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Abstract

Hedgehog (Hh) signaling plays an important role in several malignancies but its clinical significance in breast
cancer is unclear. In a cohort of 279 patients with invasive ductal carcinoma of the breast, expression of Hh
ligand was significantly associated with increased risk of metastasis, breast cancer-specific death, and a basal-
like phenotype. A paracrine signature, encompassing high epithelial Hh ligand and high stromal Glil, was an
independent predictor for overall survival in multivariate analysis. In 2 independent histological progression
series (n = 301), Hh expression increased with atypia. Hh ligand overexpression in a mouse model of basal breast
cancer increased growth, induced a poorly differentiated phenotype, accelerated metastasis, and reduced
survival. A stromal requirement for these effects was supported by the lack of similar Hh-mediated changes in
vitro, and by stromal-specific expression of Hh target genes in vivo. Furthermore, inhibition of Hh ligand with a
monoclonal antibody (5E1) inhibited tumor growth and metastasis. These data suggest that epithelial-stromal
Hh signaling, driven by ligand expression in carcinoma cells, promotes breast cancer growth and metastasis.
Blockade of Hh signaling to peritumoral stromal cells may represent a novel therapeutic approach in some basal-
like breast cancers. Cancer Res; 71(11); 4002-14. ©2011 AACR.

Introduction

The decrease in deaths from breast cancer over the last 2
decades reflects improvements in early detection, and the
success of targeted therapies such as tamoxifen in hormone
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receptor positive disease (1). Recent data show that thera-
peutic targeting of the HER2 receptor is also making an
impact in breast cancer mortality (2). However, in women
with basal-like breast cancer, an aggressive subtype lacking
expression of the estrogen receptor (ER), progesterone recep-
tor (PR), and HER2, the prognosis remains poor (3). At present,
there is a shortage of targetable signaling pathways in basal-
like breast cancer.

Several studies have suggested a role for hedgehog (Hh)
signaling in breast cancer (4-6). This pathway is a highly
conserved developmental signaling system essential for
epithelial to mesenchymal signaling in development (7).
Deregulation of Hh signaling has been implicated in the
pathogenesis of carcinoma, in part through the promotion
of epithelial-stromal interactions (8-10).

The Hh ligands, Sonic (Shh), Indian (Ihh), and Desert
(Dhh) hedgehogs bind to and inactivate the transmembrane
receptor Patched (Ptch). Ptch is a constitutive inhibitor of
Smoothened (Smo), a transmembrane protein required for
all Hh signaling. In its inactive state, Smo permits the
formation of a multiprotein complex that constitutively
processes the Gli proteins (Glil-3) to short, transcriptionally
repressive forms. Activation of Smo decouples this complex
from microtubule domains and leads to stabilization of full
length, transactivating Gli proteins that initiate transcrip-
tion of Hh target genes, including Ptch, Glil, and Hedgehog
interacting protein (Hhip; ref. 7). Expression of these tran-
scripts can be used as an indirect measure of canonical
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Hh signaling (10), although Glil can be driven by non-
Hh-dependent mechanisms (11).

Early reports suggesting Hh signaling may contribute to
breast carcinogenesis came through the studies of Lewis and
colleagues in mice with heterozygous disruption of Ptchl
which showed marked abnormalities in mammary ductal
structures resulting in hyperplasias and dysplasias similar to
human breast lesions (12). More recently members of the same
group (13) studying mice with constitutive activation of human
Smo under control of the mouse mammary tumor virus
(MMTV) promoter, found that mammary ductal cells showed
increased proliferation, altered differentiation, and developed
ductal dysplasias. This group had also previously shown that
mammary ducts of mice with loss of G/i2 had a range of
histological alterations similar to micropapillary ductal hyper-
plasia in the human breast (14). Tissue recombination studies
showed that the role of Gli2 is particular to the stroma, as these
duct changes were not seen when epithelium with G/i2 deleted
was transplanted into wild-type mouse stroma, supporting a
critical compartmentalization of Hh signaling in development
and proliferative mammary ductal lesions.

Although several studies suggest that deregulation of Hh
signaling might be important in breast cancer (4, 6, 12-16), the
clinical and functional significance of these findings and their
potential therapeutic impact is unclear. Therefore, we carried
out a detailed immunohistochemical study using rigorously
validated antibodies against Hh ligand (the initiating signal),
Ptchl (the pathway receptor), and Glil (a widely accepted
readout of active canonical signaling) in large, well-character-
ized cohorts of invasive ductal carcinoma and premalignant
and proliferative breast lesions. We also employed a mouse
model of mammary carcinogenesis to show that Hh ligand
overexpression promotes stromal-dependent tumor growth.
Finally, we show that use of a Hh-ligand blocking antibody
reduces tumor growth and pulmonary metastases, supporting
a functional role of the Hedgehog pathway in breast cancer
development and progression.

Materials and Methods

Patients

Three cohorts of patients were used as follows: first, the
Garvan/St Vincent's Hospital outcome series (17-19) of 292
patients with invasive ductal carcinoma, and 2 independent
cohorts of a histological progression series; the Garvan Insti-
tute/St Vincent's Hospital progression series (GSVH-PS) con-
sisting of a subset of 79 patients for whom tissue was still
available, from a larger series originally (20) and the Garvan
Institute/Royal Prince Alfred Hospital with 222 patients diag-
nosed with invasive ductal carcinoma (IDC) or ductal carci-
noma in situ (DCIS) described in an earlier report (21). Ethics
approval was granted for the use of pathology specimens and
cognate clinicopathologic data (HREC SVH H94/080, SVH
H00036, and RPAH X05-0115).

Antibodies and immunohistochemistry
To ensure the specificity of Hh pathway antibodies, rigorous
antibody validation was carried out. Immunohistochemistry

for Hh pathway antibodies was carried out on a DAKO
autostainer using the following antigen retrieval protocols
after dewaxing and rehydration: Hh ligand H-160 sc-9024,
Santa Cruz, 1:80, 20 minutes in a boiling waterbath in Dako
retrieval solution S2367; Ptchl ab27529, Abcam, 1:50 antigen
retrieval for 20 minutes boiling waterbath in Dako retrieval
solution $2367 and Glil, sc-20687, Santa Cruz, 1:100, antigen
retrieval 30 seconds at maximum temperature and pressure in
a DAKO pressure cooker in DAKO solution s1699. Full details
of the protocols for immunohistochemistry are shown in
Supplementary Table S1. These antibodies were rigorously
validated with robust controls as shown in Supplementary
Figures S1-3.

For each marker, 2 specialist breast pathologists (S.A.
O’Toole and either D. McLeod, E.AK. Millar, M.R. Qiu, or
C.L. Cooper) independently calculated the percentage staining
and the predominant intensity on a predetermined scale of 0:
no staining to 3: strong staining in both the epithelial cells of
the lesions and the adjacent stroma for each Hh pathway
protein (and for Glil both nuclear and cytoplasmic expressions
were scored). Each core had an H score that was generated by
multiplying these scores (17-19, 21).

Intrinsic breast cancer subtypes were assessed immuno-
histochemically using criteria similar to those recently
described by Cheang and colleagues (22) but using FISH to
determine HER-2 status (19). Details for antibodies, immuno-
histochemistry, in situ hybridization, and scoring for these
markers, have been previously reported in the invasive ductal
carcinoma cohort (17-19, 21).

Immunofluorescence

Immunofluorescence (IF) was carried out on 7-um-thick
mouse tumor samples fixed in 4% (w/v) paraformaldehyde,
blocked for 90 minutes with 2% (v/v) horse serum, and incu-
bated with primary antibody (Hhip rabbit H-280 Santa Cruz sc-
25465, 1:200) and vimentin (chicken, 50-264, Pro Sci, 1:200).
Secondary antibodies Alexa555 Cy3 (red) fluorophore conju-
gated anti-rabbit 1:300 (A-31572, Molecular Probes) or
Alexa488 Cy2 (green) fluorophore conjugated anti-guinea pig
(A-11073, Molecular Probes) 1:500 were applied to the sections
and incubated for 1 hour in the dark at room temperature.
Coverslips were mounted onto slides using Vectashield mount-
ing medium with 6-diamidino-2-phenylindole (DAPI) counter-
stain (H-1500, Vector Laboratories). Slides were imaged
immediately using a Zeiss Axioplan upright fluorescence
microscope with Zeiss Axiocam MRm digital camera. Digital
images were captured using Axiovision V 4.8.1.0 software.

Animals

All experiments involving mice were carried out under the
supervision and in accordance with the regulations of the
Garvan/St Vincent's Animal Ethics Committee (Approval 08/
41). C3(1)/SV40 large T transgenic mice inbred on FVBN
background was obtained from Dr. Jeff Green (NIH). Inbred
mice were obtained from the Animal Resource Centre, Wes-
tern Australia (BALB/c, Ragf/ ).

Mammary gland transplantation. For the 4T1 model
the fourth fat pad of 28-day-week old female BALB/c mice was
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surgically visualized and 1 x 10° cells (10 uL) injected. For the
M6-SHH/Vector transplants, 0.75 x 10° cells (10 uL) were
surgically injected via direct visualization into the fourth fat
pad of 21-day-old Rag’/ ~ mice.

In vivo imaging. Animals were imaged twice weekly.
Briefly mice were first injected intraperitoneally with 200
UL of 30% p-luciferin (diluted from 10 mg/mL in PBS, 6160-
80-1 GoldBio) and imaged under anesthesia in a Xenogen IVIS
200 biophotonic imager. Luminescence is expressed as
photons/sec/ROI (region of interest) minus background lumi-
nescence for a similarly sized region.

Cell lines

M6 mouse mammary carcinoma cells derived from the C3
(1)/SV40 Tag mouse model (23; kindly provided by Jeff Green,
NIH) were grown in DMEM high glucose medium (11995,
Invitrogen), supplemented with 10% (v/v) FBS and penicillin/
streptomycin. 4T1 cells (2939, ATCC) were maintained in
RPMI 1640, 10% FBS, 10 mmol/L HEPES, 100 mmol/L sodium
pyruvate and 0.25% glucose. Phoenix Ecotropic packaging cell
line (3444, ATCC) and Lenti-X293T packaging cells (632180,
Clontech) were maintained in DMEM supplemented with 100
mmol/L sodium pyruvate, 200 mmol/L r-glutamine and non-
essential amino acids. Cell lines were authenticated by short
tandem repeat (STR), single-nucleotide polymorphism (SNP),
and fingerprint analyses and passaged for less than 6 months.

The "Light II" NIH/3T3 cell line stably transfected with a Gli-
responsive firefly luciferase reporter and Renilla-luciferase
expression vector (CRL-2795, ATCC) was grown in DMEM
supplemented with 10% FCS containing 0.1 mg/mL Zeocin,
and 0.4 mg/mL Geneticin.

Cell viability assay (MTS assay) was carried out using the
CellTiter 96 AQ,cous Cell Proliferation Assay (G5421, Promega)
according to the manufacturers recommendation.

Flow cytometry

Tumors were processed into single cell suspensions before
staining and fluorescence-activated cell sorting (FACS). Before
staining, samples were blocked and then stained with a
R-Phycoerythrin (R-PE)-Conjugated Rat anti-Mouse CD24
monoclonal antibody (553262, BD Pharmingen) or the PE
Rat IgG2b negative control (122-116-072 Jackson ImmunoR-
esearch) for 30 minutes on ice. Samples were sorted on the
FACS Vantage SETM Cell Sorter (with FACSDiVa Option; BD
Biosciences) running BD FACSDiVa software version 5.0.3 (BD
Biosciences).

Quantitative real-time PCR

cDNA was synthesized using an avian myeloblastosis virus
(AMV) reverse transcriptase system (A3500 Promega) as per
protocol. Quantitative real-time PCRs (QRT-PCR) were carried
out using the Roche Universal Probe Library System on a
Roche LightCycler480, 384 well platform, with primers as
follows: SHH forward CAA ATT ACA ACC CCG ACA TC,
SHH reverse GCA TTT AAC TTG TCT TTG CAC CT, Ptchl
forward GGC CTG GCA GAG GAC TTA C, Ptchl reverse GGA
AGC ACC TTT TGA GTG GA, Ptch2 forward GTC CAC CTA
GTG CTC CCA AC, Ptch2 reverse CTC AGC TCC TGA GCC

ACA TT, Glil forward GGA CCC ACT CCA ATG AGA AG, Glil
reverse CAT GCA CTG TCT TCA CGT GTT, Hhip forward GTG
TTC GGA GAT CGC AAT G, Hhip reverse TTT TCT TGC CAT
TGCTTG GT, PECAM1 forward AGC CAG TAG CAT CAT GGT
CA, PECAM1 reverse AGC AGG ACA GGT CCA ACA AC,
B-actin forward GGA TGC AGA AGG AGA TTA CTG C, B-actin
reverse CCA CCG ATC CAC ACA GAG TA.

Further primer details are shown in Supplementary
Table S2. The programs used are shown in Supplementary
Table S3. Data were analyzed using the comparative Cr
method (AACy).

Expression constructs

The full-length SHH ¢cDNA (2,716 bp) was subcloned from
pRK5-SHH (24) into pMSCV-puro retroviral expression vector
(634401, Clontech). The pLV4301G-enhanced luciferase third
generation lentiviral construct was used for in vivo imaging
and expresses green fluorescent protein (GFP) and luciferase
was used for in vivo imaging (25). To generate pLV4301G viral
stocks, 293T lentiviral packaging cells were transfected as
described for the retrovirus production below. 4T1 and M6
cells were infected with the construct and sorted for GFP
before expanding for subsequent experiments. For retrovirus
production, phoenix-eco cells (26) were seeded at 1.8 x 10°
cells/well in 60-mm dishes and transfected with 2 pg of
plasmid (SHH or vector alone) and 1 pg of pCL-Eco (12371,
Addgene) using Effectene transfection reagent (301425, Qia-
gen) as directed. Media was changed 24 hours after transfec-
tion and a further 24 hours were allowed for virus production.
Forty-eight hours posttransfection diluted viral supernatant
(1:10 in M6 media containing 8 pg/mL polybrene) was used to
infect M6 pLV4301G sorted cells seeded at 0.8 x 10° cells/well
in 6-well plates. Transduced cells were selected with 5 pg/mL
of puromycin 48 hours after infection. Selection pressure was
maintained throughout subsequent passages.

Neutralizing antibody

Hybridomas for hedgehog (clone 5E1) or control antigalac-
tosidase (clone 40-1a) IgGl monoclonal antibodies were
obtained from the Developmental Studies Hybridoma Bank
(UIOWA, developed under the auspices of the NICHD and
maintained by The University of Iowa). Ultrapure antibodies
(0.23EU endotoxin/mg of protein) were generated and purified
by the Recombinant Products Facility at the University of New
South Wales. Mice were treated twice a week by intraperito-
neal (i.p.) injection with either 0.5 mg 5E1 or IgG1 control
antibody.

Statistical analyses

Statistical evaluation was carried out using Statview 5.0
Software (Abacus Systems). A value of P < 0.05 was accepted as
statistically significant. Baseline characteristics of the cohort
were defined using simple frequency distributions. Cutoffs for
expression of the biological markers examined were deter-
mined using an optimal cut-point technique (27).

Multivariate Cox proportional hazards analyses used
"backwards” modeling to generate models predictive of
outcome. Spearman-Rank correlation was used to explore
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the relationship between 2 continuous variables in the
human Hh protein expression studies. Simple unpaired ¢
tests were used to compare 2 groups in the mouse studies.

Results

Hh ligand is a marker of poor prognosis in invasive
ductal carcinoma

We examined our cohort of 292 patients with invasive
ductal carcinoma of the breast using rigorously validated
antibodies to Hh ligand, Ptch, and Glil. Examples of the
expression of Hh ligand and Glil are shown in Figure 1A.
Cytoplasmic expression of Hh ligand could be assessed in 279
patients and was present in virtually all cases (275 of 279, 98%)
in both the epithelium and the stroma (279 of 279, 100%).
However, only 34% (96 of 279) of cases showed high intensity
Hh staining in carcinoma cells (Fig. 1A). Kaplan-Meier survi-
val analysis showed that those patients had a poorer outcome
in terms of breast cancer metastasis (P = 0.0004, HR 1.95, 95%
CI 1.2-3.1) and breast cancer-specific death (P = 0.002, HR 2.3,
95% CI 1.3-4.0, Fig. 1B). High Hh ligand expression was also
associated with grade 3, larger (>20 mm), and more prolif-
erative (high Ki67) tumors, PR negative status (all P < 0.05,
Table 1), and was strongly correlated with the basal-like
subtype of breast cancer (P = 0.001). There was no association
with any other subtypes. High Hh ligand expression was not
independently prognostic in multivariate analysis. There was a
strong association between Hh ligand expression and prolif-
erative cell-cycle proteins such as cyclin A (Spearman—Rank
correlation Rho = 0.344, P < 0.0001), cyclin B1 (Rho = 0.354,
P<0.0001) as well as cyclin E1 (Rho = 0.405, P < 0.0001). There
was no significant association of stromal Hh expression with
survival.

Ptchl was assessable in 197 cases and showed epithelial
cytoplasmic expression in 93% of cases (184/197) and
stromal cytoplasmic expression in 89%. Univariate analysis
for breast cancer—specific death showed no prognostic sig-
nificance for cytoplasmic epithelial Ptchl expression (P = 0.8)
and only a borderline association for stromal Ptchl (P = 0.05).

Both nuclear and cytoplasmic Glil were assessed in the
cohort but only cytoplasmic Glil showed any association with
survival. High cytoplasmic stromal Glil expression (example
shown in Fig. 1A) was determined by optimal cut-point
determination as more than 20% of stromal cells expressing
Glil. These Glil positive stromal cells had the appearance of
fibroblasts based on morphological assessment by a specialist
pathologist. There were 83 (31%) stromal Glil positive cases,
which were associated with breast cancer—specific death (P =
0.004, HR 2.4, 95% CI 1.3-4.1) on univariate analysis (Fig. 1B).
There was no prognostic significance to nuclear Glil expres-
sion in either the stroma (P = 0.8) or the epithelium (P = 0.4)
by Kaplan-Meier survival analysis.

In view of the known paracrine mechanism of Hh pathway
signaling in development in many organs and in a number of
malignancies, we developed a "paracrine” signature defined as
cases with both high Hh expression in the epithelium (Hh
intensity score 3) and high Glil in the stroma (>20% of stromal
cells expressing Glil). This "paracrine” signature identified

16% of cases (44/282) and was independently prognostic in
multivariate analysis for overall survival (HR1.7, P = 0.04, 95%
1.0-2.8; Table 2; Fig. 1B) and approached significance for
breast cancer—specific death (P = 0.09) in the resolved model.

Aberrant expression of Hh ligand is an early event in
mammary carcinogenesis

In view of our findings of the prognostic significance of Hh
ligand expression in invasive ductal carcinoma, we were
interested to identify at what stage of breast cancer develop-
ment Hh ligand expression was first upregulated. We exam-
ined expression of Hh ligand using immunohistochemistry in
2 cohorts of preinvasive and malignant breast lesions; a test
cohort and a validation cohort both comprising a histological
progression series of increasing architectural atypia and
malignancy including in situ and invasive ductal carcinoma.

We observed a striking, progressive increase in the expres-
sion of epithelial Hh ligand in hyperplasia, atypia, and in situ
malignancy (DCIS) in both the test and validation cohorts
(Fig. 1C and D). This was seen in the earliest lesions in the
progression series, with greater expression of Hh ligand in
histologically normal ducts adjacent to invasive carcinoma
compared with normal ducts from reduction mammoplasty
patients in the test cohort (P < 0.05), with further significant
increases in ductal hyperplasia and then DCIS.

There were also incremental increases in Hh ligand expres-
sion from low- to intermediate- to high-grade DCIS in the
validation cohort. In the test cohort, there was no significant
change in the expression of Hh between grade 3 DCIS and
invasive carcinoma.

In view of our findings in human tissue, we explored
similarities with a mouse model of basal-like mammary
carcinoma, in which we could study functional effects of
Hh pathway manipulation. We selected the C3(1)/Tag model
as it has a well-defined premalignant sequence and gives rise
to basal-like tumors (28). In keeping with our human data, we
found that lesions of the C3 (1)/Tag model also showed
increased expression of Hh ligand in early proliferative lesions
(hyperplasia) such that Hh ligand is significantly higher in
proliferative and malignant lesions than normal mammary
ductal epithelium (Supplementary Fig. S4), supporting the use
of this model in subsequent studies of Hh function in mam-
mary carcinoma.

Functional effects of Hh overexpression

In view of our data in human breast cancer showing that
high level Hh ligand expression is a marker of poor prognosis,
we investigated underlying mechanisms that might contribute
to this finding. We elected to use the M6 cell line derived from
the C3 (1)/Tag model as a particularly suitable model for in
vivo and in vitro studies. We first determined the effects of Hh
overexpression in a transplant model in which M6 cells stably
expressing Hh ligand (M6-HH), or controls, were transplanted
into the fat pad of immunodeficient Rag ™/~ mice. M6 cells
stably expressing Hh formed significantly larger tumors with a
4-fold increase in mean tumor volume (P = 0.0006) and a 3-
fold increase in weight compared with controls at endpoint
(P=0.005, Fig. 2A). This was confirmed by live imaging studies
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Figure 1. High Hh ligand is associated with a poor prognosis in invasive ductal carcinoma and is an early event in breast cancer progression. A, high Hh ligand
expression (400x) and high stromal Gli1 expression (1,000x). B, Kaplan—Meier curves for (i) breast cancer recurrence and (i) breast cancer-specific
death for high Hh, (jii) breast cancer-specific death for high stromal Gli1, and (iv) breast cancer—specific death for the "paracrine" signature. C, increasing
intensity of Hh ligand expression in lesions with greater cytological and architectural atypia (all images 200x). UDH, usual ductal hyperplasia; LG, low grade;
IG, intermediate grade; HG, high grade; IDC, invasive ductal carcinoma. D, quantitation of Hh staining intensity in 2 independent cohorts of lesions.
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Table 1. Clinicopathologic associations of Hh overexpression
Clinicopathologic parameter Total Hh high Hh low P?
N = 279 N = 96 (34%) N = 183 (66%)
n (%) n (%)

Median, y (range): 55 (24-87) 0.03
Age >55y 127 53 (42) 74 (58)
Age <55y 152 43 (28) 109 (72)

Median size, mm (range): 21 (0.9-80) 0.01
Size >20 mm 115 50 (43) 65 (57)
Size <20 mm 164 46 (28) 118 (72)

Grade <0.0001
3 126 61 (48) 65 (52)
1and 2 153 35 (23) 118 (77)

Lymph node status 0.01
Positive 121 52 (43) 69 (57)
Negative 155 44 (28) 111 (72)

Estrogen receptor 0.07
Positive 187 58 (31) 129 (69)
Negative 88 38 (43) 50 (57)

Progesterone receptor 0.03
Positive 158 46 (29) 112 (71)
Negative 118 50 (42) 68 (58)

HER2 status 0.99
Positive 51 17 (33) 34 (67)
Negative 217 75 (35) 142 (65)

Ki67 > median 0.0001
High 121 58 (47) 63 (563)
Low 127 31 (24) 96 (75)

ay? analysis P value.

Table 2. Univariate and multivariate analysis of
clinicopathologic variables for overall survival

Variable HR (95% CI) P

A, Univariate analysis

Histological grade 3 3.8 (2.1-7.0) <0.0001
Size > 20 mm 2.4 (1.6-3.7) <0.0001
Lymph nodes > 0 3.3 (1.9-6.0) <0.0001
ER positive 0.4 (0.3-0.6) <0.0001
PR positive 0.3 (0.2-0.6) <0.0001
HER2 positive 2.3 (1.8-5.8) <0.0001
Epithelial Hh high 2.3 (1.3-4.0) 0.002
Stromal Gli1 high 2.4 (1.3-4.1) 0.004
Paracrine Hh signature 2.7 (1.5-4.8) 0.001
B, Multivariate analysis,
resolved model

Lymph nodes > 0 2.2 (1.3-3.6) 0.001
PR positive 0.3 (0.2-0.7) 0.0002
HER?2 positive 1.9 (1.1-3.2) 0.02
Paracrine Hh signature 1.7 (1.01-2.8) 0.04

using luciferase expression which showed greater signal in the
Hh overexpressing tumors compared with controls (Fig. 2B).
Ninety days after transplantation, no mice carrying Hh-over-
expressing tumors (N = 8) survived, compared with 88%
survival for mice bearing control tumors (N = 8 P <
0.0004). There were also significant differences in the local
invasion of the 2 groups. Control tumors were adherent to the
overlying skin but showed well defined edges. In contrast, the
Hh overexpressing tumors were locally very aggressive, invad-
ing through the abdominal musculature, and penetrating the
peritoneal cavity (Fig. 2C).

Histological analysis showed that 4 of 5 (80%) of Hh over-
expressing tumors showed invasion of lymphatic spaces by
tumor cells, confirmed by LYVE-1 immunohistochemistry
(Fig. 2D), compared with only 1 of 5 in the control group.

We further explored this model to investigate the pheno-
type of M6-HH and Mé6-control tumors matched for size
before they became large and necrotic. Although there was
no difference in the incidence of peritumoral lymphatic inva-
sion (data not shown) when tumors were of an equivalent size,
Hh overexpressing tumors were denser and were histologically
less well differentiated, with no glandular structures observed
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Figure 2. Hh overexpression promotes tumor growth, local aggressiveness, and lymphatic invasion and is associated with poor survival. A, M6-HH
allografts show increased tumor volume and a 3-fold increase in tumor weight at endpoint. B, luciferase activity of M6 tumors in vivo. M6-HH tumors (left)
show larger signals than controls (right). C, control tumors show limited local invasion and are confined to the overlying skin (left, tumor highlighted by
black circle), whereas M6-HH tumors (right) show marked local invasion, growing through the abdominal wall and penetrating the peritoneal cavity. D, M6-HH

tumors show increased peritumoral lymphatic invasion (LYVE-1 immunohistochemistry, 100x).
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Figure 3. Hh overexpression
results in more poorly
differentiated and more
proliferative tumors. A, control B
tumors of equivalent volume to
M6-HH tumors show better
differentiation with well developed
glandular structures and more
stroma. In contrast M6-HH tumors
(right) show no glandular
differentiation and very little
stroma, consisting of sheets of
poorly differentiated malignant
cells (H&E 200x). B, phospho-
histone H3 immunohistochemistry
in M6-HH tumors compared with C

M6-HH tumor

control tumors (200x). C, M6-HH *P=0.0417
tumors have higher mitotic counts 50
(left) and phospho-histone H3 o €
. 40 3
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in any Hh tumors compared with glandular structure
observed in all of vector controls (Fig. 3A). We observed no
difference in tumor infiltration by inflammatory cells (data not
shown, assessed by IF for CD45 and F4/80), microvessel
density (data not shown, assessed by CD31 IF) or in apoptosis
(assessed by caspase-3 IF, data not shown). However, there
was a significant increase in tumor cell proliferative fraction
with a 2-fold higher proportion of phospho-histone H3-posi-
tive cells per hpf in the Hh expressing tumors compared with
vector controls of the same size (Fig. 3B and C). Mitotic counts
(per 10 hpf) were also 50% higher in the Hh-positive tumors
compared with vector controls of the same size (Fig. 3C).

A stromal requirement for Hh-mediated tumor growth

We confirmed M6 cells with Hh produced functional ligand
using a Glil luciferase reporter, the "light IT assay.” This activity
could be blocked by 5E1 an anti-Hh blocking antibody that
inhibits binding of all 3 ligands to the Ptch receptor, but not by
control antibody (Fig. 4A). Using these cells, we then con-
ducted detailed in vitro studies to investigate possible
mechanisms for the differences in tumor growth observed

in the in vivo studies. Based on our observation of increased
proliferation in M6-HH tumors, we hypothesized that M6-HH
would proliferate faster than control cells. However, in vitro
MTS assays showed no difference in the growth curves
(Fig. 4B). We also speculated that in view of its known role
in stem cell regulation (5), Hh might promote increased self-
renewal capacity. However, modified "mammosphere” assays
showed no difference in sphere forming capacity between
control or M6-HH cells in primary, secondary, or tertiary
cultures (data not shown). Furthermore, inhibition of Hh
signaling with 5E1 antibody also had no effect on the devel-
opment of primary or secondary mammospheres between the
2 groups (data not shown). Finally, we found no difference in
migration of M6-HH cells in vitro compared with vector
control M6 cells (data not shown).

These findings suggest that there may be a critical stromal
interaction to account for the dramatic difference in tumor
growth seen with Hh overexpression. We further explored this
by carrying out quantitative PCR (qPCR) for key Hh pathway
components, including readouts of canonical signaling; Hhip,
Ptchl, Ptch2, and Glil. There was no change in the expression
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Figure 4. Hh-mediated growth requires stromal interaction. A, light Il luciferase assay showing M6-HH cells produce functional Hh ligand which can be
blocked by 5E1, but not by the control antibody. Recombinant Hh ligand is used as a positive control. B, M6 cells show no differences in growth measured by
MTS assay with and without HH overexpression. C, gPCR for HH genes showing no change in pathway genes compared with vector controls except for
SHH in the HH cells in culture. D, gPCR for HH genes in whole tumors showing increased HH responsive genes. E, gqPCR for HH genes in separated epithelium
and stroma in M6-HH tumors. SHH as expected is seen at highest levels in the epithelium, whereas HH responsive genes induced by HH overexpression
are observed at highest levels in the stroma. F, dual immunofluorescence for vimentin (green) and Hhip (red). Nuclei are shown in blue (DAPI) with
densely packed nuclei within the epithelial compartment. Hhip expression is not seen in the tumor epithelium but only in the peritumoral fibroblasts highlighted
by vimentin expression (200x). *, P < 0.05; **, P < 0.01.
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of any hedgehog pathway genes in the M6-HH cells in culture
compared with controls except for SHH as expected (Fig. 4C).
However, there was a significant increase in Hhip (P = 0.014),
Ptchl (P= 0.023), Ptch2 (P= 0.009), and GliI (P = 0.009) mRNA
in Hh overexpressing tumors compared with control (Fig. 4D).
To identify in which compartment these changes occurred we
separated the stroma and epithelium of the M6-HH tumor
using FACS sorting for CD24 (a marker of epithelium; ref. 29).
These studies revealed upregulation of Ptchl, Ptch2, Glil, and
Hhip expression exclusively in the stromal compartment
compared with the epithelium (Fig. 4E). The epithelial com-
partment showed only upregulation of Shh as expected. These
findings were further validated using indirect double immu-
nofluorescence on the tumor samples. Hhip expression was
confined to peritumoral stromal fibroblasts (confirmed by
vimentin expression, Fig. 4F) with no expression in the
epithelial cells (data not shown, keratin immunostaining)
or inflammatory cells (data not shown, CD45 immunostain-
ing) and was not seen in the control tumors (data not shown).
These data confirm that there is upregulation of downstream
Hh pathway components predominantly in the stroma in
response to Hh produced by the epithelium, supporting a
paracrine signaling mechanism in our model of mammary
carcinoma.

Hh blockade inhibits tumor growth and metastasis

In view of our data showing that Hh overexpressing tumors
were associated with larger, more poorly differentiated tumors
with an increased rate of lymphatic invasion, we investigated
the functional requirements for Hh ligand in the development
of tumor growth and metastatic dissemination. Using the M6-
HH allograft model, we treated mice with twice weekly
intraperitoneal injections of either 5E1 or a control antibody.
The ability of 5E1 to inhibit Hh signaling was confirmed by
gqPCR in tumor samples showing marked inhibition of Hhip
expression in the treatment group (Fig. 5A). The 5E1 treated
mice (N = 10) showed a markedly slower rate of tumor growth
(Fig. 5B) and also had statistically significant longer median
survival times (>110 days compared with 78 days, P = 0.0002)
than the control antibody treated group (N = 5; Fig. 5C). In
addition, ex vivo imaging and histological analysis of harvested
organs showed a difference in the pattern of metastatic
disease between control and treated groups. Although all
mice in both groups developed lung metastases equivalently,
100% of control mice developed metastases to the liver and
pancreas (Fig. 5D), but only 25% of 5E1 treated mice developed
liver metastases, and none developed pancreatic metastases.
These data suggested that Hh played a role in the development
of metastatic disease.

We next sought to independently validate these findings in
the well-characterized 4T1 allograft model (25), which rapidly
develops spontaneous metastases. qPCR showed that HH
pathway genes, including all 3 Hh ligands were expressed
in untreated 4T1 cells (data not shown), confirming it is a good
model in which to investigate the effects of HH inhibition. We
transplanted the same number of 4T1 cells into the fat pads of
immunocompetent BALB/c mice followed by twice weekly
treatment with intraperitoneal 5E1 or control antibody. There

was no apparent growth or histological differences in the
primary tumors (data not shown). However, the size of
metastatic deposits was smaller in the 5E1 treatment group
(P = 0.02, Fig. 5E), suggesting that Hh controls the prolifera-
tion of primary and metastatic tumors.

Discussion

The importance of Hh signaling in a subset of common
human cancers is thought to rest on its ability to recreate
developmental epithelial-mesenchymal paracrine signaling
(30) where the signal from Hh ligand expressed by tumor
cells is received by the receptor Ptch in the adjacent stroma
(8-10, 31, 32). Our study represents the first detailed descrip-
tion of the localization of key Hh pathway components in a
large, well-characterized breast cancer cohort using rigorously
validated antibodies. For the first time, we also report that the
expression of Hh ligand in the epithelial cells of breast cancer
is associated with increased risk of metastasis, breast cancer-
specific death, and a more proliferative, aggressive, basal-like
phenotype and that Hh ligand expression increases during
progression of premalignant breast epithelial lesions. Taken
together, these data strongly suggest the Hh ligands play a role
in the progression and invasiveness of a subset of breast
cancers.

Our data support a paracrine mode of canonical Hh signal-
ing in breast cancer, although we cannot exclude a cell-
autonomous role for Hh signaling in a small subset of tumors,
or within a small population of tumor cells within a given
tumor. In keeping with previously reported smaller studies (4,
13, 16), we found expression of Ptch and Glil in breast cancer
specimens. Our data show that a combination of high Hh
ligand in the epithelium and Glil in the stroma, a "paracrine”
pattern, is independently prognostic for overall survival and
approaches significance for breast cancer—specific death. The
importance of this "paracrine” Hh signature is supported by
evidence that Hh target gene expression is limited to the
stromal compartment in mouse models, and that Hh ligand
expression produces no detectable cell-autonomous effect in
mammary carcinoma cells in vitro. Recent studies show that
Hh signaling may be important in cellular responses in
endothelial and mesenchymal cells (33, 34), adding weight
to the idea that Hh ligand can drive the formation of an
optimal stromal environment in some solid tumors. Our data
also show that inhibition of the stromal Hh response, rather
than direct targeting of neoplastic cells, is a new potential
therapeutic approach.

By manipulating the expression and/or activity of Hh ligand
in breast cancer cells in vivo, we have also shown the func-
tional significance of this pathway in a model that closely
resembles basal-like breast cancer. The marked effect of Hh
expression on tumor growth, grade, histology, and metastatic
potential in these models are remarkably consistent with our
data in human breast cancer. Interestingly, blockade of Hh
signaling in vivo altered not only the size of metastases but
also their tissue profile, suggesting that Hh signaling may also
act to promote organ-specific growth based on selection for
more favorable microenvironments.
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Figure 5. Hh inhibition decreases tumor growth and reduces the size of lung metastases. A, gPCR for HH genes showing inhibition of key readouts

of Hh pathway activity with 5E1 treatment. B, M6-HH tumors show reduced growth rates in vivo with 5E1 treatment in comparison to the control antibody.
C, M6-HH tumors treated with 5E1 show significantly longer survival compared with those treated with control antibody. D, representative pancreatic
metastasis in M6-HH mouse (H&E, 200x). E, Hh inhibition with 5E1 decreases the size of lung metastatic deposits in 4T1 allografts compared with
control antibody treated shown graphically (left; *, P < 0.05) with an example of a lung metastasis in this model shown at right.

The clinical implications of these findings for breast cancer treatment for basal-like breast cancer for which there is no
include (i) a biological and functional connection between Hh effective targeted therapy, and (iii) the importance of epithelial
ligand expression and basal-like breast cancer, (ii) a potential interactions as potential therapeutic targets. The development
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of therapeutics directed at stromal Hh signaling may represent
a novel approach to the treatment of locally advanced or
metastatic breast cancer.
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