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Abstract

The hedgehog signaling network regulates organogenesis, cell fate, proliferation, survival, and 

stem cell self-renewal in many mammalian tissues. Aberrant activation of the hedgehog signaling 

network is present in ∼25% of all cancers, including breast. Altered expression of hedgehog 

network genes in the mammary gland can elicit phenotypes at many stages of development. 

However, synthesizing a cohesive mechanistic model of signaling at different stages of 

development has been difficult. Emerging data suggest that this difficulty is due, in part, to non-

canonical and tissue compartment-specific (i.e., epithelial, versus stromal, versus systemic) 

functions of hedgehog network components. With respect to systemic functions, hedgehog 

network genes regulate development of endocrine organs that impinge on mammary gland 

development extrinsically. These new observations offer insight into previously conflicting data, 

and have bearing on the potential for anti-hedgehog therapeutics in the treatment of breast cancer.
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1. Introduction

The hedgehog signaling network is required for metazoan embryonic organogenesis, and for 

homeostasis of many adult tissues. In the mammary gland field, extensive effort has been 
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exerted to dissect the roles of hedgehog network genes in development and breast cancer. In 

contrast to other organs, where data from hedgehog mutants and hedgehog-modulating 

pharmacological agents are largely consistent with canonical hedgehog signaling function, it 

has proven more difficult to synthesize a clear picture of hedgehog signaling network 

function in mammary gland development. Recent data from murine mammary gland 

development, human breast tumors, and the identification of non-canonical functions for 

hedgehog network genes have provided insight into these seemingly conflicting data. This 

review discusses the established roles of hedgehog network genes in mammary gland 

development and cancer, hedgehog network function in endocrine tissues that regulate the 

mammary gland, and the potential for hedgehog therapeutics in the clinic.

2. Brief Overview of Mammary Gland Development

Murine mammary gland development is initiated at approximately embryonic day 10.5 

(E10.5) with the formation of the mammary ridges, or milk lines, two lines of thickened 

columnar epithelium displaced on either side of the ventral midline between the head and 

tail [1]. At ∼E11.5, five pairs of placodes form along the milk lines in the positions of the 

presumptive nipples [1]. Placode formation requires signaling events within the epithelium 

(e.g. activated Wnt/Lef1 signaling [1]), as well as paracrine signals originating from the 

underlying somites (e.g. GLI3 expression in the somites driving FGF10 expression) [1]. 

Placodes enlarge by ∼E13 to yield a mammary bud that invades an underlying condensed 

mammary mesenchyme [1]. By ∼E16, the mammary bud elongates to a mammary sprout 

that invades the mammary fat pad precursor mesenchyme. Thereafter, a small amount of 

branching morphogenesis is initiated, which produces a rudimentary ductal tree that fills 

only a small portion of the mammary fat pad at birth [1]. These phases of mammary gland 

growth and morphogenesis are entirely ovarian hormone independent.

The rudimentary ductal tree present at birth is largely growth quiescent until the onset of 

puberty at 3-4 weeks of age in most strains of laboratory mice. The systemic hormones 

present during puberty induce the formation of terminal end buds (TEBs), which are 

transient bulb-shaped structures positioned at the distal ends of the ductal tree during 

puberty [2]. Hormones required for pubertal mammary ductal elongation include ovary-

derived estrogen and pituitary-derived growth hormone, which mediate TEB formation and 

ductal elongation [2,3].

The TEBs proliferate and invade rapidly to drive ductal outgrowth and fill the mammary fat 

pad stroma. The TEBs interact with stromal cell types, and require a particular context of 

extracellular matrix remodeling enzymes and ECM content for proper outgrowth [4]. 

Additionally, TEBs are the site of lumen formation, which is thought to be driven by 

apoptosis, anoikis (apoptosis due to loss of basement membrane contact), autophagy, and 

non-apoptotic cell death [5–7]. TEB-driven elongation and bifurcation continues until TEBs 

reach the edge of the mammary fat pad and regress to leave blunt or round-ended duct 

termini [8].

In most laboratory strains of mice, the mammary ductal tree reaches the edge of the 

mammary fat pad and side branching is complete by 8-10 weeks of age [3,9]. The mature 
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virgin mammary duct consists of a single layer of luminal cells surrounded by a single layer 

of myoepithelial or basal cells, mammary stem cells, and luminal/basal progenitors [3,7]. 

The mammary epithelium exists within the mammary fat pad stroma consisting of diverse 

cell types, including fibroblasts, mature adipocytes, eosinophils, neutrophils, macrophages 

and other myeloid cells, endothelial cells, pericytes, and nervous tissue [4].

With pregnancy, a hormonal milieu including estrogen, progesterone, glucocorticoids, and 

prolactin drives production and differentiation of the alveolar cells, which are responsible for 

the production of milk during lactation [2]. This stage of development is characterized by 

dramatic stromal changes: ECM components are remodeled, adipocytes of the mammary fat 

pad transfer lipids to the alveolar cells causing the adipocytes to be depleted of lipid and to 

diminish in size, and the vasculature becomes augmented [9,10]. After lactation is complete 

and weaning of the pups induces milk stasis, mammary gland involution is initiated [9]. This 

dynamic phase of development is characterized by apoptosis and removal of a majority of 

the alveolar cells, epithelial remodeling, as well as reversal of the many stromal changes 

observed in pregnancy and lactation [11–13]. Thus, after involution, the mammary ductal 

tree resembles that of the adult virgin animal, but differs with respect to gene expression 

[9,14]. This cycle of production of alveolar cells, lactation, and involution can occur many 

times over the lifespan of a mammal, underscoring the extensive replicative and regenerative 

capacity of mammary stem/progenitor cells.

3. Overview of Canonical Hedgehog Signaling

The canonical mammalian hedgehog signaling cascade has two functional states depending 

on the presence or absence of hedgehog ligands. In the absence of the hedgehog ligands 

(Desert Hedgehog (DHH), Indian Hedgehog (IHH), and Sonic Hedgehog (SHH)), the 

Patched-1 (PTCH1) and Patched-2 (PTCH2) receptors, inhibit Smoothened (SMO), the main 

effector of signaling, which is located in vesicles in the cytoplasm [15,16] (Figure 1A). The 

mechanism by which PTCH1 (or PTCH2) inhibits SMO is not known, but recent data 

suggest that PTCH1 inhibits SMO both cell autonomously and non-autonomously by 

functioning as an efflux pump for an oxysterol [17]. PTCH1 inhibition of SMO may also be 

due to PTCH1-mediated inhibition of phosphatidylinositol-4-phosphate, which promotes the 

association of SMO with the cell surface membrane [15]. The conformation of SMO in the 

absence of hedgehog ligands is not compatible with cell surface accumulation of SMO [15]. 

SMO sequestered in vesicles can also be degraded, thereby attenuating signaling [18].

In the absence of active SMO, a multiprotein complex located in the cytoplasm regulates 

two GLI transcription factor family members (GLI2 and GLI3) by phosphorylating them, 

and promoting their cleavage into transcriptional repressor forms. The GLI transcription 

factors, GLI1, GLI2, and GLI3; are zinc finger proteins [15]. GLI1 is not subject to 

proteolytic cleavage (by virtue of lacking a cleavage site), and functions exclusively as a 

transcriptional activator [15], while GLI2 and GLI3 can act as activators or repressors of 

transcription, depending on the presence of the C-terminal activator domain.

The multiprotein complex regulating GLI activity consists of Suppressor of Fused (SUFU), 

Glycogen Synthase Kinase beta (GSK3β), Protein Kinase A (PKA), kinesin family member 

Monkkonen and Lewis Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7 (KIF7), and other proteins that modify GLI transcription factor function and localization 

through post-translational modifications and cleavage of GLIs. PKA phosphorylates GLI 

proteins at three sites, which primes GLIs for phosphorylation by GSK3β [19,20]. SUFU 

directly binds GLI proteins to retain full-length GLI proteins in the cytoplasm and thus 

inhibit transcriptional activation [21]. PKA-dependent phosphorylation targets GLIs for 

recognition by βTRCP (beta-transducin repeat-containing protein), which leads to 

ubiquitinylation of GLI transcription factors (and SKP-Cul-F box protein mediated 

degradation), proteolytic cleavage of the C-terminal activator domain of GLIs yielding 

transcriptional repressor forms that then translocate into the nucleus to mediate GLI-

dependent transcriptional repression [22]. Aside from the multiprotein complex, HHIP, a 

membrane protein and transcriptional target of activated Hedgehog signaling, can also 

negatively regulate hedgehog network activation by binding Hh ligands.

Activation of the canonical hedgehog signaling cascade is initiated by secretion of ligands 

from a signal producing cell (Fig. 1B). In the endoplasmic reticulum of the signaling cell, 

ligands are autocatalytically cleaved by a transesterification reaction with cholesterol leading 

to a C-terminal lipid-modified species. This species is subsequently modified on the N-

terminus by addition of the palmitoyl group to produce functional ligands [15]. Hedgehog 

ligands can be secreted in vesicles associated with lipoproteins and apolipoproteins, in 

vesicles without the additional apo- and lipoproteins, as a monomer via DISP (Dispatched) 

and SCUBE2 (Signal Peptide, CUB Domain, EGF-Like 2), or as a soluble multimer [15]. 

More targeted delivery of hedgehog ligands may be executed by transporting ligands 

through cytonemes, a cellular extension that can deliver ligand a distance of a few cell 

diameters away [15].

When Hh ligands (DHH, IHH, and SHH) bind to PTCH1/2 receptor complexes, PTCH1/2 

inhibition of SMO is released. PTCH1/2 receptor complexes may include the CDO (Cell 

adhesion molecule, Down-regulated by Oncogenes), BOC (Brother of CDO), and IHOG 

(interference hedgehog) proteins [23]. These transmembrane proteins contain fibronectin 

type II domains for interaction with PTCH1 and HH ligands, and act as co-receptors to 

enhance hedgehog activation [23]. GAS1 (growth arrest specific 1) protein also acts in the 

receptor complex via a different domain and mechanism [23]. With the release of SMO 

inhibition, SMO is also phosphorylated by Casein Kinase 1 and G-protein coupled receptor 

regulatory Kinase 2 (GPRK2), which induces a conformational change, and trafficked to the 

cell surface on the primary cilium [23,24].

The trafficking of SMO to the apical surface of the cilium may be mediated by interactions 

with β-arrestin (BARR) and the KIF3a (kinesin family 3a) motor protein [15]. It is thought 

that intraflagellar transport, and the primary cilium, are required for hedgehog signaling 

activation [25]. SMO activation inhibits the GLI-modifying multiprotein complex containing 

GSK3β, PKA, and SUFU [15]. As a result, proteolytic cleavage of GLI transcription factors 

is inhibited. Thus, GLI proteins remain full-length and shuttle to the nucleus to function as 

transcriptional activators [15].

GLI transcription targets include factors that promote survival and proliferation [15]. GLI-

dependent transcription also elicits autoregulatory negative feedback by upregulating mRNA 
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levels of negative regulators of signaling, including Ptch1 and Hhip [15]. In opposition to the 

negative autoregulatory feedback, GLI transcription elicits positive autoregulatory feedback, 

for example of Gli1 and the Gas1 coreceptor [15].

In organogenesis, loss-of-function studies demonstrate that canonical hedgehog signaling 

regulates developmental events including branching morphogenesis of the lung, prostate, 

and pancreas [26–28], the specification of neuronal cell fate in the notochord [29], the self-

renewal of adult neural stem cells, as well as many other organogenesis events [30–32]. 

Aside from organogenesis, canonical hedgehog signaling is important for the regulation of 

adult stem cell compartments, and is implicated in diseases including cancer [31,33].

Aberrant activation of canonical hedgehog signaling, due to inactivating mutations/

heterozygosity of Ptch1, or activating mutations of Smo, induces medulloblastoma and basal 

cell carcinoma [34–36]. Somatic mutations in hedgehog network genes; such as Ptch1 
heterozygosity, and mutations in Gli and Ihh; elicit diverse phenotypes in patients, including 

altered body size, increased tumor susceptibility, malformed phalanges, and 

holoprosencephaly (incomplete separation between hemispheres of the brain) [33,37].

Paracrine hedgehog signaling is critical in development and tumorigenesis. For example, 

inhibition of hedgehog signaling in the stroma appears to be important in prostate 

development [27], while activation of hedgehog signaling is correlated with increased 

prostate cancer metastasis [38].

4. Non-Canonical Signaling by Hedgehog Network Members

Aside from the canonical hedgehog signaling cascade described above, many hedgehog 

signaling network members participate in “non-canonical” signaling (Figure 2). For further 

reading and citations for this section (unless otherwise noted), refer to Jenkins 2009 [39] and 

Brennan 2012 [40]. Some examples of non-canonical functions of hedgehog network 

component are discussed below.

With respect to ligand functions, all three hedgehog ligands can promote adoption of the 

activated conformation (i.e. GTP-bound) of RhoA in HUVECs (human umbilical vein 

endothelial cells). This activity of hedgehog ligands requires SMO, but does not require 

GLI-mediated transcription based on the rapid activation of RhoA, and the lack of GLI1-

luciferase reporter activity with HH ligand treatment [40]. Hedgehog ligand stimulation of 

RhoA induced stress fiber formation and tubulogenesis of the HUVECs [40]. The promotion 

of angiogenesis may involve non-canonical functions of PTCH1, or more likely SMO, and 

SMO function as a G-protein coupled receptor, based on changes in cell survival, and 

response to pertussis toxin treatment to inhibit Gαi proteins [40].

At the receptor level, both PTCH1 and PTCH2 are 12 pass transmembrane proteins that 

resemble bacterial transport proteins that pump out toxins [15]. PTCH2 is not well studied, 

whereas PTCH1 has several non-canonical functions, including interactions with Cyclin B1, 

Caspase 9, GRB2, and TID proteins, as well as Hedgehog ligand sequestration [39–42]. 

PTCH1 can bind phosphorylated Cyclin B1 to sequester Cyclin B1 outside the nucleus in 

the absence of hedgehog ligand, which decreases proliferation in 293 T cells [39,40]. Tagged 

Monkkonen and Lewis Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Xenopus PTCH1 and Cyclin B1 physically interact in 293T cells, and PTCH1 transfection 

decreases the proportion of nuclear Cyclin B1 [39,40]. SHH treatment increases the amount 

of nuclear Cyclin B1. Transfection experiments suggest that the intracellular loop of PTCH1 

(residues 599-750) is required for this interaction [39,40].

PTCH1 can also promote apoptosis via a complex with Caspase 9 and downregulated in 

rhabdomyosarcoma LIM-domain protein (DRAL) in the absence of SHH according to Mille 

et al, 2009 [40]. A physical interaction is present between PTCH1 and DRAL in mammalian 

cells and the chick notochord [40]. Ptch1 overexpression increases apoptosis in the chick 

notochord, and recruits and activates Caspase 9, consistent with Thibert et al, 2003 [40]. 

This activity requires the intracellular C terminus domain of Ptch1 [40]. Thus, it seems 

PTCH1 acts as a dependence receptor in cultured mammalian cells and the chick notochord; 

in other words, the PTCH1 receptor must be bound for cell survival.

Another non-canonical function of PTCH1 observed in MCF10A and 293 cells is the direct 

interaction between the PTCH1 C terminus and the Src homology domain of GRB2 (growth 

factor receptor bound protein 2) promoting MEK phosphorylation of ERK [40]. In the 

presence of SHH, Ptch1 transfection increases phosphorylated ERK1/2 (extracellular related 

kinase 1), which is blocked by treatment with a function-blocking antibody to SHH (5E1) or 

a MEK inhibitor [40]. ERK1/2 phosphorylation was observed in the absence of detectable 

SMO [40]. Recently, genetic ablation of Ptch2 can induce PTCH1 phosphorylation of ERK 

(and canonical signaling) in the bone marrow niche [43].

PTCH1 may also participate in non-canonical signaling with tumorous imaginal disc (TID) 

proteins. In human basal cell carcinomas, Canamasas et al [39] observed concomitant loss of 

PTCH1 and TID proteins, and similar expression patterns by immunostaining. Further 

mechanistic/molecular data from mammalian systems is lacking. However, studies from 

Drosophila support a physical interaction between the PTCH1 C-terminus and TID proteins; 

additionally, Tid loss phenocopies loss of Ptch1 [39].

PTCH1 may also sequester hedgehog ligands to modulate activation of canonical hedgehog 

signaling. In Drosophila, Chen et al found that genetic loss of Ptch1 augments Hh 
expression in the wing disc, indicative of Ptch1 function in ligand sequestration to limit the 

range of ligands. In the mouse neural tube, low-level expression of Ptch1 can expand the 

SHH-dependent progenitor populations, which is distinct from the phenotype displayed by 

ablation of Ptch1 expression [41]. The phenotypes observed due to different combinations of 

Ptch1 and Hhip genetic ablation- specially, the stronger phenotypes with homozygous loss 

of both genes while expressing low-levels of Ptch1 suggest that Ptch1 and Hhip both 

function in ligand dependent antagonism opposing activation of canonical hedgehog 

signaling; however, Ptch1 works in ligand- independent antagonism as well [41]. Thus, 

ligand- dependent antagonism of activated hedgehog signaling by Ptch1 restricts the range 

and sharpens the morphogen gradient in the mammalian neural tube [41].

SMO, the main transducer of HH signaling, is a 7-pass transmembrane protein with a 

recently established non-canonical function as a G-protein coupled receptor (GPCR). In Sf9 

cells, an insect cell line lacking expression of G proteins, co-transfection of Gi and Smo can 
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increase GTP binding, indicative of G protein signaling [40]. Pertussis toxin treatment to 

inhibit G protein function decreases GLI-luciferase reporter activity with Shh or SmoM2 
transfection in mammalian cells [40]. SmoM2 is constitutively activated form of SMO from 

a spontaneous human basal cell carcinoma, containing a point mutation resulting in the 

replacement of tryptophan with leucine. Transfection of mammalian cells with a Smo 
lacking its C terminus shows that Smo can act non-canonically as a GPCR, independent of 

GLI activation [40].

Data from the mammary gland further support a role of constitutively activated SMO (via 

the SmoM2 mutation) as a GPCR. While SmoM2-induced hyperproliferation is blocked by 

pertussis toxin treatment to inhibit Gαi proteins, treatment with GANT61 at concentrations 

able to block the uterine decidualization response does not block hyperproliferation, 

suggesting the hyperproliferation requires SMO but not GLI1/2 [44]. SmoM2 function as a 

GPCR is also supported by loss of the hyperproliferation phenotype when SmoM2 mice 

have conditional ablation of Gαi2, thus showing a phenotypic consequence of the putative 

function of SMO as a GPCR [44]. Importantly, the hyperproliferative phenotype is not 

blocked by disruption of either Gαi1 or Gαi3.

In addition to SMO function as a GPCR, Yam et al demonstrated that SMO, together with 

SHH and the BOC co-receptor, can rapidly stimulate Src family kinase activity of Src and 

Fyn in neurons independent of GLI-dependent transcription [40]. In some pancreatic cancer 

cell lines, stroma-derived stromal cell derived factor 1 (SDF-1) ligand activates chemokine 

receptor type 4 (CXCR4) to increase Smo and Gli1 mRNA and protein levels in the absence 

of hedgehog ligands [45], although the intermediate steps have not been elucidated.

GLI transcription factors can also function outside of the canonical signaling cascade. In 

MD-MBA-231 human breast cancer cells lacking SMO mRNA expression, GLI2 
transcription is induced by treatment with TGFβ, but not in the presence of a dominant-

negative TGFβ receptor [46]. TGFβ induction of Gli2 upregulates PTHrP mRNA and 

protein, and metastasis to bone in a xenograft model [46]. It is unknown whether these 

signaling events occur in other mammalian cells, and evidence of direct interactions is 

lacking. Riobo et al showed that GLI transcription is induced downstream of diacylglycerol 

analog treatment, acting via phorbol ester- responsive PKC and MEK-1 in NIH 3T3 cells 

[47]. This was observed with either endogenous or overexpressed GLI, and required the GLI 

N terminus (amino acids 1-30) to sense PKC activation [47].

Data from breast cancer cell lines indicate that the Twist transcription factor impinges on the 

hedgehog network [48]. Luciferase assays showed that Twist induces expression of the long 

non-coding RNA termed LncRNA-Hh; similarly, shRNA against Twist reduces GLI1 
expression [48]. LncRNA-Hh may upregulate GLI1 and GAS1 transcription, since 

overexpression of LncRNA-Hh induced GLI1 and GAS1 protein levels; GLI1 and GAS1 

were downregulated with shRNA against LncRNA-Hh [48].

Recent data suggests that SIX1 transcription factors can increase GLI1 expression non-cell 

autonomously via an unknown mechanism to induce and EMT (epithelial-mesenchymal 
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transition) behaviors in breast cancer cell lines [49]. Treatment with a SMO inhibitor 

suggested that SMO was dispensable for Six1 dependent GLI1 expression [49].

K-Ras can influence hedgehog signaling in mammalian cell lines by increasing the ratio of 

repressor form of GLI3 relative to the activator form, increasing in SHH expression, and 

inhibiting Gli1-dependent transcription (with HH or SMO stimulation) independent of 

primary cilium presence [50]. K-RAS inhibition of canonical hedgehog signaling seems to 

be via DYRK1B (dual specificity tyrosine phosphorylated and regulated kinase 1B), since 

Dyrk1b siRNA abrogates the loss of Gli1 luciferase reporter signal [50]. Another type of 

non-canonical signaling shown to regulate Gli3 is Wnt1/3a; signaling of Wnt ligands via 

TCF (T cell factor) transcription factors induces Gli3 expression in the chick notochord; the 

Gli3 promoter contains TCF binding sites, and Gli3 can rescue phenotypes elicited by 

expression of a dominant-negative Tcf [51].

The multiprotein complex that modifies GLIs, which includes GSK3β and PKA, is a point 

of crosstalk with other signaling pathways, such as Wnt. As discussed in this section, 

hedgehog network proteins can elicit diverse canonical and non-canonical signaling events. 

Hedgehog network proteins can also have overlapping functions- for example, parallel 

pathways that impact proliferation. Non-canonical functions of hedgehog network members 

are an important consideration for contextualizing data, and necessitate the evaluation of 

multiple hedgehog network members to synthesize an accurate understanding of hedgehog 

network functions in a given biological context.

5. Hedgehog Signaling Network in Mammary Gland Development

5.1 The Hedgehog Network in Embryonic Development

Currently, no data indicate whether Dhh functions in embryonic development; however, data 

suggest that Shh and Ihh are dispensable. While in situ hybridization indicates that Shh and 

Ihh are expressed at E12.5-E16.5; transplanted glands with Shh or Ihh ablation suggested 

that neither ligand is essential in embryonic development, since transplants yield a 

comparable ductal tree capable of lactation [52,53]. It is unknown whether redundant 

hedgehog ligand expression masked potential phenotypes.

Looking downstream, in situ hybridization indicates that Ptch1 is expressed in the 

embryonic mammary bud and mesenchyme [54], however, based on studies of mutants later 

in development, Ptch1 loss may not grossly perturb embryonic mammary gland development 

[54,55]. True loss of function studies of Ptch1 in embryonic development have not been 

done; also, there are no data with respect to Ptch2. The Smo effector has not been studied in 

embryonic development.

Data from a Gli1-LacZ reporter mouse indicate that Gli1 is absent in the embryonic 

mammary bud [56]. A mutant homozygous for a Gli1- LacZ knock in allele (resulting in 

genetic ablation) showed that Gli1 is not required for embryonic development [56]. In the 

embryonic gland, Gli2 is expressed mostly in the mammary stroma and in a few basal cells 

at E16.5 by LacZ reporter [56,57]. Again, the adult phenotypes displayed with homozygous 
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ablation of Gli2 suggest that Gli2 is not essential for embryonic development [57]. Thus, 

both Gli1 and Gli2 seem dispensable for embryonic mammary gland development.

In contrast with Gli1 and Gli2, Gli3 is essential in the somites adjacent to the embryonic 

mammary gland. Gli3 is expressed in somites, basal cells of the embryonic bud, and 

surrounding stroma [56]. Gli3xt/xt mice with loss of Gli3 (due to a spontaneous mutation, 

extra toes, resulting in intragenic deletion of Gli3) frequently showed loss of embryonic 

buds 3 and 5, as well as loss of TOPGal Wnt reporter activity characteristic of embryonic 

buds [56,58]. In vivo analysis of different combinations of Gli2/Gli3 mutants suggests the 

importance of hedgehog repression in embryonic development; heterozygous or 

homozygous loss of Gli3 reduces the number of buds, which is not observed with Gli2 loss 

[56]. The absence of mammary bud 3 in the Gli3xt/xt mutant was rescued in organ culture 

with an FGF10-containing pellet [58]. As Gli3 mRNA expression was not perturbed with in 

the Fgf10 homozygous null mutant, Gli3 acts upstream of Fgf10 [58]. The repressor 

functions of Gli3, and relative activation of the hedgehog network may distinguish 

embryonic specification of the mammary epithelium versus the hair follicle [52,59]. In brief, 

it seems that hedgehog network repression and Gli3 function in somites as a transcriptional 

repressor is critical for FGF10 expression, and embryonic mammary bud specification, while 

no roles have been defined for any other hedgehog network member.

5.2 Hedgehog Ligands in Postnatal Development

Although hedgehog ligands are expressed in the mammary gland, murine genetic models 

suggest that hedgehog ligands are individually dispensable for mammary gland 

organogenesis. SHH is expressed in the mammary epithelium of the virgin gland and during 

lactation [59]. Because homozygous Shh loss is embryonic lethal, embryonic mammary 

anlagen were transplanted to the kidney capsule to produce mammary gland outgrowths 

lacking SHH [59]. Resulting outgrowths suggested that Shh is not required for branching 

morphogenesis or lactation [59] (see Table 1 and Figure 3 for summary). Shh repression 

may be important, since mice overexpressing Shh under the whey acidic protein promoter 

(Wap) showed increased stromal condensation, Collagen 1 deposition, luminal to basal cell 

ratio, and ductal dysplasia after multiple pregnancies [60]. Ihh ligand, by in situ 
hybridization, is expressed in the body cells of TEBs and in the virgin mammary epithelium, 

pregnancy and lactation, and up until involution day 2 [54]. Ihh expression is undetectable at 

involution day 2, but expression returns in remodeled areas of the gland by involution day 14 

[54]. Mutants lacking Ihh also did not show any mammary gland phenotypes when 

embryonic mammary anlagen was transplanted to cleared mammary fat pads[59]. Given that 

Ihh and Shh have similar expression patterns, these hedgehog ligands could compensate for 

each to mask potential phenotypes in these models. Data on DHH in mammary gland 

development are less extensive, however, Dhh was identified as a gene upregulated in TEBs 

compared to epithelium-free stroma by microarray analysis [61]. Dhh expression in the TEB 

epithelium was confirmed by in situ hybridization, with Dhh also present in some mature 

ducts [61]. Phenotypic analysis of Dhh loss or overexpression in the mammary gland has not 

been done. Thus, although Ihh and Shh are expressed extensively throughout development, 

loss-of-function studies have not yet identified functions of these molecules in mammary 

gland development, while data on Dhh are lacking.
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5.3 Patched Receptors in Postnatal Development

The Ptch1 receptor gene is expressed in the mammary gland throughout development as 

seen by in situ hybridization [54]. Animals heterozygous for the Ptch1 null allele (since 

homozygous loss of Ptch1 is embryonic lethal), showed filled-in ducts, dysmorphic TEBs, 

increased periductal stromal condensation, and loss of epithelial cell polarity [54]. Phalloidin 

staining indicated that luminal cells of different morphology filled ducts; interestingly, the 

occlusions resolved during pregnancy and lactation, but some were observed at involution 

day 14 [54]. Whole glands of Ptch1Δ/+ mice transplanted to a wild-type recipients retained 

some TEB and histological abnormalities, but transplants of epithelial fragments did not [54] 

minimally suggesting a role in mammary fat pad stroma. Subsequent studies employed the 

mesenchymal dysplasia (mes) allele of Ptch1, which arose spontaneously in mice, and 

encodes a protein where a 32 base pair deletion results in 220 amino acids of the Ptch1 C-

terminus being replaced with 68 unrelated amino acids [55,62]. The Ptch1 C terminus has 

been shown to interact with TID proteins. Ptch1mes/mes animals displayed stunted ductal 

elongation in the adult virgin, and ductal hyperplasia and hyperproliferation in the DBA or 

B6D2F1 strains, but not C56B6 or FVB strains [55]. Epithelial fragment and whole gland 

transplantation experiments assessed the local, stromal, and systemic functions of Ptch1 
contributing to these phenotypes. Whole gland or epithelial fragment transplantation of 

Ptch1mes/mes mutant tissues to wild type recipients rescued the stunted outgrowth phenotype, 

but morphological anomalies at the ductal termini were present in both cases, thus indicating 

both epithelial and stromal roles for Ptch1 [55]. Isografting of a wild type pituitary could 

rescue the stunted ducts, while estrogen and progesterone treatment did not, suggesting that 

Ptch1 may be required “systemically” in the pituitary for prolactin or growth hormone 

production to mediate ductal outgrowth [55]. Later, it was reported that Ptch1mes/mes stunted 

ducts could be rescued by MMTV (mouse mammary tumor virus) promoter-driven 

expression of an activated c-Src allele, albeit with a developmental delay, suggesting that c-
Src activation downstream of Ptch1 may contribute to ductal elongation [63].

Recently, these studies were followed up with more precise tissue-compartment specific 

conditional ablation analyses of Ptch1 function. Adenovirus-Cre mediated ablation of Ptch1 
with transplantation to wildtype hosts to achieve solely epithelial loss of Ptch1 demonstrates 

that Ptch1 in the mammary epithelium inhibits hyperproliferation and hyperbranching, but is 

dispensable for normal ductal histology in the mature adult [64]. The inability of IPI926 to 

inhibit hyperproliferation and hyperbranching in the mammary outgrowths lacking Ptch1 
indicates that these functions of Ptch1 are SMO- independent, suggesting that Ptch1 may 

function primarily non-canonically to regulate branching and proliferation in the mammary 

epithelium.

Consistent with a stromal/systemic role for Ptch1 suggested by earlier studies, Fsp-Cre-
mediated ablation of Ptch1 in fibroblasts and myeloid cells yields TEBs with altered 

histology, and mature ducts filled with luminal cells, with increased estrogen receptor 

positivity together with decreased progesterone receptor expression [64]. This model also 

displayed stunted ducts, and a loss of mammary epithelial cell proliferation. The stunted 

duct phenotype was rescued by whole gland transplantation to a wildtype recipient animal, 

while the filled-in ducts were not rescued [64]. Bone marrow transplantation did not rescue 
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the ductal outgrowth or filled ducts [64]. Thus, Ptch1 appears to function in a mammary 

gland extrinsic Fsp+ cell to regulate pubertal ductal elongation, ER/PR patterning, and 

proliferation, while Ptch1 in mammary fat pad fibroblasts inhibits a DCIS-like phenotype 

[64].

In summary, Ptch1 has many functions in different tissue compartments to regulate 

mammary gland biology, including histology of TEBs and mature ducts, pubertal ductal 

outgrowth, proliferation, periductal stromal accumulation, and ER/PR expression patterns. 

These results show distinct systemic, stromal, and epithelial functions of Ptch1 [55,64]; 

which include non-canonical functions of Ptch1 as well, and suggest that that systemic and 

stromal functions of this gene may be of greater importance in regulation of the mammary 

gland elongation and histology compared to the mammary epithelium intrinsic role. In 

contrast, there are no data on the phenotypic consequences of Ptch2 disruption or 

overexpression in the mammary gland.

5.4 Smoothened Effector in Postnatal Development

Regulated expression of Smo, the primary effector of canonical hedgehog signaling, is 

important in mammary gland homeostasis. Murine models evaluating the role of Smo in the 

mammary gland have employed the conditional constitutively activated SmoM2 allele, 

which has a G-to-T transversion resulting in a tryptophan to leucine alteration identified in 

human basal cell carcinoma [65]. Mice with MMTV driven-SmoM2 (MMTV-SmoM2) 

expression displayed TEB dysmorphia and an increased number of TEBs persisting at 10 

weeks of age, hyperproliferation at 10 weeks of age, hyperbranching/hyperbudding [66]. 

Other mouse models of conditional SmoM2 expression in the mammary gland (using 

MMTV-Cre, Adenovirus-Cre infected epithelial cells transplanted to a cleared fat pad, or 

intraductal Adenovirus- Cre injection) displayed similar phenotypes including 

hyperbudding, hyperbranching, and hyperproliferation [67]. The hyperbranching and 

hyperbudding phenotypes required a mixture of SmoM2 positive and SmoM2 negative cells 

[67]. Aberrant SmoM2 activation also produced phenotypes indicative of altered cell fate, 

namely loss of NCKK1 (Na–K–Cl co-transporter-1) in ducts, a protein which is normally 

lost during alveologenesis; and stromal changes, including an increase in the presence of 

periductal F4/80 positive macrophages and an increase in collagen deposition [67].

Smo has a stromal function in mammary gland development as well: mice with Fsp-Cre 
mediated SmoM2 expression show histological defects in the TEB- include cap cell layer 

detachment- and increased ductal filling [64]. The similarities to the Fsp-Cre; Ptch1fl/fl 

phenotypes suggest that Ptch1 inhibits Smo to block abnormal histology [64]. Thus, aberrant 

Smo activation in the mammary gland alters proliferation, cell fate, branching 

morphogenesis, and the periductal stroma, while regulated Smo expression in Fsp+ cells is 

important for normal histology. No published data address Smo complete loss-of-function in 

the mammary gland.

The downstream mechanism driving the phenotypes present due to Adenovirus-Cre-

mediated SmoM2 expression was postulated to be Notch1 signaling, since Notch target 

genes were upregulated in SmoM2 positive cells relative to SmoM2 negative cells by qPCR 

[67]. Given data indicating that Smo could function as a G-protein coupled receptor (GPCR) 
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in other systems [15], the hypothesis that a GPCR function of Smo mediates SmoM2-

induced hyperproliferation was tested. Pertussis toxin treatment to block Gai activity, or 

conditional genetic ablation of Gai2 both blocked SmoM2-induced hyperproliferation, while 

ablation of neither Gai1 nor Gai3 blocked SmoM2-driven proliferation[44]. Further, SmoM2 
induced hyperproliferation appeared to be GLI-independent, since treatment with a GLI1/2 

inhibitor, GANT61, did not block hyperproliferation in SmoM2 animals [44]. Although 

SmoM2 may function differently than endogenous Smo, it is plausible that the paracrine 

signaling driving hyperproliferation, and perhaps hyperbudding/hyperbranching in these 

mouse models is non-canonical SMO action as a GPCR.

5.5 GLI Transcription Factors in Postnatal Development

Regulated expression of GLI transcription factors is also essential for normal mammary 

gland development. Gli1 expression, using a Gli1-LacZ reporter mouse, is absent in the 

mature virgin mammary epithelium; the only Gli1 reporter activity was in lymph vessels 

[56]. Pups born to mothers lacking Gli1 (homozygous for a Gli1-LacZ knock in allele) were 

viable, suggesting that lactation was not significantly perturbed [56]. Conditional 

overexpression of human Gli1 in the mammary epithelium delayed alveologenesis and 

impaired functional differentiation, in spite of increased proliferation during pregnancy [68]. 

The increased proliferation was present with an increase in TUNEL positive cells at lactation 

day 1 [68]. Involution was also delayed in Gli1 overexpression mutants, with more extensive 

mammary epithelium and F4/80 positive macrophages present relative to controls at 

involution day 14 [68]. There was an increase in periductal stroma as well [68]. Thus, Gli1 
repression is required for normal lactation, a normal balance of proliferation/ cell death, 

stromal homeostasis, and involution.

In contrast to Gli1, Gli2 is essential for normal ductal morphogenesis. According to in situ 
hybridization and a Gli2-LacZ reporter, Gli2 is expressed mostly in the mammary stroma 

until pregnancy and lactation; during lactation, Gli2 is widely expressed in the mammary 

epithelium [56,57]. As homozygous Gli2 loss is perinatal lethal, homozygous Gli2 null 

glands were transplanted to evaluate loss-of-function phenotypes[57]. The Gli2 null 

outgrowths displayed ductal distension and aberrant micropapillary structures [57]. 

Transplantation data suggested that only stromal functions of Gli2 regulate mammary ductal 

histology [57]; which is consistent with the lack of Gli2 mRNA expression in the mammary 

epithelium until pregnancy. Mutants heterozygous for the Gli2 null allele displayed stunted 

ducts, radial branching, mammary lesions, and reduced alveolar development [57]. Whole 

gland transplantation of homozygous Gli2 null glands did not display any defects in 

alveologenesis [57], suggesting that the alveologenesis defect in heterozygotes is due to a 

systemic function of Gli2.

Recently, the tissue compartment specific roles of Gli2 have been further defined using Fsp-
Cre;Gli2 conditional ablation animals [69]. This animal displays reduced proliferation, 

reduced stroma adjacent to mammary epithelium, hypoplasia, and reduced collagen 

deposition [69]. Transplantation experiments show that stromal Gli2 is required for normal 

mammary epithelial outgrowths [69]. Growth hormone and 17-β estradiol administration to 

these mutants did not elicit upregulation of respective target genes (i.e., Igf1 and Hgf, 
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respectively); Wnt2 signaling is also altered [69]. Together with reduced colony formation in 

3D culture, these results indicate that Gli2 in non-F4/80+ Fsp+ cells may regulate mammary 

stem cells and mammary epithelial responsiveness to hormone signaling. Thus, Gli2 is 

required for normal ductal histology, branching, and alveologenesis, and may also act as a 

tumor suppressor. Gli2 thus has tissue compartment specific functions, including mediating 

mammary epithelial proliferation, and regulating the mammary stem cell niche.

The Gli3 transcription factor is expressed in the mammary epithelium and stroma of pubertal 

and mid-pregnant animals [56]. While Gli3 has been studied in embryonic development (see 

5.6), no published data define a postnatal function for Gli3 [56], although the ratio of 

activator to repressor forms of GLI3 increases the mammary repopulating cells (CD24+, 

CD29high) at pregnancy day 14, suggesting that hedgehog signaling is active in this subset of 

cells, and thus there could be a role in alveologenesis [70].

5.6 Primary Cilia and Mammary Gland Development

The primary cilium organelle may be required for canonical hedgehog signaling, and 

mammary gland development. Primary cilia have been observed by microscopy and 

immunostaining in both luminal and basal cells at 3-4 weeks of age [71,72], but only in 35% 

of the basal cells at 7 weeks of age [71]. Ablation of primary cilia throughout the mouse, via 

expression of a mutant form of Ift88 (intraflagellar transport protein 88) to disrupt primary 

cilium assembly, produced decreased branching [71]. The loss of branching in mutants in 

organ culture suggests this is an epithelium intrinsic defect [71]. Interestingly, while fat pad 

filling was reduced at 7 weeks, TEBs were present [71]. Alveologenesis was also perturbed. 

Ducts displayed reduced canonical hedgehog signaling and increased canonical Wnt 

signaling; it is not known which of these molecular changes produced the loss of branching 

[71].

Ablation of primary cilia in ovarian follicles (by conditional ablation of Ift88) yielded 

stunted mammary ductal outgrowths at an adult virgin timepoint [73] TEBs and pubertal 

ductal outgrowth was restored in these mutants with estrogen treatment, suggesting that 

defective estradiol production induced the stunted ducts and loss of TEBs in the mutant 

animals [72]. This hypothesis is consistent with the fact that the follicles, which produce 

estradiol, were genetically manipulated in this model [72]. It is unclear why these mutants 

did not have TEBs at the adult virgin stage, while the previous model did [71]; perhaps 

primary cilia have opposing functions in different cell types to regulate TEBs, or these 

models have different recombination efficiencies. Since primary cilia and Ptch1 have 

systemic roles in mammary gland development, we cannot exclude that other phenotypes 

from mice with global mutations- i.e. Gli2 heterozygotes- could be due to systemic functions 

of hedgehog network genes. The lack of data addressing the molecular drivers of these 

phenotypes makes it difficult to determine whether these phenotypes were due to altered 

hedgehog signaling. Tissue compartment-specific and more extensive molecular analysis 

would significantly elucidate the role of the primary cilium in mammary gland development.
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5.7 Hedgehog Network and Mammary Stem Cells

Hedgehog signaling is important in the homeostasis of many adult stem cell compartments, 

such as the hair follicle bulge [74]. Hedgehog network members may also regulate stemness 

in the mammary gland. Mice heterozygous for a Ptch1 null allele showed increased 

proliferation, but decreased long-term label retention in a population enriched for mammary 

stem cells gland (CD24+CD29hi) [70]. The CD24+CD29hi population, with Ptch1 
heterozygosity, showed increased Gata3 mRNA expression, which is associated with luminal 

progenitor cells [70]. In immortalized mammary epithelial cells, TAp63 ablation reduced Ihh 
mRNA levels in the stem cell enriched fraction, whereas expression of ΔNp63 increased Ihh 
mRNA [70]. Additionally, shIhh reduces the number of complex acini, whereas shGli3 
increases complex acini formation. Together, these data suggest that Ptch1 loss pushes 

mammary stem cells into a progenitor state. A mechanism was postulated whereby Ihh 

drives altered TP63 promoter selection to forfeit mammary stem cell quiescence, and 

promote asymmetric division. A few caveats to this study include the fact that initial labeling 

in long-term label retention may have been different, which we may presume to be the case 

given data from other studies of Ptch1 heterozygosity [55]. Also, the conclusions with 

respect to stemness were based on correlations with the CD24+CD29hi markers rather than 

functional data.

SMO may also mediate stem cell function, as expression of the MMTV-SmoM2 transgene 

reduced stem cell frequency in limiting dilution transplantation assays, while mammosphere 

formation efficiency was increased and K6 expression (a marker of progenitor cells) was 

increased [66]. Thus, it appears that SmoM2 expression pushes stem cells into a progenitor 

state. Since SmoM2 acts as a GPCR in the mammary epithelium, SmoM2 function in 

mammary stem cells may be also be due to GPCR functions of SmoM2 rather than 

activation of canonical hedgehog signaling [44].

Animals with Wap promoter-driven Shh overexpression and a Ptch1-LacZ reporter showed 

basal/stem-cell related phenotypes after multiple pregnancies to induce Shh [60]. A slow-

cycling subset of basal cells were positive for the Ptch1-LacZ reporter, and displayed 

Integrin β3, K15, and P63 expression and primary cilia (thought to be required for canonical 

hedgehog signaling) by immunostaining [60]. Basal cell hyperplasia in the Wap-Shh mice 

this suggests that hedgehog activation by epithelial Shh ligands may regulate stemness and 

proliferation of basal cells [60]. The association of K14+ cells with primary cilia is 

supported by data from normal human breast tissue; co-staining of primary cilia and K14 

was observed, while primary cilia were rare in luminal cells [75]. It is unknown whether 

cells with this phenotype exist in the absence of pregnancy, or in the presence of 

physiological levels of SHH. Also, the conclusions with regard to stemness in this report 

were based on co-immunofluorescence for p63, K15 (a luminal progenitor marker), and 

integrin β3, rather than functional assays.

Another report using normal human breast tissue suggests canonical hedgehog signaling 

activity promotes stemness or a less-differentiated state. Experiments with normal human 

breast tissue from reduction mammoplasties indicated that PTCH1, SMO, GLI1, and GLI2 
mRNAs were upregulated in mammospheres compared to differentiated cells [76]. SHH 

treatment increased primary and secondary mammosphere formation, which was blocked by 
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Cyclopamine, suggesting this effect was SMO-dependent [76]. Additionally, GLI2 
overexpression increased mammosphere formation [76]. GLI1 and GLI2 overexpressing 

mammospheres induced BMI-1 transcription, and BMI-1 siRNA significantly decreased 

mammosphere formation efficiency, suggesting that BMI-1 may mediate stemness 

downstream of GLI in the mammary gland [76]. Thus, autocrine hedgehog signaling may 

control mammary stem cell self-renewal, however, this conclusion is based solely on 

mammosphere formation assays.

Aside from these studies examining epithelial cell autonomous functions of hedgehog 

network genes, recent data shows that mice with Fsp-Cre mediated Gli2 conditional ablation 

display reduced colony formation and reduced mammary epithelial cell proliferation, while 

the number of basal cells was unchanged by flow cytometry [69]. Most convincingly, 

transplantation of CD24+CD49hi stem cell enriched cells transplanted to Fsp-Cre;Gli2fl/fl 

mutants display reduced fat pad filling; additionally, mammary epithelial cells from Fsp-
Cre;Gli2fl/fl mutants are consistently outcompeted when transplanted with wildtype cells in a 

competitive repopulation transplantation assay [69]. Thus, stromal Gli2 may be critical for 

the mammary epithelial stem cell niche.

Together, these data indicate that members of the hedgehog signaling network could control 

cell fate and stem cell self-renewal in the normal mammary gland, by potentially acting 

upstream of alternative p63 promoter selection or inducing Bmi-1 transcription [76]. 

Additionally, Gli2 in Fsp+ non- macrophage stromal cells may regulate regenerative 

potential of mammary stem cells via an unknown paracrine mechanism [69]. Functional data 

from physiologically relevant systems are needed to fully understand the role of the 

hedgehog network in mammary stem cell self-renewal and differentiation.

6. Hedgehog Signaling Network in Breast Cancer

Aberrant activation of hedgehog signaling is found in multiple cancer types. For example, in 

basal cell carcinoma, mutations in hedgehog network genes resulting in hedgehog network 

activation are sufficient to induce, and required to maintain carcinomas [34]. Mutations that 

activate canonical hedgehog signaling drive medulloblastoma tumorigenesis as well [35,77]. 

In contrast to these explicit data in basal cell carcinoma and medulloblastoma, the data with 

respect to hedgehog network activation and breast tumorigenesis are much less definitive- 

but do suggest misregulation of the hedgehog network.

6.1 Changes in Hedgehog Network DNA, and Expression in Breast Cancer

Hedgehog network genes are often misregulated at the DNA level, including point mutations 

and copy number variations, in breast tumors. SHH is amplified in 1-2% of breast cancers, 

while DHH and IHH are less frequently altered at the DNA level (see Table 2). PTCH1 
mutations and deletions are present in 1-2% of breast cancers [78]. SMO is also mutated 

(missense point mutations) or amplified in about 1% of breast tumors; and, consistently, 

GLI1, GLI2, and GLI3 are mutated (missense point mutations) in 1-2.5% of breast cancers 

[78]. While the TCGA dataset [19] (consisting of fewer samples) reported amplifications 

together with less frequent missense mutations and deep deletions in hedgehog network 

members, the larger METABRIC dataset [79,80] only shows amplifications in hedgehog 
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network genes (Table 2). In a screen for promoter methylation in 6 breast cancer cell lines, 

the PTCH1 promoter was frequently methylated [81]. Comparative hybridization of 47 

human breast tumors indicated that a region of chromosome 9 containing PTCH1 is lost in 

26% of tumors, while chromosome 12q13-15 containing GLI is frequently amplified [82]. 

Taken together, the hedgehog signaling network member genes and methylation patterns are 

perturbed in a subset of human breast cancers.

Since the mammary gland is an ectodermally-derived tissue, it was hypothesized that SMO 
polymorphisms present in basal cell carcinomas may be present in breast cancers. This 

hypothesis was refuted in a study of 128 breast tumors [83]. Missense coding mutations in 

PTCH1 were also absent in a panel of 45 breast cancers [83]. This finding with respect to 

PTCH1 mutations conflicts with the new analysis of TCGA data presented here (Figure 4) 

[78]. The divergence of hedgehog signaling in skin and mammary tumors is consistent with 

divergent embryonic functions of hedgehog signaling in these tissues [59].

Reports also show misregulation of the hedgehog network at the mRNA level. SHH mRNA 

is enriched in invasive breast cancers (IBC) that relapse compared to non-invasive breast 

cancers [84]. PTCH mRNA is lower in breast tumors relative to normal samples, as observed 

by qPCR, which strongly correlated with lower GLI1 and GLI2 mRNA levels (but not HIP 
or GLI3 mRNA), suggesting activated canonical hedgehog signaling in breast tumors [81]. 

In 10 paired samples, SHH or DHH mRNA was higher, PTCH1 mRNA was lower, and 

GLI1 mRNA was higher in breast tumors relative to normal tissue [85]. Similar results were 

observed in breast cancer cell lines compared to cells from reduction mammoplasties, except 

there was no significant difference in PTCH1 mRNA [85]. In a different panel, GLI1 and 

SHH mRNA levels were highest in IBC, less high in DCIS, and at lowest expression in 

normal breast tissue; additionally, GLI1 and SHH mRNA levels showed a positive 

correlation[86]. A new isoform of GLI1 (tGLI1), containing a deletion of part of exons 3 

and 4, has been identified exclusively in breast cancer cell lines but not normal breast tissue 

[87]. It is not known if this variant is common in breast tumors.

Given that the studies comparing tumor-normal pairs had small sample sizes, we analyzed 

PTCH1 and SMO mRNA levels in tumor-normal pairs using the updated TCGA dataset 

[19]. Comparison of PTCH1 and PTCH2 tumor mRNA levels relative to 109 paired normal 

tissues revealed consistent downregulation of PTCH1 and PTCH2 mRNA in tumors (see 

Figure 4). In contrast, other hedgehog network members, including SHH, IHH, DHH, SMO, 
GLI1, GLI2, and GLI3 mRNAs do not follow a consistent trend in tumors relative to normal 

tissue (Figure 4).

Hedgehog network members may also be misregulated at the protein level in breast cancer. 

SHH, PTCH1 and GLI1 protein expression is increased in breast tumors relative to non-

paired normal tissue [88]. However, the specificity of the antibodies used was not 

demonstrated (a persistent problem in the field). Similar to mRNA results, SHH and GLI1 

expression were correlated in breast carcinomas, and nuclear GLI1 expression was highest in 

IBC, next highest in DCIS, and lowest in normal tissue [86]. In tumor-normal paired 

samples, SHH, PTCH1, and GLI1 were all upregulated in breast cancer versus paired normal 

tissue [85] from 10 patients. It should be noted that the sample size of this study is small, the 
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samples with immune infiltrate were excluded (possibly biasing the data), and most 

importantly, the PTCH1 and SHH antibodies used have very weak, diffuse staining patterns, 

including some unexpected nuclear staining, as seen in the papers cited as a positive control. 

The authors allude to a positive control experiment for the SHH and GLI1 antibodies, but 

these data are not shown. This paper [85] presents the staining immunoscore without 

primary images. Consistent with aberrant hedgehog network activation, another report 

showed SMO protein was undetectable in the normal human breast (or normal mouse 

mammary gland), but was expressed in 70% of DCIS and 30% of IBCs [66], as well as in 

mice expressing MMTV-SmoM2 to indicate antibody specificity.

While the data with respect to other hedgehog network members in breast cancer are more 

consistent, PTCH1 expression data have been confused by the use of poor antibodies. In 

addition to the above report using the unverified PTCH1 antibody [85], two other studies 

have used this unverified antibody (and report upregulation of PTCH1 in breast cancer 

relative to normal tissue) [88,89]. On the other hand, other studies have used a rigorously 

validated PTCH1 antibody [66,81]. These studies showed that PTCH1 protein expression is 

detectable in both the epithelium and stroma of the normal human breast [66,81]. The high 

expression of PTCH1 in the normal mammary gland is consistent with the in situ 
hybridization data from the normal murine mammary gland [54]; further, increased signal 

was present in MMTV-SmoM2 positive cells [66]. In contrast to the ubiquitous expression in 

the normal breast, PTCH1 expression is reduced or lost in 50% of cases of ductal carcinoma 

in situ (DCIS) (a precursor of malignant carcinoma) and 50% of invasive breast cancers 

(IBC) [66]. Similarly, PTCH1 was reduced in 40% of DCIS samples and 52% of IBCs [81] 

using the same PTCH1 antibody on a panel of 105 IBCs, 104 DCIS samples, and 175 

adjacent normal tissue samples. Although there are reports to the contrary, given the more 

extensive validation of the antibody used in [66,81] and the large samples sizes in these 

studies, it seems more likely that PTCH1 is frequently underexpressed in pre-malignant 

lesions and breast cancer, while SMO expression increases in breast disease.

6.2 Hedgehog Network and Tumorigenesis

The hypothesized role of hedgehog network activation in breast tumorigenesis contrasts with 

negative data from mouse models and patients. In genetically engineered mice, neither Ptch1 
heterozygosity nor MMTV-driven expression of SmoM2 induced mammary tumorigenesis 

[55,66], although ectopic SMO may be correlated with proliferation of adjacent cells in 

breast cancer [66]. Gli2 loss enhanced dysplasia formation in mice [57]. Neither Gorlin 

syndrome patients that are haploinsufficient for PTCH1, nor patients with other mutations in 

the hedgehog network (i.e. IHH, GLI) are reported to be at an elevated risk for breast cancer 

[35].

The most data exist with respect to GLI1 in tumorigenesis. GLI1, 2, and 3 proteins were all 

upregulated in breast tumors relative to normal tissue [89]. Transgenic expression of Gli1 
induced tumorigenesis, with Gli1 expression required for tumor survival in a mouse model 

[90]. Gli1 has been implicated in breast cancer cell survival, proliferation, and metastasis in 

xenografts and cell line models [46,89,91–93]. The tGLI1 isoform of GLI1, lacking exon 3 

and part of exon 4, has been identified in a few breast cancer cell lines. TGLI1 increases 
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anchorage-independent cell growth in MDA-MB-231 cells, and induces VEGF-a 
transcription to promote angiogenesis [87]. Additionally, many reports correlate GLI1 

expression with poorer patient survival (see section 6.6).

Data suggest a connection between Shh and Gli1 expression in breast cancer, consistent with 

a role for activated canonical hedgehog signaling in tumorigenesis. SHH expression is 

correlated with GLI1 expression in patient samples [86,88,94], which correlated with higher 

tumor grade [86]. Shh overexpression increased angiogenesis and metastasis in tumors 

independent of VEGF via Gli1 transcription of Cyr61 (Cysteine-rich angiogenic inducer 61) 

in xenografted cells [93]. Thus, Shh-Gli1 signaling may control critical aspects of breast 

tumorigenesis; for further information, see 6.3 for discussion of the associations between 

Shh and Gli1 in ER+ breast cancer.

While there are limited data connecting growth factor, TGFβ, and/or Wnt1 signaling with 

hedgehog activation in breast cancer, this area bears further investigation. It is well-

established that Wnt1, EGF, FGF, and TGFβ misregulation contribute to breast 

tumorigenesis and proliferation. Hedgehog signaling has non-canonical interactions 

downstream of Wnt1 [51]; additionally, MMTV-Wnt1 mice display Gli1 reporter activity 

[95]. While FGF10 is induced by Gli3 in embryonic mammary gland development [58], and 

Gli2 transcription is promoted by TGFβ signaling in the vicious cycle- a feed-forward 

signaling cascade that promotes breast tumor metastasis to bone [46], these signaling events 

have not been studied in tumorigenesis. Also supporting connections between these 

signaling pathways, LncHH expression in breast cancer cells (which upregulated hedgehog 

signaling) was associated with upregulated Wnt, ErbB, and TGF beta signaling by 

microarray and gene ontology analysis [48]. Survival and/or proliferation are promoted by 

an interaction between the cytoplasmic domain of ErbB2 (EGF) and TID1 in breast cancer 

cells [96]. While Ptch1 involvement has not been addressed, it seems likely since TID1 

binds a PTCH1 domain lost in the Ptch1Fvb mutant allele associated with squamous cell 

carcinoma (see [39] for further discussion).

6.3 Hedgehog Network in ER+ Breast Cancer

Recent data suggest a connection between the hedgehog network and estrogen signaling in 

ER+ breast cancer. An interaction between a PTCH1 polymorphism in the C-terminus, 

Pro1315Leu, is associated with increased breast cancer risk with oral contraceptive use [97]. 

PTCH protein expression showed a positive correlation with ER positive, but not PR positive 

breast cancers [81]. Gli1 (nuclear GLI1 protein) and ERα mRNA and protein expression 

correlate in many patient tumors and breast cancer cell lines [86,98–100]. Estradiol 

treatment can induce GLI1 mRNA, and nuclear localization of GLI1 in ER positive breast 

cancer cell lines to promote proliferation, survival, and invasiveness [86,98,100]. On the 

other hand, a different study reported that Gli1 attenuated the mitogenic response of breast 

cancer cells to estradiol [92]. Gli1 also induces invasiveness in ER negative cancers via 

upregulation of MMP-11 in MDA-MB-231 cells [91]. Si- and shRNA to GLI1 and SHH 

treatment suggests that SHH signaling via Gli1 in ER positive cells induces migration in 
vitro [86]. Conversely, estrogen depletion in cell culture reduced SHH and GLI1 expression; 

additionally, SMO inhibitors decreased ERα-luciferase activity and proliferation of ER 
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positive cells [94]. It would interesting to evaluate GLI1 expression and localization in 

tumors of patients treated with anti-estrogen therapies, and elucidate estrogen-GLI1 

signaling mechanisms and functions in ER positive cancers.

6.4 Hedgehog Signaling in TICs, EMT, and Metastasis

Hedgehog signaling may also function in the tumor-initiating cells in breast cancer. Tumor 

initiating cells (TICs), also referred to as cancer stem cells, are a subset of the tumor 

population with the capacity to regenerate the tumor bulk and self-renew. TIC are of interest 

since TICs may be particularly resistant to conventional cytotoxic chemotherapy and 

radiation [101]. One subset of cells with enhanced tumor initiating capacity is the 

CD44+CD24-Lin- population. These cells display higher expression of PTCH1, GLI1, and 

GLI2 mRNA [76]. Similarly, other data showed that two populations enriched for stemness, 

CD44+CD24-Lin- and Hoechst Dye excluding cells, display higher Shh and Gli1 mRNA and 

protein levels relative to the tumor bulk [102]. Cyclopamine treatment or Gli1 depletion 

reduced the size of this population of cells [102]. ΔNP63 regulates mammosphere formation 

in MMTV-ErbB2 tumor cells, and p63 shRNA decreased SHH, PTCH1, GLI2, and BMI-1 
mRNA levels [103]. These hedgehog target genes may be direct transcriptional targets of 

p63 [103]. An in vitro experiment suggested that estrogen stimulation of TIC survival 

depends on GLI activity [98]. Additionally, the MMTV-Wnt-1 transgenic mouse model 

displayed Gli1-LacZ reporter activity in p63+, K14+ basal cells, thus correlating Gli-

dependent transcription with basal cell marker expression [95]. Consistently, primary cilia 

were detected primarily in basal cells but rarely luminal cells of normal breast epithelium 

[75]. Thus, canonical hedgehog signaling may be activated in TICs.

Hedgehog signaling may also activated in EMT (epithelial mesenchymal transition), which 

is the concomitant loss of epithelial traits and gain of mesenchymal traits by a cell, which 

enables invasion and metastasis [48]. The LncRNA-Hh long non-coding RNA is upregulated 

in Twist-expressing MCF-7 or MCF10A cells (with induced EMT), and data suggest that 

lncRNA-Hh regulates GLI1 and GAS1 expression [48]. Overexpression of LncRNA-Hh 
stimulates primary tumor growth in xenografted cell lines, while LncRNA-Hh shRNA 

reduces tumorigenesis [48]. LncRNA-Hh also positively regulates mammosphere formation 

efficiency and size, thus a connection between Twist-LncRNA-Hh-Gli1/Gas1 signaling and 

stemness [48]. It is unknown whether LncRNA-Hh is expressed in patient tumors or normal 

tissue. The induction of hedgehog signaling by an established EMT transcription factor 

could fit with patient data suggesting that Gli-dependent signaling positively regulates 

invasiveness.

The tGLI1 isoform of GLI drives a number of characteristics associated with increased 

invasive and migratory behavior of MDA-MB-231 cells [87]. TGLI1 accelerates gap closure 

in the scratch assay and transwell migration, and increases CD24 and MMP expression [87]. 

It would be interesting to test whether tGLI1 is expressed in human breast cancers.

Bridging metastasis and EMT, recent data implicated GLI1 in EMT behavior. Data from an 

upcoming report suggests that the EMT- promoting properties of TWIST1 and SNAILl1 
acting via the SIX1 transcription factor drives metastasis by stimulating GLI1 expression in 

non-EMT HMLER cells by a paracrine mechanism [49]. Paracrine activation of GLI1 via 
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Twist1, Snail1, or Six1 was sufficient to increase invasiveness, EMT characteristics, and 

reduce anoikis of the non-EMT MCF7 cells, which was blocked with GANT61 treatment to 

inhibit GLI1/2 [49]. In patient derived xenografts expressing hedgehog network members, 

GANT61 treatment, but not pharmacological inhibition of SMO, inhibited tumor growth 

[49]. Expression data from human breast cancer data sets suggests that EMT transcription 

factor (TWIST1, SNAIL1, SIX1) activation of GLI1 can be Hh- and Smo- dependent or 

independent, and thus either canonical or non-canonical (or both) [49].

Hedgehog network members may enable breast cancer metastasis to bone. Ptch1-dependent 

signaling, or blocking SMO by LDE225 treatment, attenuated pro-metastatic osteoclast 

activity in vitro [104]. Thus, activated canonical hedgehog signaling may accelerate the 

‘vicious cycle’ [104]. The vicious cycle is a process in breast tumor metastasis to bone 

involving signaling which increases osteoclast activity and enables metastasis growth in a 

feed-forward response. These results are consistent with findings that tumor-derived Shh 

and/or Ihh induces osteoclast activity [105,106]. Specifically, Ihh may be required for Runx2 
induction of PTHrP mRNA (parathyroid hormone related protein) to increase osteoclast 

activity [105]. Hedgehog ligands may also promote metastasis by stimulating expansion of 

pre-osteoclasts via osteopontin [106]. Transfection of Gli2 can induce PTHrP-luciferase 

activity and PTHrP mRNA expression, osteoclast activity, and the vicious cycle, but in this 

study, osteoclast activity did not require hedgehog ligands or SMO activation [46,107]. 

While these data suggest a role for paracrine hedgehog signaling to bone in the vicious 

cycle, it should be noted that these studies used a single cell line; additional studies to 

determine whether Hh signaling acts on osteoclasts in vivo would be informative.

6.5 Stromal Misregulation of the Hedgehog Network in Breast Cancer

Recent data suggest that hedgehog network misregulation in the stroma rather than in the 

tumor itself may be important for breast tumorigenesis. HH overexpressing xenografted 

tumors grew faster, and were more proliferative and invasive than tumors without HH ligand 

overexpression [108]. QPCR and staining indicated that tumor-derived SHH ligands 

activated canonical hedgehog signaling in stromal cells rather than signaling to the tumor 

itself [108]. this signaling pattern fits with Wap-Shh, Gli1 overexpression, or SmoM2 
expression in the mouse eliciting stromal phenotypes including hyperplasia and increased 

collagen deposition [60,67,90]. Treatment of animals bearing xenografted cells with 5E1, a 

HH function blocking antibody, reduced lung metastasis [108]. Data from human cell lines 

showed differential expression of hedgehog network genes, and different responses to 

cyclopamine in epithelial versus stromal cells [85].

Consistent with paracrine activation of hedgehog signaling in the cancer-associated stroma, 

GLI1 mRNA was higher in the cancer stroma than in normal stroma; however PTCH1 and 

SMO mRNA levels were higher in normal stroma (than cancer associated stroma) in a small 

study [85]. The upregulation of GLI1 in cancer-associated stroma fits with mouse data 

showing strong Gli1-LacZ reporter activity in the stroma of MMTV-Wnt1 transgenic mice 

[95]. Primary cilia are widely expressed in breast tumor-associated fibroblasts [75]. 

Activated hedgehog signaling in the breast tumor-associated stroma fits with similar 

expression in other epithelial tumors, including prostate and pancreatic cancer.
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6.6 Hedgehog Network and Breast Cancer Patient Clinical Outcomes

Data associate higher expression of hedgehog network genes with poorer clinical outcome. 

Comparison of non-IBC (invasive breast cancer) and IBC breast tumors showed that higher 

SHH mRNA levels predicted for relapse [84]. High SHH and GLI1 expression correlated 

with higher tumor grade in patient samples [86]. Additionally, nuclear GLI1 protein was 

correlated with poorer patient disease-free and overall survival, higher tumor stage, and 

increased lymph node positivity [109,110]. GLI1 also predicted reduced pathological 

complete response in hormone receptor negative breast cancers [100,110]. However, in a 

different report, nuclear GLI1 correlates with triple negative breast cancer, and does not 

predict worse patient survival in ER positive cancer [100]. An association between stromal 

Gli1 expression and poorer patient outcome has also been reported: high hedgehog ligand 

expression in breast tumors present with nuclear GLI1 in the adjacent stroma predicted for 

invasive breast cancers with worse patient outcomes higher grade tumors [108]. This finding 

[108] raises the possibility that datasets associating Shh expression with poor patient 

outcome could have also displayed higher stromal GLI1 expression to elicit worse patient 

outcome [84].

Gli1 expression may also correlate with therapeutic resistance. GLI1 protein may mediate 

tamoxifen resistance in a model of parental and tamoxifen resistant MCF-7 xenografted cells 

[109], which fits with the putative interaction between Gli1 and estrogen signaling (see 6.3). 

Nuclear GLI1 protein and resistance to neoadjuvant therapy are correlated in HER2 positive 

tumors, as well as nuclear GLI1 and lower pathological complete response [110]. Taken 

together, Gli1, potentially with Shh, could be a biomarker of worse overall patient survival, 

disease- free survival, and pathologic complete response, or tamoxifen or anti-HER2 therapy 

resistance.

7. Hedgehog Network in Endocrine Tissues

The mammary gland is exquisitely sensitive to, and exhibits extensive physiological changes 

in response to hormones throughout development, and in breast cancer. Normal development 

of, and crosstalk between the hypothalamus, pituitary, adrenal glands, and ovary is required 

for the production of steroid hormones, peptides, and proteins involved in pubertal 

outgrowth and lactation. The factors regulating postnatal mammary gland development 

include estradiol and progesterone from the ovary; gonadotropic releasing hormone and 

growth hormone releasing hormone from the hypothalamus; prolactin, growth hormone, and 

oxytocin from the pituitary; and glucocorticoids from the adrenal gland. The hypothalamus-

pituitary-ovary signaling axis, involving extensive neuro-endocrine crosstalk, cyclically 

regulates these factors and the steroids and peptides required for their release. In addition to 

developmental roles for hormone signaling to the mammary gland, hormone signaling is of 

critical importance for understanding breast tumorigenesis and disease progression, since 

70% of breast tumors are receptor positive and receive anti-estrogen therapies.

Genetic manipulation of hedgehog network genes elicits developmental phenotypes in these 

endocrine organs. These data are important given that mammary gland extrinsic functions of 

hedgehog network genes (i.e. Ptch1 and Gli2) impinge on mammary gland development, and 

the data connecting hedgehog network members and estrogen signaling in ER positive breast 
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cancer. Here, we summarize findings the data with respect to hedgehog network function in 

mammary-gland relevant endocrine functions. For this section, please refer to [111] and the 

references therein.

In the hypothalamus, Shh mediates proliferation, and anterior-posterior and mediolateral 

patterning. Gli2 and Gli3 are required for different progenitor domains and functions. 

Currently, no data directly connect hedgehog network genes with the production of the 

hypothalamic hormones required for mammary gland development; however, we cannot 

exclude this possibility.

In the pituitary, data suggest that hedgehog network activation mediates hormone secretion. 

In Dario rerio, Gli1 and 2 are required for the formation of cells secreting growth hormone, 

cortisol, and prolactin; cyclopamine treatment blocked the formation of some of these 

lineages. In mammalian systems, SHH stimulates cortisol production in rats, as well as 

growth hormone and prolactin production in cell lines. PTCH1, PTCH2, and GLI1 protein 

are expressed in the anterior pituitary, which contains cells producing growth hormone and 

prolactin. Additionally, pituitary isograft of a wildtype pituitary into Ptch1mes/mes mutants 

rescues a stunted mammary gland phenotype, suggesting that expression of Ptch1 in the 

pituitary regulates pubertal estrogen signaling [55]. Patients with pituitary adenomas with 

altered hormone levels display changes in PTCH2, GLI2, GLI3, and HHIP protein 

expression. Thus, regulation of the hedgehog network may be critical for the normal 

function of many cell types and hormone production in the pituitary.

In the adrenal gland, hedgehog network members including Shh, Gli1, Gli2, and Gli3 
mRNAs are expressed in the peripheral cortex. Conditional ablation of Shh produced 

abnormal organization of the gland, and loss of proliferation. Expression patterns suggest 

paracrine hedgehog signaling in the adrenal gland, with ligand-producing cells in the 

undifferentiated areas inducing canonical hedgehog signaling in the adjacent mesenchyme. 

A LacZ reporter showed Shh co-localizes with adrenocortical progenitor cells. At this time, 

there is no direct evidence of hedgehog signaling required for the production of 

glucocorticoids in the adrenal cortex, but it seems that regulated hedgehog expression is 

important for adrenal gland development and homeostasis.

The ovaries produce hormones regulating mammary gland development and a large 

proportion of breast cancers. All hedgehog ligands, Ptch1, Ptch2, Gli1, and Hhip are 

expressed in the adult murine ovary. In situ hybridization suggests paracrine signaling from 

the granulosa cells producing Ihh and Dhh signaling to the adjacent theca layers expressing 

Ptch1 and Gli1 to regulate theca lineages. Hedgehog ligands can regulate granulosa and 

theca cell proliferation. SmoM2 expression in the ovary altered follicular development, 

ovulation, and expression of steroidogenic enzymes by microarray. Loss of the primary cilia 

by genetic ablation of the intraflagellar transport protein (Ift88) produced abrogated estrous 

cycling and ovulation, and loss of the corpus luteum- the progesterone producing structure 

of the ovary. Recently, it was observed that fertility was abrogated with Fsp-Cre mediated 

ablation of Ptch1; this finding is consistent with previous data suggesting the importance of 

paracrine hedgehog signaling in the ovary [64]. It is unknown whether the abrogated fertility 

was due to a function of Ptch1 in the ovary and/or other organs of the hypothalamus-gonadal 
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axis. While direct evidence showing that hedgehog network activity regulates hormone 

production in the ovary are not established, the defects in ovaries due to altered hedgehog 

signaling, loss of steroidogenic structures such as the corpus luteum, and altered expression 

of steroidogenic enzymes strongly suggests that the hedgehog network may be essential for 

the production of ovarian hormones.

These data provide insight into the connection between hedgehog network expression and 

hormone receptor positive breast cancer, and the ‘systemic’ roles of hedgehog network 

genes in mammary gland development. Further studies are necessary to determine the 

requirement for hedgehog network genes and canonical (or non-canonical) hedgehog 

activation in specific hormone- producing cell populations, and to understand the ‘systemic’ 

functions of the hedgehog network impinging on mammary gland development and 

tumorigenesis.

8. Summary of Hedgehog Network Function in Mammary Gland 

Development and Breast Cancer

The Hedgehog Network in Mammary Gland Development

With regard to embryonic mammary gland development, the data indicate that inhibition of 

hedgehog signaling is critical, as is Gli3 function as a repressor in somites. In contrast, 

synthesizing a model for the hedgehog signaling network in postnatal mammary gland 

development has been more complex, since data seemed to conflict. One previously 

published model [112] postulated the following: in the TEB, DHH/IHH ligands abrogate 

PTCH1 inhibition of SMO, leading to SMO functioning possibly canonically, possibly non-

canonically as a GPCR coupling with Gαi proteins, whereas in the mature duct, hedgehog 

signaling is inactive, PTCH1 inhibits SMO, and GLI3 repressor is expressed. In the mature 

stroma, it was hypothesized that PTCH1 inhibits SMO, while GLI2 and GLI3 act as 

repressors.

This model was created prior to the publication of many tissue-specific knockout mutants. 

Yet, many aspects of this model are supported by newer experimental data. The postulated 

stromal PTCH1 inhibition of SMO, and GLI2 repressor function supporting normal 

development still fit with the experimental data. Given the histological data from Fsp-
Cre;Ptch1fl/fl, Fsp-Cre;Gli2fl/fl, and Fsp-Cre;SmoM2 mice [64,69], we may still hypothesize 

that Gli2 functions as a repressor, or non-canonically downstream of TGFβ in the stroma.

The previous model should be revised in the mature epithelium. While the data still indicate 

that hedgehog signaling is not active, it is now established that Ptch1 functions non-

canonically independent of SMO to suppress proliferation and branching [64]. Experimental 

data support the importance of Smo inhibition in morphogenesis and normal branching; 

however, rather than inhibition of canonical functions of Smo, it is likely non-canonical 

function of Smo as a GPCR coupled to Gαi2 [44] that must be inhibited in the normal mature 

duct. Similar to the embryonic bud, there is no evidence for a function for active canonical 

hedgehog signaling in the mature mammary gland.
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Modulation of hedgehog network members (stromal Ptch1 and SmoM2) perturbs TEBs [64], 

as does Gli2 loss [57]; however, it remains difficult to define local, stromal functions of 

these genes in TEB morphogenesis given the ‘systemic’ functions of hedgehog network 

genes. Returning to the previous model, we should add that stromal Smo inhibition is 

important for TEB homeostasis, given the disrupted histology of Fsp-Cre;SmoM2 mutants 

[64]. Whether Smo regulation of TEBs is also via Gαi2 is unknown.

While the data with respect to stemness are not definitive given largely correlative rather 

than functional data, reports from MMTV-SmoM2, Wap-Shh, and heterozygous Ptch1 
animals [60,67,70] suggest that in the murine mammary gland, activated canonical hedgehog 

signaling promotes stem cell differentiation into a progenitor state. The correlation of 

activated hedgehog signaling with a progenitor state contrasts with data from human 

mammospheres, which suggest that autocrine hedgehog signaling regulates stemness. The 

Fsp-Cre;Gli2fl/fl data introduce the possibility that stromal hedgehog network members 

impinge on stemness as well; signaling downstream of this Gli2 function is unknown [69].

It is important to consider these data in the context of hedgehog network function in 

mammotrophic neuro-endocrine organs, which can shape the interpretation of data from 

mutants where the whole animal has been genetically altered. New data [64,69] show that 

stromal Gli2 and stromal Ptch1 regulate hormone responsiveness and hormone receptor 

positivity in the mammary gland, respectively. These functions may both be non-canonical, 

since there was no evidence of perturbed hormone signaling in Fsp-Cre;SmoM2 mice [64]. 

The fertility defect displayed by Fsp-Cre;Ptch1fl/fl mice [64], together with previous studies 

of SmoM2 in the ovary [113,114] and conditional ablation of primary cilia [72] suggest that 

hedgehog network members regulate mature ovarian biology, in addition to regulating 

development of the pituitary, adrenal glands, and possibly the hypothalamus [55,111]. 

Experimentation to clearly define hedgehog network gene function, and the downstream 

signaling, in hormone production would inform our understanding of these genes in 

mammary ductal morphogenesis.

Data also suggest that hedgehog network members control stromal homeostasis. 

Overexpressing positive regulators of hedgehog signaling (including in epithelium) can alter 

stromal composition; Gli1 and epithelial SmoM2 overexpression increases periductal 

F4/80+ macrophages [67,68]. Ptch1 loss and Wap-Shh expression elicit stromal hyperplasia 

[54,60]; in contrast, Fsp-Cre mediated Gli2 ablation causes stromal hypoplasia [69]. SmoM2 
or Wap-Shh expression increase ECM deposition [60,67]. These data are important to 

consider since the stromal compartment is critical for postnatal mammary morphogenesis (as 

discussed earlier).

Hedgehog Signaling in Breast Cancer

Hedgehog network members are associated with many aspects of breast cancer biology, both 

tumor-intrinsic and extrinsic (Figure 5). With respect to tumor-intrinsic biology, hedgehog 

network activation [increased SHH, GLI1, with Ptch1/2 mRNA and PTCH1 protein loss] 

may be present in breast tumors and involved in tumor initiation; however, genetic activation 

is generally insufficient to drive tumorigenesis in mouse models (aside from Gli1 
overexpression [90]). A subset of breast tumors displays genetic mutations or aberrant 
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methylation of hedgehog network genes (Fig. 4) [78,81]. Upregulated SHH and GLI1 is 

associated with ER positive tumors in particular, and this expression is associated with 

proliferation, invasiveness, and anti-estrogen therapy resistance [86,89,92,98,100]. 

Hedgehog signaling activation may also promote TIC self-renewal [102,103,110]. Gli1 may 

also be a key factor promoting EMT behaviors via an unknown paracrine factor [49]. While 

data suggest that hedgehog misregulation may govern critical features of breast tumor 

biology, further investigation is needed to define the role of hedgehog network members. 

Additional studies might address whether hedgehog network members function non-

canonically in breast tumors, which is a distinct possibility since Smo and Ptch1 function 

primarily non-canonically in the normal mammary gland [42,44], and Gli1 activation can 

promote EMT independent of ligands [49]. For instance, a non-canonical role for Smo is 

consistent with immunostaining from breast tumors where SMO expression correlated with 

proliferation of neighboring cells via an unknown paracrine mechanism [49].

Newer data suggest that hedgehog network activation in the tumor-adjacent stroma mediates 

breast tumor progression, invasion, and metastasis [108]. Thus, stromal nuclear GLI1 has 

potential as a biomarker for predicting patient survival or response. It has not been 

determined how signaling downstream of hedgehog ligand production by the tumor impacts 

the stromal compartment to potentially drive more aggressive phenotypes [87,93,115], aside 

from data indicating that SHH/IHH production by tumor cells can drive the vicious cycle 

and metastasis to bone [46,105]. Additionally, GLI1/2 transcription factor activation may 

promote breast cancer metastasis via activation by EMT transcription factor expressing cells 

[49]. Stromal misregulation of hedgehog network members altering the tumor 

microenvironment is consistent with the data from postnatal development, where altering 

expression of hedgehog network members is sufficient to alter stromal constituents.

In brief, data continue to suggest that hedgehog inhibition in breast cancer may be clinically 

beneficial. Newer data indicate that hedgehog network inhibition may need to target non-

canonical functions of hedgehog network members for breast cancer treatment. Thus, testing 

whether various inhibitors block non-canonical functions of hedgehog network members 

may be informative. Recent data also suggest that hedgehog inhibition in breast cancer may 

be beneficial by targeting the stroma, TICs, and/or EMT properties. Functional data with 

respect to hedgehog signaling and tumor initiation would be informative, given that killing 

TICs may be critical for enhancing patient survival. Additionally, the association between 

Shh/ Gli1 expression, ER positive cancer, and tamoxifen resistance suggests that inhibiting 

estrogen signaling together with hedgehog signaling may be beneficial to patients and bear 

further investigation. Finally, we should continue to explore the basic biology of hedgehog 

network member function in the breast tumor associated stroma, perhaps coupled with 

animal models with tissue-compartment specific manipulation to evaluate whether hedgehog 

network expression in the stroma increases DCIS incidence, drives tumorigenesis, or could 

serve as a useful biomarker.
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Abbreviations

Shh Sonic Hedgehog

Ihh Indian Hedgehog

Dhh Desert Hedgehog

Patched-1 Patched-1

Smo Smoothened

PKA Protein Kinase A

SUFU Suppressor of Fused

Hhip Hedgehog Interacting Protein

Gas1 Growth Arrest Specific protein 1

TID Tumorous Imaginal Disc

GPCR G Protein-Coupled Receptor

PTHrP Parathyroid Related Protein

TEB Terminal End Bud
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DCIS Ductal Carcinoma in situ

IBC Invasive Breast Cancer

TIC Tumor Initiating Cell

ER Estrogen Receptor, EMT, Epithelial-Mesenchymal Transition

TGFβ Transforming Growth Factor beta

Wnt Wingless

SFK Src Family Kinase

pERK phospho- Extracellular signal- Regulated Kinase

TCF T Cell Factor

MMTV mouse mammary tumor virus

PKC Protein Kinase C

MEK-1 Mitogen-Activated Protein Kinase kinase

CXCR4 Chemokine associated receptor 4

Monkkonen and Lewis Page 33

Biochim Biophys Acta. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Properly regulated hedgehog network gene function in the mammary 

epithelium, mammary fat pad stroma, and endocrine organs, is critical for 

normal mammary ductal morphogenesis and normal proliferation rates.

• Upregulated expression of hedgehog network members, including SHH, 

SMO, and GLI1, together with reduced PTCH1/2 mRNA and PTCH1 protein 

expression, is associated with tumorigenesis, invasion/metastasis, and TIC 

(tumor initiating cell) function

• SHH/GLI1 upregulation may be particularly associated with ER+ breast 

tumors.

• Data show roles for hedgehog network members in the neuroendocrine 

signaling axis, but specific roles with respect to mammary gland development 

and breast cancer are undefined.
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Figure 1. The Canonical Hedgehog Network in the Absence (A) or Presence (B) of Hedgehog 
Ligands
In the absence of HH, PTCH1 inhibits SMO, and SMO is sequestered in vesicles. A 

multiprotein complex (including SUFU, PKA, and GSK3β) phosphorylates and 

ubiquitinylates GLI transcription factors, which are cleaved to a repressor form (depicted as 

GLI-R in 1.a) lacking the activator domain, degraded, trafficked to the primary cilium, or 

translocate to the nucleus where they act as transcriptional repressors.

Secretion of hedgehog ligands (DHH, IHH, or SHH) by a signal- producing cell involves 

cleavage and post-translational modification, including addition of the cholesterol and 

palmitoyl groups to the hedgehog ligand, before secretion in various possible formats. HH 

binds PTCH1 or PTCH2 on a signal-receiving cell, inhibition of SMO by PTCH1/2 is 

alleviated, and SMO is phosphorylated. SMO then inhibits PKA, GSK3β, and SUFU, and is 

trafficked to the apical surface of the primary cilium due to interaction with KIF3a, a motor 

protein, and intraflagellar transport proteins. Due to inhibition of the multiprotein complex, 

GLI transcription factors retain their activator domain, (marked as ‘GLI1-Act), translocate to 

the nucleus, and activate transcription at start sites.
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Figure 2. Non-Canonical Activities of Hedgehog Network Members
Members of the canonical hedgehog network and their interactions are shown in blue, with 

non-canonical protein interactions or functions shown in green, and physiological processes/

results of a given signaling event shown in red.

Monkkonen and Lewis Page 36

Biochim Biophys Acta. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Overview of Hedgehog Network Functions in Mammary Gland Development
Above, the developmental stages of the murine mammary gland are listed proceeding from 

left to right. The critical hedgehog network member functions (or repression thereof) are 

briefly outlined in bullet points below. The legend (bottom left) describes which colors 

correspond to different cell types.
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Figure 4. Comparison of Paired Breast Tumor-Normal mRNA Levels
There is consistent downregulation of Ptch1 and Ptch2 mRNA compared to paired normal 

tissue, as seen in waterfall plots for 109 tumor-normal pairs.See below for ER/PR/HER2 

status as determined by immunohistochemistry (IHC). On the other hand, Shh, Ihh, Dhh, 
Smo, Gli1, Gli2, and Gli3 mRNAs do not display a consistent trend in breast tumors 

compared to normal tissue. Waterfall plots display fold change for 109 tumor-normal pairs 

[19] on a log2 scale, with normal expression as baseline. Graphs produced using ggplot2 in 

R version 3.0.1.
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Figure 5. Putative Functions of Hedgehog Signaling Activation in the Context of Breast Cancer
This figure provides an overview of some tumor-intrinsic and tumor-extrinsic roles of 

hedgehog network members- and hedgehog network activation- related to breast 

tumorigenesis and patient prognosis, in contrast to hedgehog network expression patterns in 

the normal breast. SHH, SMO, and GLI1 protein levels are increased in breast tumor cells, 

while PTCH1 levels are decreased, leading to increased invasion and poorer prognosis, 

particularly in ER+ breast tumors. Additionally, paracrine activation of Gli1 in breast cancer 

cells increases invasion and metastasis. Hedgehog misregulation may also significantly 

impact tumor stroma biology; tumor production of SHH ligands may stimulate angiogenesis 

and stromal accumulation of nuclear GLI1. Shh/Ihh may drive the vicious cycle in bone 

metastasis by stimulating osteoclasts.
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Table 2

Here, the percent of breast tumors from the TCGA dataset [1] (left columns) with mutations of different 

hedgehog network members is listed, together with information on what type of mutation is present. The right 

hand columns show this information for the METABRIC datasets [2,3]. The TCGA dataset includes 816 

samples [1], and the METABRIC datasets include 2051 samples [2,3]. Data obtained with CBioPortal [4,5].

TCGA TCGA METABRIC METABRIC

Gene
% Breast Cancers 

with Mutations Types of Mutations
% Breast Cancers with 

Mutations Types of Mutations

Shh 1.5% Amplifications 2.1% Amplifications

Ihh 1% Amplifications, deep deletions 0.2% Amplifications

Dhh 0.2% Amplifications 0.3% Amplifications

Ptch1 1.8% Missense, with a few amplifications and deep 
deletions

0.6% Amplifications

Ptch2 1.8% Amplifications, with a few deletions, truncations, 
and missense

1.3% Amplifications

Smo 1.2% Amplifications 1.4% Amplifications

Hhip 0.7% Amplifications 0.7% Amplifications

Gli1 1.5% Amplifications and missense 0.6% Amplifications

Gli2 1.5% Missense 0.3% Amplifications

Gli3 2.6% Amplifications and missense 2.4% Amplifications
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