALCAN
website analysis showed that Shh expression in tissues
of luminal breast cancer, Her2 positive breast cancer
and triple negative breast cancer was higher than that
in normal breast tissues (Fig. 14).

Further, we selected patient specimens with
complete clinical records and pathological data for
immunohistochemistry (IHC) from Department of
Pathology of Jiangsu Province Hospital. The slices
were divided into 6 groups according to relevant
biomarkers to rule out potential inter-group
differences (Table I). IHC results showed that the
expression of Shh was significantly increased in breast
cancer compared to that in normal breast tissues
(Fig. 1B), which is consistent with TCGA analysis.

Shh stimulates MCF-7 breast cancer cell migration
through Smo and Glil in vitro

To understand the function of Shh in breast cancer,
we treated MCF-7 breast cancer cells with Shh
conditioned medium. The migration ability of MCF-7
cells was examined by wound healing assay and
transwell migration assay. MCF-7 cells treated Shh
ligand closed the wound faster than control cells
(Fig. 24). They showed significantly enhanced
migration ability in Boyden chambers without
collagen coat as well (Fig. 2B). These results indicated
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Fig. 1 Shh expression in breast cancer tissues is higher than normal tissues. A: Expresssion of Shh in different subclasses of breast can-
cer (TCGA). Data were extracted from TCGA database and analyzed using the UALCAN website. B: H&Estaining and immunohistochem-
ical staining of Shh in normal breast tissues (left) and breast cancer tissues (right). Scale bar = 50 um.

that Shh promotes the migration of MCF-7 cells.

Since Smo and Glil are both positive effectors of
Shh signaling, we speculated if Smo and Glil could
promote migration of MCF-7 cells. We incubated
MCEF-7 cells with different doses of Smo agonist
(SAG), Smo inhibitor (vismodegib, GDC-0449) or
Glil inhibitor (GANT-61), or transfected MCF-7 cells
with HA-Glil plasmids, respectively. Those cells then
underwent wound healing assay (Fig. 2C). The results
showed that Smo activation and exogenous Glil

promoted the MCF-7 migration, while the inhibition
of Smo and Glil impeded it. We also performed
transwell migration assay and got the consistent
conclusion (Fig. 2D). These results identified that Shh
signal promotes the migration of MCF-7 breast cancer
cells through Smo and Glil.

Shh induces
cancer cells

Racl activation in MCF-7 breast

Cytoskeleton drives shape changes during cell

Table 1 Association between Shh and ER, PR, Her2 expression in breast tissues

Shhe
Diagnosis Case P
Negative [n (%)] Positive [1 (%)]
Normal (7=20) - 20 18 (90.0) 2(10.0) <0.01
ER(-), PR(-), Her2(-) 19 0(0.0) 19 (100.0)
ER(+), PR(+), Her2(-) 47 0(0.0) 47 (100.0)
Tumor (n=100) ER(-), PR(-), Her2(+) 16 0(0.0) 16 (100.0)
ER(+), PR(+), Her2(+) 14 0(0.0) 14 (100.0)
ER(+/-), PR(—/+), Her2(+/-) 4 0(0.0) 4(100.0)

The differences between the two groups were evaluated by 2 tests.
almmunoreactivity score of Shh: (—) as negative; (+)~(+++) as positive.

SER(+/-), PR(—/+), Her2(+/-): ER(+), PR(-), Her2(+); ER(-), PR(+), Her2(+); ER(+), PR(-), Her2(-); ER(-), PR(+), Her2(-).
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Fig. 2 Shh stimulates MCF-7 breast cancer cell migration through Smo and Glil ir vitro. A and B: MCF-7 cells were stimulated by
Shh ligand at the indicated doses for 24 hours. The cell motility rate was measured by wound-healing assay (A) or transwell migration assay
(B). C, D: MCF-7 cells were stimulated by SAG, GDC-0449 or GANT-61 at the indicated doses for 24 hours, or transfected with HA-Glil.
The cell motility rate was measured by wound-healing assay (C) or transwell migration assay (D). *P<0.05, **P<0.01. Data are presented as

mean+SD of 3 independent determinations.

migration. Therefore, we incubated MCF-7 cells with
control and Shh ligand, and then stained F-actin with
FITC-phalliodin. Fluorescent staining indicated that
Shh increased the quantity of stress fibers and
lamellipodium of MCF-7 breast cancer cells (Fig. 34).
Racl was known to be involved in the information of
lamellipodium, so we speculated that Racl activity
might regulate the stimulation of cell migration by
Shh in MCF-7 breast cancer cells.

It was demonstrated in our earlier study that Racl
regulated MCF-7 breast cancer cell migration as
downstream of Wnt5a pathway!®l. According to the
results above, a GST-pulldown assay (Fig. 3B) was
proceeded to investigate Racl activation under Shh
stimulation. Active Racl could be pulled down by
GST fused Pakl protein-binding domain (PBD)
(Fig. 3B). We treated MCF-7 cells with Shh ligand for
different time periods. Immunoblotting showed
increased active Racl was pulled down from Shh
treated cells. Activation of Racl peaked at 15 minutes
of Shh treatment (Fig. 3C).

We further investigated the function of Smo and
Glil on Racl activation in the same way. The results

showed that SAG treatment and ectopic expression of
HA-Glil significantly promoted Racl activation in
MCEF-7 cells, whereas GDC-0449 and GANT-61 had
opposite effects (Fig. 3C-G). It indicated that Smo
and Glil both positively regulated Racl activity.

Inhibition of Racl activation blocks the effect of
Shh on the migration of MCF-7 breast cancer cells

To further verify the results above, we used siRNA
to interfere Racl expression, or Rac GTPase inhibitor
EHop-016 to block Racl activation, respectively.
EHop-016 could significantly reduce the migration
and the Racl activation of MCF-7 cells
(Supplementary Fig. 1, available online), which was
consistent with si-Rac1[®l.

We found that Smo and Glil promoted cell
migration and Racl activation of MCF-7 cells.
However, SAG failed to promote the migration of
Racl-knockdown MCF-7 in wound healing assay and
transwell migration assay. And HA-Glilfailed as well
(Fig. 44 and 4B). EHop-016 completely blocked the
effect of SAG and exogenous Glil on Racl activation
in MCF-7 cells (Fig. 4C and 4D).
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Fig. 3 Shh induces Racl activation in MCF-7 breast cancer cells. A: MCF-7 cells were treated with Shh ligand or control. Subsequently,
cells were fixed and stained by FITC labeled phalloidin. B: Lysate was incubated with pGEX-2T (GST-Ctrl) protein which cannot bind to
activated Racl, or GST-PBD protein which can bind for GST-pulldown assay, to identify the specificity of GST-PBD. C: MCF-7 cells were
treated with control or Shh ligand for different time periods, cell lysates were assayed for active Racl by pulldown assay using a GST-PBD
as a bait. D—G: MCF-7 breast cancer cells were incubated for 24 hours with SAG (E), GDC-0449 (F) or GANT-61 (G) for indicated time,
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So far, we confirmed that Shh could promote the
migration of MCF-7 breast cancer cells by up-
regulating Rac1 activation.

Shh regulates MCF-7 cell migration and Racl
activation independently on Wnt5a

Our published study showed that Wnt5a controled
the activation of Racl on MCF-7 cell migration
through DvI2 and Rab35[El. Since Shh could also

regulate Racl activation, we were curious about the
crosstalk between Shh and Wnt5a pathway in cell
migration. In search of an answer, we knocked down
DvI2 and Rab35 respectively in MCF-7 cells by
siRNA, then treated the cells with SAG or
exogenously expressed Glil. The results showed that
the siRNA reduced the migration rate (Fig. 54 and
5B, 5E and 5F) and Racl activation (Fig. 5C and 5D,
5G and 5H), which were both reversed by SAG and
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HA-GIil. These results suggested that Shh ddi not
depend on the Wnt5a-Dvl2-Rab35 axis to regulate
Racl activation.

In summary, we present the evidence that both
Wnt5a and Shh promote breast cancer cell migration
via Racl (Fig. 6). These findings highlight the
presence of a potential molecular mechanism of
resistance, which may represent a rational molecular
target for combination medication in breast cancer.

Discussion

The world known cases of breast cancer has
reached about 1.4 million(!3), and the incidence of
invasive breast cancer in women has been up to 1/8, in
the forefront of the list of cancer-related death.
Although early diagnosis and adjuvant treatment of
breast cancer have been more and more emphasized in
recent years, the prognosis malignant or metastatic
breast cancer is still not optimisticl!4l. Researchers and
clinicians carried out extensive research to explore the
carcinogenic mechanisms of breast cancer, expecting
to find more effective therapeutic targets and
biomarkers to predict prognosis more accurately. Our
previous study proved that non-canonical WntSa
signaling plays a role in the migration of MCF-7
breast cancer cells. The Wnt family, which is
indispensable in embryonic development like Shh, has
been demonstrated to participate in tumorigenesis
nowadays. The function of WntSa depends on the
availability of key receptors and intercellular
interactors in tumor cellsl!'sl. It stimulates the cell
migration through a Dvl2-Rab35-Racl axis in MCF-7
breast cancer cells(8l.

In recent years, the role of Hedgehog (Hh) in
tumorigenesis gradually came to the surfacel!s-!8],
Recent studies have confirmed that the Hh signaling
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pathway plays a significant role in breast cancer
progression, although the mechanism is not very
clear’). Hh signaling conservatively participates in
embryonic development process of invertebrates and
vertebrates[20. Most adults have no or very low Hh
signaling activity. It was activated only when
necessary, such as repairing tissue injuriesi2!-23],
Although Hh signaling is integral to embryonic
development, the excessive activation of it might lead
to diseases, including cancerl®2+25. Mutation and
overactivation of Hh signaling pathway are associated
with basal cell carcinoma (BCC), medulloblastoma
(MB), breast cancer, pancreatic cancer, prostate
cancer and lung cancer, etcl!l,

Mammary gland development can be divided into
three stages: embryo, non-pregnancy and pregnancy/
lactation(2¢l. The Hh signaling was detected in mouse
breast tissues in all the stages. However, the
experimental results show that Hh signaling pathway
is not decisive in mice mammary gland development
before or after birth. As a matter of fact, inhibition of
Hh signaling is found in the normal mammary gland
development. Lack of Glil and Gli2 gene expression
does not lead to obvious mammary duct defects in
embryos, while adult mice with sustained activation of
Glil or lack of GLI3 function have mammary duct
defects!?’). The overexpression of Shh in embryos of
transgenic mouse, sustained activation of SMO or lack
of PTCH1 may lead to abnormal breast terminal end
buds (TEBs) morphology, which can be linked to
human mammary gland hyperplasial2-29. Corre-

spondingly, overexpression of Glil in the mouse
mammary epithelium leads to defects in the mammary
duct network, making it unable to lactate, prone to
hyperplasia, and thus increase the cancer riskl*%l. In
brief, aberrant activation of Hh signaling leads to
disordered breast development and promotes breast
cancer.

Rab35

¥

Migration

Gli 1

Fig. 6 Model for the role of WntSa and Shh in promoting MCF-7 breast cancer cell migration by activating Racl.
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The potential role of Hh signaling in breast cancer
is not clear yet. Kubol3!l first reported that SHH,
PTCHI, and Glil were detected in the invasive breast
cancer tissue, but not in the normal breast tissue. The
expression of Hh ligand in epithelial cells occurs in
early breast cancer and is closely related to the basal
type phenotype, which is prone to metastasis, poor
prognosis and high mortality. In addition, compared
with normal mice, the over-expression of Hh ligand in
basal subtype breast cancer (BLBC) mouse models
leads to faster tumor growth and higher invasiveness.
A recent study by Ramaswamy found that the
nonclassical Hh signaling pathways contributed to

continuous growth of tamoxifen-resistant breast
cancer cellsi32],
Despite  advances in  radiation  therapy,

chemotherapy and hormone therapy in recent years,
20% to 30% of early breast cancer patients still suffer
in-situ  recurrences or distant metastasesi®¥. In
particular, BLBC subtype patients have a higher risk
of distant metastasis and a shorter interval from
metastasis to death, with only 50% of 10-year survival
ratel34]. Clinic trials showed that targeted therapy is the
most effective way, for example: estrogen receptor
(ER) inhibitors (tamoxifen) and HER2 inhibitors
(Trastuzumab) for ER and HER2 positive cases.
However, ER and HER2 expressions are usually
negative in typical BLBC patients, so they are usually
not sensitive to standardized chemotherapy.
Therefore, due to the lack of specific clinical
therapeutic target, BLBC usually has poor prognosis.
To reduce the mortality of this invasive breast cancer,
new therapeutic targets are imperative. Experiments
show that, as in esophageal and pancreatic cancer, the
Hh signaling pathway, as an effective pharmacologi-
cal target of BLBC, can consolidate the curative effect
of chemotherapy and/or radiotherapy!35-36l. Accurate
selection of suitable patients and the drug combination
are key to molecular target therapy for breast cancer.
If Hh is to be used as a therapeutic target, it is urgent
to clarify the cellular and molecular characteristics of
Hh pathway in breast cancer.

The Hh signaling pathway can be inactivated at
different cascaded levels, from blocking Hh ligands
secretion to inhibiting Gli function with antibodies!*7l.
The most widely used inhibitors of Hh signaling
pathway are Smo antagonists. Cyclopamine and
jervine are two firstly-found Smo inhibitors. High
throughput sequencing in vitro also identified more
effective Smo inhibitors, such as vismodegib3$-401 and
sonidegib, which were confirmed in advanced basal
cell carcinoma. However, some cases of resistance
appeared in vismodegib and sonidegib treatment. A

major manifestation of drug resistance is the
reactivation of the Shh pathway, which is likely to be
associated with multiple pathways that block the
carcinogenic signaling pathway in many tumors(+!-431.

To sum up, data have confirmed that the Shh
activity is inhibited during development and
functional operation of the mammary gland; while in
invasive breast cancer, such as BLBC, it is activated
and participates in tumor growth. Here we found that
Shh promoted breast cancer cell migration via Racl,
suggesting it is an available target of breast cancer
therapy. Therefore, identifying the invasion and
metastasis mechanisms mediated by Hh signaling
pathway in breast cancer cells, and the crosstalk
between other pathways, such as Wnt pathways, will
help to improve the prognosis of breast cancer.
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