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The Hedgehog signaling pathway was first discovered in 1980 during a large-scale genetic
screening seeking to find mutations that affect larval body segment development in the fruit
fly, Drosophila melanogaster [1]. The Hedgehog signaling pathway is an evolutionarily conserved
pathway that governs complex developmental processes including stem cell maintenance, proliferation,
differentiation, and patterning. Several recent studies have shown that the aberrant activation of
Hedgehog signaling is associated with neoplastic transformation, cancer cell proliferation, metastasis,
multiple cancers’ drug resistance, and survival rates. This Special Issue focuses on several aspects of
Hedgehog signaling in organogenesis and the tumor microenvironment, and we called for reviews
and original papers on the recent efforts in the field of Hedgehog signaling.

This Special Issue of the International Journal of Molecular Sciences, entitled “Hedgehog Signaling
in Organogenesis and the Tumor microenvironment”, thus includes four original articles and five
reviews that provide new insights regarding the roles of Hedgehog signaling in organogenesis and the
tumor microenvironment.

Tarulli et al., report on “Discrete Hedgehog Factor Expression and Action in the Developing
Phallus”, and they describe a potential developmental interaction involved in urethral closure that
mimics bone differentiation and incorporates discrete Hedgehog activity within the developing phallus
and phallic urethra [2].

Takebe et al., examined Gli-CreERT2; tdTomato mice, and they demonstrate that the SHH-GIil
signaling pathway is involved in intramembranous and endochondral ossification during the fracture
healing process [3].

Takabatake et al., describe “The Role of Sonic Hedgehog Signaling in the Tumor Microenvironment
of Oral Squamous Cell Carcinoma”, and their findings revealed that (1) autocrine effects of SHH induce
cancer invasion and (2) paracrine effects of SHH govern parenchyma-stromal interactions of oral
squamous cell carcinoma [4].

El Shahawy et al., propose that “Sonic Hedgehog Signaling Is Required for Cyp26 Expression
during Embryonic Development”, and they explain that rigidly calibrated Hedgehog and retinoic acid
activities are required for normal organogenesis and tissue patterning [5].

Hosoya et al., provide an overview of recent advances related to the role of SHH signaling in
tooth development, homeostasis, regeneration, and the regulatory mechanism of stem cell properties
in the dental mesenchyme from experiments using tamoxifen administration in iGlil/Tomato mice [6].

Jeng et al., extensively review the recent progress made in the field of “Sonic Hedgehog Signaling
in Organogenesis, Tumors, and Tumor Microenvironments”, focusing on the combined use of SHH
signaling inhibitors and chemotherapy/radiation therapy/immunotherapy targeting cancer stem
cells [7].

Hyuga et al., contribute a comprehensive overview of the “Hedgehog Signaling for Urogenital
Organogenesis and Prostate Cancer: An Implication for the Epithelial-Mesenchyme Interaction
(EMI)” and compare possible similarities and divergences in Hedgehog signaling functions and the
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interaction of this signaling with other local growth factors between organogenesis and tumorigenesis.
They discuss two pertinent research aspects of Hedgehog signaling: (1) the potential signaling crosstalk
between Hedgehog and androgen signaling and (2) the effect of Hedgehog signaling between the
epithelia and the mesenchyme on the status of the basement membrane with extracellular matrix
structures located on the epithelial-mesenchymal interface [8].

Bechtold et al., offer a thorough review of the recent progress made in studies on the roles of
Indian Hedgehog signaling in temporomandibular joint (TM]) formation, and they discuss important
findings regarding the involvement of Hedgehog signaling in TM] development during embryonic
and early postnatal stages as well as in the establishment and postnatal maintenance of TM]Js, plus the
possible involvement of Hedgehog pathways in osteoarthritic conditions [9].

Haraguchi etal., provide a detailed discussion about “Recent Insights into Long Bone Development:
Central Role of Hedgehog Signaling Pathway in Regulating Growth Plate”, and they review the multiple
roles of the Hedgehog pathway in the regulation of growth plate formation and differentiation, as well
as longitudinal bone development and skeletal disorders [10].

The Editor hopes that these articles will help readers update their knowledge about the role of
Hedgehog signaling in physiology and pathology. The efforts of the authors who contributed their
excellent articles to this Special Issue are greatly appreciated.

Funding: The author received no funding for this editorial.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Varjosalo, M.; Taipale, ]. Hedgehog: Functions and mechanisms. Genes Dev. 2008, 22, 2454-2472. [CrossRef]

2. Tarulli, G.A,; Pask, A.].; Renfree, M.B. Discrete Hedgehog Factor Expression and Action in the Developing
Phallus. Int. J. Mol. Sci. 2020, 21, 1237. [CrossRef] [PubMed]

3. Takebe, H.; Shalehin, N.; Hosoya, A.; Shimo, T.; Irie, K. Sonic Hedgehog Regulates Bone Fracture Healing.
Int. J. Mol. Sci. 2020, 21, 677. [CrossRef]

4. Takabatake, K.; Shimo, T.; Murakami, J.; Anqi, C.; Kawai, H.; Yoshida, S.; Wathone Oo, M.; Haruka, O.;
Sukegawa, S.; Tsujigiwa, H.; et al. The Role of Sonic Hedgehog Signaling in the Tumor Microenvironment of
Oral Squamous Cell Carcinoma. Int. ]. Mol. Sci. 2019, 20, 5779. [CrossRef] [PubMed]

5. ElShahawy, M.; Reibring, C.G.; Hallberg, K.; Neben, C.L.; Marangoni, P; Harfe, B.D.; Klein, O.D.; Linde, A.;
Gritli-Linde, A. Sonic Hedgehog Signaling Is Required for Cyp26 Expression during Embryonic Development.
Int. J. Mol. Sci. 2019, 20, 2275. [CrossRef] [PubMed]

6.  Hosoya, A.; Shalehin, N.; Takebe, H.; Shimo, T.; Irie, K. Sonic Hedgehog Signaling and Tooth Development.
Int. J. Mol. Sci. 2020, 21, 1587. [CrossRef] [PubMed]

7. Jeng, KS.; Chang, C.E; Lin, S.S. Sonic Hedgehog Signaling in Organogenesis, Tumors, and Tumor
Microenvironments. Int. J. Mol. Sci. 2020, 21, 758. [CrossRef] [PubMed]

8.  Hyuga, T.,; Alcantara, M.; Kajioka, D.; Haraguchi, R.; Suzuki, K.; Miyagawa, S.; Kojima, Y.; Hayashi, Y.;
Yamada, G. Hedgehog Signaling for Urogenital Organogenesis and Prostate Cancer: An Implication for the
Epithelial-Mesenchyme Interaction (EMI). Int. ]. Mol. Sci. 2019, 21, 58. [CrossRef] [PubMed]

9. Bechtold, T.E.; Kurio, N.; Nah, H.D.; Saunders, C.; Billings, P.C.; Koyama, E. The Roles of Indian Hedgehog
Signaling in TMJ Formation. Int. J. Mol. Sci. 2019, 20, 6300. [CrossRef] [PubMed]

10. Haraguchi, R.; Kitazawa, R.; Kohara, Y.; Ikedo, A.; Imai, Y.; Kitazawa, S. Recent Insights into Long Bone
Development: Central Role of Hedgehog Signaling Pathway in Regulating Growth Plate. Int. ]. Mol. Sci.
2019, 20, 5840. [CrossRef] [PubMed]

® © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



International Journal of

7
Molecular Sciences m\D\Py

Atrticle
Sonic Hedgehog Signaling Is Required for Cyp26
Expression during Embryonic Development

Maha El Shahawy >, Claes-Goran Reibring '*, Kristina Hallberg ', Cynthia L. Neben 3,
Pauline Marangoni 3, Brian D. Harfe %, Ophir D. Klein 3-5, Anders Linde ! and
Amel Gritli-Linde *

1 Department of Oral Biochemistry, Sahlgrenska Academy at the University of Gothenburg,

SE-40530 Goteborg, Sweden; maha.el.shahawy@odontologi.gu.se (M.E.S.);
claes-goran.reibring@gu.se (C.-G.R.); kristina.hallberg@odontologi.gu.se (K.H.);
linde@odontologi.gu.se (A.L.)

Department of Oral Biology, Minia University, Minia 51161, Egypt

Program in Craniofacial Biology and Department of Orofacial Sciences, University of California San
Francisco, San Francisco, CA 94143, USA; cynthianeben@gmail.com (C.L.N.);

Pauline. Marangoni@ucsf.edu (P.M.); Ophir.Klein@ucsf.edu (O.D.K.)

Department of Molecular Genetics and Microbiology, University of Florida College of Medicine,
Gainesville, FL 32610, USA; bharfe@UFL.EDU

Department of Pediatrics and Institute for Human Genetics, University of California San Francisco,
San Francisco, CA 94143, USA

*  Correspondence: amel@odontologi.gu.se; Tel.: +46-31-7863392

1t These authors contributed equally to this work.

Received: 1 April 2019; Accepted: 3 May 2019; Published: 8 May 2019

Abstract: Deciphering how signaling pathways interact during development is necessary for
understanding the etiopathogenesis of congenital malformations and disease. In several embryonic
structures, components of the Hedgehog and retinoic acid pathways, two potent players in
development and disease are expressed and operate in the same or adjacent tissues and cells.
Yet whether and, if so, how these pathways interact during organogenesis is, to a large extent, unclear.
Using genetic and experimental approaches in the mouse, we show that during development of
ontogenetically different organs, including the tail, genital tubercle, and secondary palate, Sonic
hedgehog (SHH) loss-of-function causes anomalies phenocopying those induced by enhanced retinoic
acid signaling and that SHH is required to prevent supraphysiological activation of retinoic signaling
through maintenance and reinforcement of expression of the Cyp26 genes. Furthermore, in other
tissues and organs, disruptions of the Hedgehog or the retinoic acid pathways during development
generate similar phenotypes. These findings reveal that rigidly calibrated Hedgehog and retinoic
acid activities are required for normal organogenesis and tissue patterning.

Keywords: Cyp26 enzymes; congenital anomalies; CRE/LoxP; hedgehog signaling; mouse models;
retinoic acid; smoothened; sonic hedgehog

1. Introduction

Development and homeostasis of multicellular organisms crucially rely on concerted functions of
a multitude of proteins and small molecules that operate within signaling pathways. Understanding
how signaling pathways interact to ensure normal embryonic development and maintenance of
proper shape, size, cellular organization and function of tissues and organs is requisite to decipher the
etiopathogenesis of congenital malformations and diseases.

The Hedgehog and retinoic acid (RA) signaling pathways play key roles during embryogenesis,
organogenesis, and tissue homeostasis [1-13], and genetic disruption of Hedgehog signaling can

Int. ]. Mol. Sci. 2019, 20, 2275; d0i:10.3390/ijms20092275 3 www.mdpi.com/journal/ijms
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lead to neoplasia [1,14-18]. Mammals produce three Hedgehog ligands, Desert hedgehog, Indian
hedgehog (IHH) and Sonic hedgehog (SHH) [1,19]. Hedgehog ligands, notably SHH and IHH proteins,
emanating from producing cells, can signal both short and long-range [1,4]. The Hedgehog signaling
cascade is regulated by several factors at different levels, from ligand modifications and release to
ligand reception and signal transduction [4,6]. In the absence of Hedgehog ligands, the Hedgehog
receptor PTCH1 accumulates predominantly in the primary cilium and inhibits Smoothened (SMO),
an obligatory factor for the transduction of all Hedgehog signals, leading to the formation of repressor
forms of GLI transcription factors that repress Hedgehog target genes. Upon ligand binding to PTCHI,
the activated SMO protein translocates to the cilium and initiates a signaling cascade that reaches its
acme in the nucleus, where the activator forms of GLI proteins activate transcription of Hedgehog
target genes. The principal GLI activator function derives primarily from GLI2, whereas the GLI
repressor function largely emanates from GLI3 [1,4,6,18,20,21].

All-trans retinoic acid (RA), the predominant active metabolite of the dietary-derived vitamin A,
is a small, highly diffusible and biologically potent lipophilic molecule. During embryonic development,
RA is produced from maternally-derived vitamin A. Experimental studies in rodents and avians
established the importance of vitamin A for proper development, as vitamin A deficiency during
embryogenesis and early organogenesis engenders a wide range of congenital anomalies [22]. However,
exposure of embryos to excess vitamin A or RA is teratogenic. Direct evidence for the crucial role of RA
during development emanated from genetic gain and loss-of-function studies in mice and zebrafish,
which demonstrated that proper tissue patterning and cell fate specification require well-calibrated
spatio-temporal RA activity [2,3,5,23,24].

RA synthesis from retinol, the alcohol form of vitamin A, is a stepwise process catalyzed by
various dehydrogenases. First, retinol is oxidized into retinaldehyde by alcohol dehydrogenases and
retinol dehydrogenases. Thereafter, oxidation of retinaldehyde to RA is catalyzed by retinaldehyde
dehydrogeneases, including RALDH1, RALDH2, and RALDH3, encoded by Aldhlal, Aldhla2 and
Aldh1a3, respectively [2,22,24]. RA is degraded by the cytochrome P450 isoenzymes CYP26A1 [25],
CYP26B1 [26], and CYP26C1 [27]. Thus, cells expressing CYP26 enzymes are protected from
physiological RA activity. RA signaling is mediated by heterodimers of two classes of DNA-binding
nuclear receptors that bind to RA response elements (RARE) to regulate target gene transcription: (1)
the retinoic acid receptors (RAR«x, RARpB, and RARy encoded by RARa, RARb and RARg, respectively)
which bind to all-trans RA and (2) the retinoid X receptors (RXR«, RXRf3, and RXRy encoded by RXRa,
RXRb and RXRg, respectively) that bind to 9-cis-RA. In the absence of ligand, RAR/RXR dimers recruit
co-repressors to inhibit transcription of RA target genes, whereas ligand-bound RAR/RXR dimers
recruit co-activators to activate the same targets [2,22,24].

Previous studies have shown that cells can respond to both SHH and RA signaling, and that
coordinated functions of these pathways are required for normal development. In this respect, during
patterning of the spinal cord, SHH and RA exhibit complementary roles in specification of motor
neuron progenitor identity [28-30]. Likewise, the SHH and RA pathways converge to influence other
developmental processes, including patterning and differentiation of the forebrain, early specification
of neuronal and mesodermal derivatives, and the establishment of left-right asymmetry [1,31-36]. RA
and Hedgehog activities may also directly control expression of the same target genes, as exemplified
by the existence of functional GLI and RAR-RXR binding sites in the Ngn2 enhancer [37]. However,
in other biological settings SHH has been shown to oppose RA activity. In the developing limb for
example, SHH operates within a signaling network to promote proximal-distal growth by enhancing
CYP26Bl-mediated RA degradation [38]. In the human bone marrow, multiple myeloma cells modify
their microenvironment to escape differentiation and reinforce chemoprotection by inhibiting RA
activity in the stroma through SHH-mediated upregulation of CYP26A1 expression [39].

Recently, we showed that in the developing tongue antagonistic activities of SHH and RA control
patterning, growth and epithelial cell fate specification and that SHH inhibits RA inputs through
maintenance and enhancement of Cyp26al and Cyp26c1 expression in the lingual epithelium [40].
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While reviewing the literature pertaining to the RA and Hedgehog signaling pathways, we noticed that
in several tissues and organs loss of Hedgehog signaling generates malformations that are strikingly
similar to those engendered by supraphysiological activation of RA signaling. We therefore sought
to determine whether in murine tissues known to depend on SHH for normal development, SHH
antagonizes RA signaling through CYP26. To this end, we used mutant mice lacking SHH signaling
and complementary experimental approaches in vitro. We found that loss of SHH signaling causes
indeed loss of expression of Cyp26 genes and enhancement of RA signaling during ontogeny of organs
as disparate as craniofacial structures, genital tubercle and tail, and generates anomalies mimicking
those engendered by genetically or pharmacologically induced activation of RA signaling. These
findings show that in different developing organs SHH signaling uses a common strategy to antagonize
RA activity. Our findings provide a concept to further the understanding of the pathogenesis of
congenital malformations caused by altered Hedgehog signaling and the mechanisms underlying
Hedgehog-dependent tumorigenesis.

2. Results and Discussion

To determine whether, as in the developing tongue [40], SHH signaling also impinges upon RA
activity in other embryonic structures, we generated and studied K14-CRE/Shif mutant embryos,
in which the Shh gene is disabled in Keratin-14 expressing cells and their progeny [40,41], as well
as ShhGFPCRE/Smof and ShhCreERT2/Shi mutant embryos, which lack the function of the Smo and
Shh genes, respectively, in cells that express Shh and their progeny [40-43]. In the SHhGFPCRE/Smoff
mutants, only cells that express or have expressed SHH are unable to respond to SHH signaling. In the
ShhCreERT?/Shi mutants exposure to tamoxifen (TAM) abrogates SHH production, leading to loss of
both autocrine and paracrine SHH signaling. Similary, in the K14-CRE/Shhf mutants, both autocrine
and paracrine SHH signaling are disabled. Embryos not expressing the CRE gene and/or the floxed
Smo and Shh alleles were phenotypically normal; they were thus used as controls [40—42].

2.1. SHH Signaling Antagonizes RA Activity through CYP26A1 to Ensure Proper Development of the Tail

Experimental and genetic studies have demonstrated that SHH emanating from the notochord,
amesodermal midline rod-like structure, and the neural floor plate is required for survival and expansion
of the sclerotomes, somite-derived structures that form the vertebral column [1,44]. Homozygous Shh
null (Shh™") mutant embryos, in which Shh is disabled in the germ line exhibit severe axial defects
with nearly total absence of sclerotomal derivatives, including the entire vertebral column [44]. In the
Shh" mutants, the notochord differentiates, but is subsequently lost, indicating that autocrine SHH
signaling is essential for maintenance of this important structure [44]. After fulfilling its function in
patterning adjacent tissues, the notochord persists only in prospective intervertebral discs, where it
develops into the nucleus pulposus. SthGFPCRE/Smof and TAM-induced ShhCreER™?/Shif mutants,
in which abrogation of SHH signaling occurs shortly after formation of the notochord and floor plate,
exhibit an abnormally thin notochord and lack intervertebral discs in the thoracic and lumbar regions.
The latter anomaly is due to loss of notochordal integrity, leading to failure of development of the
nucleus pulposus [42].

Shi", ShthGEPCRE/Smoff and TAM-induced ShhCreER%/Shi mutants all display a severely
truncated and abnormally thin tail totally lacking vertebrae [42,44] (see also Figure 1A-G).
Furthermore, immunostaining for SHH and Keratin 8, molecular markers of the notochord and
nucleus pulposus [42,45,46], showed that in contrast to control tails which exhibited a notochord, the
mutants tails were devoid of this structure, except rostrally, where an abnormally thin Keratin 8-positive
notochord was detectable (Figure 1H-O). Development of vertebrae is heralded by condensation
of sclerotome-derived chondrogenic mesenchymal cells. These structures failed to develop in the
mutant tails (Figure 1H-O), consistent with failure of development of tail vertebrae upon loss of SHH
signaling [42,44].
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Figure 1. Loss of sonic hedgehog (SHH) signaling generates an abnormally thin and truncated tail
lacking the notochord and vertebral chondrogenic condensations. (A-G). Representative external tail
phenotype (arrows) of mutants relative to controls. Control (A; n = 15), ShhGFPCRE/Smoff mutant
(B; n = 11), and Shi"" mutant (C; n = 2) newborns (P0). E17.5 control (D; n = 8) and ShhCreERT2/Shif
mutant (E; n = 9) embryos first exposed to tamoxifen (TAM) at E11.5. E14.5 control (F; n = 5) and
ShhCreER™2/Shi mutant (G; 1 = 6) embryos first exposed to TAM at E10.5. The mutants exhibit severe
tail defects. (H-O) Tail sections from E15.5 mutants and controls immunostained (dark purple) for
Keratin 8 (K8) and Sonic hedgehog (SHH) to visualize the notochord. Tails from a control embryo (H,J)
and a ShhGFPCRE/Smo!f embryo (IK). Tails from a control embryo (L,N) and a ShhCreERT%/Shihf mutant
embryo (M,0) first exposed to TAM at E10.5. The control tails display chondrogenic mesenchymal
condensations of presumptive vertebrae (asterisks) and a notochord (arrows) in the caudal region,
whereas the mutant tails lack these structures. K8-positive (arrows in I and M) remnants of the
notochord are visible in the rostral region of the mutant tails. HE, hair follicle. Scale bars: 2 mm (A-C),
1 mm (D-G) and 200 um (H-O).

Tail development initiates in the future lumbosacral region and coincides with the closure of the
posterior neuropore. Tail tissues, including the neural tube, notochord and somites, originate from the
tail bud mesenchyme, a progenitor zone located at the tip of the embryonic tail. The hindgut extends a
short distance into the elongating tail after closure of the posterior neuropore [47]. The developing
tail expresses components of the SHH and RA pathways. SHH is produced in the notochord and
neural floor plate and elicits responses in the notochord, neuroepithelium, as well as in somites and
sclerotomes [1,42]. Aldhla2 is expressed in presomitic and somitic mesoderm anterior to the tail
bud [22,48,49], whereas RARs are expressed in presomitic and somitic mesoderm, sclerotomes, and tail
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bud [22,47,50-52]. RA signaling is tightly controlled by the activities of RALDHs and CYP26s, and
loss-of-function of CYP26s during development leads to supraphysiological activation of RA signaling
with entailing congenital malformations [53,54]. In the embryonic tail, Cyp26al is expressed at high
levels in the tail bud mesoderm, the neuroepithelium and hindgut endoderm [25,55-58].

Remarkably, the tail phenotype characterized by formation of a truncated and thin tail lacking
vertebrae in the Shh™", ShthGFPCRE/Smo/f and TAM-induced ShhCreER">/Shi mutants is strikingly
similar to that in Cyp26a1"/" mice [25,59,60] and rodent embryos exposed to teratogenic doses of vitamin
A or RA [61-65]. Furthermore, exposure of hamster embryos to exogenous RA causes degeneration
of the notochord and alters the formation of axial chondrogenic condensations [66], mimicking the
anomalies caused by loss of SHH signaling. Cyp26b1 and Cyp26c1 are not expressed during the critical,
SHH-dependent stages of tail formation [57,67] and embryos with loss-of-function of Cyp26b1 [26,68]
and Cyp26cl [27] do not exhibit tail truncation. Cyp26b1 transcripts become detectable at later
developmental stages concomitantly with the formation of chondrogenic mesenchymal condensations
prefiguring vertebrae [69]. These become visible in the proximal part of the caudal region of mouse
embryos at E12.5-E13 [70]. It is noteworthy that chondrogenic mesenchymal condensations express
Indian Hedgehog [71,72]. These observations may be taken to suggest that the tail defects engendered
by loss of SHH signaling are caused, at least in part, by abnormal activation of RA signaling owing to
loss CYP26A1l-mediated RA degradation.

To explore this possibility, we assessed the expression levels of RARb and RARg, well-established
direct transcriptional targets of RA signaling [23], as well as the expression patterns of Cyp26al in control
and mutant tails. Reverse transcription quantitative PCR (RT-qPCR) revealed significant upregulation
of RARb and RARg transcripts in tails from ShhGFPCRE/Smof and TAM-induced ShhCreER™%/Shif
mutants (Figure 2],K). Furthermore, Cyp26al in situ hybridization signals were either abolished or
dramatically diminished in the mutant tails (Figure 2A-I).

RA activity can be visualized in tissues from mice carrying the RAREhsplacZ transgene [73].
Although this transgene fails to accurately reveal RA activity in several tissues and organs, including
the developing tongue [40,73-76] and a large part of the palatal shelves of the secondary palate [77],
it is able to visualize abnormal activation of RA signaling in the developing tail [59,60]. We thus took
advantage of this possibility by examining tails from controls and SitGFPCRE/Smo/f mutants carrying
the RAREhsplacZ transgene and found that similar to Cyp26a1""* embryos [60] the ShhGFPCRE/Smoff
mutants exhibited expansion of RAREhsplacZ activity in the developing tail (Figure 2L-0O), indicating
ectopic activation of RA signaling. Taken together, these findings show that loss of SHH signaling in
the developing tail causes a decrease of Cyp26al expression and enhancement of RA signaling.

Recently, we showed that in the developing tongue, SHH activity is required for maintenance and
reinforcement of Cyp26al and Cyp26c1 expression but not for the initiation of their expression [40].
This phenomenon occurs also in the developing tail, since in vitro treatment of tails with SAG, a SMO
agonist enhanced the intensity of Cyp26al hybridization signals in tails but failed to induce ectopic
Cyp26al expression in adjacent tissues (Figure 2P,Q).
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Figure 2. Loss of SHH signaling in the developing tail causes loss of Cyp26al expression and ectopic
activation of retinoic acid signaling. (A-G) Representative whole-mount in situ hybridization (ISH)
with riboprobes showing Cyp26al expression (purple) in developing tails. E9.5-E10 control (A; n = 3)
and SthreERTZ/Shhf mutant (B; n = 4) embryos first exposed to tamoxifen (TAM) at E8-E8.5. Control
(C,E) and ShhGFPCRE/Smof mutant (D,F,G) embryos at E10.5 (C,D; n = 4 controls and n = 4 mutants)
and E11.5 (E-G; n = 4 controls and 7 = 3 mutants). In the control tails, the Cyp26al expression domain
extends from the tail bud to more rostral levels of the tail (arrowheads in A,C and E). The mutant tails
exhibit either a severely reduced domain of Cyp26al expression (arrowheads in D and F) or abolished
Cyp26al expression (arrows in B and G). (H,I) Representative tail sections from E11 control embryos (H;
n = 2) and a SHhGFPCRE/Smo/f mutant embryo (1) after ISH for Cyp26a1 with oligonucleotide probes
(black). Decreased Cyp26a hybridization signals in the mutant tail as compared to the control tail
(arrowheads in H and I). (J,K) RT-qPCR analysis showing the expression levels of RARb and RARg
relative to Actb (B-actin). Upregulation of RARb (p = 0.0162) and RARg (p = 0.0261) levels in tails from
E13.5 ShhCreERT%/Shif mutant (n = 3 and n = 4 for RARb and RARg analyses, respectively) as compared
to tails from control (1 = 3 and 1 = 4 for RARb and RARD analyses, respectively) embryos first exposed
to TAM at E11.5 (J). Upregulation of RARbD (p = 0.0476) and RARg (p = 0.0610) levels in tails from E12.5
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ShhGFPCRE/Smoff mutants (n = 3 and n = 4 for RARb and RARg analyses, respectively) as compared
to tails from controls (1 = 3 and n = 4 for RARb and RARg analyses, respectively) (K). Data are mean
values + standard deviation; *: p < 0.05. (L-O) Representative 3-galactosidase ((3-gal) histochemistry
visualizing retinoic acid activity (blue) in control (L,N) and ShhGEPCRE/Smof mutant (M,0) embryos
carrying the RAREhsplacZ transgene (RARElacZ) at E10 (L,M; n = 3 controls and # = 3 mutants) and
at E11 (N,O; n = 7 controls and n = 3 mutants). The mutants exhibit ectopic retinoic acid activity
(arrows in M and O) in tail tissues. s, somite. (P,Q) Representative tail explants from E11.5 control
embryos treated for 24 h with DMSO (P; n = 5) and 0.2 uM SAG (Q; n = 4) showing expansion of
Cyp26al expression domain (arrowheads in P and Q) and increased Cyp26al hybridization signals in
the SAG-treated tail and failure of SAG to induce ectopic Cyp26al expression in adjacent structures,
including the hindlimb bud (Ib). Scale bars: 300 um (A-G,L-Q) and 100 um (H,I).

To determine whether increased RA signaling is indeed involved in the genesis of tail anomalies
upon loss of SHH signaling, we cultured tails from TAM-treated ShhCreER"%/Shi mutant and control
embryos (Figure 3A) in the presence of BMS493, a RA signaling inhibitor, or DMSO (control vehicle).
Compared to tails from control embryos, the DMSO-treated mutant tails exhibited an abnormally thin
notochord in the rostral region and were devoid of notochord in the posterior region (Figure 3B-3D").
However, the BMS493-treated mutant tails exhibited an intact notochord (Figure 3E,E’), indicating that
degeneration of the notochord was prevented upon inhibition of RA signaling. These data suggest that
RA signaling participates in the degeneration of the caudal notochord upon loss of SHH signaling.
However, compared to tails from control embryos treated with DMSO or BMS493 (Figure 3B-C’), the
BMS493-treated mutant tails failed to show chondrogenic mesenchymal condensations flanking the
notochord (Figure 3D,D’), indicating that the inhibition of RA signaling only partially rescued the
mutant tails. This finding was not surprising, as survival and expansion of sclerotomal cells, which
form axial chondrogenic condensations, are SHH-dependent [1,44].

RA activity is required for apoptosis-mediated removal of the interdigital mesenchyme [78], and
genetic or teratogenic overactivation of RA signaling is known to induce apoptosis in developing
organs, including the testes, limb mesenchyme, chondrogenic mesenchymal condensations [54], and
the developing tail [65,79]. Loss of SHH signaling in the developing tail causes enhanced apoptosis [42].
Accordingly, the TAM-induced SthreERTz/Shhf mutant tails treated with DMSO exhibited increased
numbers of apoptotic cells, as compared to the DMSO-treated tails from control embryos (Figure 3FH,]).
We also found that BMS493 treatment significantly reduced the number of apoptotic cells in the mutant
tails (Figure 3H-J). These findings strongly suggest that enhanced apoptosis in the mutant tails is at
least partly caused by ectopic activation of RA signaling.

Altogether, our data reveal a hitherto unknown mechanism behind abnormal tail development
upon loss of SHH signaling and strongly suggest involvement of ectopic RA activation in the genesis
of this anomaly. The fact that loss of SHH signaling [42,44] (this study) and ectopic activation of RA
signaling [25,59-65] during tail development generates strikingly similar tail defects further supports
our conclusion.
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Figure 3. Invitro inhibition of retinoic acid signaling partially rescues the tail phenotype of
SHH-deficient embryos. (A) Timeline representing the induction of CRE-mediated deactivation
of Shh in embryos and in tail explants. The tails are from E11 control and SthreERTZ/Shhf mutant
embryos first exposed in utero to tamoxifen (TAM) at E10 (red arrowhead). All tail explants were
cultivated in vitro for two days in the presence of 4-hydroxytamoxifen (4-OH-TAM; green arrowheads).
During the in vitro cultivation period (three days), the tails were treated with DMSO or 12.5 uM
BMS493. The time of harvest of the explants is indicated by a white arrowhead. (B-E) Representative
Keratin 8 (K8; dark purple) immunostaining visualizing the notochord (no) in sections of tail explants
from control and mutant embryos. The tails were treated with DMSO (n = 5 controls and n = 6
mutants) or BMS493 (n = 13 controls and n = 8 mutants). B’-E” are magnified images of the boxed
areas in B-E. All the control tails treated with DMSO (B,B’) or BMS493 (C,C’) exhibit a notochord
and chondrogenic mesenchymal condensations (asterisks in B and C’). All the DMSO-treated mutant
tails lack a notochord in the posterior region, while in the rostral region they display an abnormally
thin notochord (D,D’). The BMS493-treated mutant tails (E,E’) display a notochord (1 = 6/8), but fail
to exhibit chondrogenic mesenchymal condensations (1 = 8/8). (F-I) Representative sections of tail
explants from control and mutant embryos were immunostained for cleaved Lamin A (dark purple) to
visualize apoptotic cells. Massive apoptosis in the DMSO-treated mutant tails (H; n = 6) as compared
to the BMS493-treated mutant tails (I; n = 6) and the DMSO-treated (F; n = 3) and BMS493-treated (G;
n =7) control tails. (J) Quantitation of apoptosis in tail explants (the number of explants assessed is
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described above). The number of apoptotic cells in the DMSO-treated mutant tails is significantly higher
than in the DMSO-treated (p < 0.005) and BMS493-treated (p = 0.002) control tails. The BMS493-treated
mutant tails show a significant decrease in apoptosis, as compared to the DMSO-treated mutant tails
(p < 0.001). BMS493 had no effects on the extent of apoptosis in the control tails (p = 0.59). Data are mean
values + standard deviation; **: p < 0.01; ***: p < 0.001. Scale bars: 500 um (B-E) and 100 um (B’-I).

2.2. SHH Signaling in the Developing Secondary Palate Is Required to Prevent Enhancement of RA Activity

Development of the secondary palate depends on complex spatio-temporal cellular and molecular
events, and genetic mutations and/or environmental factors that alter these events cause cleft palate,
the most common congenital malformation in humans, with debilitating consequences [80-84]. In mice,
development of the secondary palate begins at E11.5. First, bilateral paired palatal shelves (PS) arise
from the oral side of the maxillary processes and grow downwards while flanking the developing
tongue (E11.5-E14.5). Thereafter, the PS elevate to a horizontal position (E14.5-E15) above the tongue,
and further growth enables the opposing PS to adhere to each other and form a median epithelial
seam which eventually disappears, allowing fusion of the PS [80-84]. The developing palate exhibits
molecular and histological heterogeneity along its anterior-posterior and oral-nasal axes. Along the
oral-nasal axis, this heterogeneity is translated into formation of ciliated respiratory epithelium that
differentiates on the nasal side of the PS, and development of periodic epithelial ridges known as rugae
palatinae in the oral surface of the PS [80,84].

SHH signaling plays a crucial role during PS growth and patterning of rugae palatinae through
regulation of the expression of signaling molecules and transcription factors, and loss of SHH signaling
causes cleft palate [6,80,84-86] and mispatterning of palatal rugae [86]. During palatogenesis, SHH
is produced by the PS epithelium and signals within the PS epithelium and to the PS mesenchyme.
At E11.5 Shh is expressed in the entire epithelium of the emerging PS, and from E12 onwards Shh
expression is restricted to the developing rugae palatinae [86-91].

In the developing palate, RARs are expressed in both the epithelium and mesenchyme [92], whereas,
Cyp26al [56] and Cyp26b1 [69,77] are expressed in the epithelium and mesenchyme, respectively.
Interestingly, Cyp26al expression is restricted to the oral epithelium of the PS [56], overlapping with Shh
expression [86-91]. Exposure of rodent embryos to excess RA or vitamin A causes cleft palate [61-64,93],
and Cyp26b1"/” mice exhibit cleft palate [68,77] due to failure of elevation of PS [77].

To determine whether ablation of SHH signaling causes enhancement of RA signaling during
palate development, we generated ShhCreER"/Shif mutant and control embryos that had been first
exposed to TAM at E10.5-E11 (Figure S1). We found that all the E10.5-E11 TAM-induced ShhCreERT/Shif
mutants assessed displayed cleft palate, a defect that was not observed in control embryos (Figure
S2A-F). RT-qPCR revealed that RARg and RARD expression levels were significantly enhanced in the
mutant PS (Figure 4M), indicating enhanced RA activity.

To explore putative sources of RA in the developing palate, we assessed the expression patterns
of RALDH1-3 proteins in TAM-treated control and ShhCreER™?/Shif mutant embryos. We found that
all three RALDHSs were expressed in the developing palate at E13.5 and that their expression patterns
were not altered in the mutant palate (Figure S3). These findings show that RA synthesis occurs in
the developing palate and that enhanced RA signaling in the SthreERTz/Shhf mutant palate is not
caused by increased RA synthesis. Interestingly, Cyp26b1 loss-of-function generates cleft palate owing
to enhanced RA signaling and abnormal mesenchymal proliferation in the bend region of the PS [77],
a site that we found to be enriched in RALDH1-3 expression (Figure S3).
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Figure 4. SHH signaling in the developing secondary palate is required for expression of Cyp26al and
Cyp26b1 to prevent enhancement of retinoic acid signaling. (A-L) Representative developing palates
from control and ShhCreERT%/Shi mutant embryos first exposed to tamoxifen (TAM) at E10-5-E11.
The developmental stages are indicated on the panels. Whole-mount in situ hybridization (WMISH)
with Dig-labelled riboprobes (C,D) and in situ hybridization in parasagittal sections (anterior palatal
region towards the left of the panels) with oligonucleotide probes (A,B,E-L). The inter-rugal epithelium
and rugae palatinae are indicated by arrowheads and arrows, respectively. (A,B) Cyp26b1 expression
in sections of palates (see also Figure S4) from control (A, n = 2) and mutant (B; n = 2) embryos. The
mutant palate shows decreased Cyp26b1 hybridization signals (brown) as compared to the control palate.
(C-H) The mutant palates (D,F,H; n = 3 for WMISH and 1 = 4 for ISH in sections) show decreased
Cyp26al hybridization signals (dark purple in whole-mounts and black in sections) as compared to
control palates (C,E,G; n = 3 for WMISH and # = 4 for ISH in sections). In control palates Cyp26al
transcripts are enriched in the inter-rugal epithelium. (LJ) Cyp26c1 (black) is expressed in subsets of
cells within the basal layer of rugae palatinae (arrows in I and J) in control (I; # = 2) and mutant (J; 7 = 2)
palates. (K,L) The mutant palate (L; n = 3) shows increased RARg hybridization signals (brown) in
the mesenchyme and inter-rugal epithelium as compared to the control palate (K; 7 = 3). K" and L”
are magnified views of the boxed areas in K and L, respectively. (M) RT-qPCR assay for RARb and
RARg relative to Actb (B-actin) in paired palatal shelves from E13.5 controls (1 = 7) and SithCreER™?/Shhf
mutants (1 = 7) first exposed to TAM at E10.5 showing upregulation of RARD (p = 0.004) and RARg
(p = 0.000) in the mutant palatal shelves as compared to the control palatal shelves. Data are mean
values + standard deviation; **: p < 0.01; ***: p < 0.001. md, mandible; PS, palatal shelf. Scale bars:
500 um (C,D), 200 pm (K,L), 100 pm (A,B,E-H,K’,L") and 50 um (I,]).
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To determine whether increased RA signaling in the ShhCreER">/Shif mutant palate is due to
decreased CYP26-mediated RA catabolism, we assessed the expression patterns of Cyp26al, Cyp26b1,
and Cyp26¢1 transcripts in the palate of TAM-treated control and ShhCreER™?/Shlf mutant embryos.
In both control and mutant embryos, Cyp26b1 displayed a gradient of hybridization signals along the
anterior-posterior axis of the PS, with highest and lowest intensities seen anteriorly and posteriorly,
respectively (Figure 4A,B and Figure S4). However, compared to control PS, the SithCreER%/Shif
mutant PS showed diminished Cyp26b1 hybridization signals (Figure 4 and Figure S4). Furthermore,
Cyp26al hybridization signals were diminished in the epithelium of the mutant PS (Figure 4C-H).
By contrast, Cyp26c1 expression, which we found to be restricted to subsets of cells in rugae palatinae, was
unaltered in the mutant PS (Figure 41,]). Notably, in the control PS, Cyp26al transcripts were enriched
in the inter-rugal epithelium (Figure 4C,E,G). Consistent with RARg RT-qPCR analysis (Figure 4M),
the mutant PS displayed increased RARg hybridization signals in the palatal mesenchyme and in the
inter-rugal epithelium (Figure 4K-L"). Thus, loss of SHH signaling in the developing palate leads to
enhanced RA signaling in both the palatal epithelium and palatal mesenchyme as a result of loss of
Cyp26al and Cyp26b1 expression.

Abrogation of SHH signaling in K14-Cre/Shif mutant mice causes mispatterning of rugae palatinae
manifested as furcations, fusions, and formation of supernumerary rugae [86] similar to those observed
in rat embryos exposed to excess RA [94]. To determine whether, like the K14-Cre/Shif mutants, the
TAM-induced ShhCreER™?/Shif embryos exhibit mispatterning of rugae palatinae, we immunostained
sections of control and ShhCreERT?/Shh mutant palates for FOXA1 whose encoding gene is expressed in
rugae palatinae [95] (see also Figure 5A). In the oral epithelium of control palates, FOXA1 was expressed
in the periderm and rugae palatinae (Figure 5B,B’). However, in the ShhCreERT%/Shif mutant palates,
FOXA1 expression was expanded (Figure 5C,C’), indicating development of supernumerary rugae.
Taken together, these findings show that loss of SHH signaling during palatogenesis leads to enhanced
RA signaling and suggest involvement of enhanced RA signaling in the genesis of cleft palate and
mispatterning of rugae palatinae upon loss of SHH inputs in the developing palate.

Our study revealed a new function for SHH signaling during growth of the PS, which is to keep
RA activity in check in both the palatal epithelium and palatal mesenchyme. It is possible that elevated
RA availability in the palatal epithelium of the TAM-induced SithCreER™%/Shif mutant embryos (as a
result of diminished RA degradation by CYP26A1) not only causes enhanced RA signaling within the
palatal epithelium, but also contributes in enhancing RA signaling in the palatal mesenchyme, since
RA is a highly potent and diffusible small molecule. Vice versa, in the TAM-induced SthreERTZ/Shhf
mutant palates, RA overproduced in the palatal mesenchyme (as a result of diminished RA degradation
by CYP26B1) may also contribute to enhancement of RA signaling in the palatal epithelium.

Nature is replete with repeating, regularly spaced structures such as rugae palatinae, feather and
hair follicles, lingual fungiform papillae, and tracheal cartilage rings. We have shown recently that
antagonistic SHH and RA activities are involved in patterning of the lingual epithelium, whereby SHH
inhibits while RA promotes the formation of taste placodes and lingual glands [40]. Patterning of
rugae palatinae has been shown to involve Turing-based mechanisms, where FGF and SHH function as
activator and inhibitor, respectively [86]. However, how SHH inhibits rugae formation is unknown.
In addition, besides the SHH-FGF signaling pair, other signaling pathways have been incriminated in
patterning of rugae palatinae [86]. In the present study, we confirmed that SHH inhibits the formation
of rugae palatinae, since in the TAM-induced ShhCreERT?/Shif mutants the palate forms supernumerary
rugae. Furthermore, our findings suggest that RA signaling is involved in patterning of rugae palatinae.
Several lines of evidence support this notion: (1) components of the RA signaling pathway are expressed
in developing rugae palatinae and in the inter-rugal epithelium; (2) Cyp261al expression is enriched
in the inter-rugal epithelium; (3) in the inter-rugal epithelium of the ShhCreER'%/Shi mutant palates
Cyp26al expression is severely diminished and RARg expression is enhanced; and (4) loss of SHH
signaling causes abnormal patterning of rugae palatinae [86], this study similar to that engendered by
exposure of the developing palate to excess RA [94]. These findings suggest that RA signaling promotes
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the formation of rugae palatinae and that one mechanism by which SHH inhibits rugae formation is
through the attenuation of RA signaling.

pELE e . S OXA1 E15 FOXA1
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Figure 5. Loss of SHH signaling in the ShhCreERT2/Shihf mutant palate causes mispatterning of rugae
palatinae (A) Bright-field view of a frontal section across the palate of an E13.5 control embryo after in
situ hybridization with a 3*S-UTP-labelled Foxal riboprobe showing Foxal expression (black dots) in
rugae palatinae (arrows). (B,C) Representative FOXA1 immunostaining (dark purple) of para-sagittal
sections of palates (anterior palatal region towards the left of the panels) from E15 control (B; n = 3)
and ShhCreERT?/Shif mutant (C; n = 3) embryos first exposed to tamoxifen at E10.5-E11. B’ and C’ are
magnified views of the boxed areas in B and C, respectively. In the control palate FOXA1 is detected in
the palatal periderm and in a subset of cells of rugae palatinae. The orthotopic rugae (R) are labelled with
arabic numerals according to the order of their formation as described previously [91]. In the mutant
palate supernumerary rugae (SR) develop between rugae R5 and R6 and between rugae R6 and R7 (C,D).
Scale bars: 200 um (B,C) and 50 um (A,B’,C’).

2.3. SHH Signaling Is Required for Cyp26 Expression in Other Developing Structures

To explore whether Cyp26 expression requires SHH inputs in other SHH-dependent developing
structures, such as the genital tubercle and embryonic teeth known to express factors involved in RA
signaling, we analyzed these organs in SHH-deficient and control embryos.

The genital tubercle (GT), primordium of the penis and clitoris, consists of a mesenchyme
covered by ectoderm and a ventral midline structure, the urethral plate epithelium. The urethral
plate epithelium derives from the endoderm of the cloaca and generates the entire penile urethra [96].
Previous work established a crucial role for SHH signaling for normal development of the genitourinary
system, including proximal-distal outgrowth of the GT and formation of the urethral tube [1,97-100].
Shh expression begins in the cloacal membrane before the onset of GT development, and during GT
outgrowth SHH is produced by the urethral plate epithelium and signals to the mesenchyme and
ventral ectoderm of the tubercle [96-98]. Loss of SHH signaling in the developing GT generates various
anomalies, including developmental arrest, hypoplasia due to stunted proximal-distal outgrowth,
and/or hypospadias [97-100].
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Strikingly, rodent embryos exposed to teratogenic doses of vitamin A or RA exhibit GT
anomalies [61], mimicking those caused by loss of SHH signaling [97-100], including GT agenesis
and stunted outgrowth of the GT. Components of the RA signaling cascade are expressed before
and during outgrowth of the GT. Aldhla2 is expressed in the cloacal membrane and urethral plate
epithelium [48,49,101], all three RARs are expressed in the urethral plate epithelium and in the
mesenchyme of the GT [50,51,102,103], and Cyp26b1 is expressed in the GT mesenchyme [69].
Furthermore, RA activity is readily detectable in the urethral plate epithelium and proximal GT
mesenchyme (Figure 6F).
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Figure 6. Loss of SHH signaling in the developing genital tubercle causes downregulation of Cyp26b1
expression and enhancement of retinoic acid signaling. (A-D) Representative Cyp26b1 whole-mount in
situ hybridization with riboprobes (purple). E14.5 control (A; n = 2) and ShhCreER™/Shif mutant (B;
n = 2) embryos first exposed to tamoxifen (TAM) at E12. E13 control (C; n = 2) and ShhCreERT2/Shif
mutant (D; n = 2) embryos first exposed to TAM at E11.5. Diminished Cyp26b1 hybridization signals
in the genital tubercle (gt) of the mutants. Note that Cyp26b1 signals are not altered in chondrogenic
condensations within limb buds (Ib) of the mutant as these cellular condensations do not express Shh.
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(E) RT-qPCR analysis for RARb and RARg relative to Actb (-actin) in genital tubercles from E13.5
control and ShhCreERT?/Shif mutant embryos first exposed to TAM at E11.5. Upregulation of RARb
(p = 0.0009) and RARg (p = 0.0002) in the mutant (7 = 8 and n = 7 for RARb and RARg, respectively) as
compared to the control (7 = 8 and n = 7 for RARb and RARg, respectively) genital tubercles. Data are
mean values + standard deviation; ***: p < 0.001. (F) 3-galactosidase (3-gal) histochemistry revealing
retinoic acid activity in the genital tubercle of control embryos carrying the RAREhsplacZ transgene
(n=7). Asterisk in F indicates an artefact due to tissue detachment. UPE, urethral plate epithelium.
Scale bars: 300 um (F) and 500 pm (A-D).

To determine whether Cyp26b1 expression in the GT requires SHH signaling, we compared
the expression of Cyp26b1 in TAM-treated control and ShhCreERT?/Shl¥ mutant embryos and found
down-regulation of Cyp26b1 expression in the GT of the mutants (Figure 6A-D). As previously
described [97-99], the mutants exhibited hypoplastic GT (Figure 6A-D). Furthermore, RA signaling
was enhanced in the mutant GT as shown by significant enhancement of RARb and RARg expression
levels (Figure 6E). Thus, like in the limb bud [38], in the developing GT SHH inputs are required for
modulating RA activity through maintenance of proper levels of Cyp26b1 expression.

Cyp26b1"" embryos display enhanced RA signaling in the GT and exhibit a range of anomalies of
external genitalia, including enlarged width due to increased proliferation of the GT mesenchyme [101].
Yet, unlike mouse embryos deficient in SHH signaling [97-100] (this study), the Cyp26b1"/" mutants have
intact proximal-distal outgrowth of the GT [101]. The major function of SHH in the GT mesenchyme is
to maintain proper rates of mesenchymal cell proliferation required for proximal-distal outgrowth [96].
The lack of abnormal proximal-distal outgrowth of the Cyp26b1™" mutant GT is likely due to that
Cyp26b1 ablation occurs in the presence of a functional Shh gene, a condition that differs from that
of the TAM-induced ShhCreER™%/Shi mutant GT, in which diminished Cyp26b1 expression occurs in
the absence of SHH inputs. In fact, in Cyp26b1"/" embryos Shh expression in the urethral epithelium
and SHH signaling in the GT mesenchyme were found to be upregulated, as a result of increased RA
signaling [101]. The phenotype of the GT in the Cyp26b1""" mutants is also different from that of rodent
embryos exposed to teratogenic doses of vitamin A or RA [61], as in the latter the GT fails to form or is
truncated, mimicking the anomalies induced by loss of SHH signaling. A likely explanation for these
differences is that in the Cyp26b1"" mutants, the GT is exposed to RA emanating from endogenous
sources, leading to upregulation of Shh expression in this organ [101]. By contrast, in embryos exposed
to excess exogenous retinoids the GT is exposed to overwhelming levels of RA. Since teratogenic levels
of RA are known to abolish Shh expression [32,104], it is possible that in the GT of embryos overexposed
to exogenous retinoids, SHH signaling is reduced or lost. Thus, in these embryos, combined loss
of SHH signaling and enhanced RA signaling may lead to conditions resembling those that occur
upon the genetic loss of SHH signaling in the GT. Taken together, these observations suggest that RA
bio-availability must be precisely controlled to ensure normal development of the GT.

Mouse models revealed the importance of SHH signaling during odontogenesis. Loss of SHH
signaling in developing teeth of K14-Cre/Shh™f, K14-Cre/Smo™ and Evc”™ mutant embryos generates
tooth anomalies, including abnormally small and misshapen teeth with enamel defects [41,105,106]
and failure of differentiation of enamel-producing ameloblasts, epithelial cells that differentiate from
the inner dental epithelium [41,105]. SHH, is produced by the dental epithelium and signals within the
dental epithelium and to the dental mesenchyme [41,105]. Developing teeth express genes encoding
components of the RA pathway, including RALDHs [48,107], CYP26A1 [69], CYP26C1 [67], and
RARs [108]. Remarkably, exposure of mice to excess RA generates enamel defects and abnormal
ameloblast differentiation [109], and in vitro exposure of embryonic mouse teeth to supraphysiological
levels of RA leads to formation of misshapen teeth [110]. However, physiological levels of RA seem to
be required for normal tooth formation, since vitamin A deficiency in rats causes a range of defects,
including enamel hypoplasia, abnormal dentine formation, and metaplasia of dental epithelia [111-113].
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We found that developing teeth from K14-CRE/Shif mutant mice exhibit severe downregulation of
Cyp26al and Cyp26cl expression levels in the inner dental epithelium (Figure 7). However, compared
to control teeth that showed an absence of Cyp26b1 expression in the dental papilla mesenchyme
(Figure 7C,C’), consistent with previous findings [69], the mutant teeth exhibited ectopic Cyp26b1
hybridization signals in this tissue (Figure 7D,D’). By contrast, Cyp26b1 expression in osteoblast
progenitors, including in the developing alveolar bone at the periphery of developing teeth [69], was
as expected unaltered in the mutants (Figure 7C,D) as these cells do not express Keratin 14 and SHH.

~<——— Control ——» <— K14-CRE/Shht/f —»

Figure 7. SHH signaling is required for maintenance of the expression of Cyp26al and Cyp26c1 in the
developing tooth. (A-F). Representative Cyp26al (A,B; n = 2 controls and n = 2 mutants), Cyp26b1 (C,D;
one control and one mutant) and Cyp26c1 (E,F; n = 2 controls and n = 2 mutants) in situ hybridization
(black) with oligonucleotide probes in frontal sections across developing first molars from control (A,C,E)
and K14-CRE/Shi#f mutant (B,D,F) newborn (P0) mice. C’ and D’ are magnified views of the boxed areas
in C and D, respectively. The mutant molars show severely diminished Cyp26al hybridization signals in
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the inner dental epithelium (IDE) and abolished Cyp26al expression in cells of the stellate reticulum
(SR). Note also the severely reduced domain of Cyp26c1 expression in the IDE of the mutant tooth (arrow
in F). The mutant molars (D) exhibit ectopic expression of Cyp26b1 in the dental papilla mesenchyme
(DP). Cyp26b1 expression in cells of the developing alveolar bone (arrowheads in C and D) is unaltered
in the mutant. Scale bars: 100 um (A-D,E,F) and 50 um (C’,D’).

The dependence of Cyp26b1 expression on SHH signaling seems to be context-dependent. While
loss of SHH signaling in the developing limb [38], genital tubercle, and palate (this study) leads to
diminished levels of Cyp26b1 expression, Cyp26b1 transcript levels are enhanced in tongue mesenchyme
of SHH-deficient embryos [40] (see also Figure S4), and Cyp26b1 is expressed ectopically in the dental
papilla mesenchyme of K14-CRE/ShHf mutant molars.

2.4. Conclusions

Previous studies in the embryonic limb [38] and tongue [40] together with our present findings
in several developing structures showed that SHH signaling abates RA signaling through the
maintenance/reinforcement of Cyp26 expression. Thus, during development of various organs,
SHH uses this same strategy to antagonize RA signaling. Furthermore, loss of SHH signaling in
the developing tongue [40], tail, secondary palate, genital tubercle, and tooth (this study) causes
these structures to develop defects that are remarkably akin to those engendered by genetically or
pharmacologically induced overactivation of RA signaling. A literature search revealed strikingly
similar congenital anomalies caused by deregulation of Hedgehog and RA signaling (Table S1),
suggesting that antagonism between the two pathways may be a common phenomenon.

Itis unlikely that SHH directly induces the initial expression of Cyp26 transcripts, since experiments
showed that the Smoothened agonist SAG reinforces Cyp26al expression in Cyp26al-expressing tissues
but fails to induce de novo expression of this gene in Cyp26al-non-expressing tissues [40] (this study).
Which factor(s) whose activities are modulated by SHH signaling directly regulate Cyp26 expression,
and thus RA activity, remain to be identified.

Delineating how cell signaling cascades interact to control tissue patterning, cell fate specification
and organogenesis is key to understanding the etiopathogenesis of congenital malformations and
malignancies, and knowledge of developmental pathway interactions constitutes a basis for regenerative
medicine. Our findings in the developing tail provide a probable, mechanistic explanation for the tail
anomalies engendered by loss of SHH signaling, that is, involvement of aberrant enhancement of RA
signaling in the genesis of these malformations.

Human embryos develop a tail bud and a transient tail, the latter being normally fated to
regress [114,115] through apoptosis [116]. A congenital midline malformation known as “human
tail” [114,117-119] has been suggested to result from failure of regression of the embryonic tail [115].
Currently, the etiology of “human tail” and underlying molecular mechanisms leading to this anomaly
are unknown. Our findings in mouse embryos not only provide insights into the interplay between
signaling pathways in the control of development of the caudal region of the embryo, but also provide
valuable information for future work aiming at deciphering the etiopathogenesis of “human tail”.

Besides their role in tissue patterning, the Hedgehog and RA pathways play crucial roles during
organogenesis and postnatal tissue homeostasis. Compelling evidence suggests that Hedgehog
signaling promotes cell proliferation and cell survival [1,19], whereas RA inhibits cell proliferation
and induces differentiation and/or apoptosis [3,54,65,78,79,120]. In human multiple myeloma, a B
cell malignancy, SHH derived from myeloma plasma cells has been shown to antagonize RA activity
through upregulation of CYP26A1 [39]. Altogether these observations prompt the question of whether
in other tumor types in which Hedgehog signaling is pathologically upregulated [17,18,121], RA
signaling is mitigated through Hedgehog-dependent CYP26-mediated clearance of RA, providing
favorable conditions for growth and survival of tumor cells.
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3. Materials and Methods

3.1. Ethics Statement

The procedures involving the use of mice were reviewed and approved by the Animal Research
Ethics Committee in Goteborg, Sweden (Dnr. 230-2010 (29 September 2010), 174-2013 (12 November
2013) and 40-2016 (27 April 2016)). Mouse experiments were also carried out under approved protocols
in strict accordance with the policies and procedures established by the University of California,
San Francisco (UCSF) Institutional Animal Care and Use Committees (UCSF protocol AN084146
re-approved on 05 March 2019).

3.2. Mouse Lines

The K14-CRE/Shh"f mutant, the ShhGFPCRE/Smof mutant, the tamoxifen (TAM)-inducible
SthreERTZ/Shhf mutant, and the Shh'Y" mutant embryos as well as their control littermates were
generated and identified as described previously [40-43]. Control and ShhGEPCRE/Smof mutant
embryos carrying the RAREhsplacZ transgene [73] were generated as described [40]. For CRE-mediated
ablation of Shh in ShhCreER™?/Shlf embryos, pregnant females were treated with intraperitoneal
injections of TAM every other day (excluding the day of embryo harvest) as described [40].

3.3. Histology, Immunohistochemistry, In Situ Hybridization, B-Galactosidase Histochemistry and RT-qPCR

Tissues and organs were processed for histology (Alcian blue van Gieson staining),
immunohistochemistry, in situ hybridization, and (-galactosidase histochemistry as described
previously [40]. Rabbit antibody targeting cleaved Lamin A (small subunit; 1:1000 dilution) was
obtained from Cell Signaling Technology (Danvers, MA, USA). Rabbit monoclonal (MAB) antibody
against FOXA1 (1:5000 dilution) was from Abcam (Cambridge, UK). For detection of Cyp26b1 and
Cyp26cl transcripts in tissue sections, oligonucleotide probes targeting Mm-Cyp26b1 (NM_175475.3;
target sequence: 460-1308) and Mm-Cyp26c1 (NM_001105201.1; target sequences: 21-1134) were used.
For RT-qPCR assays, the entire tail per embryo, the entire genital tubercle per embryo, and a pair of
palatal shelves per embryo were analyzed. Actb (3-actin) was used as a reference gene for RT-qPCR
data. Primers and conditions for RT-qPCR, other probes used for in situ hybridization, and other
antibodies have been described [40].

3.4. In Vitro Explant Cultures and Quantification of Apoptosis

St females were mated with SihCreER? males. The pregnant females received an intraperitoneal
injection of TAM [40] to induce in utero CRE-mediated Shh deactivation at embryonic day 10 (E10).
The next day (E11), tails/pelvic girdles were dissected from control and ShhCreERT2/Shif mutant embryos
and cultivated in vitro in an organ culture system as described previously [40]. The medium contained
2.5 and 1.25 uM 4-OH-TAM (4-Hydroxytamoxifen, Sigma-Aldrich, Stockholm, Sweden) during the first
and second days of culture, respectively, to enable continuation of CRE-mediated ablation of Sk in vitro.
The explants were cultivated for a total period of 3 days in the presence of vehicle control (DMSO) or
12.5 uM BMS493, a pan-RAR inverse agonist (Tocris Bioscience, Abingdon, UK). Thereafter, the explants
treated with DMSO or BMS493 were processed for Keratin 8 immunohistochemistry. For quantification
of apoptosis, sections of tail explants cultivated as described above were processed for immunostaining
for cleaved Lamin A to visualize apoptotic cells. Apoptotic epithelial and mesenchymal cells in sections
of tail explants from controls and ShhCreERT%/Shif mutants were counted in the caudal portion of the
tail through a x20 objective. Student’s t-test was used for statistical analysis.

For Cyp26al whole-mount in situ hybridization, tails/pelvic girdles were dissected from E11.5
control embryos and cultivated for 24 h in vitro under conditions described previously [40] in the
presence of DMSO or 0.2 uM SAG, a small molecule agonist of Smoothened [122].
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/9/2275/s1.
Figure S1. Loss of SHH signaling in the developing palate of ShhCreER">/Shi mutant embryos. Figure S2.
The ShhCreERT?/Shl mutant embryos display cleft palate. Figure S3. RALDH1-3 proteins are produced in the
developing palate of control and ShhCreERT?/Shi mutant embryos. Figure S4. Diminished Cyp26b1 hybridization
signals in the palatal mesenchyme upon loss of SHH signaling. Table S1. Phenotypes caused by loss of Hedgehog
signaling and enhancement of retinoic acid signaling in animal models. References [123-190] are cited in the
Supplementary Materials files.
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CYP26A1,B1,C1  Cytochrome P450 isoenzymes A1, Bl and C1

f Floxed allele

FGF Fibroblast growth factor

FNP Frontonasal process

FOXA1/Foxal Forkhead box protein Al protein/gene

GLI1-3 Glioma-associated oncogene family members 1, 2 and 3
IHH Indian hedgehog

ISH In situ Hybridization

K8 Keratin 8

K14 Keratin 14

LacZ Gene encoding E. Coli 3-galactosidase

n Null allele

SAG Smoothened agonist

SHH/Shh Sonic Hedgehog protein/gene

SMO/Smo Smoothened protein/gene

PS Palatal shelf/shelves

Ptchl Patched 1

RA Retinoic acid

RALDH/Aldhla  Retinaldehyde dehydrogenase protein/gene

RAR Retinoic acid receptor

RARE Retinoic acid response element

RT-qPCR Reverse transcription quantitative polymerase chain reaction
RXR Retinoid X receptor

TAM Tamoxifen

WMISH Whole-mount in situ hybridizationWingless/integrated 3a
4-OH-TAM 4-hydroxytamoxifen
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Abstract: Hypospadias is a failure of urethral closure within the penis occurring in 1 in 125 boys
at birth and is increasing in frequency. While paracrine hedgehog signalling is implicated in the
process of urethral closure, how these factors act on a tissue level to execute closure itself is unknown.
This study aimed to understand the role of different hedgehog signalling members in urethral closure.
The tammar wallaby (Macropus eugenii) provides a unique system to understand urethral closure
as it allows direct treatment of developing offspring because mothers give birth to young before
urethral closure begins. Wallaby pouch young were treated with vehicle or oestradiol (known to
induce hypospadias in males) and samples subjected to RNAseq for differential expression and gene
ontology analyses. Localisation of Sonic Hedgehog (SHH) and Indian Hedgehog (IHH), as well as
the transcription factor SOX9, were assessed in normal phallus tissue using immunofluorescence.
Normal tissue culture explants were treated with SHH or IHH and analysed for AR, ESR1, PTCH]1,
GLI2, SOX9, IHH and SHH expression by qPCR. Gene ontology analysis showed enrichment for bone
differentiation terms in male samples compared with either female samples or males treated with
oestradiol. Expression of SHH and IHH localised to specific tissue areas during development, akin to
their compartmentalised expression in developing bone. Treatment of phallus explants with SHH or
IHH induced factor-specific expression of genes associated with bone differentiation. This reveals a
potential developmental interaction involved in urethral closure that mimics bone differentiation and
incorporates discrete hedgehog activity within the developing phallus and phallic urethra.

Keywords: hypospadias; urethra; penis; bone; hedgehog signalling

1. Introduction

Disorders in the development of reproductive organs are the most common birth defects worldwide.
Among them, hypospadias effects 1 in 250 births [1,2] and is a defect in urethral closure so that the
opening is positioned within the posterior penile meatus rather than the tip of the glans penis. Alarming
increases in incidence of up to 2% a year have been reported [1,2], that highlights the current burden of
hypospadias and the value in understanding its underlying causes.

While it is known that gene regulatory networks critical for bone/limb development play important
roles in regulating phallus development and urethral closure [3-6], it is yet to be determined how these
factors are coordinated on a tissue level to execute the process of urethral closure itself. One factor
important in bone and limb development is the secreted signalling factor sonic hedgehog (SHH).
SHH plays important roles in the development of the genital tubercle from which the mouse phallus
forms [7-10] as well as later masculinisation events and the formation of the penile urethra [8,11].
Published evidence indicates that expression of SHH in urethral epithelial cells signals via underlying
mesenchyme to promote proliferation and growth of the genital tubercle and urorectal septum
mesenchyme [8]. The importance of hedgehog signalling is conserved in humans, as evidenced by

Int. ]. Mol. Sci. 2020, 21, 1237; d0i:10.3390/ijms21041237 31 www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2020, 21, 1237

polymorphisms in hedgehog pathway genes being associated with an increased risk of delivering a
baby with hypospadias [12]. A second hedgehog family member implicated in urethral closure and
phallus development is Indian hedgehog (IHH). Far less is known about the role of IHH in this process,
though its expression is positively regulated by androgens, and knockout of IHH results in a failure of
proper phallus masculinisation in the mouse [13]. However, whether these hedgehog factors have
distinct functions in urethral closure has never been investigated.

The importance of androgens in phallus development and urethral closure has a long evolutionary
history [3] and is well described in literature [14-19]. The process of urethral closure is highly sensitive
to androgen disruption during a critical window of developmental programming that precedes the
initiation of closure [20-22]. Therefore factors that can interfere with normal androgen signalling during
this critical window, such as oestrogenic chemicals, are associated with hypospadias [14,23,24]. Making
direct assessments of the gene regulatory changes that occur in response to hypospadias-inducing
chemicals during this programming window are key to capturing the fundamental genetic networks
underpinning urethral closure that go awry to contribute to hypospadias. In most species this
programming window occurs during fetal development and therefore most animal models of
chemical-induced hypospadias use indirect assessments via treating the mothers during pregnancy.
This introduces confounding factors such as maternal metabolism and placental transfer that complicate
experimental analysis.

One way to overcome these limitations and perform direct assessments in vivo is to use a marsupial
model such as the tammar wallaby (Macropus eugenii). Marsupials give birth to altricial young, and in
the tammar wallaby this occurs before androgen programming and urethral closure begin. This allows
for offspring to be treated directly while in the pouch, for the entire duration of androgen programming.
The tammar wallaby model was used to identify the gene regulatory networks most enriched when
wallaby offspring are treated with ethinylestradiol (E2), a known hypospadias-inducing chemical in
this species, during the critical androgen programming window. Comparisons between male and
female phallus tissue were also made. Findings of this study identified regulation of ossification and
osteoblast differentiation as being the most highly enriched gene ontologies altered by E2, and when
comparing normal male and female phallus tissue. Further analysis showed, for the first time, the
tissue region-specific expression of different hedgehog factors that we propose is akin to the discrete
spatial functions of specific hedgehog factors in developing bone.

2. Results

2.1. Enrichment of Bone Differentiation Ontologies between Male and Female Phallus Tissue, or Males Treated
with Oestradiol

Ranked lists of differentially expressed genes from outputs of DESeq2 analysis were assessed
by gene ontology using GOrilla [25]. Due to the non-conventional animal model employed and
the incomplete annotation of the wallaby genome available in these studies, only 40% of gene IDs
were recognised in GOrilla analysis. Comparing male and female phallus tissue, all ontologies with
significant enrichment by a false-discovery g-value <0.01 are listed in Figure 1a. The most highly
enriched ontology was regulation of osteoblast differentiation (3.4-fold) and regulation of ossification
(3.2-fold). Additional ontologies of significance include those relating to gene transcription, as well as
cell proliferation, migration and adhesion. Gene ontology analysis for differentially expressed genes
between male phallus tissue and male phallus tissue from pouch young treated with E2 are listed in
Figure 1b. Muscle system process was the most significantly enriched ontology in this comparison,
followed by other ontologies associated with muscle and cytoskeletal processes. Regulation of
ossification was also enriched, though with a lower significance compared with enrichments in
Figure 1a.

Examples of known bone differentiation-associated genes and expression changes from RNAseq
data are shown in Figure 1c. Significant changes in a fundamental bone development factor and receptor,
bone-morphogenic protein 5 (BMP5) and BMP receptor (BMPR2) were observed when comparing
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males with males treated with E2. Additionally, significant changes in chondrocyte differentiation
markers (COL2A1 and COL9A2) and functional mediators of bone development (aggrecan (ACAN)
and fibromodulin (FMOD) were also observed.

Fold Enrichment
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1 1 1
Regulation of ossification. 32| | Fold Enrichment
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Figure 1. Enrichment of bone development ontologies in male versus female and males treated with
oestradiol (a) Fold enrichment (black bars) and FDR g-values (grey bars) of process gene ontologies
from differentially expressed genes between male and female phallus, or (b) male phallus with and
without oestradiol treatment. Numbers above bars on graph indicate the number of enriched genes
in that ontology (c) Representative bone/chondrocyte development genes and their relative levels in
RNAseq data. (n = 5 animals/group; mean +/- s.d, * = <0.05, ** = <0.01, *** = <0.001).
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2.2. Expression of Specific Hedgehog Factors Was Spatially Restricted in the Developing Phallus

As bone differentiation ontologies were most highly enriched when comparing male versus
female phallus tissue, to determine whether SHH and IHH may have spatially-restricted functions
in the developing phallus and urethra—as they do in bone development and repair—confocal
immunofluorescence was performed to localise their expression through phallus development. Normal
wallaby phallus tissue was immunolabelled for either SHH or IHH (Figure 2, red) in combination with
the mesenchymal marker vimentin (Figure 2, green). In the distal phallus (Figure 2a—f), expression of
SHH was observed throughout the urethral epithelium at all stages tested (Figure 2a—a’ (d20), 2c—’
(d60), 2e—e’ (d90), asterisks). In contrast, IHH expression was either very low or undetectable in distal
urethral plate epithelial cells (Figure 2b-b’ (d20), 2d—-d” (d60), 2f—f" (d90)). However, IHH is known to
be highly expressed in the gastrointestinal tract [26,27]. In Figure 2c—c’, the plane of sectioning captured
the rectum. As an internal positive control, strong IHH expression is observed in the most apical cells
of the rectal epithelium. Notably, the anogenital epithelium with the lowest SHH expression (Figure 2¢’,
arrow) coincides with that expressing high levels of IHH (Figure 2d’, arrow). In addition, under high
z-axis resolution it was possible to observe an ordered arrangement of urethral plate epithelial cells,
with cytoplasmic SHH directed towards regions at a critical juncture between mesenchymal cells and
urethral plate epithelium (Figure 2e’, arrows pointing to a “focal point” marked by an asterisk).

d20 Distal Phallic

Figure 2. Cont.
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d60 Proximal Phalllic

d90 Transverse Phallus

Proximal — Distal

d140 Distal Phallus d140 Distal Phallus

Figure 2. Sonic hedgehog (SHH) and Indian hedgehog (IHH) localize to discrete regions of the
developing phallic epithelium. Day 20 male phallus immunolabelled for SHH (red—a, c, e, g, h, j) or
IHH (red—b, d, f, i, k) and vimentin (green—all images). Dotted box denotes magnified portion in
adjacent image. The expression of SHH in the distal phallic epithelium at day 20 (a), day 60 (c) and day
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90 (e) is extensive in urethral plate epithelium (up) and phallic skin (ps). Cell direction can be inferred
from cytoplasmic SHH expression (arrows in e’) that con- verge on a focal point between mesenchymal
tissue (asterisk in e’). IHH expression is very low (b) or absent (d,f) from distal phallic urethral
epithelium, though expression is observed in rectal epithelium (d’, arrow). (g) Day 60 proximal phallus
section as reference for images of sequential sections in h-i. (h) SHH expression predominates in cells
in an intermediate position within the epithelium (asterisk), while (i) IHH expression is restricted to
cells closer to the luminal edge and in cells with low SHH expression (arrows in 2h’-i’). (j-k) Day 90
proximal phallus sections with a similar pattern of expression as at day 60. (I-m) Longitudinal sections
of day 90 phallus showing SHH expression throughout the epithelium but low in the outermost cell
populations. (k) IHH expression observed in regions with low SHH (asterisks in I-m). (n—o) Distal
phallus sections from Day 150 phallus treated with estradiol showing extensive SHH expression (n) but
absence of expression in regions dominated by IHH expression (0). Small image inserts in e and f show
sections labeled using isotype control antibodies. (ur = urethra; ps = phallic skin; scale = 100 pum).

In contrast to the distal phallic epithelium, expression of IHH was observed in a small proportion
of proximal phallic urethral epithelial cells. To determine whether ITHH and SHH were expressed in the
same population of cells, sequential sections were assessed at high magnification and z-axis resolution
(low magnification image in Figure 2g, dotted box denotes area analysed at high magnification in
Figure 2h,i). This revealed that SHH and IHH were expressed in separate areas, with SHH expression
highest in cells with an intermediate position within the epithelium (Figure 2h, asterisk), while IHH
expression was concentrated to cells nearer to the lumen edge (Figure 2i’, arrows). This segregated
expression pattern was most clearly observed in the perineum (Figure S1).

This pattern was also observed in the proximal phallus of d90 animals (Figure 2j,k). Longitudinal
sections of the phallus at d90 confirmed that SHH protein was present throughout the urethral
epithelium and urethral plate epithelium at this developmental stage, though with differing intensities
in different regions (Figure 21). In contrast, IHH expression was restricted to the outermost layers of
cells in the urethral plate and phallic skin (Figure 2m). This pattern of protein localisation was also
observed at d140 (Figure 2n,0, asterisks). Overall, SHH and IHH were expressed in different tissue
regions within the wallaby phallus epithelium, where SHH was associated with intermediate regions
within the epithelium and IHH expression restricted to more luminal cell layers.

2.3. Specific Hedgehog Proteins Elicited Discrete Gene Expression Changes in Developing Phallus

To test whether the segregated expression pattern of SHH and IHH reflects separate molecular
functions of these factors in the developing phallus, normal day 60 phallus tissue was cultured as
explants and treated with either SHH or IHH for 24 h as outlined in Figure 3a. This developmental
stage was selected as it is outside of the androgen programming window and at the very beginning of
sexual dimorphic phallus development and urethral closure in the wallaby. After explant treatment,
tissue was collected for RNA extraction and mRNA quantification by qPCR. Next it was investigated
whether SHH and IHH can act to modulate expression of known regulators of urethral development,
such as androgen and oestrogen receptor, as well as a known direct target of SHH in developing bone,
the transcription factor SOX9 that itself plays important roles in sexual differentiation.

Whole organ or histological staining of phallus tissue cultured for 72 h showed no obvious tissue
necrosis or cell death (Figures 3b and 3c, respectively). Treatment with either SHH or IHH failed to
induce changes in oestrogen receptor (ESR1) or androgen receptor (AR) mRNA when compared to
vehicle treated tissue (Figure 3d). In contrast, while SHH treatment induced a significant induction
of GLI2 transcription—a result confirming its in vitro activity—no increase in GLI2 transcription was
observed after treatment with IHH. However, IHH treatment induced a clear increase in PTCH1
transcription, another SHH/IHH target gene. SHH treatment caused increases in PTCH1I transcription
that were highly variable and did not reach statistical significance. Upon replication with an additional
primer set similar results were observed that reflects a likely biological or sampling source for
this variation.
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Figure 3. SHH and IHH elicit different transcriptional responses in phallus explant culture. (a) Explant
culture protocol. (b) Gross appearance of phallus tissue after 72 h in culture. (c) Haematoxylin and
esoin stain of PFA-fixed tissue section of phallus tissue in b. (d) Relative mRNA expression in phallus
explants as determined by gPCR (n = 3, mean +/—- s.d, * = <0.05).

Treatment with SHH induced a significant increase in IHH transcription (2.1-fold, n = 3, p < 0.04)
but no change in SHH or SOX9. In contrast, IHH treatment induced a significant decrease in SOX9
transcription (2.6-fold, n = 3, p < 0.02) but did not alter the levels of [HH or SHH transcription.
These findings show that at this early stage of urethral closure in the tammar wallaby, SHH induced
IHH transcription while IHH suppressed SOX9 transcription.

2.4. Positive Association between SOX9 and SHH Protein Expression, and Negative Association between SOX9
and IHH Expression, in Normal Phallus Tissue

Findings in Figure 3 indicate that SHH and IHH have different actions on transcription in the
developing phallus. To determine whether these findings are relevant on a tissue and protein level,
immunolocalisation for IHH, SHH or SOX9 was performed on sequential oblique sections from normal
d60 phallus tissue (Figure 4), to capture both a closed portion of the urethra and a component of the
urethral plate epithelium.

Consistent with Figure 2, SHH localised along the entire urethral epithelium and urethral plate
epithelium but was absent from two distinct regions of epithelial cells: the luminal-most cells in the
closed urethra as well as regions in the outermost cell layers of the external penile skin (Figure 4a’,
asterisks). The expression pattern of epithelial IHH was broadly inverse to the expression pattern
of SHH, with IHH expression identified only in the most luminal cells of the closed urethra and the
outermost cell layer of phallus skin (Figure 4b’, asterisks). Consistent with findings from explant
cultures of reduced SOX9 transcription after treatment with IHH, regions expressing high IHH exhibit
very low SOX9 expression (Figure 4¢’, asterisks). In these regions with low SOX9 there was significantly
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lower levels of the proliferation marker phosphorylated histone H3 (P-HH3: Figure 4c’, asterisks).
Therefore, the ability of purified IHH to induce a reduction in SOX9 transcription in phallus explant
culture is supported by their protein localisation patterns at single cell level in vivo. Furthermore,
expression of high epithelial IHH is associated with cells that do not express a marker of proliferation.

Figure 4. SHH and SOX9 expression is low in urethral epithelial and phallic skin cells expressing IHH

(a) Expression of SHH (red) and vimentin (green), (b) Expression of IHH (red) and vimentin (green) or
(c) Expression of SOX9 (red) and proliferation marker, P-HH3 (green) in oblique sections of day 60
wallaby phallus tissue. (ur = urethra; up = urethral plate epithelium) Scale = 100 pum.

3. Discussion

This study is the first in any species to identify that specific hedgehog proteins have distinct
patterns of localisation and effects on gene expression in the developing phallus. Such region-specific
expression and action of SHH and IHH led us to formulate a new model of urethral closure whereby
the expression of IHH antagonises the actions of SHH, partly by inhibiting SOX9 expression. In this
model, the coordinated timing of SHH and IHH expression at critical regions in the phallus is an
important element of appropriate urethral development and closure. This conclusion is supported
by the lack of proliferation in cells of the developing phallus that express IHH, while widespread
proliferation was observed in SHH-expressing epithelial cells.

Results herein support other studies identifying gene regulatory networks present in bone/limb
formation as being important in phallus development in a variety of species [3-6]. Furthermore,
a comparative evolutionary study determined that a key bone structure of the phallus in many
species, the baculum or os penis, has evolved a minimum of nine times and lost a minimum of
10 times in evolutionary history [28]. While both humans and wallabies lack an os penis, the fact
such a structure has re-emerged many times provides a strong indication that the signalling networks
involved in chondrogenesis and bone formation persist in the developing phallus of the wallaby.
It should not, therefore, be surprising that genes involved in early bone formation were identified
as being differentially expressed between male and female, as well as male wallabies treated with
E2. However, results of the present study take this perspective further by demonstrating that, far
from being surrogates, SHH and IHH likely play critically distinct roles during urethral closure that
may mimic signalling networks present in developing bone. This is supported by their expression
in discrete tissue compartments, and their ability to elicit different transcriptional responses in a key
regulator of cell/tissue development, SOX9. A critical role is played by SOX9 during gonad as well
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as cartilage and bone development. Removal of SOX9 from SHH-expressing cells failed to induce
morphological changes in genital development [29], though SOX9 expression in the mouse GT shows
a restricted pattern within a subset of urethral and preputial epithelium that may be akin to those
observed in the study presented herein. Therefore, it is possible that the role of SOX9 is critical in the
IHH-expressing population that will have escaped SHH-driven knockout of SOX9.

These findings break new ground in our mechanistic understanding of phallus development and
urethral closure. In particular these findings indicate that contrary to current models that are limited
to epithelial-mesenchymal tissue interactions in hedgehog signalling, the mechanisms underpinning
urethral closure may also involves inter/intra-epithelial signalling. While a novel finding in the phallus,
distinct expression patterns and functions of SHH and IHH are found in other tissues. For example
during craniofacial suture morphogenesis [30,31], as well as during tendon development, attachment
and migration [32], where SHH and IHH are believed to occupy distinct tissue regions and play distinct
temporal functions during development.

The restricted localisation of IHH protein to the luminal most cells in the proximal penile urethral,
perineum and rectum/gastrointestinal tract may reflect an endodermal origin of these cells, that is
consistent with a model of urethral closure whereby the urorectal septum divides the urogenital and
anorectal tracts [33]. In that model, endodermal and ectodermal tissue fuse along the length of the
phallus during urethral closure with the ectodermal cells contributing to the outermost layers of a
subset of developing urethral epithelium and penile skin. It is possible that the interactions of IHH
and SHH during phallus development described through results of the study presented herein, serve
as the signalling network regulating the interactions of these two tissues during urethral closure. Such
a model adds an extra dimension to our understanding of the cell and tissue interactions regulating
urethral closure.

Overall this study demonstrated evidence of a novel mechanism to explain the process of urethral
closure during phallus development, providing important new direction for researchers aiming to
understand the tissue signalling networks underpinning phallus development and urethral closure.

4. Materials and Methods

4.1. Animal Treatments and Tissue Collection

Tammar wallabies were collected from wild populations originating on Kangaroo Island (South
Australia) and were held in a breeding colony in Melbourne (Victoria) for breeding and experimentation.
Females were monitored from 25-30 days after removal of a pouch young that initiates reactivation
of their diapause blastocysts, to check for newborns [34]. The sex of newborns was determined by
the presence of scrotal or mammary primordia, as previously described. For young of unknown day
of birth, this was estimated from measurements of head length and weight from established growth
curves [35]. Pouch young were treated from days 2040 after birth, and treatments were performed as
previously described [36].

Phallus tissues were collected from tammar wallaby pouch young after anaesthesia with Zoletil®
100 (Lyppard Australia Cat# ZOLED (Tiletamine HCl 50 mg/mL, Zolazepam HCl 50 mg/mL, used at
1 mL/kg)). Samples were snap-frozen and stored at —80 °C for RNA extraction or immersion-fixed
in 4% paraformaldehyde for histological analysis. All animals were treated and tissues collected
under appropriate permits, and experiments approved by the University of Melbourne Animal
Experimentation Ethics Committees in accordance with the National Health and Medical Research
Council of Australia animal ethics guidelines.

4.2. Explant Culture and Treatment

Collagen dental sponges (10 cm cubes—(Dental Solutions Israel, Israel, Cat# DSP-32)) were
immersed in DMEM plus 10% fetal calf serum (Thermo-Fisher, Waltham MA, USA, Cat#s 11995115
and 10100147, respectively) until saturated. Dissected phallus tissue from d60 male pouch young
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were cultured atop saturated sponges for 24 h at 37 °C for tissue acclimatisation. After this,
media was removed and replaced with DMEM plus 10% fetal calf serum, with the addition of
either vehicle (ethanol—0.25%), SHH (0.25 ug/mL—Abcam, Cambridge, UK, #Ab123773) or IHH
(0.25 ug/mL—Abcam, Cambridge, UK, #Ab243268) and media allowed to equilibrate for 5 min at 37 °C.
This was subsequently replaced with fresh media supplemented with SHH or IHH and culture for an
additional 24 h. Phallus tissue was subsequently snap-frozen for RNA extraction.

4.3. RNA Extraction and Next Generation Sequencing

RNA material was extracted and prepared for sequencing as previously described [37]. Briefly,
RNA was subjected to multiplex indexed-RNAseq analyses using TruSeq kit (Illumina, San Diego,
CA, USA) and a HiSeq2500 analyzer (Illumina). Roughly 10-14 x 10° reads (single end 100 bp)
were obtained from each sample after Q.V.>30 filtering. RNA sequencing data were analysed with
FastQC followed by CutAdapt to remove bases sequenced with high uncertainty. Mapping was
performed With RNA Star [38] and the annotated tammar wallaby genome 3.0 (Heider et al., personal
communications). The number of reads for each annotated gene was determined using FeatureCounts.
Differential gene expression analysis was executed using DESeq2 [39].

4.4. RNA Extraction for cONA Generation and gPCR Analysis

Frozen phallus tissues were digested in TriZOL® reagent (Thermo Fisher Scientific, Waltham MA,
USA, Cat# 15596026) using an IKA T10® basic homogeniser (Lab Gear, Australia, Cat# IKAW3737000),
followed by chloroform extraction as per manufacturer’s instructions using a PureLink RNA mini kit
(Thermo Fisher Scientific, Waltham MA, USA, Cat# 12183018A). Contaminating DNA was removed
using DNase (Ambion, Austin, TX, USA Cat# 1906) and the manufacturer’s protocol. For cDNA
synthesis, 500ng of RNA was used as template employing the SuperScript IV® ¢DNA synthesis
kit (Thermo Fisher Scientific, Waltham MA, USA, Cat# 18091050). For quantification of cDNA,
SsoAdvanced® Universal SYBR Green Supermix was employed (BioRad, Hercules, CA, USA, Cat#
1725272) utilising primers for AR, ESR1, SHH, IHH, SOX9 and the housekeeping genes GAPDH and
185 (see Table 1). A 384-well QuantStudio® 5 thermal light cycler (Thermo Fisher Scientific, Waltham
MA, USA) was employed for quantification of SYBR intensities. The standard curve method was
employed for relative quantification of cDNA.

Table 1. Sequences of qPCR primers used in Figure 4.

Target Gene Sequences

F - TTGCTGACAGGATGCAGAAG
R - AAAGCCATGCCAATCTCATC
F - CACATTGAAGGCTATGCGTG

ACTB

AR R - CCCATCCAGGAGTACTGAAT
ESR1 F - TGATCAACTGGGCAAAGAGGG
R - GATGTAGCCAGCAACATGTCA
GAPDH F - TCCCAATGTATCTGTTGTGGATCTG
R - AACCATACTCATTGTCATACCAAGAAAT
GLI2 F - GTTCACAGCTAGTGGCTCC
R - ACTGCTGCCTCACTGCTTTG
HH F - CTTCCTGGCCTTCTTGGACC
R - CTTCCTGGCCTTCTTGGACC
F - AATGAAGACAAGGCAGCAG
PTCHL #1 R - TAGCAACTCGGATAACACT
PTCHI #2 F - AATGACTCCCAAGCAAATGTA
R - TAGACAGGCATAGGCGAGCAT
SHH F - CTTCCTGGCCTTCTTGGACC
R - CTTCCTGGCCTTCTTGGACC
SOX9 F - TGCGAGTCAATGGCTCTAGCAA

R - CTCCTCCGAGGTTGGTATTTGT
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4.5. Immunofluorescence Microscopy

Wallaby young were removed from the pouch and phallus tissue dissected and placed in 4%
paraformaldehyde overnight at 4 °C on a carousel. Tissue was washed for 2 x 30 min in PBS (pH7.4) at
room temperature followed by transfer to 70% ethanol for tissue processing. Tissue was processed and
embedded in paraffin wax, sectioned at 5um thickness before mounting on Superfrost® ultra PLUS
slides (Thermo-Fisher Scientific, Waltham MA, USA). Tissue dewaxing, rehydration, antigen retrieval,
primary and secondary antibody staining protocols were performed as previously described [40], with
an additional blocking step being added between antigen retrieval and primary antibody incubation
(see Table 2 for antibody incubation conditions). This blocking step involved incubation of slides with
0.3% Sudan black (ProSciTech, Qld, Australia) in 70% ethanol for 10 min. This was followed by brief
immersion in fresh 70% ethanol before incubation for 5 min in PBS and primary antibody incubation.
Images were acquired on a Nikon (Minato City, Japan) A1R® spectral confocal microscope. Specificity
of the primary antibody was determined by staining positive and negative control tissue, as well as
substitution of the target-specific primary antibodies with non-specific IgG control antibodies. All 40x
and 63x images were acquired at minimum airy unit values to maximise z-axis resolution.

Table 2. Primary antibodies and incubation conditions.

Target Protein Supplier and Catalogue Number Dilution
THH LS Bio, Seattle, WA, USA, # LS-40514 1:400
SHH Abcam, Cambridge, UK, # Ab19897 1:200
SOX9 Merck, Kenilworth, NJ, USA # Ab5535 1:800

Vimentin Abcam, Cambridge, UK, # Ab8069 1:400

4.6. Haematoxylin and Eosin Staining of Explant-Cultured Phallus Tissue

Explant tissue was processed into paraffin blocks, sectioned, dewaxed and rehydrated as per
immunofluorescence protocol. Sections were then immersed in Mayer’s haematoxylin (Sigma-Aldrich,
St Louis MS, USA) for 5 min, washed in tap water for 1 min, followed by incubation in 0.3% acid
ethanol for 1 min, washing in tap water for 1 min, immersion in 1% eosin (Sigma,-Aldrich, St Louis MS,
USA) in 75% ethanol and a final 1 min wash in running tap water. This was followed by dehydration in
graded ethanol, clearing in histolene and mounting with UltraMount No. 4 (Thermo-Fisher Scientific,
Waltham MA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/4/1237/s1.
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Abbreviations

ACAN Aggrecan

AR Androgen Receptor

BMP5 Bone morphogenic protein 5
E2 Qestradiol

ESR1 Oestrogen Receptor Alpha
FMOD Fibromodulin

[HH Indian Hedgehog

SHH Sonic Hedgehog
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Abstract: The temporomandibular joint (TM]) is an intricate structure composed of the mandibular
condyle, articular disc, and glenoid fossa in the temporal bone. Apical condylar cartilage is classified
as a secondary cartilage, is fibrocartilaginous in nature, and is structurally distinct from growth
plate and articular cartilage in long bones. Condylar cartilage is organized in distinct cellular
layers that include a superficial layer that produces lubricants, a polymorphic/progenitor layer that
contains stem/progenitor cells, and underlying layers of flattened and hypertrophic chondrocytes.
Uniquely, progenitor cells reside near the articular surface, proliferate, undergo chondrogenesis,
and mature into hypertrophic chondrocytes. During the past decades, there has been a growing
interest in the molecular mechanisms by which the TMJ develops and acquires its unique structural
and functional features. Indian hedgehog (Ihh), which regulates skeletal development including
synovial joint formation, also plays pivotal roles in TMJ development and postnatal maintenance. This
review provides a description of the many important recent advances in Hedgehog (Hh) signaling
in TM] biology. These include studies that used conventional approaches and those that analyzed
the phenotype of tissue-specific mouse mutants lacking Thh or associated molecules. The recent
advances in understanding the molecular mechanism regulating TM] development are impressive
and these findings will have major implications for future translational medicine tools to repair and
regenerate TM] congenital anomalies and acquired diseases, such as degenerative damage in TM]
osteoarthritic conditions.

Keywords: TM]J; synovial joint; articular disc; Ihh; PTHrP; osteoarthritis

1. Introduction

The temporomandibular joint (TM]), like joints in the shoulder, hip, and knee, is a highly specialized
synovial joint and plays a pivotal role in the functioning of the mammalian jaw [1-5]. The TM] consists
of the glenoid fossa in the temporal bone, a condylar head of the mandible, and a fibrocartilaginous
articular disc intervening between the fossa and condyle (Figure 1A). Condylar cartilage, unlike the
cartilage present in developing limbs, is classified as secondary cartilage, undergoes endochondral
ossification, and displays characteristic developmental and growth processes [6,7]. In mammalian
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embryos, the first overt sign of mandibular condylar development is the appearance of a neural
crest-derived cell condensation at the supra-lateral site of the jaw anlagen. The condensation is likely of
the periosteal origin within the jaw anlagen [8] or may derive from a separate distinct condensation [9,10].
At this early stage, there is no obvious sign of an intervening articular disc primordium. The condylar
condensation differentiates into cartilage and forms a growth plate-like structure, which displays the
characteristic zonal organization, consisting of fibroblasts, chondroprogenitor cells, and chondrocytes,
along its main axis. These layers are characterized by differences in cell shape and properties and are
designated (from the surface): (1) superficial cell layer, (2) fibrous/polymorphic progenitor cell layer,
(3) zone of flattened chondrocytes, and (4) zone of hypertrophic chondrocytes (Figure 1B) [11-13].

In embryos, the condyle undergoes rapid growth and elongation toward the differentiating
temporal bone. Interestingly, the longitudinal growth of the condyle during embryonic and postnatal
life primarily results from appositional growth at its apical end, where chondro-progenitor cells
residing in the polymorphic cell layer proliferate and differentiate into chondrocytes that in turn
become incorporated into the underlying condylar cartilage. Hence, condylar cartilage functions as
a growth site of the developing mandibular bone. Therefore, condyle elongation differs from that
taking place in other developing skeletal elements, such as long bones or cranial base synchondroses,
in which elongation is contributed to by mitotic activity of chondrocytes within the growth plates.
With time, the newly differentiated condylar chondrocytes undergo maturation and hypertrophy and
are eventually replaced by endochondral bone connecting to the condylar process [14-17]. A recent
study indicated that a small number of chondrocytes may directly differentiate into osteoblasts and
form the underlying subarticular bone of the condyle [18].

The development of the articular disc initiates with the formation of a separate flat-shaped
ecto-mesenchymal cell condensation located between the developing condylar apex and the glenoid
fossa of the temporal bone [19]. With time, the articular disc primordium becomes apparent by
the creation of upper and lower articular cavities filled with synovial fluid. The disc subsequently
develops into a fibrocartilage structure displaying (1) a biconcave shape with thicker peripheral
portions (designated as anterior and posterior bands, respectively) and attaching to the TM] capsules
or the lateral pterygoid muscle and (2) a relatively thin central portion-intermediate zone [19,20]. The
TM] disc and joint cavities enable the condyle to rotate and translate along the glenoid fossa and
eminence of the temporal bone during TMJ function.

Although the general development of condyles and articular discs in the TM] is well understood,
comparatively little is known regarding the molecular mechanisms controlling glenoid fossa formation.
The glenoid fossa of the temporal bone derives from cranial neural crest cells [4,21,22]. Compared to the
articular surface of the mandibular condyle, the articular surface of the glenoid fossa is quite distinct:
sporadically distributed chondrocyte progenitors display less proliferative activity and hypertrophic
chondrocyte synthesize very little, if any, cartilage matrix [23]. As taking place in developing condylar
cartilage, chondrocytes differentiate amongst type I collagen (Col I)-expressing mesenchymal cells in a
presumptive articulating layer covering the temporal bone where the condyle articulates, exhibiting
features of secondary cartilage-like condylar cartilage [24,25]. With time, these chondrocytes undergo
endochondral ossification, become entrapped in the intramembranous bony matrix of the temporal
bone, and form chondroid bone. Absence or dislocation of the condyle results in arrested glenoid
fossa development, suggesting that proper signals and/or mechanical stimulation by the condyle are
required to sustain proper glenoid fossa development [26].

Indian hedgehog (Ihh), a member of the Hh family of signaling molecules, is widely recognized
as a critical regulator of skeletal development [27-30]. Ihh is expressed in prehypertrophic and early
hypertrophic chondrocytes of the developing growth plate [31,32] and regulates a number of processes
including (1) intramembranous bone collar formation [32-34], (2) chondrocyte proliferation and
maturation rate [35], (3) expression of parathyroid hormone-related protein (PTHrP) in periarticular
tissue [36], and (4) endochondral ossification [37,38]. Binding of Thh to Patched1 (Ptchl), its 12-pass
transmembrane receptor, leads to the displacement of Ptch1 from primary cilium, an organelle that
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bulges from the cell surface. This allows Smoothened (Smo), a 7-pass transmembrane receptor, to
be phosphorylated and activate glioma-associated oncogene (Gli) proteins, a family of zinc-finger
transcription factors that include Glil, Gli2, and Gli3. In the absence of Hh ligands, Ptch1 localizes
at the base of the primary cilia, preventing Smo from activating the cilium [39-45]. Under these
conditions, Gli2 and Gli3 are subjected to proteolytic cleavage to generate C-terminal truncated forms
that repress the transcription of Hh target genes [46-48], whereas GLil, due to a lack of the protein
kinase A recognition site necessary for phosphorylation and subsequent cleavage, is thought to
function exclusively as an activator [49-51]. Studies utilizing Ihh-null mouse embryos have provided
not only conclusive evidence that Thh plays multiple roles in long bone development, but also regulates
synovial joint formation [1,37,52,53]. The digits of Ihh-mutant embryos remain uninterrupted, while
heterozygous or wild-type littermates displayed obvious joints. Despite the remarkable nature of
these observations and their potentially fundamental implications for other joints in the body, it has
remained largely obscure, until quite recently, how Thh regulates TMJ joint formation, growth, and
maintenance [4,54].

In this review, we discuss the important findings on the involvement of Hh signaling in
TM] development during embryonic and early postnatal stages as well as in TM] establishment
and maintenance at postnatal life. We also discuss the possible involvement of Hh pathways in
osteoarthritic conditions.

2o Ch, \ .

3

Figure 1. Histology of the TMJ. (A) TM]Js from 3-month-old wild-type mice were sectioned along
their longitudinal axis and sections were stained with safranin O/fast green. (B) High-magnification
picture of the green boxed area in (A), showing the characteristic cellular organization of the condylar
cartilage with superficial layer (sf), polymorphic/progenitor layer (pm/pr), flattened chondrocyte zone
(fc), hypertrophic chondrocyte zone (kc), and subchondral bone (sb). gf, glenoid fossa; uc, upper joint
cavity; di, articular disc; Ic, lower joint cavity; cd, condyle; Ipm, lateral pterygoid muscle.

2. Recent Experimental Findings

2.1. Abnormal TM] Development in Ihh-Null Mice at Embryonic and Early Postnatal Life

It is well established that Indian hedgehog (Ihh) signaling is essential for early axial and
appendicular skeletal development [35-37,55]. Thus, initial analyses were carried out in skulls from

47



Int. ]. Mol. Sci. 2019, 20, 6300

embryonic and newborn (P0) wild-type mice and their corresponding Ih ™/~ littermates. Wild-type
mandibles exhibited their typical elongated morphologies and much of the mandibular body was
ossified and stained with alizarin red (Figure 2A). The condylar process (co) was prominent and its
most apical region contained a typical cartilaginous condyle (Figure 2B). The outer surface of the central
and basal regions of the condylar process was surrounded by newly differentiated intramembranous
bone (Figure 2B). The angular process (ap), where secondary cartilage develops at the apical end, was
prominent as well (Figure 2A). In corresponding Il ™/~ littermates, the overall length of the mandibular
body was reduced as much as 30% and other components, including the condylar process, condyle
cartilage, and angular process (ap), were all affected (Figure 2C,D).

Detailed histological examination revealed additional structural defects and cellular derangement
in Jhh mutant TMJs. E15.5 wild-type condyle anlagen contained chondrocytes in their central portions
that were circumscribed by a distinct mesenchymal condensation corresponding to disc primordium.
By E18.5 to newborn, a complete disc along with upper and lower cavities had formed (Figure 2E, single
and double arrows in the right side panel), while condylar chondrocytes displayed typical growth
plate-like zonal organization, including a superficial (sf) layer, a polymorphic (pm)/chondro-progenitor
layer, a flattened chondrocyte (fc) layer, and hypertrophic chondrocyte (kc) layer (Figure 2E). In Ihh==
embryos, condylar chondrocytes were also present by E15.5, but, strikingly, the disc primordium was
absent or not discernable. The absence of disc and joint cavities was evident at E18.5 (Figure 2F), such
that the condyle directly opposed the glenoid fossa (gf). In addition, most of the mutant chondrocytes
had undergone hypertrophy by E18.5 with a concurrent reduction in thickness of both the flattened
chondrocyte layer (fc) and polymorphic (pm) layer (Figure 2F). Interestingly, while some phenotypic
defects caused by Ihh deficiency are rescued by the concurrent absence of GIi3 in developing limbs [56],
the disc phenotype of I/~ mutants was not rescued in double Iih™/~;Gli3~/~ mutants, suggesting
unique functions of Ihh in the TMJ [11]. Abnormal formation of the mandibular condyle, articular
disc, and joint cavity are also reported in mice carrying mutations in genes (1) directly involved
in hedgehog signaling (Smo, Glis) [57,58], (2) that interact with the hedgehog signaling pathway
(Trps1) [59], or (3) that reduce or eliminate Ihh expression (Shox2, Sox9) [22,26]. Yang et al. reported
that augmented Ihh signaling in cranial neural crest cells caused severe craniofacial abnormalities,
including TMJs, where the glenoid fossa was completely absent [60]. Notably, human patients carrying
mutations in Gli2 exhibit a range of facial defects, including mandibular hypoplasia [4,61]. Thus,
these observations provide strong evidence that Ihh signaling dictates the cellular organization of the
condyle and regulates disc formation and subsequent joint cavitation.

Several lines of evidence indicate that Ihh and PTHrP interact in a negative feedback loop and
regulate the onset of chondrocyte hypertrophy in developing long bones [35,36,55]. In the current
model, Ihh expressed in prehypertrophic/early hypertrophic chondrocytes signals to the periarticular
region and early proliferative chondrocytes at the top of growth plate cartilage to induce PTHrP
expression. PTHrP in turn acts on PTHrP receptor-expressing chondrocytes to maintain them in
a proliferating and less differentiated state. In developing condylar cartilage, PTHrP is expressed
in the superficial and fibrous/chondroprogenitor cells at the apical region of wild-type condylar
cartilage by E17.5 (Figure 2G). Importantly, PTHrP expression was drastically reduced or absent in
corresponding cell populations in condylar cartilage in I~ embryos (Figure 2H). Given the fact
that the number of proliferating chondroprogenitor cells was drastically decreased (ca. 50%) and
chondrocytes underwent accelerated hypertrophy in Ihh='~ condyles, it is likely that PTHrP induced
by Ihh signaling may (1) regulate the proliferation of chondro-progenitor cells and (2) maintain newly
differentiated chondrocytes in a less differentiated stage.

Recent studies have suggested that Ihh also acts on chondrocytes to increase rates of proliferation
and hypertrophy in a PTHrP-independent manner [62,63]. Expression of PTHrP significantly decreases
in the apical region of early postnatal wild-type condyles and is nearly undetectable in juvenile
condyles, while chondro-progenitors are still proliferating. Thus, the Ihh-PTHrP feedback loop appears
to function primarily during embryogenesis and early postnatal life, while Thh signaling in juvenile
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and early adult mice may govern proliferation of chondroprogenitor cells and chondrocyte maturation
in a PTHrP-independent manner. Since I#h™/~ mice die during embryogenesis or soon after birth,
the role(s) that Ihh plays in TM] growth and maintenance should be investigated using alternative
approaches, such as conditional gene knockout techniques employing appropriate inducible Cre
mouse lines. Conditional PTHrP and compound PTHrP/Ihh mutant mice may provide new insights
into this important and intriguing area of research. Taken together, studies in embryonic and early
postnatal Ihh-mutant mice suggest that Thh is essential for the coordination of (1) intramembranous
bone collar formation, (2) progenitor cell proliferation, (3) expression of PTHrP in periarticular tissues,
(4) endochondral ossification, and (5) disc and synovial cavity formation.

Ihh-I-

Figure 2. Mandible and TMJ abnormalities in Iih~/~ embryos and newborn mice. Mandibles from
postnatal day 0 (P0) (A-D) of (A,B) wild-type (WT) and (C,D) Ihh™'= skulls were stained with alizarin
red and alcian blue. Histological analysis of condylar cartilage from embryonic day 18.5 (E18.5) of
(E) wild-type and (F) Iih /. Red, green, yellow, and blue vertical lines point to a superficial layer, a
polymorphic layer, a flattened chondrocyte layer, and a hypertrophic chondrocyte layer, respectively.
Note the absence of the articular disc tissue (disc), the upper joint cavity (arrow), and the lower joint
cavity (double arrow). TM] parasagittal serial sections from E17.5 of (G) wild-type (WT) and (H) =
were processed for in situ hybridization with isotope-labeled riboprobe for PTHrP. co, condyle; co,
coronoid process; ap, angular process; gf, glenoid fossa. Figure modified from Shibukawa et al. [11].

2.2. Role of Ihh in TM] Growth and Maintenance during Postnatal Stages

2.2.1. Cellular Organization of Condylar Cartilage in Postnatal Stages

The apical layer in developing and adult condyles contains superficial cells producing Proteoglycan
4 (Prg4) and polymorphic cells that display stem cell-like characteristics [64]. Polymorphic cells give
rise to chondrocytes for condylar growth and play a role in homeostasis and/or remodeling of condylar
cartilage in response to mechanical stress [65,66]. Condylar cartilage length along its longitudinal
axis in mice was ca. 470 pm at newborn stages and decreased to ca. 120 um by 1 month, a thickness
maintained through adulthood (Figure 3A,E). Condylar head width along the mediolateral axis was
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about 150 pm at newborn stages, increased to about 500 um by 1 month, and remained so thereafter
(Figure 3A,E). Subchondral bone plate (sb) was fully formed by 3 months of age, supporting articular
cartilage (Figure 3E, bracket). Histomorphometric and in situ hybridization analyses revealed that
the superficial/polymorphic (sf/pm) layers positive for fast green staining and less so for Safranin-O
were characterized by the lack of type II collagen (Col-II) expression (Figure 3C,D). The thickness of
superficial/polymorphic layers was ca. 50 um at the newborn stage, became almost 3 times thinner
(ca. 15 um) by 3 months, and remained so thereafter (Figure 3F,G). Clearly, development, growth, and
homeostasis of condylar cartilage during postnatal stages involve a dynamic structural organization of
the apical layer (superficial and polymorphic-progenitor layers), whereby chondro-progenitor cells
and their progeny cells provide newly differentiated chondrocytes to condylar articular cartilage.

Newborn 3mo

Figure 3. Condylar articular cartilage development and structural organization of a superficial (sf)
and a polymorphic/progenitor (pm/pr) layer and chondrocytes with age. Frontal sections from (A-D)
newborn and (E-G) 3-month-old (3 mo) wild-type mice. (B) Col-X and (D,G) Col-II gene expression. sf,
superficial layer; fc, flattened chondrocyte layer; ph/hc, prehypertrophic and hypertrophic chondrocyte
layer; sb, subchondral bone. Figure modified from Kurio et al. [67].

2.2.2. Topography of Hedgehog Signaling

Expression of Hh target genes in the condylar cartilage has been investigated to determine whether
Hh signaling acts directly or indirectly on joint formation and maintenance in postnatal mice. Ihh
transcripts were restricted to the prehypertrophic and early hypertrophic chondrocytes (Figure 4A,B).
Interestingly, expression of Ptchl, a hedgehog receptor and transcriptional target, exhibited a gradient
of expression, with relatively low expression levels in the central chondrocyte area of the condyle
and higher levels toward the flattened chondrocyte (fc), polymorphic (pm), and superficial (sf) layers
and articular disc (di) (Figure 4A,C). To determine the actual range of Ihh bioactivity, heterozygous
Glil-nLacZ embryos, widely used as a functional readout of hedgehog signaling activity, were
investigated [67,68]. B-galactosidase activity was detectable over much of the growing condylar
cartilage (co), the coronoid process (cp), and the angular process (ap) (Figure 4D) in postnatal day 1 (P1)
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condyles after processing for whole mount 3-galactosidase staining, but was stronger over the entire
apical layer of condyles and glenoid fossa (Figure 4F,G) in 8-week-old mice. f-galactosidase activity
was also detected in cells lining the disc, with a tendency of 3-galactosidase-positive lining cells being
more abundant in those facing the lower, rather than upper, joint cavity (Figure 4F). The significance
of hedgehog signaling maintained in the postnatal disc cells and the glenoid fossa apical cells needs
to be elucidated. These studies indicate that Ihh signaling is active in condylar chondro-progenitors,
superficial cells, and disc cells even postnatally, and is likely to influence those cells through life.

Glit-acZ | @

B-gal staining

Figure 4. Ihh-expressing chondrocytes and its target cells depicted by Ptchl expression and LacZ-positive
cells in postnatal Glil-nLacZ-reporter mice. Parasagittal sections from newborn (P1) mice (A-C) were
processed for in situ hybridization with radioisotope-labeled RNA probes of (B) Ihh and (C) Ptchl.
Whole mount LacZ staining of mandible of (D) Glil-nLacZ-reporter and (E) wild-type mice. Histological
analyses of (F) lacZ-stained condyle and (G) glenoid fossa of 8-week-old Glil-nLacZ-reporter mice.
gf, glenoid fossa; di, articular disc; ujc, upper joint cavity; sf, superficial layer; pr, progenitor layer;
fc, flattened chondrocyte layer; ph/hic, perhypertrophic/hypertrophic chondrocyte layer; cp, coronoid
process; co, condyle; ap, angular process. Figure modified from Ochiai et al. [69].

2.2.3. Effect of Conditional Ihh Signaling Ablation in Postnatal Stages

As noted above, expression of Hh target genes and -galactosidase activity in hedgehog reporter
mice indicated that an Ihh signaling gradient across the condylar cartilage may contribute to cell
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function in the progenitor layer and zonal organization in postnatal condylar cartilage. Genetic studies
in mice have provided experimental evidence for the significance of Ihh signaling in postnatal TMJ
maintenance. To ablate Ihh expression in condylar cartilage in the postnatal period, an Aggrecan
(Agc) CreER mouse line was employed [70] (Figure 5A). Compound Ihhf;Age-CreER;Glil-nLacZ, and
control (Ihhf/f ;Glil-nLacZ) mice received tamoxifen injections at P14, P21 and P28, and Cre-mediated
recombination and subsequent inactivation of Thh signaling were confirmed by a significant decrease
of Glil-nLacZ-positive cells in the condylar cartilage. Mutant condylar cartilage displayed decreased
numbers of superficial cells and proliferating chondro-progenitor cells and ectopic chondrocyte
hypertrophy observed near the articular surface by 3 months old (Figure 5D, arrowhead and double
arrowhead, respectively). By 5 months old, uCT analysis revealed that mutant subchondral bone
became porous (Figure 5E), leading to decreased bone volume fraction and increased trabecular
spacing compared to age-matched controls (Figure 5C). It is likely that decreased Hh signaling is
associated with age-related TM] degenerative changes [66,71]. In senescence-accelerated-prone 8
(SAMP8) mice, which develop early osteoarthritis-like changes in synovial joints at a high frequency [72],
condylar cartilage in young SAMP8 mice displayed early-onset degenerative changes, concomitant with
reductions in superficial/chondro-progenitor cells, proteoglycan/collagen content, and Ihh-expressing
chondrocytes [66]. These data clearly demonstrate that Thh signaling is essential for condylar
superficial/progenitor cell layer development and function in postnatal condylar cartilage of TM]Js, and
its ablation and/or decreased expression in juvenile mice leads to degenerative changes in TMJ condyles,
manifesting abnormal chondrocyte maturation and subchondral bone formation in the condyle.

@ AgcCreERT2 Ihh floxed
Mouse Mouse
loxP loxP
ox oX
AM_- X lhh Exon2

Promoter

Ih h fiffl A gCCreERTZ; Ihh fi/fl

Figure 5. Condylar articular cartilage zonal organization and cellularity are abnormal in AgcCreER;Thif
mice over time. (A) Schematic showing the inducible Cre-Lox system where the floxed-Ihh gene is
removed from chondrocytes that express Cre recombinase (arrow). Mice received multiple tamoxifen
injections at P14, P21, and P28. TMJs from (B,D) 3-month-old and (C,E) 5-month-old of (B,C) control
(IhW") mice and (D,E) AgcCreER;lhhf/f mice were analyzed by (B,D) hematoxylin and eosin staining
and (C,E) uCT. Note the decreased superficial cell number (arrowhead) and the presence of ectopic
hypertrophic chondrocytes closer to the condylar surface (double arrowhead) in (D). Note that
subchondral bone is irregular and porous (arrowheads) in (E). pr, polymorphic/progenitor layer; fI,
flattened chondrocyte layer; hl, hypertrophic chondrocyte layer. Figure modified from Kurio et al. [67].
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2.2.4. Hh Signaling in Degenerative TMJs

Osteoarthritis (OA) is characterized by the chronic degeneration of various hard and soft tissues
around the affected joints. Stress bearing joints of the body, such as the hip and knee, are most commonly
affected, but the TMJ is affected as well. TMJ osteoarthritis alters the condylar and glenoid fossa
cartilage, subchondral bone, articular disc, and the synovial membrane that, in turn, cause pain and
dysfunctional jaw movement [12,73-76]. There are several contributing factors to TMJ OA inception
and progression, including parafunction, occlusion, psychosocial aspects, trauma, and genetics.

Recent studies indicate that decreased lubrication is also associated with the initiation and
progression of OA in patients as well as in rodent models after anterior cruciate ligament injury [77-80].
Lubricin, a mucinous glycoprotein encoded by the proteoglycan 4 (Prg4) gene and a major component
of synovial fluid, functions as both boundary lubrication and a chondro-protective agent in synovial
joints [81,82]. Patients with camptodactyly-arthropathy-coxa vara-pericarditis (CACP) fail to express
PRG4 and subsequently develop polyarthropathy [83,84]. Prg4-mutant mice develop OA-like
phenotypes in synovial joints, implying that Prg4 may have important roles in joint maintenance [85,86].
While TMJs in Prg4~/~ mice developed normally, mutant mice developed degenerative changes.
Prg4-mutant mice exhibited hyperplasia in the glenoid fossa articular cartilage, articular disc, and
synovial membrane as early as 2 weeks of age and osteoarthritic changes in articular cartilage of
the glenoid fossa and condyle by 6 months, in which loss of proteoglycans, an increase in osteoclast
activity, and subchondral bone loss were observed [24,87]. Interestingly, these degenerative changes
occurred earlier and were more severe than those in knee and hip joints, indicating that TMJs are more
vulnerable to the loss of lubricin than other joints [87]. It has been reported that compound mutants
of biglycan and fibromodulin, members of the small leucine-rich repeat proteoglycan family, display
OA-like phenotypes in the knee joints much earlier than in TM] [88-90]. Thus, these results suggest
that synovial fluid plays an important role(s) in TMJ function and maintenance.

Osteophyte, a fibrocartilage-capped bonny outgrowth, is a hallmark radiographic feature of
degenerative TM]J joint disease [91]. Joint instability likely contributes to osteophyte formation in
the articular surface of the condyle and glenoid fossa. Compared to the development of OA in
synovial joints of appendicular skeletal elements, the prevalence of osteophyte formation in TMJ OA
is relatively rare. However, once developed, it causes various clinical symptoms and subsequently
compromises joint function [92]. While Transforming growth factor 3 (TGFf3), Bone morphogenetic
proteins (BMPs), Fibroblast growth factors (FGFs), or insulin-like growth factor-1 (IGF-1) have been
detected in the developing osteophyte [93-97], what causes osteophytes in TM]Js remains obscure.
Interestingly, Prg4~/~ mice exhibit increased osteophyte formation in the condylar cartilage and glenoid
fossa with age (Figure 6A, arrowhead) [25,87,98]. This study showed that expression levels of Ihh, Gli-1,
Sox9, and Aggrecan (Agc) (the latter 2 genes are markers of chondro-progenitors and chondrocytes,
respectively) increased in osteophytes developing in the affected glenoid fossa. Immunohistochemistry
revealed that IHH was preferentially distributed in the peripheral cells of osteophytes and underlying
chondrocytes (Figure 6B). Gli-1 transcripts were expressed in cells residing at the apical region of
developing osteophytes (Figure 6C), indicative of Hh signaling activation as well as chondrogenesis
taking place at this site. Expression of PTHrP and its receptor Pthlr was increased in Prg4~/~ glenoid
fossa. In glenoid fossa cells in culture, Hh signaling stimulated chondrocyte differentiation and
maturation, evaluated by increased chondrocyte proteoglycan synthesis and alkaline phosphatase
activity, respectively, while treatment with hedgehog inhibitor, Hh Antag, prevented such maturation
process [25]. In line with these results, data with Col2-CreER;Pth1";Smo mice suggest that inhibition
of Ihh signaling in osteoarthritis-like TMJs prevents chondrocyte terminal differentiation through a
Pthlr-dependent mechanism [99]. Further studies are warranted to determine the pathophysiology
underlying activation of Ihh and PTHrP signaling in osteoarthritic TMJs.
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Figure 6. Ectopic expression of Il in osteophyte-developing glenoid fossa cartilage in Prg4-null mice.
TMyJs from (A) 15-month-old Prg4~/~ mice were analyzed by Safranin Offast green staining. Note that
osteophytes are developing from the glenoid fossa, along with condylar cartilage (arrowhead) and
ectopic cartilage formation in disc (double arrowhead). (B) Immunohistochemistry (IHC) with IHH
antibody and (C) in situ hybridization of Gli-I mRNA in the developing osteophytes. Figure modified
from Bechtold et al. [25].

3. Perspectives

While a number of studies have addressed the importance of the Hh signaling pathway in TM]
biology, there are many questions that remain unanswered.

First, data summarized in this review show long-range signaling of Thh proteins during embryonic
development and postnatal growth. However, the underlying molecular mechanisms regulating Thh
protein release from the cell surface need to be further clarified. Multiple studies indicate that such
long-range signaling of hedgehog requires lipid modifications that promote the formation of multimeric
complexes, the formation of which depends on the palmitoylation and addition of cholesterol to
the N-terminal hedgehog fragments [100-102]. Heparan sulfate proteoglycans (HSPGs) with which
hedgehog proteins interact through their Cardin-Weintraub motif, could allow formation of hedgehog
multimers, facilitating Hh protein oligomerization [103-107]. Following oligomerization, Hh proteins
bind the membrane protein Dispatched (Disp) in a cholesterol-dependent manner and the combined
action of Disp and Scube2, a secreted protein, release oligomerized Hh proteins from the cells [108-111].
Studies suggest that the Golgi-associated N-sulfotransferase 1(Ndst-1), which catalyzes the sulfation
of HSPG glycosaminoglycan chains, is critical for organogenesis [112-114], including mandibular
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condyles and TMJ development, and allows HSPGs to exert their roles via regulation of Ihh signaling
topography and action [112-114].

Second, there is a critical need for in vivo and in vitro studies to further define interactions
between Thh and other signaling pathways that regulate postnatal morphogenesis and growth of TMJs.
In mouse embryos, Ihh signaling promotes expression of PTHrP at the apical end of the presumptive
condylar cartilage, which leads to increased numbers of presumptive chondro-progenitors [11,35-37].
Notably, the size of the condylar cartilage in young adult mice, the length along anteroposterior and
mediolateral axes, are about 3 times larger compared with prenatal mice [67]. As indicated above, the
expression of PTHrP is high during embryogenesis and early postnatal life, but declines in juvenile
mice. Thus, further studies are required to define the role of Ihh signaling during the growth and
development of the TM] and associated tissues in the presence and absence of PTHrP.

Third, the role(s) that altered Ihh signaling and associated pathways, such as primary cilia
components, play in the degenerative changes that accompany osteoarthritis are not fully understood
in the TMJ or synovial joints [25,69,98,99,115,116]. For example, it has been observed that activation
of Hh signaling leads to the induction of ectopic chondrocyte hypertrophy in degenerative articular
cartilage [28,115,117]. Further, numerous studies have demonstrated that several signaling pathways,
including TGF@, BMP, IGF-1, and FGF, are up-regulated during osteophyte formation in synovial
joints [93-97]. Interestingly, altered Hh and PTHrP signaling has been detected in osteophytes
developing at the surface of the glenoid fossa and condylar cartilage [25].

While there has been much progress defining the roles that different signaling pathways play
during normal TM] growth and development and the pathological changes giving rise to osteoarthritis,
much remains to explored. Future studies need to define the interactions between multiple signaling
pathways and determine how this ‘crosstalk” directs TM] morphogenesis and more broadly, bone
and cartilage differentiation. The results from these studies will provide a solid basis leading to the
development of new and novel approaches for repairing TM] congenital anomalies and acquired
degenerative damage resulting from osteoarthritic conditions.
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Abstract: The longitudinal growth of long bone, regulated by an epiphyseal cartilaginous component
known as the “growth plate”, is generated by epiphyseal chondrocytes. The growth plate provides a
continuous supply of chondrocytes for endochondral ossification, a sequential bone replacement of
cartilaginous tissue, and any failure in this process causes a wide range of skeletal disorders. Therefore,
the cellular and molecular characteristics of the growth plate are of interest to many researchers.
Hedgehog (Hh), well known as a mitogen and morphogen during development, is one of the best
known regulatory signals in the developmental regulation of the growth plate. Numerous animal
studies have revealed that signaling through the Hh pathway plays multiple roles in regulating the
proliferation, differentiation, and maintenance of growth plate chondrocytes throughout the skeletal
growth period. Furthermore, over the past few years, a growing body of evidence has emerged
demonstrating that a limited number of growth plate chondrocytes transdifferentiate directly into the
full osteogenic and multiple mesenchymal lineages during postnatal bone development and reside in
the bone marrow until late adulthood. Current studies with the genetic fate mapping approach have
shown that the commitment of growth plate chondrocytes into the skeletal lineage occurs under the
influence of epiphyseal chondrocyte-derived Hh signals during endochondral bone formation. Here,
we discuss the valuable observations on the role of the Hh signaling pathway in the growth plate
based on mouse genetic studies, with some emphasis on recent advances.

Keywords: hedgehog; growth plate; endochondral ossification; chondrocyte; osteoblast; bone disease

1. Introduction

The growth plate is a layer of cartilage in developing long bones between the epiphysis and the
metaphysis. The elongation of long bones occurs at the growth plate, where cartilage is formed and then
replaced by bone tissue (Figure 1). In mammals, the growth plate is composed of three types of highly
organized and specialized cartilage: resting, proliferative, and hypertrophic zone, which originate
from embryonic cartilage primordia by the condensation of undifferentiated limb bud mesenchymal
cells. Resting zone chondrocytes supply stem-like cells that give rise to clones of proliferative zone
chondrocytes, and determine the spatial orientation of adjacent proliferative columns parallel to the
long axis of the bone [1]. The proliferative zone is the region of active cell replication [2]. When a
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proliferative zone chondrocyte divides, its derivatives, proliferating rapidly, line up along the long axis
of the bone. As a result, clones of chondrocytes are arranged in columns parallel to this axis, and this
orientation determines longitudinal bone growth in a specific direction. Proliferative chondrocytes
gradually stop dividing and expand to become hypertrophic chondrocytes [3,4]. Hypertrophic zone
chondrocytes, terminally differentiated chondrocytes, produce a kind of scaffold, mineralized by their
extracellular matrix, that supports bone formation by osteoblastic cells before they undergo apoptosis.
Hypertrophic chondrocytes also promote vascular invasion at the chondro-osseous junction (CQOJ), the
junction between calcified and non-calcified cartilage matrices, which is a critical process for recruiting
osteoblast and osteoclast progenitors [5,6]. The overall process described above, commonly referred to
as “endochondral ossification”, has been studied widely because it regulates the longitudinal growth
of bone [7]. Also, a limited number of chondrocytes within the growth plate are themselves generated
from stem-cell-like progenitor cells called chondro-progenitors, and directly transform in considerable
numbers into the osteogenic lineage in developing bone [8].

5 | 2 :“ k| "
Growth Plate ™ L »2 - Re;tmg
3 Cartilage
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3
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Figure 1. The longitudinal growth of long bone by the growth plate. The growth plate is composed of
highly organized and specialized three types of cartilage: the resting, proliferative, and hypertrophic
zone. Resting zone chondrocytes supply stem-like cells that give rise to clones of proliferative zone
chondrocytes, and determine the spatial orientation of adjacent proliferative columns parallel to the
long axis of the bone. The proliferative zone is the region of active cell replication. Hypertrophic zone
chondrocytes provide a cartilaginous template, mineralized by their extracellular matrix, supporting
the new bone formation by osteoblastic cells. Scale bars indicate 1.25 mm.

Hedgehog (Hh) signaling is known to be among the most important regulators in many aspects
of insect and vertebrate development [9-15]. In mammals, the three Hh proteins, Sonic hedgehog
(Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh), undergo several steps of post-translational
modification, including proteolytic cleavage, glycosylation, and lipid modification, after which they
are released by Hh-secreting cells with the help of Dispatched (Disp), a membrane transporter
protein [10,14,15]. Hedgehog ligands are equally essential during vertebrate embryonic development.
Shh is expressed at various tissues, including the brain, skeleton, tooth, skin, gastrointestinal tract,
urogenital tract, and lung, Ihh in gastrointestinal tract and cartilage, Dhh in the peripheral nerves
and testicular cells [16]. Recently, it has been discovered that Shh also controls the behavior of
cells with stem cell properties in the maintenance and regeneration of adult tissues [17]. After
post-translational modification Hh proteins transmit signals through a receptor complex that includes
the G-protein-coupled receptor, the twelve-pass transmembrane receptor Patched-1 (Ptc-1) and the
seven-pass transmembrane protein smoothened (Smo), to control gene expression by modulating
the activity of Gli transcription factors (Figure 2) [9-11,13,15]. In the absence of Hh ligands, Ptc-1
negatively regulates Hh pathway activation through the constitutive repression of positive Hh effector
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smoothened and is also transcriptionally controlled. Once the Hh ligand binds to Ptc-1, the repressive
action to Smo is released, and Gli-mediated transcription leading to the regulation of downstream
target Hh is activated. In mammals, among Gli transcription factors (Gli1/2/3) that collectively mediate
all Hh signaling, Gli-2 and Gli-3 are the initial responders to Hh signaling [9,14]. Gli-1 is a positive
transcriptional mediator and one of the direct downstream target genes in the Hh pathway. Gli-2 is
considered to function predominantly as a transcriptional activator, whereas Gli-3 functions mainly as
a repressor (for detailed review, see [9,14,18]).
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Figure 2. Overview of hedgehog signaling pathway. (A) In the absence of Hh ligands, Ptc-1 blocks Hh
pathway activation through the repression of Smo. (B) Once the Hh ligand binds to Ptc-1, the repressive
action to Smo is released, and Gli-mediated transcription leading to the regulation of downstream
target Hh is activated.

In general, Ihh participates in the process of endochondral bone formation and is expressed in the
hypertrophic zone chondrocytes of the growth plate [19]. Based mainly on in vivo studies with the use
of genetically modified mice, remarkable progress has been made in understanding how hedgehog
signaling from growth plate chondrocytes regulates skeletal development and interacts with other
signaling factors. The multiple functions of Hh signaling in developing long bone have previously been
summarized by several research groups [9,15,20]. The present review is aimed at summarizing current
findings that would assist in understanding this area of research, with an emphasis on the multiple roles
of Hh during early-chondrogenesis and endochondral ossification processes, the coupling function of
Hh and cholesterol biosynthesis during chondrocyte differentiation, the potential role of Hh in the cell
trans-differentiation of chondrocytes into bone cells, and the involvement of Hh in skeletal disorders.

2. Hedgehog Signal Is a Critical Regulator of Early Chondrogenesis

Chondrogenesis is the earliest phase of skeletogenesis that results in the formation of the growth
plate and leads to endochondral ossification during the growth of the long bone [21-23]. The onset
of chondrogenesis is marked by the condensation of dividing undifferentiated mesenchymal cells in
the limb bud, and condensed cells subsequently differentiate into clusters of cartilage cells known as
chondrocytes that continue to proliferate until their hypertrophic differentiation. This cartilaginous
tissue eventually becomes vascularized, initiating the formation of growth plates. Before chondrocyte
hypertrophy, the onset of the chondrocyte maturation process, enlargement of the cartilage template by
the proliferation of condensed pre-cartilage or cartilage cells, is vital for a well-organized growth plate.

Among the Hh protein family in mammals, Ihh is known to function as a principal source of the
Hh ligand that activates the Hh signaling pathway on skeletogenesis, which is primarily expressed
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in proliferating limb bud mesodermal cells that eventually differentiate into skeletal chondrocytes
immediately after mesenchymal condensation [19]. Studies on mice with mutations in the Ihh gene have
provided in vivo evidence that Hh signaling is requisite for adequate cell proliferation of the condensed
pre-cartilage mesenchyme responsible for forming a framework for endochondral ossification [19,24].
Global Ihh knockout mice show a remarkable reduction in longitudinal growth, and most of Ihh-null
mutants died at birth, due to respiratory failure [19]. The long bones of Thh-null mutants are only
about one-third the length of those in wild-types. These defects are not directly affected by the
chondrocyte maturation process, as is apparent from as early as the mid-embryonic stage prior to
cartilage hypertrophy. Moreover, Ptc-1, some of the transmembrane receptor complex for Hh ligands
and the direct downstream target of the Hh signaling pathway are expressed at the dividing condensed
mesenchyme adjacent to Ihh-expressing cells, and their expression in the Ihh mutant limb is markedly
decreased with a significant reduction in the proliferation of cartilaginous tissue [19]. These observations
suggest a direct role of the Hh pathway in the cartilaginous growth of limb skeletal elements. In
contrast, whereas the Hh pathway is required for limb bud chondrocyte proliferation, its aberrant
activation also leads to the dysregulation of chondrogenic skeletal formation. Ligand-independent
activation of the Hh pathway has an inhibitory effect on early chondrogenesis [24]. The authors have
demonstrated that conditional deletion of the Ptc-1 gene in the undifferentiated limb mesenchyme with
the use of Prx1-Cre, causes cell-autonomously activated Hh signaling cascade, resulting in marked
disorganization of skeletal tissues that are severely truncated cartilage elements with a negative Alcian
blue staining. Furthermore, an in vitro micro-mass culture system has revealed that activation of
ligand-independent Hh signaling prevents early chondrogenesis. Micro-mass cultures derived from
Prx1-Cre:Ptc-19¢ limbs show a significant decrease in cartilage cluster formation. Moreover, a decrease
in the expression of the Col2al gene, an early chondrogenic marker reflecting the onset of chondrocyte
differentiation, is detected in mutant cultures with the upregulation of universal downstream Hh target
genes. Under the same experimental conditions, despite an increase in the level of Hh targets, no
difference is observed in the expression level of Sox-9, the earliest master regulator of chondrogenesis, or
of N-Cadherin, a marker for mesenchymal condensation, in Prx1-Cre:Ptc-19€ versus the control. These
findings of in vitro experiments using the limb micro-mass culture system support the concept that
the inhibitory effect of cell-autonomously activated cells of the Hh pathway on early-chondrogenesis
underlie below mesenchymal cell condensation and above chondrocyte differentiation. In contrast
to the Prx1-Cre:Ptc-19¢ model, exogenous Hh ligand treatment of micro-mass cultures, which is an
activation of the ligand-dependent Hh pathway, causes continuous increases in the expression of
chondrogenic markers involved in the formation of mature cartilage clusters [24]. Results of Hh
ligand treatment on micro-mass cultures is consistent with global Ihh knockout early-stage limb
phenotypes. Thus, Hh signaling is most likely related to the rapid enlargement of cartilage tissues
during early-chondrogenesis, and this developmental process requires the balancing of positive and
negative input involved in the control of the activation level of the Hh pathway.

In addition to the fundamental effector molecules such as Ptc-1, Smo, and Gli, functional genes
that directly control Hh signal transduction have been identified by using differential screening
and phenotypic analyses of mutant animal models [10,12,13,15]. These genes, including Kif7, Sufu,
Hhip, Cdo, Boc, and Gas1, are capable of modulating the activation level of the Hh pathway through
direct interaction with Hh ligands and their cytoplasmic components. Functional mutation in these
genes exhibits various chondrogenic defects with an alteration of Hh signaling activity during early
embryogenesis [25-27]. These observations also support the importance of fine-tuned Hh signal
activity in early cartilage development, and the mechanisms underlying developmental defects caused
by the dysfunction of Hh modifiers need to be elucidated further.
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3. Central Role of Hedgehog Signaling in Regulation of Growth Plate

In the metaphysis at both ends of a long bone, the growth plate is orchestrated in the limb
skeletal cartilage through multistage processes: vascular invasion, the formation of primary/secondary
ossification centers and osteoblast/osteoclast recruitment under the influence of regulatory molecules
(for detailed review, see [28]). Growth plate chondrocytes undergo a tightly regulated developmental
program of proliferation, pre-hypertrophy, hypertrophy, and apoptosis in the specialized cartilage
layers and are eventually replaced by osteoblasts at the distal edge of the growth plate (also termed COJ:
chondro-osseous junction). The precise regulation of growth plate chondrocytes aligned according to
their defined differentiation phase, absolutely crucial for longitudinal growth of endochondral bones,
is achieved under the adequately controlled activity of the Hedgehog (Hh) signaling pathway.

3.1. Hh Pathway and Growth Plate Formation

In general, among Hh ligands, Indian hedgehog (Ihh) acts in the process of growth plate
development [20,28]. Asnoted above, the Ihh gene is initially expressed in condensed limb mesenchymal
cells or in chondrocytes of the cartilaginous skeletal elements. During growth plate development, Ihh
expression becomes gradually restricted to postmitotic pre-hypertrophic chondrocytes adjacent to
proliferative zone chondrocytes.

Invivo studies using Ihh mutant mouse models and our data have revealed that Ihh is
indispensable for the process of growth plate organization (Figure 3) [19,29-32]. These models show
abnormal endochondral bone formation with a complete absence of the growth plate and the superiority
of mature chondrocytes. Mice carrying null mutations of the Ihh gene show a severely disrupted
growth plate with abnormal chondrocyte proliferation and maturation at embryonic stages [19]. The
conditional ablation of Thh in the full skeletal lineages of the limb by using Prx1 promoter markedly
inhibits skeletal development in the absence of the normal growth plate and the secondary ossification
center in the postnatal period [29,30]. Newborn Prx1-Cre:Thh¥® growth plate cartilage lacks a zone of
aligned columnar chondrocytes and both pre-hypertrophic and hypertrophic chondrocytes are barely
formed. Before postnatal day 10, mutant humerus bone revealed a total absence of a growth plate and
no secondary ossification center. Ablation of Ihh by using Col2a1 promoter/enhancer also reveals severe
skeletal deformities with loss of a normal growth plate exhibiting the characteristic zones of chondrocyte
differentiation (resting, proliferating, pre-hypertrophic and hypertrophic) [32]. The Col2al-Cre:Thh*
disorganized growth plate shows approximately half the number of BrdU-labeling cells and abnormal
location (in the central region of the long bone) of hypertrophic cells expressing Type X collagen at
late embryonic stages. The mutant growth plate also showed a delay in chondrocyte differentiation,
as indicated by the delayed expression of Type X collagen and osteopontin. Moreover, ablation of
the Ihh gene from postnatal chondrocytes by using tamoxifen-inducible Col2al-CreER transgenic
mouse lines has been shown to cause premature closure of the growth plate: disrupted columnar
structure of chondrocytes, and the appearance of abnormal maturation of hypertrophic chondrocytes
near the articular surface [31]. The growth plate of neonatal-tamoxifen-injected Col2al-CreER:Ihh
mice has shown complete loss of the columnar structure of proliferating chondrocytes. The mutant
growth plate is composed mainly of hypertrophic chondrocytes that express Type X collagen but not
Type II collagen, showing an incorrect progressive maturation of cartilaginous cells [31]. This abnormal
process that starts at postnatal day seven eventually leads to a total loss of the growth plate in mutant
tibial bones at postnatal day 14. Thus, the actions of Ihh in the skeletal cartilage adequately regulate
chondrocyte proliferation and maturation required for the organization of the normal growth plate
during embryonic and postnatal periods.
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Control lhh cKO

Figure 3. Chondrocyte-derived Ihh is required for the maintenance of a normal growth plate.
(A,B) Longitudinal view of nCT images in distal femur from control and Gli1-CreER; Thh¥ (Thh cKO).
Control and Ihh cKO littermate mice were treated with tamoxifen at four weeks of age and analyzed
after eight weeks to inactivate the Ih gene. Note decreased trabecular mass and completely lacked
growth plate in Thh ¢cKO mice (B). (C,D) Representative images of femur stained with hematoxylin
and alcian blue. Alcian blue positive cartilage matrix in the distal femur is absent in Thh cKO mice
(D, arrowheads show). Scale bars indicate 1 mm (A,B) and 1.25 mm (C,D).

3.2. Hh Pathway Controls Regulation of Growth Plate Differentiation through Interaction with
PTH-PTHrP Signaling

The Hh pathway through Ihh signaling is critical for not only the initial morphogenesis but also
the subsequent onset and advancement of chondrocyte differentiation in the growth plate. In vivo
genetic studies have verified that the activated Hh pathway controls these processes through interaction
with PTH-PTHrP signaling [7,19,20,28,33,34]. Parathyroid hormone-related peptide (PTHrP), which is
similar to parathyroid hormone (PTH), plays a crucial role in chondrocyte proliferation and hypertrophy
of the growth plate [35,36]. In the growth plate, PTHrP is expressed at high levels in periarticular
resting cells and at low levels in proliferating chondrocytes adjacent to the pre-hypertrophic zone,
while its receptor, Parathyroid hormone 1 receptor (PTH1R), is produced at low levels by proliferating
chondrocytes and at a high level in pre-hypertrophic cells [19,34]. In studies on mice, loss-of-
and gain-of-function of PTHrP and PTHIR have indicated that the PTH-PTHrP signal maintains
chondrocytes proliferating in the growth plate and suppresses their excessive hypertrophy, resulting
in premature mineralization of growth plate chondrocytes [37,38]. Basic studies on animal models
have demonstrated that PTHrP production in the growth plate is controlled by the Hh pathway
through Ihh signaling. As noted above, Ihh is expressed and secreted by pre-hypertrophic and
hypertrophic chondrocytes in the growth plate, while PTHrP is expressed in periarticular resting cells
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and proliferating chondrocytes adjacent to the Ihh expressed pre-hypertrophic zone. A study on a
chicken embryo model has demonstrated that overexpression of Ihh increases PTHrP expression in
periarticular chondrocytes in the growth plate [34]. Hh pathway may not directly control the promoter
activity of PTHrP [39,40]. PTHrP expression is absent from the growth plate in Thh-null mice that exhibit
a skeletal phenotype (leading to accelerated hypertrophy of chondrocytes) similar to that caused by
the PTHrP gene deletion [19]. Studies with the use of compound mutant mice have demonstrated that
constitutive activation of the PTHrP signal in the Ihh-null growth plate partially rescues its abnormality.
Double mutant growth plates do not accelerate chondrocyte hypertrophy, suggesting that the Hh
pathway (through Ihh) controls growth plate development by a PTHrP-dependent pathway [41,42].
PTHrP regulated by Ihh probably plays a critical role in fine-tuning between chondrocyte proliferation
and maturation.

Ihh promotes chondrocyte differentiation hypertrophic chondrocytes; at the same time, PTHrP
expression induced by Ihh maintains the proliferating state of chondrocytes and blocks their
hypertrophic differentiation [7,20,28]. Maintenance of the proliferation state in the growth plate
eventually delays Ihh production by hypertrophic chondrocytes. Thus, Ihh and PTHrP form a
negative feedback loop that both synchronizes and controls the ratio of chondrocyte proliferation and
differentiation in the growth plate.

3.3. Crosstalk between Hh and Other Signaling Pathways as a Basis for Regulatory Mechanisms of Growth
Plate Development and Function

In vivo studies based on genetic manipulation of mice strongly suggest the possibility of signaling
crosstalk underlying strict regulation of growth plate development and function by Hh pathways and
other signaling pathways [20,28,43,44].

3.3.1. Hh and Wnt/B-Catenin Signaling

Wnt/[3-catenin signaling that regulates osteoblast maturation could be affected by the functional
deletion of Ihh from postnatal chondrocytes. It has been identified as playing fundamental roles in
growth plate formation and in the terminal differentiation of osteoblasts from their progenitors adjacent
to the growth plate [31].

In neonatal-tamoxifen-injected Col2al-CreER:Thh mice, efficient deletion of the Ik gene from
postnatal growth plate chondrocytes has shown a significant reduction in 3-catenin expression in the
bone collar and primary trabeculae of mutants. Moreover, a remarkable reduction in the expression
of Dickkopfl (Dkk1) and osteoprotegerin (OPG), the downstream target gene of the Wnt/f3-catenin
signaling pathway, has been evident in the mutants [31]. Furthermore, compound mutant analysis
has shown that the Wnt/B-catenin signaling pathway is a critical downstream target of Hh signaling
from chondrocytes for the regulation of osteoblast differentiation during endochondral ossification.
Also, Hh signaling is activated and Wnt/f3-catenin is inactivated by a chondrocyte-specific deletion of
Ptc-1 and f3-catenin in mice treated with Col2a1 promoter/enhancer [45]. By expression analyses of Hh
signaling target genes, Hhip and Gli-1 marked activation has been found in both Ptc-1 mutant and
double mutant mice in terms of Ptc-1 and (3-catenin, which indicates that Wnt/-catenin is requisite for
bone formation and acts downstream of the Hh pathway. Thus, these observations support the view
that growth plate chondrocyte-derived Thh is critical for skeletal formation through the activation of
the Wnt/-catenin pathway and for regulating its action.
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3.3.2. Hh and FGF Signaling

Fibroblast growth factor (FGF) signaling has been identified as playing fundamental roles in the
proliferation and differentiation process of growth plate chondrocytes [46]. The FGF family comprises
at least 22 ligands that bind to at least four receptors, among which FGF receptor-3 (Fgfr-3) critically
regulates endochondral bone formation in the growth plate [47,48]. Mice carrying null mutations
of Fgfr-3 display accelerated long bone elongation, a high rate of chondrocyte proliferation and
enlargement of chondrocyte columns in the hypertrophic zone [49,50]. Conversely, the gain-of-function
mutation of Fgfr-3 reduces chondrocyte proliferation and results in a markedly shortened long bone
with disorganized chondrocyte columns [51-55]. Minina et al. have shown that the inhibition of growth
plate chondrocyte proliferation, by upregulated FGF signaling through Fgfr-3 activation, is caused
partly through the inactivation of the Hh pathway through Ihh signaling [56]. They have observed that
dominantly activated Fgfr-3 reduces Ihh expression in hypertrophic chondrocytes of the growth plate.
In vitro studies using the limb culture system have shown similar results, indicating an antagonistic
action of FGF signaling in the control of chondrocyte proliferation and in Thh expression [56]. Also, the
Hh signaling pathway is dysregulated in the Fgfr-3 mutant growth plate [57]. As noted above, normally
Ihh is expressed in growth plate chondrocytes of pre-hypertrophic and hypertrophic zones. By contrast,
Fgfr-3-deficient mice show a markedly upregulated Ihh expression in the disorganized mutant growth
plate, revealing an increase in proliferating chondrocytes and expansion of the hypertrophic zone.
Moreover, systemic inhibition of the Hh pathway by smoothened inhibitor treatment partially prevents
growth plate defects of Fgfr-3 mutants [57]. Thus, FGF signaling through Fgfr-3 activation controls the
balance between proliferation and maturation of growth plate chondrocytes by fine-tuning the Hh
pathway and suppressing Ihh expression.

3.3.3. Hh and BMP Signaling

Bone morphogenetic protein (BMP) signaling plays a vital role in endochondral bone
development [7,28,58-60]. In vitro studies have shown that the addition of BMPs to limb explant culture
systems enhances chondrocyte proliferation, and their effect is blocked by noggin, an inhibitor of several
BMPs; also, that Bmp-2 stimulation delays terminal differentiation of hypertrophic chondrocytes [61].
Presently, various in vivo studies on loss-of-function have confirmed these actions of BMP signaling.
Bmp-2 conditional deletion mice using the Col2al-CreER line have demonstrated the failure of
chondrocyte proliferation and maturation in the growth plate [62]. Chondrocyte specific deletion mice
of BMP signal core receptors, BMPR-IA expressed throughout the growth plate, have demonstrated a
disorganized epiphysis and absence of the growth plate [59,63]. Also, conditional deletion of Smad
proteins (Smad1 and Smad5), main signal transducers for BMPR, leads to severe malformed growth
plates and impaired chondrocyte survival [64]. Previous reports have described the interaction of
Hh and BMP signaling in endochondral bone development [61,64]. Studies with the use of the
limb explant culture system have demonstrated that BMP and Ihh signaling interact to coordinate
chondrocyte proliferation and differentiation, for example, Bmp-2 treated limb explants show increased
Ihh expression by hypertrophic differentiation, and promote both the proliferation of chondrocytes
and the elongation of proliferative chondrocyte columns. Moreover, enhanced Thh signaling by
Col2 promoter transgenic model delays hypertrophic differentiation with the upregulation of Bmp
genes [61]. Furthermore, the canonical Smad pathway triggered by BMPs actually acts as an upstream
regulator of Ihh/PTHrP signaling in the growth plate. Chondrocyte specific Smad1/5 conditional
KO mice demonstrate severe chondrodysplasia (as mentioned above). The expression of Ihh and
PTHIrP receptors is completely lacking in the mutant growth plate [64]. Studies have shown that
Ihh is a target of BMP and FGF pathways in chondrocytes and that Smad proteins can bind to the
Ihh promoter region [65]. Interestingly, Smad1/5 cKO analyses have revealed an imbalance of BMPs
and FGF signaling in mutant cartilage: disrupted expression of BMP signaling components and
advanced phosphorylation and nuclear entry of STAT1, one of the core mediators in FGF signaling [64].
Furthermore, characterization and functional analysis of the promoter of Il and Msx2, one of the
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downstream targets in BMP signaling, under the influence of BMP and FGF signaling, has disclosed
that BMP signaling controls the Ihh/PTHrP signaling loop by inhibiting the antagonistic effect of FGFs
on Ihh signaling (as noted above). From these results, it has been proposed that the enhancement of Ihh
expression triggered by BMP signaling might be negatively controlled by FGF activation through BMP
canonical Smad phosphorylation [64]. Taken together, these observations suggest that BMP signaling
has two established functions by cooperating with Ihh (or FGF) signaling in growth plate development:
1) activation of chondrocytes within the resting zone to enter a proliferative state, and 2) prevention of
chondrocyte hypertrophy.

3.3.4. Hh Signaling and Angiogenic Factors

At the chondro-osseous junction (COJ), the onset of the final step of chondrocyte hypertrophy is
initiated by loss of hypertrophic marker genes, tightly synchronized with the induction of vascular
endothelial growth factors (VEGFs) and metalloproteinases (MMPs) [66]. VEGEF signaling plays
critical roles in promoting vascular invasion and consequent remodeling of cartilage matrices by
recruiting osteoblast and osteoclast progenitors. Systemic inhibition of VEGFs by the administration
of its soluble receptor suppresses blood vessel invasion and metaphyseal bone trabeculae formation
with an increased width of the hypertrophic zone of the growth plate [5]. Mmp-9 and Mmp-13 are
prerequisites to the promotion of vascular invasion into the non-calcified hypertrophic matrix (the
lacunae of dying hypertrophs, which do have a mineralized ECM [67]): compound KO mice with
deleting both genes show marked enlargement in the hypertrophic zone of the growth plate [68].
Previous studies have demonstrated that Ihh signaling by hypertrophic chondrocytes plays critical roles
in orchestrating the above vascular invasion and bone remodeling processes at COJ [31,69]. Ihh-null
mutant mice display a significant decrease of VEGF-A, Mmp-9 and Mmp-13 in the disorganized
growth plate, with no osteoclast staining positive for a TRAP [69]. Chondrocyte specific [hh-deficient
mice generated by using Col2a1 promoter/enhancer also show atypical vascular invasion in the central
region of the mutant growth plate [31]. It has also been suggested that Ihh indirectly regulates VEGF
expression of hypertrophic chondrocytes through Runx2 [70,71]. Runx2, a member of the runt family of
transcription factors, plays critical roles in the maturation processes of growth plate chondrocytes under
the influence of Thh signaling [70]. Furthermore, Runx2 plays a role in the induction of VEGF expression
in hypertrophic chondrocytes of the growth plate [71]. Thus, these observations strongly suggest
the existence of a certain link between Thh signaling and terminal phase regulation of chondrocyte
hypertrophy, which includes vascular invasion and cartilage matrix remodeling.

As shown above, this chapter described crosstalk between the Hh pathway and other signaling
factors, Wnt/-catenin, FGFs, BMPs, and VEGF, which are considered essential for normal growth
plate development. In addition to the above, however, numerous other signaling pathways contribute
to the regulation of growth plate development, and the relation between the Hh pathway and those
pathways has yet to be exhaustively elucidated. We believe that the identification of regulatory
signaling interaction with the Hh pathway may reveal additional fundamental molecular mechanisms,
like Ihh/PTHrP signaling, that dominate growth plate development.

3.4. Coupling Role of Hh Signaling Pathway and Intracellular Cholesterol Production in Growth Plate Development

Dysregulation of cholesterol synthesis is involved in multiple developmental abnormalities.
Numerous human mutational and clinical studies provide the notion that cholesterol is vital for
normal skeletal development [72]. Also, previous experimental studies, on animal models treated
with cholesterol synthesis inhibitors, have demonstrated severe skeletal malformations, including
digit patterning defects, and decreased width of the long bone growth plate [73,74]. In mammals,
cholesterol is produced from steroid hormones, bile acids, and vitamins, and intracellular cholesterol
biosynthesis is tightly controlled by proteins in the endoplasmic reticulum (ER), including sterol
regulatory element-binding proteins (SREBPs) and SREBP cleavage-activating proteins (SCAP) [75].
SREBP genes are activated in response to low cellular cholesterol levels by events of protease cleavage
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and transport into the nucleus. SCAP constitutes a complex with SREBP and acts as a cholesterol
sensor. In the case of low cholesterol levels, SCAP recruits SREBP to the Golgi where proteases cleave
SREBP, thereby releasing the N-terminal active domain of SREBP into the nucleus. More recently,
studies with genetically modified mice have revealed that adequate regulation of cellular cholesterol
biosynthesis in the growth plate chondrocyte is requisite for normal endochondral ossification and
maintenance of chondrocyte homeostasis [76]. SCAP conditional deletion mice using the Col2al-Cre
line have displayed disordered growth plates and severe dwarfism. The mutant growth plate has
displayed abnormal primary ossification, disorganized round cells in the resting zone, disrupted
columnar structures in the proliferation zone, and reduction in the hypertrophic zone.

Although it has been strongly suggested that cell-autonomous cellular cholesterol production
is critical for the organization of the normal growth plate, it is additionally represented that the Hh
pathway and cellular cholesterol biosynthesis regulate each other during growth plate formation [76].
As mentioned above, the Hh pathway is involved in the control of chondrocyte differentiation in
growth plate development, as a fundamental regulatory signal. Previous work has shown that Hh
signaling regulates genes encoding intracellular cholesterol biosynthesis in chondrocytes [77]. In the
Col2 promoter transgenic model, enhanced Hh signaling by the overexpression of Gli-2 using Col2
promoter induces higher levels of cholesterol and lipid accumulation in chondrocytes. By contrast,
cholesterol is also capable of controlling Hh signaling at multiple phases in its signaling process, from
ligand processing to coordination of receptors and intracellular effectors. Cholesterol modification of
Hh ligands is needed for the construction of soluble multimeric Hh protein complexes that are freely
diffusible, accumulate in a gradient, and are able to directly activate signaling over long distances [78].
Cholesterol also activates membrane protein smoothened by binding to its extracellular domain [79].
Furthermore, a study has indicated that chondrocyte-specific ablation of SCAP leads to the reduction of
the type X collagen positive hypertrophic zone with decreasing expression of Ihh and Hh target genes,
and exogenous cholesterol treatment slightly reinstates the reduction of Hh target gene expression in
Scap-deficient chondrocytes. Also, enhanced activation of the Hh pathway by Gli-2 overexpression
partially rescues the truncated limb phenotype of SCAP deficient mice [76]. Thus, these observations
suggest that cholesterol biosynthesis is controlled by the Hh pathway, which is, in turn, controlled
by intracellular cholesterol levels in chondrocytes. Detailed analyses of this relationship need to be
prioritized in future studies on long bone development.

3.5. Hh Pathway and Developmental Contribution of Growth Plate Chondrocytes to Skeletal Bone Formation

Longitudinal bone growth progresses by continuous bone replacement of the growth plate,
which is organized into distinct zones of chondrocytes: resting, proliferative, pre-hypertrophic, and
hypertrophic. During longitudinal bone growth throughout postnatal and juvenile periods until early
adulthood, chondrocytes of the growth plate continue to produce new cartilage matrices that are
replaced by bone at the chondro-osseous junction (COJ). Subsequently, chondrocytes at the edge of
the developing hypertrophic zone largely disappear by apoptosis as the cartilage matrix is degraded,
a process concurrent with the invasion of blood vessels, hematopoietic cells, and progenitors for
osteoblasts and marrow adipocytes. Nonetheless, in contrast with the above canonical pathway of
endochondral bone formation, there is now a new emerging concept: direct trans-differentiation
(chondrocyte-to-osteoblast) of growth plate chondrocytes into bone cells during longitudinal bone
growth [8]. This concept is supported by recent genetic lineage tracing studies of growth plate
chondrocytes, using constitutively active and inducible Cre-based transgenic mice, such as Acan-Cre-,
Col2-Cre-, Col10-Cre- and Sox9-Cre-lines [80-83]. These studies have demonstrated that reporter gene
expressing cells derived from growth plate chondrocytes are detected in the osteoblasts and osteocytes
of trabecular and cortical bone, and in the bone marrow stroma during longitudinal bone growth.
These lineage tracing experiments have also revealed that early-postnatal labeled chondrocytes in the
growth plate contribute to multiple skeletal lineages and continue to supply these progeny cells for the
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long-span, over a year. Thus, growth plate chondrocytes provide opportunities for controlling skeletal
formation that occurs rapidly and uniquely in longitudinally growing bone.

More recently, genetic lineage tracing analyses focusing on the Hh pathway have provided
evidence that the contribution of growth plate chondrocytes to skeletal lineage formation is regulated
under the influence of Hh responsiveness in growing long bone [84,85]. As mentioned above, the Hh
pathway through Ihh signaling by hypertrophic chondrocytes has been shown as a critical factor for
adequate differentiation of immature growth plate chondrocytes into a hypertrophic state through
crosstalk with various signaling pathways. Fate mapping studies by using the Gli1-CreER line, in
which the endogenous Gli-1 gene (one of the Hh pathways downstream of target genes) promoter
contains Cre recombinase, have demonstrated that Glil-CreER genetically labeled cells are observed in
hypertrophic chondrocytes and osteoprogenitors at the chondro-osseous junction (COJ). Genetically
labeled osteoprogenitors then commit to the osteogenic lineage in the periosteum, trabecular, and
cortical bone along the developing longitudinal axis, and continue to supply these progenitor cells for
over a year. Our data and studies by others support the concept that correctly regulated Hh-signal
responsive cells within the growth plate are functionally crucial for maintaining skeletal bone formation
during postnatal life (Figures 3 and 4) [85]. Furthermore, these studies have shown that in aged bone,
where longitudinal bone growth ceases, Hh-signal responsiveness and its implication in osteogenic
lineage commitment is markedly reduced [84,85]. This observation affirms that age-related regulation
of Hh-responsiveness in the growth plate may be one of the key regulatory factors that affect cessation
of longitudinal bone growth with age.

The major finding from the above studies (Haraguchi et al. [84] and Shi et al. [85]) is that
Hh-responsive cells in the growth plate comprise osteogenic progenitors that can differentiate into
osteoblast directly. Congenital and traumatic defects of the growth plate produce a wide range
of skeletal disorders including growth retardation, fragmentation, and degeneration with resultant
abnormalities of growth [86,87]. The dysregulation of the Hh or other signaling pathways resulting in a
permanent anomaly of the growth plate-derived osteogenic lineage is one of the causative mechanisms
of skeletal dysplasia in humans. Further understanding of the molecular regulatory mechanism of
growth plate chondrocytes transitioning to the growing long bone may help to improve the treatment
of skeletal growth disorders.
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Control p-catenin cKO

AN,

Figure 4. Loss of f-catenin gene in growth plate derived Hh-signal responded cells results in osteopenia
and fatty bone marrow. (A,B) Longitudinal view of pCT images in distal femur from control and
Glil-CreER; p-catenin?® (B-catenin cKO). Control and B-catenin cKO littermate mice were treated
with tamoxifen at 4 weeks of age and analyzed after 10 weeks to inactivate the p-catenin gene. uCT
imaging revealed that 3-catenin deletion resulted in an abnormal bone formation in the distal femur.
(C-F) Representative images of femur stained with hematoxylin and eosin. (E,F) Higher magnification
of blue boxes in (C,D). Histology revealed a lack of trabecular bone under the abnormal growth plate of
{3-catenin cKO mice (D,F). This bone phenotype was likely due to increased osteoclastic bone resorption
(E, Asterisks mark increased osteoclasts). Histology of the femur also indicated a significant increase in
adipocytes at the metaphysis (F, arrowheads show). Scale bars indicate 1 mm (A,B), 500 um (C,D) and
50 um (E,F).
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4. Aberrant Hedgehog Signaling in Skeletal Disease

The Hh pathway entails a complicated sequence of regulatory events, including the production
and spread of the mature Hh from ligand-secreting cells, tuning of Hh-signal responsiveness in ligands
receiving cells, and intercellular coordination of Hh signal transduction activity. Abnormalities of
the Hh pathway in the above events cause various bone diseases. As shown with evidence from
animal studies, several other reports have shown that Hh signaling regulates and is requisite for bone
development and growth in humans.

4.1. Hedgehog Signalling and Brachydactyly Syndrome

Brachydactylies are one group of congenital skeletal abnormalities that feature mainly truncated
phalanges and/or metacarpals [88-90]. Mutational analyses have indicated that three heterozygous
missense mutations in IHH cause brachydactyly type Al (BDA1; OMIM 112500), which features
truncated or lacking phalanges [88]. Analyses of Ihh deficient mice have defined the relation between
IHH mutations and BDA1 as disturbed Hh pathway through Ihh signaling leading to truncated
limbs [91]. Mutations responsible for BDA1 have been restricted to the N-terminal domain of IHH,
and for the most part have altered codon positions 95, 100, and 131 [92-94]. The DBA1 mouse model,
generated with the use of Ihh point mutated mice, had one of the mutations, E95K, inserted into the
mouse Ihh gene locus; the result was that the point mutated mice demonstrated shortened middle
phalanges in digits IT and V [91]. Thus, the BDA1 mutation (E95K) results in an alteration of the
signaling range and binding capacity of the IHH protein in the interaction with Hh co-receptors,
such as PTC-1 and antagonist HHIP. Structural analyses have revealed features of the mutations that
cause BDA: 1) E95K mutation is involved in the morphogenetic gradient of the IHH protein in vivo,
2) E95K and D100E mutations result in instability of the N-terminal domain of IHH (IHH-N) with
enhanced intracellular degradation at the lysosome, 3) E95K and E131EK mutations affect multimeric
formation and cholesterol modification of IHH-N, 4) all three mutations affect the binding capacity of
IHH-N to the receptor PTC-1 [93]. These observations imply that Hh mutations impair interaction with
Hh receptors and strongly implicate changed Hh signaling capacity and range in the pathogenesis
of brachydactyly.

4.2. Hedgehog Signaling and Cartilage Tumorigenesis

Cartilaginous tumors are the most frequently occurring benign neoplasms in the skeleton [95-97].
The common lesions, enchondroma and osteochondroma, that form adjacent to growth plates during
skeletal development, have the potential for malignant change to chondrosarcoma. Cartilaginous
tumors arise as a result of mutations in several genes [98-103]. Patients with enchondromatosis
(Ollier disease and Maffucci syndrome, OMIM 166000) are endowed with inactivating mutations
in the Parathyroid hormone 1 receptor (PTH1R), while mice with the PTHIR mutation at codon
150 develop multiple enchondroma-like lesions with upregulated Hh signaling [100,104]. Hereditary
multiple exostoses syndrome (HME; OMIM 133700) is associated with heterozygous mutations in
EXT genes (EXT1 and EXT2), which encode glycosyltransferases that catalyze the polymerization
of heparan sulphate (HS) chains [101,102]. Extl or Ext2 deleted cells do not synthesize sufficient
amounts of HS-rich proteoglycan (HSPG), which is vital for the regulation of the binding and diffusion
of Hh ligands on the cell surface [105,106]. Although Ext1/2 KO mice develop skeletal lesions
similar to osteochondroma in HME with an abnormal extracellular distribution of Hh ligands [107],
recent studies have demonstrated that the autosomal dominant disorder metachondromatosis
(MC; OMIM 156250), a rare disease characterized by enchodroma and osteochondroma, is found to be
involved in heterozygous loss-of-function mutations in tyrosine-protein phosphatase non-receptor
type 11 (PTPN11), encoding protein tyrosine phosphatase SHP2 that relays signals from the activated
Ras/extracellular signal-regulated kinase (ERK) pathway [98,103]. Analysis of Ptpnl1-deficient mice
has revealed the association between PTPN11 mutations and MC, just as the inactivated Ptpnl1
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pathway in KO mice leads to lesions very similar to MC, and mutant chondroprogenitors enhances
Ihh expression. Interestingly, in all the above syndromes showing cartilaginous tumors, aberrant
activation of the Hh pathway is observed in their cartilaginous lesions [108]. These findings strongly
support the view that over-activated Hh signaling at the growth plate is sufficient to cause cartilaginous
neoplasms and that some regulatory signaling including PTH/PTHrP, EXTs, and PTPN11 acts as a
tumor suppressor in cartilaginous tissues through the inhibition of Hh signaling.

4.3. Hedgehog Signaling and Heterotopic Ossification

Progressive osseous heteroplasia (POH; OMIM 166350) is an autosomal dominant skeletal
disorder characterized by widespread heterotopic ossification of skeletal muscle and deep soft
connective tissue [109,110]. POH has been described as caused by loss-of-function mutation of GNAS
encoding the stimulatory alpha subunit, Gas, that transduces signals from G protein-coupled receptors
(GPCRs) [111,112]. The main phenotypical indication of POH is advanced articular deformation and
growth retardation, which are caused by ectopic ossification from embryonic mesenchymal progenitor
cells. Analysis of Gnas-deficient mice has revealed the underlying molecular mechanism of POH
pathogenesis. Mice carrying tissue-specific mutations of Gnas using Prx1-Cre transgenic driver line
display POH-like skeletal anomalies with ectopic expression of osteogenic markers, and aberrant
mineralization disclosed by Von Kossa staining [112]. Interestingly, in Gnas-deficient cells, the Hh
pathway is activated as indicated by the higher expression of Hh target genes, Ptc-1, Gli-1, and
Hhip, and Hh signaling is upregulated in patients with POH. Furthermore, another analysis has also
demonstrated that Gnas acts through cAMP and PKA, downstream pathways of Gnas, to suppress Hh
signaling and that reducing Hh signaling activity partially improves the phenotypes of POH [112].
These findings have provided strong evidence that Hh signaling is closely associated with Gnas in
skeletal development. In soft tissues without ossification, such as muscle and skin, the activity of the
Hh pathway may be rigorously regulated by the GPCR pathway through GNAS to prevent ectopic
bone formation during early skeletal genesis.

Abundant genetic evidence, that the Hh pathway plays a central role during skeletal formation,
has been accumulated over the past two decades, and ongoing studies for the integrated understanding
of its dysregulation and development in human skeletal disorders continue to the present day. A great
number of researchers and clinicians suggest that the Hh pathway represents a novel drug target
with therapeutic potential in diseases, and some pharmacological materials that adjust Hh signaling
activity are being utilized annually. Blocking the Hh pathway may help to improve the treatment
of heterotopic ossification, or cartilaginous tumors. Conversely, activation of Hh signaling may be
effective in the promotion of osteogenesis for tissue repair and recovery from skeletal deformities, or
traumas. Thus, maintaining adequate Hh signaling activity can be thought of as a key element for
sustaining healthy skeletal homeostasis.

5. Concluding Remarks

In this paper, we have reviewed the multiple roles of the Hh pathway in the regulation of
growth plate formation and differentiation. During early chondrogenesis, the Hh pathway promotes
cartilaginous growth in condensed limb mesenchymal cells. After organizing the growth plate, the Hh
pathway, through Ihh signaling by hypertrophic chondrocytes, regulates chondrocyte differentiation
by interacting with PTH-PTHrP signaling, which is termed the PTHrP-Ihh feedback loop system.
Other regulatory pathways, such as Wnt/p-catenin, FGFs, BMPs, and VEGEF, also interact with the
Hh pathway in regulating the growth plate. Moreover, given that the Hh pathway and cellular
cholesterol biosynthesis regulate each other during growth plate formation, Hh may be associated with
bone diseases related to steroid hormones. Furthermore, recent fate-mapping studies have provided
particular evidence showing that epiphyseal hypertrophic chondrocytes under the influence of Hh
signaling include osteogenic progenitors that can differentiate into the skeletal lineage for longitudinally
growing bone.
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The action of the Hh signal in developing long bone is one of the most promising paradigms
for understanding the key developmental mechanisms controlled by a growth plate. Future studies
are needed to define the precise developmental role of signaling cascades, which is important for
understanding skeletal formation (Fgf, Wnt, Bmp, etc.) within Hh-signal-responsive cell lineages
originating from the growth plate. Elucidation focused on the regulatory mechanisms of growth
plate by Hh pathway would have a positive impact on the full understanding of longitudinal bone
development and skeletal disorders.
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Abstract: Sonic hedgehog (Shh) is a secreted protein with important roles in mammalian
embryogenesis. During tooth development, Shh is primarily expressed in the dental epithelium,
from initiation to the root formation stages. A number of studies have analyzed the function of Shh
signaling at different stages of tooth development and have revealed that Shh signaling regulates
the formation of various tooth components, including enamel, dentin, cementum, and other soft
tissues. In addition, dental mesenchymal cells positive for Glil, a downstream transcription factor of
Shh signaling, have been found to have stem cell properties, including multipotency and the ability
to self-renew. Indeed, Glil-positive cells in mature teeth appear to contribute to the regeneration
of dental pulp and periodontal tissues. In this review, we provide an overview of recent advances
related to the role of Shh signaling in tooth development, as well as the contribution of this pathway
to tooth homeostasis and regeneration.

Keywords: sonic hedgehog; tooth development; epithelial and mesenchymal interaction; Glil;
mesenchymal stem cell; lineage tracing analysis; stem cell marker

1. Introduction

Hedgehog (Hh) signaling has been reported to have important roles in the development of many
organs including craniofacial tissues such as palate, lip, salivary gland [1-5], as well as tooth [6].
This signaling requires primary cilia that function in intraflagellar transport (IFT) [7]. Disruption of IFT
trafficking from the base to the tip of the cilium in kif3a-deficient mice results in phenotypes similar to
the loss of Hh signaling, such as tooth dysplasia [8]. Under quiescent conditions, when Hh signaling
is not activated, Patched (Ptch), a receptor of three hedgehog orthologs, including Sonic hedgehog
(Shh), Indian hedgehog, and Desert hedgehog, represses Smoothened (Smo). Canonical Hh signaling
is mediated via Smo activation. When the hedgehog ligand binds Ptch, it relieves this suppression
and Smo accumulates in the tip of the primary cilium. Accordingly, Gli becomes dissociated from
Suppressor of Fused (Sufu), a negative regulator of the Shh signaling. It then leads to the activation
of Gli transcription factors and the downstream hedgehog signaling pathway [9]. Gli transcription
factors have DNA-binding zinc finger domains that bind to sequences on their target genes to initiate
or inhibit their transcription [10]. In contrast, non-canonical Hh signaling occurs through Patched1,
independently of Smo and Gli [11].

Tooth germ is composed of both epithelial and mesenchymal tissues, with dental epithelial tissue
originating from the oral epithelium. However, unlike the nearby oral epithelium, the dental epithelium
expresses Shh [12-16]. During the period of tooth crown formation, Shh-expressing cells are strictly
localized in the dental epithelium, including the enamel knot that corresponds to future cusps, as well as
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ameloblast-lineage cells [17-19]. On the other hand, Ptch-positive cells and its downstream proteins are
located in the dental mesenchyme in the absence of Shh expression [20]. Therefore, it is believed that an
epithelial-mesenchymal interaction exists in which Shh expressed in the epithelium acts on Ptch-positive
mesenchymal cells during tooth development. Conversely, several reports have demonstrated that cells
in the dental mesenchyme regulate Shh expression in the dental epithelium [21-30]. It has been shown
that expression levels of Shh in the dental epithelium are decreased in runt-related transcription factor 2
(Runx2) mutant mice [31]. Runx2 is an essential transcription factor for osteoblast differentiation and is
expressed in both osteogenic- and odontogenic-lineage cells, indicating that dental mesenchymal cells
may regulate Shh expression in the epithelium. Furthermore, it has been reported that Shh signaling is
strictly regulated in certain types of cells and is required for cellular proliferation and differentiation
during different stages of tooth development (Table 1, Figure 1).

Table 1. Roles of Shh signaling during tooth development.

Expressing Cells
Stage - Function References
Shh Ptch, Smo, Gli
Initiation Epithelium Dental mesenchyme Epithelial invagination [32-34]
Crown formation Enamel organ Enamel organ Ameloblast differentiation [35-38]
Calcification Enamel organ Dental papillae Tooth morphogenesis [37-41]
Root formation HERS Dental mesenchyme Root elongation [35,42—-44]
Initiation Crown formation Root formation

Calcification

Figure 1. Process of molar tooth development in mouse. (a—e) Tooth development begins with
thickening of the oral epithelium (E) and progresses to crown (bud, cap, and bell stages) and root
formation stages. Calcification of enamel, dentin (D), and cementum occurs after the bell stage. The
formation stages “initiation,” “crown formation,” and “root formation” correspond to the terms in
Table 1. Higher magnification of the boxed region in “d” is shown in “e.” AB, ameloblast; DM, dental
mesenchyme; DP, dental papillae; ED, embryonic day; EO, enamel organ; HERS, Hertwig's epithelial
root sheath; ODB, odontoblast; P, pulp; PD, postnatal day. Scale bars = 100 um (a), 50 um (b-d,f),
25 um (e).
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In this review, we focus on the functions of Shh signaling related to tooth development. In addition,
we introduce recent findings concerning the relationship between Shh signaling and stem cell
maintenance, with an emphasis on the potential of Shh signaling for the regeneration of dental tissues.

2. Shh Is Important for Epithelial Invagination at the Initiation of Tooth Development

Tooth development is regulated by reciprocal interactions occurring between epithelial and
mesenchymal tissues. These interactions are controlled by several conserved signaling molecules,
including bone morphogenetic proteins (BMPs), fibroblast growth factor, Wnts, and Shh [24,25]. At the
beginning of tooth development, the oral epithelium actively grows and invaginates toward the
mesenchyme. The expression of Shh has been demonstrated in the thickening epithelium at the site
where tooth formation will occur [31,45-47]. Shh signaling related molecules such as Ptch, Smo, Glil,
Gli2, and Gli3 are also expressed in the dental mesenchyme around the thickening epithelium [32,48].
The implantation of Shh-soaked beads into the dental mesenchyme has been shown to enhance the
expression of Ptch and Glil at this site, subsequently resulting in an irregular shape of the thickening
epithelium. On the other hand, the implantation of Shh-soaked beads into the oral epithelium, but not
around the thickening dental epithelium, induces an ectopic epithelial invagination [33]. Enhancement
of Shh expression in the dental epithelium using the Keratin 14 promoter inhibits cellular proliferation
and arrests tooth development during the early stage [34]. Conversely, the inhibition of Shh signaling
by cyclopamine, an antagonist of Smo, inhibits the invagination and extension of the oral epithelium
into the dental mesenchyme [33]. In Gli2 and Gli3 double-mutant mice, although epithelial thickening
is observed in the oral epithelium, the epithelium does not proceed to form the enamel organ [32].
Therefore, Shh signaling appears to have an important role in dental epithelial cellular proliferation
and invagination.

3. Shh Regulates Enamel Formation

During tooth development, the invaginated dental epithelium extends and forms the enamel
organ. Epithelial cells in this tissue can be divided into three types of tissues, namely, the inner and
outer epithelia and the stellate reticulum. During tooth crown formation, the cells in the inner enamel
epithelium differentiate into ameloblasts that form the enamel. The inner enamel epithelium at this
stage expresses both Shh and Ptch [24,49-54], and suppression of these expressions results in the
inhibition of the proliferative activity of the epithelial cells [35]. In addition, it has been demonstrated
that inhibition of Shh signaling in tooth germ using a neutralizing antibody suppresses ameloblast
differentiation [36].

Shh is also expressed in enamel-secreting ameloblasts [55-57]. As such, the loss of Shh signaling
in ameloblast-lineage cells using genetic modification techniques has been shown to cause unpolarized
ameloblast differentiation and enamel hypoplasia, resulting in the disruption of normal tooth
morphology [37]. Therefore, Shh signaling appears to have multiple roles, which include the
proliferation and differentiation of cells in the inner enamel epithelium and in differentiated ameloblasts.

4. Shh Signaling Functions in the Dental Mesenchyme and Is Involved in Tooth Morphogenesis

It has been reported that the inactivation of Shh signaling in the dental epithelium results in
the formation of small teeth with the disappearance of Ptchl- and Glil-positive cells in the dental
mesenchyme [39]. Suppression of Sufu in dental mesenchymal cells results in deletion of primary
enamel knot in the enamel organ as well as retardation of transition from bud to cap stage of tooth
development [40]. It has also been demonstrated that crown size depends on the contact area between
the Shh-expressing inner enamel epithelium and the dental mesenchyme [54]. These findings indicate
that Shh signaling may regulate cellular proliferation in the dental mesenchyme, thereby controlling
tooth morphogenesis [38,41,58].
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5. Deletion of Shh Signaling in Hertwig’s Epithelial Root Sheath (HERS) Suppresses Tooth
Root Elongation

After crown formation, the inner and outer enamel epithelium fuse at the lower edge of the enamel
organ, forming a bilayered tissue referred to as HERS. Morphologically, the HERS bends inward
during the early stages of root formation and grows between the dental papilla and dental follicle. In
general, the HERS has been accepted as the principal structure controlling root formation, as this tissue
disappears upon completion of root formation. Recent studies have demonstrated that growth factors,
including BMPs and transforming growth factor-beta, mediate reciprocal epithelial-mesenchymal
interactions during tooth root development [21,45,46,59]. It has also been shown that the epithelial
cells of the HERS secrete Shh [42,43,60]. In this process, via Shh signaling, dental mesenchymal cells
expressing Ptch are stimulated to form the root dentin [35,36].

Nuclear factor Ic (Nfic) knockout mice have normal tooth crowns, but a defect of tooth root formation
can be observed in the molars [61]. This suggests that Nfic has an essential role in tooth root formation.
The loss of Shh in the HERS has been shown to inhibit the expression of Nfic in the dental mesenchyme
around the HERS [43]. Therefore, it is considered that Shh is an important signaling molecule of the
epithelial-mesenchymal interaction and regulates tooth root formation.

6. Signaling Pathways of BMP-SHH and SHH-BMP Regulate Tooth Root Formation

While evidence suggests that Shh signaling has an important role for tooth root development [42,44],
the mechanisms of this process remain controversial. In the process of tooth root development, as
mentioned above, BMPs are important signaling molecules that regulate epithelial-mesenchymal tissue
interactions [45,46,62]. In particular, BMPs principally function via receptor complexes consisting of
BMP receptor types I (BMPR-I) and II (BMPR-II) [63]. BMPs activate these receptors upon binding,
which then leads to the phosphorylation of R-Smads. Phosphorylated R-Smads subsequently interacts
with Smad4 to form a complex, which is translocated to the nucleus [64,65]. This complex then induces
the expression of downstream proteins, including Runx2, which are essential transcription factors for
hard tissue-forming cell differentiation [66].

The inactivation of Smad4 in the dental epithelium using Keratin 14-Cre; Smad4fl/fl mice have
been shown to cause the absence of Shh expression in the HERS, resulting in the formation of short
tooth roots [43]. In addition, a similar phenotype is observed in mice with mutated BMPR-I in the
dental epithelium [67]. In the dental mesenchyme, some positive cells for downstream proteins of Shh
signaling are known to be present, including Glil. The inhibition of BMP signaling in these Glil-positive
cells results in a failure of root dentin formation [43,67]. Therefore, it can be speculated that certain
key molecules regulated by Shh signaling may be closely associated with tooth root development,
suggesting that BMP and Shh signaling pathways may be regulators of tooth root formation.

7. Glil-Expressing Cells Possess Stem Cell Properties in Mature Tooth

Multipotent mesenchymal stem cells have been described in a variety of tissues with varying
developmental origins and physiological functions [68,69]. Although human permanent and deciduous
teeth are known to contain mesenchymal stem cells in the periodontal ligament and dental pulp [70-72],
visualization of these cells has yet to be achieved. Recently, iGlil/Tomato mice, which are transgenic
for the Gli1CreERT2; R26RtDTomato gene [73,74], have been used for lineage tracing analysis of
Glil-positive cells in various organs [75-81]. In this mouse model, Glil-positive cells were shown to
express the Cre recombinase-mutated estrogen receptor (CreERT2). Since CreERT2 is only active in
the presence of tamoxifen, Glil-positive cells start to express Tomato red fluorescence after tamoxifen
administration. Tomato red fluorescence is also observed in the daughter cells of Glil-positive cells
after cell division. Therefore, this system can be used to continuously trace Glil-positive cells and their
daughter cells (Figure 2a).
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Figure 2. Schematic illustrations of characteristics of Glil-positive cells in mature teeth. (a) After
tamoxifen administration in iGlil/Tomato mice, Glil-positive cells are shown to express Tomato red
fluorescence. Cells that once expressed Tomato red fluorescence continuously emit this fluorescence
even after cell division. Using this system, itis possible to trace the differentiation process of Glil-positive
cells and their progeny cells. (b) Glil-positive cells exhibit high colony-forming unit fibroblast (CFU-F)
activity. These cells also have trilineage potential to form osteoblasts, chondrocytes, and adipocytes
in vitro. (c) After tooth transplantation into subcutaneous tissue, Glil-positive cells differentiate into
odontoblasts, osteoblasts, and fibroblasts during tissue regeneration.

In a previous study, we revealed that Glil-positive cells are present in the dental pulp and the
periodontal ligament in mature teeth [82]. These cells are barely detected around the blood vessels in
mature tooth (Figure 3a—e). In addition, Glil-positive cells have been identified as mesenchymal stem
cells with the ability to self-renew and with trilineage differentiation potential (Figure 2b). Although
Glil-positive cells are quiescent under normal conditions after the completion of tooth formation, they
can proliferate after tissue injury, contributing to tissue repair (Figure 2c). In the following chapters,
recent studies demonstrating the stem cell abilities of Glil-positive cells during tooth development
will be discussed.
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Figure 3. Distribution of Glil-positive cells in mature teeth. Higher magnification of the boxed region

n “a” are shown in “b”-"e.” (a-c) Glil-positive cells are present in the dental pulp (DP) and the
periodontal ligament (PDL). (d—e) The merged image of Endomucin and Periostin with Glil/Tomato
fluorescence demonstrate that most Glil/Tomato-positive cells are distributed near blood vessels (BV).
AB, alveolar bone; D, dentin. Scale bars = 100 um (a), 25 um (b—e).

8. Glil-Positive Cells Supply Ameloblast-Lineage Cells in the Rodent Incisor

Since rodent incisors erupt continuously throughout the life of the animal, epithelial stem cells that
differentiate into enamel-forming ameloblasts are present in the dental epithelium at the posterior apex
of the incisor [83]. In addition, Glil-positive cells are distributed in proximity to Shh-expressing cells in
the cervical loop of the incisor. These cells have been shown to be co-localized with bromodeoxyuridine
label-retaining cells, suggesting the presence of both stem cells and transit-amplifying cells [84].
Using lineage tracing analysis, Glil-positive cells in the dental epithelium of the mouse incisor
have been shown to proliferate and differentiate into ameloblasts [85]. Furthermore, since the
formation of enamel can be blocked in the mouse incisor by the administration of hedgehog pathway
inhibitors [36,37,85], Shh signaling may contribute to both the maintenance of epithelial stem cells and
ameloblast differentiation.
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9. Glil-Positive Cells Are Mesenchymal Stem Cells in Developing Tooth

Mesenchymal cells in tooth germ have been considered to originate from the cranial neural
crest [86]. In the mouse incisor, it has been reported that most cells originating from the cranial neural
crest express Glil and are localized at the posterior apex of the dental mesenchyme without a high
proliferation ability. These cells expand and populate the entire dental pulp, as well as the periodontal
ligament [87,88]. Zhao et al. [87] suggested that Shh secreted by sensory nerves, not the dental
epithelium, is important for the maintenance of these Glil-positive cells in the dental mesenchyme of
the mouse incisor. Similarly, it has been reported that the nerve-derived Shh is involved in supporting
the stem cell niche in hair follicle for its development and regeneration [89].

Just after the beginning of root formation stage of the mouse molar, the HERS secrets Shh [42,43].
Glil-positive cells are then distributed in the dental mesenchyme around the HERS [44,67,90] and
proliferate as the tooth root elongates, differentiating into root-forming cells such as odontoblasts,
cementoblasts, and fibroblasts in the dental pulp and the periodontal ligament [44,91]. These
Glil-positive cells have also been shown to have multilineage potential and high colony-forming
unit fibroblast (CFU-F) activity in vitro [90]. Furthermore, root elongation is not observed in tooth
germ lacking Glil-positive cells during the root formation stage [44]. Therefore, Glil-positive cells are
believed to supply the cells involved in tooth root formation. These results also indicate that Glil may
be a useful marker of mesenchymal stem cells in the developing tooth (Table 2).

Table 2. Differentiatial ability of Glil-positive cells in mouse developing tooth.

Tooth Localization of Glil-Positive Cells Differentiating Cells References
Inci Epithelium in cervical loop Ameloblasts [85]
nesor Mesenchyme around cervical loop Crown forming cells without ameloblasts [87,88]
Molar Mesenchyme around HERS Root forming cells [44,67,90]

10. Can Shh Signaling Be a Target for Tooth Regeneration Therapy?

Cell replacement therapies using undifferentiated cells are considered to be one of the most
effective methods for cellular and tissue regeneration. As such, regenerative therapies using stem
cells have been widely studied in a variety of organs [92,93]. This approach is considered to be
constructive as it promotes healing in the original cells. In vivo studies have shown that, after tooth
transplantation into the subcutaneous tissue, stem and undifferentiated cells can differentiate into
odontoblasts [94,95], cementoblasts, and osteoblasts [96,97]. Interestingly, the majority of cells with
this regenerative ability have been shown to express Glil (Figure 2c).The collection of dental pulp
and periodontal ligament cells containing Glil-positive cells from teeth extracted for orthodontic
reasons or from nonfunctional third molars is possible. In addition, the elucidation of mechanisms
concerning stem and undifferentiated cell maintenance by Shh signaling may lead to the application of
Glil-positive cells for tooth regeneration. However, in practical terms, a large number of replacement
cells would be required because stem cells in tooth are present only in a limited number. Furthermore,
in vitro culture systems to expand these stem cells, while maintaining their unique characteristics,
have not been established. Therefore, a better understanding of the mechanisms underlying the
maintenance of stemness, as well as tooth cell differentiation in Glil-positive cells, may lead to more
effective biologically activating therapies than are currently offered by traditional dental treatments.

11. Conclusions

Shh signaling is deeply involved in tooth formation and has different functions at each stage
of tooth development. Therefore, a greater understanding of tooth formation may accelerate the
development of novel regenerative and restorative therapies. Indeed, recent studies have shown that
cells expressing Glil, a downstream factor of Shh signaling, are mesenchymal cells in both developing
and mature teeth. Thus, it is expected that additional functions of Shh signaling in tooth formation, as
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as the regulatory mechanism of stem cell properties in the dental mesenchyme, will be elucidated

and lead to the development of new dental therapies.
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BMP Bone Morphogenetic Protein

BMPR Bone Morphogenetic Protein Receptor
CreERT2 Cre Recombinase-mutated Estrogen Receptor
HERS Hertwig’s Epithelial Root Sheath

Hh Hedgehog

IFT Intraflagellar Transport

Ptch Patched

Runx2 Runt-related Transcription Factor 2

Shh Sonic Hedgehog

Smo Smoothend
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Abstract: Bone fracture healing involves the combination of intramembranous and endochondral
ossification. It is known that Indian hedgehog (Ihh) promotes chondrogenesis during fracture healing.
Meanwhile, Sonic hedgehog (Shh), which is involved in ontogeny, has been reported to be involved
in fracture healing, but the details had not been clarified. In this study, we demonstrated that Shh
participated in fracture healing. Six-week-old Sprague-Dawley rats and Gli-CreERT?; tdTomato mice
were used in this study. The right rib bones of experimental animals were fractured. The localization
of Shh and Glil during fracture healing was examined. The localization of Glil progeny cells and
osterix (Osx)-positive cells was similar during fracture healing. Runt-related transcription factor 2
(Runx2) and Osx, both of which are osteoblast markers, were observed on the surface of the new bone
matrix and chondrocytes on day seven after fracture. Shh and Glil were co-localized with Runx2 and
Osx. These findings suggest that Shh is involved in intramembranous and endochondral ossification
during fracture healing.

Keywords: sonic hedgehog; stem cell; animal experiment; fracture healing

1. Introduction

The fracture healing process consists of four overlapping phases, namely, inflammation,
proliferation, callus formation, and bone remodeling. Immediately following fracture, the injury
initiates an inflammatory response that is necessary to promote healing. The response induces the
development of a hematoma, which consists of cells from both peripheral blood vessels and bone
marrow. The hematoma coagulates between and around the fracture site and within the bone marrow,
providing a template for callus formation [1]. Vascularization supplies mesenchymal stem cells (MSCs),
which differentiate into chondrocytes or osteoblasts simultaneously with cartilage tissue development
(proliferation phase) [2,3]. The cartilage matrix begins to form at the fractured bone gap during the
callus formation phase. Meanwhile, intramembranous ossification occurs internal to the periosteum
adjacent to the fracture line and forms the bone matrix [4]. MSCs directly differentiate into osteoblasts
at the fracture site along the proximal and distal edges of fractured bone during intramembranous
ossification. After cartilage tissue maturation, new bone formation is initiated as the cartilage tissue
is resorbed and vascularization is induced to replace the cartilage tissue with bone. It has also been
reported that primary bone formation is initiated peripheral to the newly formed cartilage region at
the fractured bone site [5]. The bone remodeling phase recapitulates embryonic bone development
with a combination of cellular proliferation and differentiation, increasing the cellular volume and
matrix deposition [1]. Finally, remodeling of the hard callus into a lamellar bone structure occurs (bone
remodeling phase).
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The biological process occurring during bone fracture healing is regulated by several signaling
molecules. Hedgehog (HH) proteins are among the signaling molecules required for endochondral
bone formation during embryonic development, and they regulate bone homeostasis by controlling
MSC proliferation [6,7]. HH signaling is also involved in the regulation of MSC proliferation in adult
tissues. Aberrant activation of HH pathways has been linked to multiple types of human cancer [7].
These pathways are also activated during intramembranous and endochondral ossification in the
fracture healing process, but it is not clear if they are involved in the healing process [5]. HH signaling
pathways play critical roles in developmental processes and in the postnatal homeostasis of many
tissues, including bone and cartilage. The HH family of intercellular signaling proteins plays important
roles in regulating the development of many tissues and organs. Their name is derived from the
observation of a hedgehog-like appearance in Drosophila embryos with genetic mutations that block
their action. Three types of HH proteins have been reported in mammals, namely Sonic HH (Shh),
Indian HH (Ihh), and Desert HH (Dhh). Ihh is up-regulated during the initial stage of fracture repair,
and it regulates differentiation indirectly by controlling cartilage development at the fracture site. Ihh
regulates osteoblast differentiation indirectly by controlling cartilage development [8]. In general,
Shh acts in the early stages of development to regulate patterning and growth [9]. Recently, several
studies reported that Shh might be related to fracture healing [10,11]. Following the inactivation of
HH signaling, the activity of Smo is inhibited by a receptor known as Patched (Ptch). Binding of
the HH ligand Ptch relieves the inhibition of Smo, and activated Smo blocks the proteolysis of Gli
proteins in the cytoplasm and promotes their dissociation from suppressor of fused (SuFu). Following
dissociation from SuFu, activated Gli proteins translocate into the nucleus and promote the expression
of Hh target genes, including Gli1 [9,12]. Glil positivity has been identified as a marker for MSCs [13].
Another study uncovered that Glil is involved in osteoblast differentiation [14]. However, it is unclear
that whether Shh proteins are involved in fracture healing. In this study, we demonstrated that Shh
protein and the related proteins Smo and Glil were involved in osteoblast differentiation at the fracture
healing site via immunohistochemical analysis.

2. Results and Discussion

In this study, we hypothesized that Shh is related to the healing process of fractures and investigated
and compared the positive localization of Runx2 and Osx, which appear during the fracture repair
process, with that of Shh and its downstream factor Glil. Runt-related transcription factor 2 (Runx2),
which is an essential factor for bone formation, is expressed very early in skeletal development. Osterix
(Osx) is activated downstream of Runx2 during osteoblastic lineage differentiation [15,16]. On the day
of fracture (day 0), a few Runx2-positive and Osx-positive cells were observed on the bone surface
in the periosteum (Figure 1a,c). Shh-positive cells were rarely observed in the periosteum on day 0
(Figure 1b). Furthermore, Glil-positive cells were also rarely observed (Figure 1d). However, Shh
and Glil positivity were localized to osteocytes in the bone matrix. These results indicated that Shh
signaling occurred in osteocytes but not in undifferentiated cells in the periosteum. Moreover, in this
study, we traced the fate of Glil-positive cells in Glil-Cre recombinase-mutated estrogen receptors
(CreERT?); tdTomato mice on day seven after fracture by administering tamoxifen. Previous reports
demonstrated that 3 days are required for Cre activation after tamoxifen administration [8]. In our
genetically modified mouse system, both Glil-positive cells and their progeny were permanently
marked by red fluorescent protein expression. Gli1-CreER™?; td Tomato mice, which are transgenic for
the Gli1-CreERT?/Rosa26-loxP-stop-loxP-tdTomato gene, were used to generate Glil-positive and progeny
cells through lineage-tracing analysis. Glil-positive cells expressed the CreERT?. CreER™? has the
function of specifically recognizing and removing the LoxP site. Moreover, CreER™ binds to tamoxifen
but not to natural estrogens. Glil-positive cells were found to express tomato red fluorescence after
tamoxifen administration. Since tomato fluorescence is expressed permanently, not only Glil-positive
cells but also progeny cells were found to express tomato red fluorescence [17].
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New cartilage matrix formed around the fracture site (Figure 1e). The localization of Glil progeny
cells and Osx-positive cells was examined at the fracture healing site (Figure 1e*). Glil positivity
was observed in chondrocytes and the perichondrium around the cartilage matrix at the fracture site
(Figure 1e*). Osx positivity was localized in cells surrounding new cartilage matrix. The merged image
of Glil-positive and Osx-positive areas indicated that most Osx-positive cells were co-localized with
Glil-positive cells (Figure 1e*). These results indicate that Gli-positive cells and their progeny cells
might differentiate into osteoblasts after bone fracture. This result was consistent with another report
that Glil marked a major skeletal progenitor pool contributing to both bone and cartilage formation
during bone fracture healing in postnatal mice [8].
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Figure 1. Histological analysis at day 0 on rat lib bone and at day seven on mouse lib bone fracture.
(a) Runx2-positive cells were rarely observed at the surface of bone matrix in the periosteum (arrows).
Scale bar: 50 um. (b) Shh-positive expression was observed at the surface of bone matrix and osteocyte
(arrows). Scale bar: 50 um. (c) Osx-positive cells were rarely observed at the surface of bone matrix in
the periosteum and same localization as Runx2. Scale bar: 50 um. (d) Glil-positive expression was
observed at the surface of bone matrix and osteocyte and same as Shh localization (arrows). Scale
bar: 50 um. (e) Cross section pictures of fracture site. Newly formed cartilage matrix was observed
around new bone and bone marrow. Scale bar: 100 pm. (e*) Glil-positive cells were observed in
perichondrium and formed new cartilage at the fracture site (red fluorescent cell). Osx-positive cells
were localized around the new cartilage matrix (green fluorescent cell). The merged image of Glil-
and Osx-positive areas demonstrated that the most Osx-positive cells merged on Glil-positive cells
(arrows). Scale bar: 50 pm. (P: periosteum; CB: cortical bone; PC: perichondrium; C: cartilage; NB: new
bone; BM: bone marrow).

Onday 1, hematoma and granulation tissue were observed at the bone fracture gap. Runx2-positive
and Osx-positive cells were observed extensively in the remaining periosteum near the fracture
site (Figure 2a*b*). However, few Runx2-positive and Osx-positive cells were noted in the intact
periosteum far from the fracture site (Figure 2a**,b**). Runx2-positive and Osx-positive cell numbers
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in the periosteum near the fracture site were remarkably higher than those far from the fracture site
(Figure 3A,B). These results indicated that MSCs committed to osteoblast or chondroblast differentiation
participated in intramembranous and endochondral ossification only near the fracture site.
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Figure 2. Histological analysis at day 1 on rat lib bone fracture (red arrow). (a) Runx2-positive cells
were observed in remained periosteum. Scale bar: 100 um. (a*) Runx2-positive cells near the fracture
site (arrows). Scale bar: 50 um. (a**) Runx2-positive cells were rarely observed far from bone fracture
site. Scale bar: 50 um. (b) Osx-positive cells were observed in remaining periosteum. Scale bar: 100 pum.
(b*) Osx-positive cells near the fracture site (arrows). Scale bar: 50 um. (b**) Osx-positive cells were
rarely observed far from the bone fracture site. Scale bar: 50 pm. (P: periosteum; CB: cortical bone).
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Figure 3. The positive cell number count on day 1. (A) Runx2-positive and (B) Osx-positive cell
numbers in the periosteum near the fracture site were remarkably higher than those far from the
fracture site. Data represent the mean + SE (n = 3/group). Asterisks indicate the statistical significance
of the differences (* p < 0.05, t-test).

Large numbers of Shh-positive and Glil-positive cells were also found in the periosteum only near
the fracture site (Figure 4a*b*). Their numbers increased on day one in the periosteum adjacent to the
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fracture site compared with the number of Shh-positive and Glil-positive cells on day 0 (Figure 5A,B).
Shh-positive and Glil-positive cell numbers in the periosteum near the fracture site were remarkably
higher than those far from the fracture site (Figure 5A,B). These results indicate that Shh and Glil,
which emerge after bone fracture in the periosteum, might be associated with osteoblast differentiation.
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Figure 4. Histological analysis at day 1 on rat lib bone fracture (red arrow). (a) Shh-positive cells were
observed in remaining periosteum. Scale bar: 100 pm. (a*) Shh-positive expression near the fracture
site (arrows). Scale bar: 50 pm. (a**) Shh-positive cells were rarely observed far from the bone fracture
site. Scale bar: 50 um. (b) Glil-positive cells were observed in remaining periosteum. Scale bar: 100 pm.
(b*) Glil-positive cells near the fracture site (arrows). Scale bar: 50 um. (b**) Glil-positive cells were
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rarely observed far from the bone fracture site. Scale bar: 50 pum.
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Figure 5. The positive cell number count on day 1. (A) Shh-positive and (B) Glil-positive cell numbers
in the periosteum near the fracture site were remarkably higher than those far from the fracture site.
(A) Shh-positive and (B) Glil-positive cell numbers in the periosteum near the fracture site at day 1
were higher than those at day 0. Data represent the mean + SE (n = 3/group). Asterisks indicate the
statistical significance of the differences (*p < 0.01, Tukey’s test).

On day 7, a newly formed cartilage matrix was observed in the fracture gap (Figure 6a). It has
been reported that endochondral ossification is observed in the fracture gap at that time [18,19].
Sox9 positivity was observed in chondrocytes as well as on the bone matrix surface (Figure 6b¥).
Runx2-positive and Osx-positive cells were observed on the surfaces of newly formed bone matrix
and chondrocytes (Figure 6b**,c*,c**). Shh-positive and Glil-positive cells were also observed on the
surfaces of newly formed bone matrix and chondrocytes (Figure 6d*,d**,e* e**). In addition, new bone
matrix extending from the proximal and distal edges of the fractured bone surface, which is termed
intramembranous ossification, was observed (Figure 6a). A large number of Osx-positive cells were
also observed on the surface of newly formed bone extending from the proximal and distal edges.
Osx-positive cells were localized on the new bone surface around the newly formed cartilage matrix
(Figure 6¢*). This result is consistent with another report in which MSCs directly differentiated into
osteoblasts in the perichondrium around the cartilage matrix after bone fracture, resulting in bone
formation [20]. Shh-positive and Glil-positive cells localized along the surface of newly formed bone
(Figure 6d*,d**,e*,e**). These results indicate that the Shh—Glil signaling pathway might regulate
intramembranous and endochondral ossification at the fracture site.

On day 14, newly formed cartilage matrix at the fracture site began to resorb, and it was replaced
by newly formed bone known as primary bone (Figure 7a) [21]. In the resorbed cartilage area,
many Osx-positive and cathepsin K (CathK)-positive cells were observed (Figure 7b,c). Positivity for
osteopontin (OPN), which is a bone matrix component, was observed around the resorbed cartilage
matrix (Figure 7d) [22]. Shh and Glil positivity localized around the resorbed cartilage matrix
(Figure 7e,f). These results indicate that the Shh-Glil signaling pathway participates in new bone
formation by osteoblasts.
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Figure 6. Newly formed cartilage and bone matrix were observed in the fracture site. (a) Newly formed
cartilage matrix was observed in fracture site at day 7 on rat lib bone fracture. Scale bar: 100 pm.
(b*) Sox9-positive cells were observed in chondrocyte but not on the cell surface of bone matrix. Scale

bar: 50 um. (c*) Osx-positive cells were observed at the surface of newly formed bone matrix and in
chondrocyte (arrows). Scale bar: 50 um. (d*) Shh-positive expression was also around the new cartilage
matrix (arrows). Scale bar: 50 pm. (e*) Glil-positive cells were also around the new cartilage matrix
(arrows). Scale bar: 50 um. (b**) Runx2-positive cells at the surface of new bone but in the existing
bone (arrows). Scale bar: 50 um. (¢**) Osx-positive cells at the surface of new bone but in the existing
bone (arrows). Scale bar: 50 um; (d**) Shh-positive expression at the surface of new bone but in the
existing bone (arrows). Scale bar: 50 um. (e**) Glil-positive cells at the surface of new bone but in the
existing bone (arrows). Scale bar: 50 um. (CB: cortical bone; NB: newly formed bone; C: cartilage).
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Figure 7. Histological analysis at day 14 on rat lib bone fracture. (a) Reduction of formed cartilage
matrix began to resorb and be replaced by new bone formation on rat lib bone fracture. (b) Osx-positive

cells were observed around reduced cartilage matrix (arrows). (c) Localization of CathK-positive cells
was around remaining cartilage matrix. (d) OPN-positive area was observed around the cartilage
matrix. (e) Shh-positive areas localized around cartilage matrix (arrows). (f) Glil-positive areas found
around cartilage matrix (arrows). (NB: newly formed bone; C: cartilage; Scale bar: 50 um).

3. Materials and Methods

3.1. Experimental Animals

Twenty-six-week-old male Sprague-Dawley rats (Hokudo, Sapporo, Japan) and three Gli-CreER"?;
tdTomato male mice (Jackson Laboratory, Bar Harbor, ME, USA) were used. All experimental animals
were maintained in a specific pathogen-free facility. All experiments were approved and performed
according to guidelines set forth by the Animal Ethics Committee of the Health Sciences University
of Hokkaido (The ethical permission code and permission date: 19-028, 8 March, 2019 and 19-045,
29 March 2019).

3.2. Tamoxifen Administration

Gli1l-CreER™?; tdTomato mice were injected intraperitoneally with tamoxifen (Sigma-Aldrich,
St. Louis, MO, USA) once daily for 3 consecutive days (40 mg/mL, dissolved in corn oil).

3.3. Fracture Experiment

The right eighth rib of each experimental animal was fractured as previously described [10].
Briefly, each experimental animal was anesthetized, and the eighth rib on the right side was exposed
and cut vertical to the axis with scissors. As a control, the right eighth rib of select animals was similarly
exposed but not fractured.
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3.4. Tissue Preparation

The animals were anesthetized subcutaneously with pentobarbital sodium (40 mg/kg) and killed
via cervical dislocation. The ribs of Glil-CreER'2; tdTomato mice were collected 7 days after fracture
and immediately frozen at —80 °C. Each sample was embedded in 5 % carboxymethyl cellulose (CMC)
gel (Section-Lab Co. Ltd., Tokyo, Japan). Each frozen CMC sample was covered with polyvinylidene
chloride film (Section-Lab Co. Ltd.) and sagittally sectioned at a thickness of 5 um. The ribs of
rats were collected 0, 1, 7, and 14 days after fracture and fixed in 4.0% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight at 4 °C. Specimens were demineralized via immersion in 10%
ethylenediaminetetraacetic acid (pH 7.4) for 4 weeks at 4 °C. Following demineralization, the specimens
were embedded in paraffin and sectioned at a thickness of 5 um.

3.5. Immunohistochemistry

For immunohistochemistry, the dehydrated sections were treated with 0.3% H,O, in
phosphate-buffered saline (PBS; pH 7.4) for 30 min at room temperature to inactivate endogenous
peroxidase. Sections were pretreated with 3% bovine serum albumin in PBS for 30 min at room
temperature, followed by incubation with primary antibodies against Shh (1:100, Bioss, Woburn, MA,
USA), Glil (1:100, Novus Biologicals, Centennial, CO, USA), Osx (1:1000, Abcam, Cambridge, MA,
USA), Runx2 (1:1000, MBL, Nagoya, Japan), and OPN (1:100, antibody was kindly provided by Dr.
Hiroaki Nakamura, Matsumoto Dental University, Japan) overnight at 4 °C. Sections were reacted
with Histofine Simple Stain rat MAX-PO (MULTT; Nichirei, Tokyo, Japan) for 1 h at room temperature.
Color was developed using liquid diaminobenzidine substrate-chromogen system (Dako, Carpinteria,
CA, USA). Immunostained sections were then counterstained with methylene green.

3.6. Image Analysis

The 500 um portion from the fracture line of the cortical bone to the midshaft was defined as the
periosteum near the fracture site, and the 2000 um portion from the fracture line of the cortical bone to
the midshaft was defined as the periosteum far from the fracture site. The number of positive cells of
Runx2, Osx, Shh, and Glil present in the periosteum near and far from the fracture were counted by
defining a square (100 x 100 um?).

3.7. Statistical Analysis

The statistical analysis of the data gathered from Runx2-, Osx-, Shh-, and Glil-positive cell
counting was performed using SPSS version 23 (SPSS Inc., Chicago, IL, USA). Analyses of variance
were followed by the t-test and Tukey’s test to determine significance.

4. Conclusions

To date, ithas been demonstrated that Ihh participates in fracture healing by promoting chondrocyte
differentiation. Ihh signaling critically regulates osteoblast differentiation during endochondral bone
development after bone fracture [19,23]. Our results demonstrate that the Shh—Glil signaling pathway
is involved in intramembranous and endochondral ossification during the fracture healing process.
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Abbreviations

Ihh Indian hedgehog

Shh Sonic hedgehog

Osx Osterix

Runx2 Runt-related transcription factor 2

MSCs Mesenchymal stem cells

HH Hedgehog

Ptch Patched

SuFu Suppressor of fused

P Periosteum

CB Cortical bone

C Cartilage

T.B. Toluidine blue

PC Perichondrium

NB Newly formed bone

BM Bone marrow

CreER™2 Cre recombinase-mutated estrogen receptor

CathK Cathepsin K

OPN Osteopontin
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Abstract: During mammalian embryonic development, primary cilia transduce and regulate several
signaling pathways. Among the various pathways, Sonic hedgehog (SHH) is one of the most
significant. SHH signaling remains quiescent in adult mammalian tissues. However, in multiple
adult tissues, it becomes active during differentiation, proliferation, and maintenance. Moreover,
aberrant activation of SHH signaling occurs in cancers of the skin, brain, liver, gallbladder, pancreas,
stomach, colon, breast, lung, prostate, and hematological malignancies. Recent studies have shown
that the tumor microenvironment or stroma could affect tumor development and metastasis. One
hypothesis has been proposed, claiming that the pancreatic epithelia secretes SHH that is essential in
establishing and regulating the pancreatic tumor microenvironment in promoting cancer progression.
The SHH signaling pathway is also activated in the cancer stem cells (CSC) of several neoplasms.
The self-renewal of CSC is regulated by the SHH/Smoothened receptor (SMO)/Glioma-associated
oncogene homolog I (GLI) signaling pathway. Combined use of SHH signaling inhibitors and
chemotherapy/radiation therapy/immunotherapy is therefore key in targeting CSCs.

Keywords: hedgehog; smoothened; cancer stem cells

1. Introduction

During mammalian embryonic development, primary cilia with microtubule-based cellular
organelles protrude from the surface of the cell [1]. Primary cilia defects cause “ciliopathies”, adversely
affecting the development of brain, kidneys, eyes, liver, and other organs. Acting as cellular antenna,
primary cilia transduce and regulate several signaling pathways such as Sonic hedgehog (SHH) and
Wingless-activated (WNT) [1]. Among the various pathways, SHH is one of the most significant.

SHH signaling remains quiescent in adult mammalian tissues. However, in multiple adult tissues,
it becomes active during differentiation, proliferation, and maintenance [2]. Moreover, aberrant
activation of SHH signaling occurs in cancers of skin, brain, liver, gallbladder, pancreas, stomach,
colon, breast, lung, prostate, and hematological malignancies [3].

Tumor microenvironment/stroma can affect tumor development and metastasis [4,5]. The tumor
microenvironment/stroma includes endothelial cells, immune cells, adipocytes, and activated fibroblasts
(the so-called “cancer-associated fibroblasts” (CAFs)) [6]. CAFs fuel cancer cells via secreting soluble
factors to trigger metastasis and chemoresistance. These triggers include extracellular acidification,
inflammation, activation of matrix metalloproteases, and decreased efficacy of chemotherapeutic
drugs [7-12]. In addition, SHH produced by CAFs could regulate the microenvironment for
cancer progression [13]. The details of tumor microenvironment in each organ are discussed in
the following sections.

This article reviews the recent studies of the role of SHH in organogenesis, tumors,
and tumor microenvironments.
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2. Sonic Hedgehog Signaling Pathway Includes Canonical and Non-Canonical Pathways

The SHH signaling pathway could be categorized into canonical and non-canonical pathways.
The canonical SHH signal transduction pathway consists of main components such as the Patched
receptor (PTCH1, PTCH2), a 12-domain transmembrane receptor, the Smoothened receptor (SMO),
a 7-domain transmembrane receptor coupled to G protein-coupled receptor (GPCR), and negative
regulatory protein suppressor of fused homolog (SUFU) and the Glioma-associated oncogene homolog
(GLI) family of transcription factors (GLI1, GLI2 and GLI3) [14]. Tumors produce ligands to activate
the SHH pathway in an autocrine/juxtacrine manner. SHH ligands remove the inhibition of SMO
by PTCH. SMO can activate GLI to regulate target gene expression and affect migration/invasion,
cell cycle, tumor growth, and cancer stem cells. Moreover, paracrine Hedgehog (HH) signaling is
important for epithelial cancers [15]. HH ligands secreted by tumor cells activate the signaling in the
surrounding stroma, which provides a favorable microenvironment for tumor growth.

The non-canonical SHH signaling could be classified into three types, including (1) PTCH-mediated,
(2) SMO-dependent/GLI-independent, and (3) SMO-independent GLI activation [16,17]. A simplified,
broad, non-canonical SHH signal is defined as any related SHH signaling pathway component that
differs from the usual canonical SHH signaling pattern [18]. For example, activation of SMO or GLI
may occur via other signaling pathways such as Protein kinase A (PKA), Guanosine triphosphatase
(GTPase), Phosphoinositide 3-kinase (P13K)/mammalian target of rapamycin (mTOR), or Rho, to
drive target gene expression. The detailed mechanism of non-canonical SHH signal transduction still
remains elusive, but probably acts as an alternative activation pathway when the canonical SHH signal
transduction does not work functionally, or when transduction needs to “escape” the canonical SHH
signaling pathway during cytotoxic or inflammatory stress [16].

3. SHH in Organogenesis, Vasculogenesis, and Angiogenesis

SHH signaling is essential for cell growth and tissue patterning. The pathway involves the
development of neural tube, lung, skin, axial skeleton, gastrointestinal tract, pancreas, and other organs,
as well as the regulation of tissue homeostasis and stem cell behavior [19]. During brain development,
enhancer Shh brain enhancer 7 (SBE7) could not only initiate Shh expression but also induce Shh,
which controls craniofacial morphogenesis and the etiology of holoprosencephaly [20].

SHH signaling induces endothelial cells and connective tissue support cells to release proangiogenic
factors (Angl, Ang2, and VEGF) [21,22]. However, some studies suggest that the response of SHH
is limited to mesothelial and smooth muscle cells but not to endothelial cells [23]. Geng et al. [24]
mentioned that SHH signaling affects vasculogenesis and angiogenesis. Others have found that the
lung displays decreased vascularization in SHH-deficient mice [25]. Overexpression of SHH induces
hypervascularization of the neuroectoderm during the development of mouse embryos [26]. Mutant
zebrafish with deficient SHH signaling develop abnormal circulation and vascularization such as a
single axial vessel with no arterial markers [27,28]. Though SHH is important in embryonic vessel
formation, its role in tumor vasculature remains unclear.

4. SHH in Organogenesis of Forebrain and Cerebellum and in Medulloblastoma

4.1. SHH in Organogenesis of Forebrain and Cerebellum

During brain development, SHH signaling plays an essential role in two phases. The prechordal
plate elicits early ShHH signaling to overlay the prechordal plate. Then, the triggered SHH signaling
affects the late neuronal differentiation of the forebrain. The prechordal enhancer Shh brain enhancer 7
(SEB7) regulates SHH signaling to affect the development and growth of the forebrain [20].

Primary cilia are essential for cerebellar differentiation, and the proliferation of neuronal granule
precursors is SHH-dependent [29]. Additionally, SHH orchestrates the development and maturation
of the cerebellum [30]. During embryogenesis, activation of SHH signaling occurs in the ventricular
germinal zone (VZ) and regulates the proliferation of VZ-derived progenitors. Purkinje cells also secret
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SHH, and SHH can sustain the amplifications of the postnatal neurogenic niches (consisting of the
external granular layer, the white matter, the excitatory granule cells, and inhibitory interneurons).
During development, SHH signaling plays a role in Bergmann glial differentiation and facilitates
the foliation of the cerebellum [30]. The mammalian GPCR 37-like 1 exists specifically in cerebellar
Bergmann glia astrocytes and affects the proliferation and differentiation of postnatal cerebellar granules
as well as Bergmann glia and Purkinje neuron maturation [29].

SHH signaling affects fissure formation. GLI2 activates SHH-induced granule cell progenitor
proliferation and drives initial fissuring [29]. In the late prenatal or postnatal stages, SHH sustains the
expansion of the external granular layer [30,31].

4.2. SHH in Medulloblastoma

Grausam et al. reported that medulloblastoma (MB) is the most common brain malignancy
in pediatric patients, carrying a high mortality of up to 30% and high heterogeneity [32]. This
disease arises from the cerebellum and is associated with early leptomeningeal metastasis, recurrence,
and poor prognosis. According to their transcriptional profiles, MB can be classified into four
subtypes: (1) WNT-MBs, (2) SHH-MBs, (3) Group C with abnormal transforming growth factor 1 beta
(TGF1p) pathway, and (4) Group D with tandem duplication of a-synuclein-interacting protein [33-38].
SHH-MBs occur in both children and adults [39,40]. The transcriptional and genetic profiles are
differently expressed in infant MBs and adult MBs. SHH-MBs are correlated with aberrations of the
components of the SHH pathway (PTCH1, SUFU, GLI transcription factors and SMO) [30,41-46].
In particular, several SMO mutations involved in MB tumorigenesis have been found (L225R, N223D,
S391N, D338N, D477G, D473H, G457S) [47]. Grausam et al. found that SHH pathway inhibitors may
decrease both the proliferation and metastasis of tumors in a mouse MB model [32]. Inhibition HH
signaling by sonidegib (LED225) and vismodegib (GDC-0449) have anti-tumor activity in SHH-driven
MB [48]. Sonidegib led to better objective response rates than vismodegib against SHH-driven MB
among five different clinical trials.

4.3. SHH in the Microenvironment of Medulloblastoma (MB)

SHH signaling activity alone is not sufficient for advanced development of medulloblastoma. Brain
tumors consist of tumors, stem-like cells, and tumor-associated components (stroma) including vascular
cells, immune cells, astrocytes, microglia, and extracellular martrix. Some epithelial cancer tumors can
trigger SHH signaling to the stroma which enhances tumor growth [49]. The SHH subgroup of MB could
significantly increase the gene expression of tumor-associated macrophages [50]. Tumor-associated
macrophages are abundantly present in SHH MBs. Patients with decreased macrophage count usually
have significantly worse prognosis [51].

5. SHH in Organogenesis, Tumors, and Tumor Microenvironments of the Liver

5.1. SHH in Organogenesis of Liver

During embryogenesis, the SHH pathway plays an essential role in hepatic specification of
endodermic progenitors [52]. Conversely, there is no activation of SHH pathway in the adult mature
hepatocyte [53], and the presence of SHH, PTCH, and GLI1 in the normal adult liver is minimal.
Moreover, during liver repair, both myofibroblasts and progenitors can produce and respond to SHH
ligands. In addition, Hippo/Yes-associated protein (YAP1) is a downstream effector of HH signaling
pathway for liver regeneration [54].

5.2. SHH in Liver Injury and Hepatocarcinogenesis

SMO regulates adult liver repair by enhancing epithelial-mesenchymal transition [55]. From
animal studies, chronic liver injury has been found to activate the SHH pathway. After Fas-induced
liver injury, SMO is upregulated in hepatocytes. HBx (HBV gene product HBx protein) transformation
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induces the activation of the SHH signaling pathway. Cai et al. found that the SHH signaling pathway
is activated during hepatocarcinogenesis [52]. Activated SHH signaling facilitates the cell proliferation
after enhancing the G2/M transition via an increase in cyclin Bl and cyclin-dependent kinase 1
(CDK1) [52]. SMO plays an essential role during early hepatocarcinogenesis [55]. Overexpression
of SMO-mediated c-Myc affects hepatocarcinogenesis significantly [56]. In hepatocellular carcinoma
(HCC) patients, SMO mutation at the C-terminal lysine (K575M) involves the binding between PTCH
and SMO to alleviate SMO from PTCH suppression to activate the downstream signaling [57]. Liu et al.
found that hypoxia-inducing oxidative stress, epithelial-mesenchymal transition (EMT), and activation
of the non-canonical SHH signaling pathway aggravates the invasiveness of HCC cells [58]. Chen et
al. found that the SHH pathway induces the migration and the invasion of HCC cells via activation
of focal adhesion kinase (FAK)/P13K/AKT signaling-mediated matrix metalloproteinase-2, as well as
matrix metalloproteinase-9 production [59]. Other authors found that the SMO inhibitor GDC-0499
could inhibit hepatocarcinogenesis in HBx transgenic mice [60].

The expression of SMO affects the prognosis of HCC patients [61]. The overexpression of SMO
and an increased ratio of SMO mRNA to PTCH mRNA correlates with HCC size in patients [62].
Jeng et al. reported that the high expression of SHH signaling pathway molecules affects the risk of
post-resection recurrence with HCC [62]. Wang et al. found that SMO polymorphisms in transplant
recipients are associated with an increased risk of postoperative HCC recurrence [63].

5.3. SHH in the Microenvironment of Primary Liver Cancer

The most common primary liver cancers are hepatocellular carcinoma (HCC) and
cholangiocarcinoma. HCC originates from hepatocytes and cholangiocarcinoma originates from
bile duct cells.

The disruption or change of the liver microenvironment and immune cell composition
mainly promotes the malignant transformation and progression of HCC [64]. When the liver
regeneration microenvironment deteriorates, inflammation and vascular changes can occur to enhance
hepatocarcinogenesis [65]. To improve the microenvironment in liver regeneration through a regulation
of multi-component, multi-target, multi-level, multi-channel, and multi-timed factors, an updated
strategy for liver cancer prevention or inhibition is required. Hedgehog signaling could promote
tumor-associated macrophages (TAMs) and thereby lead to immunosuppression [66]. SMO expression
in myeloid is required not only for HCC growth but also for M2 polarization of TAMs.

Cholangiocarcinoma remains the second most common primary malignancy of the liver.
Razumilava et al. found that cholangiocarcinoma cells could express non-canonical SHH signaling
with chemotaxis even when cilia function is impaired. The non-canonical SHH signaling pathway
contributes to the progression of cholangiocarcinoma [67]. Fingas et al. described the use of
cyclopamine (SMO inhibitor) as able to increase the apoptosis of cholangiocarcinoma cells. Cyclopamine
also inhibited tumor growth and metastasis in a rodent model study [68]. El et al. noted
that SHH signaling pathway inhibitors can enhance the necrosis of cholangiocarcinoma cell [69].
Moreover, myofibroblast-derived platelet-derived growth factor (PDGF)-BB-mediated cyto-protection
in cholangiocarcinoma is dependent on the HH signaling pathway [68]. PDGE-BB could induce
translocations of SMO to the plasma membrane. Therefore, SMO inhibitor could promote the apoptosis
of cholangiocarcinoma cells as well as their metastasis.

6. SHH in Gallbladder Organogenesis, Gallbladder Cancer, and Tumor Microenvironment

6.1. SHH in Gallbladder Organogenesis

The genetic and in vitro studies found that the SHH signaling pathway is essential for the proper
formation of smooth muscles downstream of Sox17 in the development of the gallbladder during the
late organogenesis periods [70].
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6.2. SHH in Gallbladder Cancer

Matsushita et al. found a higher expression of SHH in human gallbladder cancer specimens
compared to normal gallbladder tissue [71]. SMO inhibitors could inhibit the proliferation of
cancer cells. Inhibition of gallbladder cancer cell invasiveness functions via the suppression of
matrix metalloproteinase-2 (MMP-2) and MMP-9 and epithelial-mesenchymal transition [71]. SMO
si-RNA-transfected gallbladder cancer cells underwent a decrease in tumor volume according to a
xenograft study [71]. The expressions of SHH, PTCH, and GLI1 are upregulated in gallbladder cancer.
Aberrant activation of SHH signaling protein could be found in chronic cholecystitis and gallbladder
cancer. SHH expression increased in severe chronic cholecystitis but decreased after the progression to
gallbladder cancer. High GLI1 expression is correlated with worse prognosis of gallbladder cancer [72].
Moreover, high expression of SHH-signaling molecules SHH, PTCH, and GLI are associated with poor
survival in the gallbladder [73]. Several mutations of the SHH gene in gallbladder carcinoma could be
identified and associated with the carcinogenesis [74].

6.3. SHH in the Microenvironment of Gallbladder Cancer

Patients with high levels of SHH-signaling molecules were found to be associated with unfavorable
survival outcomes. It could be associated with inflammation states [75]. Inflammatory responses could
drive cancer progression such as EMT, angiogenesis, and metastasis. However, the evidence for SHH
in the microenvironment of gallbladder cancer is still required for the investigation.

7. SHH in Organogenesis of the Pancreas, Pancreatic Cancer, and Pancreatic Cancer
Microenvironment and Cancer Stem Cells

7.1. SHH in Pancreas Organogenesis

During the development of the human pancreas, SHH signaling remains low in pancreatic
progenitor cells. Between embryonic week 14 and 18, both SMO and GLI2 gradually start to accumulate
in primary cilia [76,77]. Then, GLI3 becomes gradually lower in the nucleus and cytoplasm of ductal
epithelial cells during pancreas development. SHH signaling is necessary for both proliferation and
maturation of the pancreas [76,77].

7.2. SHH in Pancreatic Cancer

The primary cilium and receptor SMO have been demonstrated in the vessels and stromal
fibroblasts of tumors, providing evidence of SHH signal pathway activation. One hypothesis has been
proposed that states that the behavior of mesenchymal and endothelial cells is affected by SHH, which
is secreted from pancreatic cancer in a paracrine manner [78,79]. Aberrant SHH expression occurs
in the early stages and during the progression of pancreatic cancer. Expression then increases from
pre-malignant to malignant lesions of the pancreas [78]. Kumar et al. also emphasized the essential
role of SHH signaling in the development and metastasis of pancreatic cancer cells [80]. Niyaz et al.
mentioned that dysregulated SMO could be a therapy target in pancreatic cancers [81].

Conversely, Tian et al. found that SMO expression in epithelial cells has no role in affecting the
development of pancreatic cancer [82].

7.3. SHH in the Microenvironment of Pancreatic Cancer

Li et al. emphasized that the activity of the SHH pathway is low in normal pancreatic tissue,
whereas in pancreatic adenocarcinoma, the activity of the SHH pathway signaling in tumor epithelia
and surrounding stromal tissue becomes higher [79]. Saini et al. found that SHH is upregulated in
both the stroma and epithelial compartments in poorly differentiated pancreatic ductal carcinoma [83].
Wang et al. suggested that tumor necrosis factor alpha and interleukin-1 beta in stromal hyperplasia
could promote the growth of pancreatic ductal adenocarcinoma after the SHH pathway activation
for both canonical and non-canonical models [84]. Bailey et al. supported the hypothesis that the

111



Int. . Mol. Sci. 2020, 21, 758

pancreatic epithelia secretes SHH, which is essential in establishing and regulating the pancreatic tumor
microenvironment to affect cancer progression [78]. A high expression of SHH enhances the size and
metastasis of primary pancreatic tumors [78]. SHH ligands exhibited by pancreatic cancers promote
tumor growth indirectly via SHH signaling activation in the surrounding stroma. This paracrine
activation of SHH signaling in the tumor microenvironment affords an environment favorable for
the proliferation, metastasis, and drug resistance of cancer cells [79]. Mouse models (subcutaneous
and orthotopic implantation) using a pancreatic tumor cell line showed that cells can secrete SHH,
and that expression of SHH was high in a transformed primary cell line. SHH significantly affects both
microenvironment and tumor progression, and is a potential target to suppress the desmoplastic and
metastatic processes involved in pancreatic cancer [78]. Rucki et al. suggested that dual inhibition of
the SHH and hepatocyte growth factor (HGF) pathways in the stroma could significantly suppress
cancer cell growth and metastasis [85].

The activated SHH in pancreatic tumors enhances angiogenesis, lymphangiogenesis,
and metastasis to produce a pro-angiogenic effect and to promote metastasis in the stroma [78].
The effects on lymphangiogenesis on SHH are important and could affect the metastasis of pancreatic
tumor cells to the lymph nodes [86]. Targeting the stroma of pancreatic cancer could improve drug
delivery and inhibit both angiogenesis and lymphangiogenesis. Pitarresi et al. [87] proposed a
mechanism of stromal fibroblasts enhancing pancreatic tumor cell growth. Tumors secrete SHH, which
activates the SHH pathway in pancreatic fibroblasts [88]. The fibroblasts in the tumor microenvironment
then promote tumor growth via the disruption of paracrine SHH signaling. Some investigators found
that SHH antagonists may successfully suppress tumor growth in xenograft tumors [88], whereas
Pitarresi et al. knocked out SMO in fibroblasts to enhance tumor growth. Pitarres et al. found that
the SMO gene in stromal fibroblasts affected the proliferation of pancreatic cancer cells [87]. In turn,
deletion of SMO could activate oncogenic protein kinase B in the fibroblasts [87].

However, Tian et al. found that only the tumor stroma is competent in transducing the SHH
signal, given that SMO is activated in the mesenchyme [82]. These researchers used a mouse model of
pancreatic cancer and found that SHH signaling activation is present in the SHH-expressing tumor
epithelium surrounding the stroma. Using quantitative RT-PCR to examine tissue samples of both
primary or metastatic human pancreatic cancer, activation of the SHH pathway in the tumor stroma
was found. Researchers have suggested that SHH-mediated tumorigenesis is a paracrine model.
Pancreatic tumor cells could secrete SHH ligand to induce the SHH target genes in the adjacent stroma,
thus promoting tumor growth [82].

Rhim etal. found that SHH-deficient tumors with reduced stromal content became more aggressive.
These tumors presented undifferentiated histology, increased vascularity, and heightened proliferation.
The administration of vascular endothelial growth factor receptor (VEGFR) blocking antibody could
improve the survival of SHH-deficient tumors, meaning that SHH-driven stroma inhibits tumor growth
partly via restraining tumor angiogenesis [89]. Pitarresi et al. analyzed fibroblasts in a sample of
patients with pancreatic cancer, demonstrating heterogeneous patterns of expression in the components
of the stromal fibroblast [87]. They also found that patients with decreased stromal phosphatase and
tensin homologs usually led to a worse prognosis. These data established the potential to modulate
pancreatic cancer stroma for targeted therapy [87].

After SMO deletion, fibroblasts overexpressed transforming growth factor-alpha (TGF-a) mRNA,
and TGF-« protein, resulting in activation of epidermal growth factor receptor signaling in acinar
cells and in acinar-ductal metaplasia [90]. This means that a non-cell-autonomous mechanism could
modulate Kras G12D-driven acinar-ductal metaplasia. Such a phenomena could be balanced through
cross-talk between the SHH/SMO pathway and alpha serine/threonine-protein kinase/GLI2 pathways
in the stromal fibroblasts [90]. Zhou et al. demonstrated that using SMO-positive pancreatic cancer
cells, GDC-0449 could downregulate SHH signaling genes and reverse fibroblast-induced resistance
to doxorubicin [91]. Liu et al. found that genetic ablation of SMO in stromal fibrosis could disrupt
the paracrine SHH signaling with acinar-ductal metaplasia under a Kras G12D mouse model [90].
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Kumar et al. designed a novel GDC-0449 analog 2-chloro-N !-[4-chloro-3-(2-pyridinyl)phenyl]-N N
4.bis(2-pyridinylmethyl)-1,4-benzenedicarboxamide (MDB5) to inhibit pancreatic cancer [80]. Using a
mouse model, Olive et al. reported that SMO inhibitor enhances the vasculature within the tumor and
facilitates the delivery of chemotherapy agents to pancreatic cancer [92]. Von Ahrens et al. emphasized
that targeting SHH to act on the stroma and exploit the secretory capability of CAFs could enhance
drug delivery and prevent chemoresistance in cancer cells [93].

7.4. SHH in Cancer Stem Cells of Pancreatic Cancer

SMO could affect epithelial-mesenchymal transition, invasion, and migration of cancer stem
cells in the pancreas [94]. Wang et al. knocked down SMO to inhibit pancreas cancer stem cells that
possessed characteristics of self-renewal, epithelial-mesenchymal transition, invasion, migration, lung
metastasis, chemoresistance to gemcitabine, and tumorigenesis [94]. The inhibition of SHH signaling
pathway by sulforaphane could alter the expression of stem cell-related genes such as Nanog and
Oct-4 [95]. Therefore, targeting cancer stem cells by SHH pathway could improve the outcomes of
pancreatic cancer patients.

8. SHH in Organogenesis of the Gastrointestinal (GI) System, GI Cancer, the Microenvironment,
and Stem Cells of GI Cancer

8.1. SHH in Organogenesis of the Stomach

SHH signaling affects foregut development [96]. Among the three SHH ligands in the mammalian
genome, SHH levels are highest in the mucosa of the embryonic foregut [96]. Ranakho-Santos et al.
emphasized that the SHH signal plays an important role in organogenesis of the mammalian
gastrointestinal tract [97]. SHH plays a significant role during epithelial development and differentiation,
homeostasis, and neoplastic transformation of the stomach [19,96,98]. Van den Brink et al. reported
that in humans, there are abundant SHH mRNA and SHH proteins in the gastric fundus, but no
SHH protein is present in the esophagus or intestines [97,98]. SHH is needed during the growth and
differentiation of the esophagus [99]. High expression of SHH in parietal cells contributes to gastric
acid production [96]. Myofibroblasts are the predominant cell to respond to SHH ligand in normal
stomach tissue. SHH induces the epithelial phenotype in gastric organogenesis. SHH null mice show
an overgrowth of gastric epithelium as patterned into glandular and nonglandular regions [100].

8.2. SHH in GI Cancer and its Microenvironment

8.2.1. Stomach: Gastritis, Gastric Ulcer, Gastric Carcinogenesis, and Gastric Cancer Stem Cells

Ranakho-Santos et al. suggested that mutations to the SHH signaling pathway affect human
gastrointestinal function [100]. Chronic inflammation caused by Helicobacter pylori (HP) infection
causes parietal cell atrophy and metaplastic cell proliferation (a precursor to human gastric cancer) [96].
In a mouse study following HP infection, canonical SHH signaling-induced inflammatory cells were
recruited from the bone marrow to the stomach along with metaplasia [96]. Gastric parietal cells
secreting SHH affect the regeneration of the epithelium after gastritis following HP infection [101].
Dysregulation of the SHH signaling pathway causes the disruption of gastric differentiation, loss of
gastric acid secretion, and the development of cancer [101]. Merchant et al. showed that overexpression
of SHH in parietal cells induces gastric acid production. In an uninfected stomach, myofibroblasts
are the predominant cells that respond to SHH ligand. Xiao et al. used a mouse model to find that
ulcer healing occurs with decreased ulcer size, angiogenesis, macrophage infiltration, and granulation
tissue formation upon re-expression of SHH within ulcerated tissue [102]. Re-expression of SHH
affects gastric regeneration as well. In a mouse model following HP infection, canonical SHH signaling
induces bone marrow to recruit inflammatory cells to the stomach, leading to metaplastic development.
The transcription factor GLI1 regulates the polarization of invading myeloid cells and myeloid-derived
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suppressor cells to afford a microenvironment that favors wound healing and neoplastic transformation.
In mice, GLI1 mediates a shift in phenotype to gastric myeloid-derived suppressor cells via inducing
Schlafen 4 (slfn4) directly. These could be taken as biomarkers to predict gastric cancer progression
and determine benefit after SHH antagonist treatments [96].

Atrophic change with loss of parietal cells also causes loss of SHH expression, indicating an
early sign in the mucosa before cellular transformation [103]. The change of SHH expression induces
gastric cancer development. SHH is primarily located in parietal cells of the gastric body. However,
the intestinal type of gastric cancer mainly develops in the antrum. The method by which fundic SHH
regulates proliferation in the antrum remains elusive. SHH regulates downstream targets, including
PTCH and the TGF-beta family members (bone morphogenic proteins (BMPs)) [97]. The latter targets
of the SHH pathway are present in the mesenchyme rather than the epithelium, suggesting that
SHH regulates epithelial-mesenchymal crosstalk. It is likely that these mesenchymal factors are
present preferentially in the antrum, whereas gastric atrophy and subsequent loss of SHH could
remove the inhibitory signal that suppresses antral proliferation. Loss of SHH in the mucosa during
HP-associated atrophic gastritis becomes an early change prior to cellular transformation. SHH plays
an important role in sustaining gastric epithelial differentiation, and the loss of SHH favors early
carcinogenesis. Yang et al. reported that a high expression of SMO and GLI1 is correlated with gastric
carcinogenesis [104]. Other researchers found that SMO or GLI1 inhibitors impair the migration and
invasion of gastric cancer cells [104]. Chong et al. mentioned that in gastric cancer cells, galectin-1
promotes cancer invasion and epithelial-mesenchymal transition via activation of the non-canonical
SHH pathway [105]. Wu et al. found that GDC-0499 inhibits the proliferation of gastric cancer cell line
SGC-7901 and accelerates apoptosis [106].

Surface markers of gastric cancer stem cells CD133 and CD44 were found to be significantly
decreased in the SGC-7901 gastric cancer cell line following GDC-0499 treatment [106]. This SMO
antagonist could affect the maintenance and other properties of gastric cancer stem cells [106].
In paclitaxel-treated gastric cancer cells, overexpression of SMO could reduce activated caspase 3, thus
decreasing cancer cell death [107]. Ma et al. found that in paclitaxel-resistant gastric cancer cell lines,
there was an overexpression of SMO. SMO overexpression upregulates 5-Bromo-2’-Deoxyuridine
(BrdU) in gastric cancer cells [107].

8.2.2. Colon Cancer

Zhang et al. found that when compared with normal colon tissue, overexpression of SMO and
GLI protein is noted in colon cancer tissue and colonic adenoma tissue [108]. Li et al. reported that in
colorectal cancer, SMO expression corresponds with tumor status and patient prognosis [109]. Ding
et al. found that SMO expression is an independent biomarker for postoperative liver metastasis.
Similarly, SMO plays an important role in colon cancer progression [110].

Colon cancer driven by cancer stem cells forms a heterogeneous tumor, and whole-transcriptome
analysis has revealed enhancement of WNT and Hedgehog signaling in cancer stem cells. Canonical
GLI-dependent SHH signaling negatively affects WNT signaling in intestinal tumors. Regan et al.
found that the SHH signaling in colon cancer stem cells includes SHH-dependent, non-canonical
PTCHI1-dependent, and GLI-independent pathways, suggesting that non-canonical SHH signaling
positively affects WNT signaling and is essential for the survival of colon cancer stem cells [111].
Niyaz et al. suggested that dysregulated SMO could be as a treatment target of colon cancer [81].

Wu et al. found that GDC-0449 inhibits the replication of colon cancer cells and triggers apoptosis
via downregulating B-cell lymphoma 2 (Bcl-2) [112]. Magistri et al. found that GDC-0499 could
suppress and modulate cellular plasticity and invasiveness of colorectal cancer [113].
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9. The Role of the SHH/SMO Pathway in Breast Organogenesis, Breast Cancer, and Its
Microenvironment

9.1. SHH in Organogenesis of the Breast

SHH Signaling During Normal Mammary Gland Development

Riobo-Del Galdo et al. emphasized that SHH signaling is essential in breast development and
homeostasis. The expression of SHH component pathways in mammary tissue differ at different stages
of development [114-119]. During embryonic development, the canonical SHH signaling pathway is
inhibited in breast tissues [4,111], and SHH gene expression is affected temporally and spatially via
genetic and epigenetic mechanisms [4,111]. In a mouse study, early mammary bud formation was
found to require active repression of GLI1 by GLI3R [4]. During puberty, ductal morphogenesis is
affected by canonical and non-canonical SHH signaling, for which type I non-canonical SHH signaling
plays an essential role [4,111]. During puberty, the elongation of the terminal buds is affected via
activation of cellular Src kinase (c-Src), estrogen receptor alpha (ER«), and extracellular signal-regulated
kinase (ERK) cascades in mammary luminal epithelial cells [120-122]. At this stage, a decrease of
the expression of SHH ligands GLI1, GLI2, GLI3, and PTCH1 in the mature mammary gland is also
found [114,118,123]. In normal adult mammary tissue, this pathway becomes downregulated.

9.2. SHH in Breast Cancer

In transgenic mice, active SMO with high canonical signaling activity may be involved in the
development to mammary ductal dysplasia [4,124,125].

SHH contributes to tumorigenesis and progression with some types of breast cancer [111]. SMO
expression is present in ductal carcinoma in situ (DCIS) and invasive breast cancer (IBC), but is absent
in normal breast tissue. SMO expression affects tumor size, lymph node involvement, and tumor
recurrence. However, it does not affect histological grade or other oncology markers [111]. SMO
expression does not correlate with PTCH1 expression in either DCIS or IBC. This means that the
activation of the SHH pathway cannot regulate SMO. Such evidence suggests that targeting downstream
molecules of SMO when treating breast cancer may not be effective [111].

Guerrini et al. found that the SHH signaling pathway regulates breast cancer cell migration and
invasion through carbonic anhydrase (CA) II [126]. SHH pathway activation affects breast cancer
metastasis [127]. Many studies support the claim that target genes GLI1 and GLI2 are involved
in breast cancer cell proliferation, survival, migration, invasion, EMT, angiogenesis, and osteolytic
metastasis [4,128-135]. Benvenuto et al. used an SMO inhibitor (GDC-0449) and GLI inhibitor
(GANT-61) to target the SHH/GLI pathway to inhibit breast cancer cell growth in both in vitro and
in vivo studies [136]. The researchers found that in breast cancer, downstream SMO targeting is
better than upstream SMO when attempting to interrupt SHH signaling [136]. The development of
highly vascularized tumors is regulated by overexpression of SHH, which affects the pro-angiogenic
transcription factor cysteine-rich angiogenic induced 61 (CYR61) in a GLI-dependent manner [4,131].
Han et al. found cancer stem cells to be heavily present in breast cancer via non-canonical
SMO-independent SHH signaling activation [137]. SHH inhibitors are therefore another therapeutic
option [138].

9.3. SHH in Estrogen Receptor-Positive Breast Cancer

Recently, studies of estrogen receptor (ER)-positive breast cancer (BC) cell lines have revealed that
estrogen can increase GLI1 and GLI2 [4,139]. However, GANT61, which inhibits GLI1 and GLI2 activity,
could reduce the proliferation of cancer stem cells in culture. GLI transcription factors as mediators
were also able to affect estrogen in BC [139]. Some authors found that estrogen affects overexpression of
SHH and GLI1, activating SHH signaling and enhancing invasiveness of the ER-positive T47D (HER2-)
and BT-474 (HER2+) cells [140]. These results suggest that cross-talk between ER- and SHH-signaling
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pathways facilitate the invasiveness of ER-positive BC cells [4]. The association between GLI1 and
ER (luminal subtype marker) remains elusive [4]. In ER-positive breast cancer, overexpression of
GLI1 affects early disease onset, higher SHH expression, higher Ki-67 index, higher histological grade,
advanced stage, lymph node metastasis, and both shorter disease-free survival and overall survival.
Overexpression of GLI1 acts as a predictor in age, ER-positive expression, distant metastasis, short
disease-free survival, and short overall survival. However, it does not correlate with the tumor
size [4,139,140].

9.4. SHH in Triple-Negative Breast Cancer (TNBC)

Canonical SHH signaling plays a role in triple-negative breast cancer (TNBC) [4]. The SHH
signaling pathway is a regulator of angiogenesis in TNBC [138]. Mauro et al. identified that angiogenesis
of TNBC is regulated by the SHH pathway [138]. In TNBC, some researchers found a correlation
between SMO expression and histological grade or tumor stage. Riaz et al. found that expression of
SMO corresponds with early onset and subtype of TNBC. Canonical SHH signaling enhances tumor
angiogenesis via mechanisms including metalloproteases, CYR61, and VEGEF receptor 2 (VEGFR2),
resulting in TNBC growth and metastasis [4,131,138,141]. The osteolytic bone metastasis of TNBC
is also affected by the SHH pathway [4]. TNBC has a high proportion of basal-like progenitors,
which retain primary cilia and GLI1 expression. The ligand-dependent stimulation of canonical SHH
pathways affect TNBC [138,142]. In vitro studies reveal that overexpression of SHH enhances cell
proliferation, colony formation, migration, and invasion of TNBC [131,143]. Likewise, an in vivo study
revealed that such overexpression enhances the growth of orthotopic xenograft and promotes lung
metastasis [131].

Some investigators emphasize that GLI1 upregulation mainly affects the maintenance and
proliferation of breast CSC. GLI1 activation could upregulate the multidrug-resistant protein-1
(MDR-1), resulting in resistance to doxorubicin, paclitaxel, and cisplatin [4,144]. Recently, Ruiz-Borrego
et al. conducted a phase Ib clinical trial study using combined sonidegib (LDE225) (a small molecular
oral inhibitor of the SMO/SHH pathway) and docetaxel to treat advanced TNBC patients [145].

9.5. SHH in the Microenvironment of Breast Cancer

Aberrant upregulation of SHH affects changes in the tumor microenvironment of breast
cancer [4,130], whereas type II non-canonical SHH signaling plays a role in the tumor stroma of
breast cancer [4]. The tumor microenvironment/stroma affects tumor development and metastasis [4,5],
and the tumor microenvironment/stroma of breast cancer includes endothelial cells, immune cells,
adipocytes, and activated fibroblasts (the so-called “cancer-associated fibroblasts” (CAFs)) [6]. CAFs
fuel tumor cells via secreting soluble factors [7-10] to induce metastasis and chemoresistance. This
process involves extracellular acidification, inflammation, activation of matrix metalloproteases,
and decreased effects of chemotherapeutic drugs [7,11,12]. Tumor microenvironment cells also include
tumor-associated macrophages with aberrant genetic and epigenetic changes that may induce a high
expression of signaling molecules to enhance the survival of tumor cells [146]. Inhibitors targeting SHH,
Notch, CDKs, mTOR, and WNT are promising and are involved in ongoing clinical trials, either in single
use or combined use in therapy [146]. Such microenvironment remodeling also activates an antioxidant
response in SHH signaling to enhance the CSC in ER-positive BC [147]. A hypoxic microenvironment
affects the upregulation of GLII. In hypoxia, hypoxia-inducible factor 1-alpha (HIF-1«) induces SHH
expression in fibroblasts to affect GLI1 induction in a paracrine manner [4,143-148].

10. SHH in Organogenesis of the Lung and Lung Cancer

10.1. Organogenesis of the Lung

SHH is necessary for the growth and differentiation of the trachea and lungs. During lung
development, SHH plays an essential role in lung development, specifically for lung specification,
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primary bud formation, and branching morphogenesis. Mutations in SHH or associated signaling
components result in foregut defects in humans [99]. Abnormal secretion of SHH causes severe foregut
defects and lung hypoplasia. Pulmonary morphogenesis depends deeply on SHH activation and
molecular interactions with other signaling pathways [149]. SHH signaling pathway molecules are
required for embryonic lung development [150]. Hypoplastic lungs were found in SHH, GLI1, GLI2,
or GLI3 knockout. PTCH knockout is lethal before lung development begins.

10.2. Suppressing the SHH/SMO Pathway to Inhibit Lung Cancer

SHH expression is negatively correlated with tumor differentiation in lung cancer [151]. Patients
with higher SHH expression could have a poorer prognosis and worse overall survival [152]. Therefore,
SHH could be a prognostic marker. Szczepny et al. reported that an autocrine, ligand-dependent model
of the SHH signaling pathway contributes to the pathogenesis of small cell lung cancer [153]. They
also found a novel role of non-canonical SHH signaling in producing chromosomal instability [153].
Sun et al. reported that hyperactivated SMO could facilitate the proliferation of non-small cell lung
cancer cells [154], and found that HECT and RLD domain containing E3 ubiquitin ligase 4 (HERC4) is
inhibited after destabilizing oncoprotein SMO [154].

11. Targeting SHH/SMO/GLI Signaling Pathway for Cancer Stem Cells

Cancer stem cells (CSC), a subpopulation of cancer cells with self-sustaining characteristics, play an
essential role in tumorigenesis, cancer progression, metastasis, recurrence, and drug resistance [155,156].
The SHH signaling pathway activates in cancer stem cells of several neoplasms such as glioblastoma,
as well as cancers of the colon, liver, breast, pancreas, and blood neoplasms (chronic myeloid leukemia
and multiple myeloma) [14]. The pathway not only triggers tumorigenesis with uncontrolled cell
growth, but also promotes cell migration, mitosis, and can sustain cancer cell survival [14]. Moreover,
self-renewal of CSC regulated by the SHH/SMO/GLI signaling pathway has been observed [156].

PTCH1-dependent and SMO-independent (type I non-canonical Hedgehog signaling) paths are
both necessary for the survival of CSC [111].

Regan et al. proposed that PTCH1-dependent (non-canonical SHH signaling) positively affects
WNT to maintain CSCs with an undifferentiated state [111]. PTCH1 is a dependence receptor that can
induce apoptosis even when SHH ligand is absent [157]. However, canonical SMO-dependent SHH
signaling, as mediated by GLI1 nuclear localization, downregulates WNT signaling and tumor cell
differentiation. Targeting non-canonical SHH signaling to induce CSC differentiation may provide a
strategy to eliminate the therapy-resistant CSCs. SHH is therefore proposed as a target in the treatment
of SHH-dependent pancreatic cancer and breast cancers [158,159].

SHH/SMO/GLI affecting epithelial-mesenchymal transition allows the transformation of polarized
epithelial cells into motile mesenchymal cells, enhancing invasive growth and metastasis [111,155].
Some investigators found that drug transport pump expression in cancer stem cells enabling cytotoxic
drug resistance were upregulated by SHH signaling [156]. This is important in the combined use of
SHH/SMO/GLI signaling inhibitors and chemotherapy, radiation therapy, or immunotherapy to target
CSCs. SMO receptor antagonists may also be able to inhibit this process [14]. Using pharmacological
inhibitors that target the SHH/SMO/GLI pathway to inhibit CSC is therefore a promising strategy [155].

12. Concluding Remarks

SHH plays an important role in organogenesis, cancer, and the cancer microenvironment
of some organs. Combined use of SHH signaling inhibitors and chemotherapy/radiation
therapy/immunotherapy could be key in targeting cancer stem cells. Better understanding of these
mechanisms could help us better target the SHH pathway against cancer.
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Abbreviations

SHH Sonic Hedgehog

CSsC Cancer stem cells

GLI Glioma-associated oncogene homolog
WNT Wingless-activated

CAFs Cancer-associated fibroblasts
SMO Smoothened

GPCR G protein-coupled receptor

SUFU Suppressor of fused homolog

HH Hedgehog

PKA Protein kinase A

GTPase  Guanosine triphosphatase

PI3K Phosphoinositide 3-kinase

mTOR  mammalian target of rapamycin
SBE7 Shh brain enhancer 7

vz Ventricular zone

TGF1p  Transforming growth factor 1 beta
YAP1 Hippo/Yes-associated protein

HBx HBV gene product HBx protein
CDK1 cyclin-dependent kinase 1

HCC Hepatocellular carcinoma

EMT epithelial-mesenchymal transition
FAK focal adhesion kinase

TAMs Tumor-associated macrophages

PDGF Platelet-derived growth factor

MMP-2  Matrix metalloproteinase-2

HGF hepatocyte growth factor

VEGFR  Vascular endothelial growth factor receptor

TGF-«  transforming growth factor-alpha

2-chloro-N !-[4-chloro-3-(2-pyridinyl)phenyl]-N N

MDB3 4-bis(2-pyridinylmethyl)-1,4-benzenedicarboxamide
HP Helicobacter pylori

slfn4 Schlafen 4

BMPs bone morphogenic proteins

BrdU 5-Bromo-2’-Deoxyuridine
Bcl-2 B-cell lymphoma 2

c-Src cellular Src kinase

ERa Estrogen receptor alpha

ERK Extracellular signal-regulated kinase
DICS ductal carcinoma in situ

IBC invasive breast cancer

CA carbonic anhydrase

CYR61 Cysteine-rich angiogenic induced 61
ER estrogen receptor

BC breast cancer

TNBC triple negative breast cancer

MDR-1  multidrug resistant protein-1

HIF-lx  Hypoxia-inducible factor 1-alpha

HERC4 HECT and RLD domain containing E3 ubiquitin ligase 4
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Abstract: Hedgehog (Hh) signaling is an essential growth factor signaling pathway especially in the
regulation of epithelial-mesenchymal interactions (EMI) during the development of the urogenital
organs such as the bladder and the external genitalia (EXG). The Hh ligands are often expressed in the
epithelia, affecting the surrounding mesenchyme, and thus constituting a form of paracrine signaling.
The development of the urogenital organ, therefore, provides an intriguing opportunity to study EMI
and its relationship with other pathways, such as hormonal signaling. Cellular interactions of prostate
cancer (PCa) with its neighboring tissue is also noteworthy. The local microenvironment, including the
bone metastatic site, can release cellular signals which can affect the malignant tumors, and vice versa.
Thus, it is necessary to compare possible similarities and divergences in Hh signaling functions and
its interaction with other local growth factors, such as BMP (bone morphogenetic protein) between
organogenesis and tumorigenesis. Additionally, this review will discuss two pertinent research
aspects of Hh signaling: (1) the potential signaling crosstalk between Hh and androgen signaling; and
(2) the effect of signaling between the epithelia and the mesenchyme on the status of the basement
membrane with extracellular matrix structures located on the epithelial-mesenchymal interface.

Keywords: hedgehog; epithelial-mesenchymal interaction (EMI); prostate cancer; external genitalia;
androgen; basement membrane; bone morphogenetic protein

1. The Basic Architecture of Hedgehog Signaling

Hedgehog (Hh) signaling is an effective and critical regulatory growth factor signal for
organogenesis. There are three ligands found in mammals: Sonic hedgehog (Shh), Indian hedgehog
(Ihh), and Desert hedgehog (Dhh). Among these three, Shh is the best studied Hh ligand. During
development, the expression of Shh is found often in the epithelia [1-3]. In addition to its ligands,
various genes involved in the Hh signaling pathway, such as its receptors and transcription factors,
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have been identified [4]. Ptch (Patched) is a transmembrane receptor that functions as the primary
regulator of Hh signaling [5-8]. In the absence of a Hh ligand, Ptch localizes to the base of the primary
cilium, the center of Hh signaling in mammals, and prevents the movement of Smo (Smoothened),
another membrane signaling component, into the primary cilium. The accumulation of Smo within
the primary cilium results in its activation and the processing of downstream mediators. Thus, in the
absence of a Hh ligand, Ptch blocks the Hh signaling pathway activation by inhibiting Smo. Therefore,
it is the critical step to initiate the signaling cascade.

The downstream effects of the Hh signaling pathway are mediated by the Gli family of transcription
factors [9-12]. This family consists of three major regulators: Glil, Gli2, and Gli3. Glil is the
transcriptional activator (Gli-A), while Gli2 and Gli3 can be processed into both activator and repressor
forms (Gli-R). The accumulation of activated Smo suppresses the generation of Gli-R forms and allows
Gli-A proteins to translocate into the nucleus and bind to their target genes. Thus, the canonical Hh
signaling pathway is noted with Hh ligand binding to the membrane receptor, which activates Smo
regulating the Gli transcription factors.

The Hh ligands are secreted molecules, often from the epithelia. These signals can be received
by the neighboring mesenchymal layer, and the presence of both negative and positive regulators of
the signaling pathway has been reported in these signal-receiving cells. This establishes a signaling
crosstalk between the epithelia and mesenchyme, known as epithelial-mesenchymal interactions
(EMI), which drives cell proliferation, differentiation, migration, and other developmental processes.
The role of Hh signaling in EMI in both development and cancer will be discussed below.

2. Hedgehog Signaling and EMI in Urogenital Organogenesis

Loss of Hh signaling during mammalian development results in several defects such as polydactyly,
cyclopia, and limb malformation, indicating the essential functions of Hh signaling pathway in
organogenesis. In several cases, other growth factor signals are also involved in Hh signaling regulation
during development. These factors are released from either the epithelia or the mesenchyme, depending
on the developmental context. Urogenital organ development is a dynamic process, involving several
signaling pathways which changes depending on tissue contexts. The urogenital system includes the
urinary tract: composed of the kidney, the ureter, the bladder, and the urethra; and the reproductive
tract: composed of the testes, the accessory glands, and the external genitalia (EXG). Recently, an
increasing number of regulatory genes for EXG development has been reported [13-17]. Thus, possible
insights gleaned from comparisons between urogenital organogenesis with other medical topics, such
as prostate cancer, is valuable. This review offers such perspectives based on the recent findings for
these topics.

During urogenital tissue formation, especially in the EXG, Hh signaling and its role during
EMI is essential. One of its ligands, Shh, is expressed in the endodermal epithelia of the embryonic
urethra [18,19]. The Shh released from the epithelia can regulate the differentiation of the bilateral
mesenchyme, the tissue located immediately adjacent to the urethra [15,20,21]. Such regulation of
the mesenchyme by epithelial signals is a key event for EXG organogenesis, as loss of this signal
leads to the agenesis of the EXG anlage, the genital tubercle (GT) [19]. The interactions between this
epithelial signal and the mesenchyme has been investigated in the development of several embryonic
regions and stages — from the cloaca in the early stages of development (~E10.5) and later (from
~E13.5) in the bladder, the urethra, and the EXG [22]. The role of Hh signaling in EMI in late-stage,
androgen-dependent formation of the EXG, including the formation of the male-type urethra, will be
discussed below.

Several works report on the role of Shh signaling and EMI during urogenital tract development.
In these organs, the Hh ligands are typically expressed in the epithelia; and the expressed growth factor
ligands emanate signals towards the mesenchyme, which, in turn, relays signals to the epithelia. This
can induce cellular proliferation or differentiation and, in some cases, may also result in the expression
of other growth factor signaling genes. Such signaling between the two tissue layers constitutes
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an essential crosstalk during organogenesis. The growth factor ligands that have been reported to
be responsive to Hh include BMP (bone morphogenetic protein), fibroblast growth factor, and Wnt
signaling [18,23-26]. To fully understand the essential functions of Hh signaling, investigation of
interacting signaling pathways is also necessary. Among them, some BMP ligands are expressed in the
developing mesenchyme of the urogenital tract [26-28]. Several signaling studies have reported on the
vital role of BMP signaling in mesenchymal differentiation during ureter and bladder smooth muscle
development [27,29,30]. In the ureter, this BMP-expressing mesenchyme will form ordered layers with
different type of cells, including the lamina propria and the surrounding smooth muscle cells [31].
One of the effective strategies to study the role of BMP signaling is to analyze the corresponding
mutant mouse models for such signaling genes. Introduction of loss of function mutations of the
Bmp signal-component genes in both ureteric and bladder mesenchyme led to impaired development
such as hypoplasia of the smooth muscle [31,32]. Thus, proper BMP signaling has been shown to be
essential in urogenital tract development.

Because Shh is expressed in the developing cloacal and ureteric epithelia, the interaction between
epithelia-derived Hh signal and corresponding BMP signaling from the nearby mesenchyme was
investigated [22]. To analyze this interaction, studies were performed on Glil-expressing mesenchyme
in response to Hh ligand simulation. CreER? is a tamoxifen inducible Cre recombinase gene, and
it is knocked into the Glil gene locus by homologous recombination. Thus, taking advantage of
the inducible nature of Glil gene expression, gene modulation in the target mesenchyme cells was
performed using a Glil-CreERT? modifier mouse strain [22]. Following activation of Hh signaling,
BMP signaling increased in the bladder, suggesting that BMP signaling is a downstream event to
Hh [27,33]. Bmprla is the major Bmp type I receptor. It is expressed on the cell surface and interacts
with the type II receptor. Glil-mediated gene knock-out of Bmprla led to hypoplastic ureteral
smooth muscle formation [27]. As a result, the mutant mouse develops hydronephrosis, a severe
urogenital phenotype [27]. Thus, signaling relays from Hh, particularly Shh, toward BMP signaling
has been suggested. However, contradictory reports have also been published about such interactions.
Addition of Shh to cultured neonatal prostate glands increased Bmp4 expression in the adjacent
mesenchyme; however, addition of Noggin, the Bmp antagonist, did not override the Shh-induced
growth inhibition [34]. This suggests that the increase of Bmp4 does not mediate the effect of Shh
signaling. Further investigations of the downstream cellular functions using conditional mutant mice
and other in vivo systems are necessary. The urogenital developmental process, therefore, offers an
intriguing research opportunity for understanding EMI between Hh and its interacting signal cascades
(Table 1).
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Table 1.

Representative references

showing various mechanisms and functions of

epithelial-mesenchymal interactions (EMI) in organogenesis and tumorigenesis (shown by blue

color). Hormonal signal has been also reported as locally produced and their actions are cited in the

table. Representative EMI processes include hedgehog ligands, interacting growth factor (BMP: bone

morphogenetic protein)-Bmp receptor, local hormones (steroidogenesis) and basement membrane

(BM). Yellow colored columns represent works showing the crosstalks for hedgehog (Hh)/Bmp and

Hh-steroidogenesis. Two papers are marked with parentheses for the roles of BM in EMI.

Prostate Cancer Progression

Exg Organogenesis

Hedgehog Signaling

Shh (Sonic hedgehog)
Fan et al., 2004, Endocrinology [35]
Wilkinson et al., 2013, Prostate [36]

Nishimori et al., 2012, | Biol Chem [37]

Gli
Sanchez et al., 2004, PNAS [38]
Chen et al., 2010, Mol cancer [39]
Shaw et al., 2010, Differentiation [41]

Shh
Haraguchi et al., 2001, Development [19]
Haraguchi et al., 2007, Development [22]

Gli
Miyagawa et al., 2011, Endocrinology [40]
He et al., 2016, PLoS One [16]
Haraguchi et al., 2012, PLoS One [27]

Ligands
Mediators
Hh/Bmp Crosstalk
Epithelial-Mesenchymal
Interaction (EMI) Bmp Ligands

Bmp Receptor

Paracrine Action of Local
Steroidogenesis

Bmp Signaling
BMP2
Horvath et al., 2004, Prostate [42]
BMP4
Lee at al., 2011, Cancer Res [43]
BMP7
Masuda et al., 2003, Prostate [44]
Ide et al., 1997, Oncogene [45]
Kim et al., 2000, Cancer Res [46]
Lubik et al., 2016, Int | Cancer [47]
Levina et al., 2012, prostate [48]
Backdoor production of
dihydrotestosterone (DHT)
Chang et al., 2011, PNAS [49]

BMP4
Kajioka et al., 2019, Congenit Anom [24]
Ching et al., 2018, Hum Mol Genet [28]
BMP7
Suzuki et al., 2008, Eur | Hum Genet [26]

Suzuki et al., 2003, Development [23]
Suzuki et al., 2017, Andrology [20]

Backdoor production of DHT
O’Shaughnessy et al., 2019, PLoS Biol [50]

Role of the BM

Davis et al., 2001, Prostate [51]
Hao et al., 1996, Am | Pathol [52]
Hao et al., 2001, Am ] Pathol [53]

Nagle, 2003, | Biol Chem [54]

Lin et al., 2016, Mech Dev [55]
Gao et al., 2008, Genes Dev [56]
Pickering et al., 2017, Matrix Biol [57]

3. Hedgehog Signaling and EMI in Prostate Cancer Tumorigenesis

Hh signaling has also been often implicated in tumorigenesis. Over the recent years, prostate
cancer (PCa) has been recognized as one of the life-threatening cancers in men. PCa arises in the
prostatic epithelia, and it has been reported to interact with the nearby mesenchyme [35,36,41]. In the
adult tissue, the expression of the Hh signaling gene is not prominently detected, but it has been found
to be present in the regenerating prostatic epithelium [58]. Considering this, the involvement of Shh in
PCa tumorigenesis has been suggested. Shh expression has been frequently correlated with a higher
Gleason score, the indicator of malignant type PCa [59-61]. In fact, Shh overexpression induced the
growth of the tumor, the LNCaP cells, in a mouse xenograft model [35]. Furthermore, Shh has been
reported to be highly correlated with the recurrence of the prostate specific antigen (PSA), a protein
that is highly expressed in PCa [61]. The expression of Hh signaling components, such as Gli, is also
correlated with a higher Gleason score [59-61]. During prostate development, Gli signaling is involved
in the differentiation of prostate progenitor cells [62], and Gli mediates the oncogenic transformation of
prostate basal cells [63]. Furthermore, Glil confers basal-like characteristics onto LNCaP cells, leading
to the acquisition of PCa hormone independence [64]. Lastly, it has been reported that Hh signaling
through Gli can support androgen signaling in both androgen-deprived and androgen-independent
PCa [39,65]. Thus, experimental manipulation of Hh signaling leads to the oncogenic transformation
of PCa.

Several studies have been published on the autocrine and paracrine modes of Hh signaling. As Hh
signaling proteins can either be expressed solely in the epithelia, or in both epithelia and mesenchyme,
there is still no strong consensus on the primary type of Hh signaling in PCa [61,66]. There is a growing
concern on the possibility of EMI in PCa progression, as it will provide new information for the
development of its treatments [66]. It is possible that Shh released from the prostatic epithelia can affect
the nearby mesenchyme and modulate proliferation and differentiation [35]. This interaction may
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eventually promote PCa tumorigenesis. In addition to paracrine signaling, increasing attention has
recently been given to autocrine Hh signaling in PCa [38,66,67]. It has been suggested that some PCa
cells change from paracrine type of Hh to autocrine Hh, therefore giving them the ability to produce
and respond to the ligand.

Comparing paracrine Hh signaling in organogenesis and tumorigenesis may provide new insights
for future research directions [68,69]. BMP has also been investigated as a candidate responsive
signaling pathway in PCa. PCa cells are highly invasive towards bone tissue, a phenomenon referred
to as bone metastasis [70]. This occurs most prominently in the spine, particularly the lumbar
vertebrae [71,72]. The BMP protein was originally identified from bone extracts, suggesting it as a
candidate growth factor signal in the local environment. In such PCa metastatic sites, bone-derived
signals such as BMP may play a role in modulating PCa malignancy. To investigate bone metastasis,
bone-derived cell lines, such as osteoblast cells, were co-incubated with PCa cell lines, such as LNCaP,
in experimental systems. Such in vitro systems enabled researchers to investigate the effects of soluble
factors for cellular interactions, mimicking the metastatic site of PCa in bones [37]. However, aside
from osteoblasts, there are also osteoclasts, fibroblasts, and immune cells present at the metastatic bone
sites in vivo, reflecting the complex conditions of the invasive nature of PCa. This merits the use of
other experimental assays for investigating the mechanism of bone metastases in PCa. This has led to
the development of xenograft models. In this system, the xenograft, which contains a set of cancer cells,
can be grafted into a host mouse and analyzed in vivo, simulating the cancer microenvironment. The
expression or inhibitory function of the BMP antagonist, Noggin, has been implicated in such xenograft
model experiments [41]. In this study, the authors overexpressed Shh in an LNCaP xenograft and
found increased BMP7 expression in the neighboring environment, even in the presence of Noggin [41].
The role of Noggin in PCa has yet to be elucidated.

In addition to the above investigations, application of recent analytical techniques may be required.
Many PCa tumors contain various types of cancer cells. The mesenchymal cells adjacent to the PCa
cells are often termed as cancer associated fibroblasts (CAF). Interactions between PCa and CAFs has
been noted to be essential for PCa pathogenesis [36]. This interaction can be regarded as a form of EMI,
with the PCa taking the role of the epithelium. It is also noteworthy to mention the heterogeneity of
CAFs in PCa [73]. Furthermore, some types of PCa cells are also known for circulating tumor cells [74].
Hence, single-cell level analyses could be a suitable approach to analyze the interaction between PCa
and CAF.

In addition to such experimental models, information on the dysregulation of BMP signaling
in some metastatic sites is available. Changes in the expression levels of several BMP ligands and
BMP receptors have been implicated in bone metastasis [44]. BMPRs are typically expressed in the
epithelia in normal tissues, but it has been reported that BMPRIA, BMPRIB, and BMPRII are all
down-regulated with increasing prostate malignancy [46]. A separate group also reported that there
is a lower expression level of BMPRIB after androgen withdrawal in both cancer-bearing prostate
glands and PCa cell lines [45]. As for the mode of release of BMPs in the tumor environment, some
BMP ligands have been reported to be released from PCa. In bone metastasis experimental systems,
bone-derived BMP7 and PCa-derived BMP4 functions have been reported [43,44,75,76]. Furthermore,
loss of BMP2 tends to be associated with an increase in Gleason score [42].

Locally released BMPs and its relationship with Hh signals can also be noted in other reproductive
organ tumors, such as ovarian cancer. BMP signals have been reported to function in cell differentiation
in the ovary, particularly in the maturation of ovarian follicles [77] and has been reported to play a
role in ovarian cancer pathogenesis [78,79]. Similarly, Hh has also been implicated in ovarian cancer
progression [80]. All three type of Hh ligands—Dhh, Shh, Ihh—are expressed in ovarian cancers. Dhh
expression, in particular, has been suggested to be correlated with its poor prognosis [81]. Interestingly,
the presence of ovarian cancer-derived Hh signals and BMP4 from the surrounding mesenchyme has
been reported [82]. Furthermore, they report that both Shh and Ihh form a signaling loop with BMP4,
leading to chemotherapy resistance [82]. Thus, the importance of Shh has been reported in this system.
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Opverall, various Hh ligands and its signals have been detected in the epithelia in both urogenital
organ development and reproductive organ cancers, such as PCa and ovarian cancer. BMP is often
expressed in the mesenchyme of these systems, and signals between these two tissue layers are
important for both development and pathogenesis. This putative Hh-Bmp interaction and its role
in cancer can be an interesting research topic, based on the transduction by the epithelial Hh signal
interpreted at the level of the adjacent mesenchyme during urogenital organ development (Table 1,
Figure 1).
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Figure 1. Overview of the role of hedgehog (Hh) in external genitalia (EXG) organogenesis and
prostate cancer (PCa). (A) Sonic hedgehog (Shh) is expressed in the urethral epithelium and possibly
regulates genes expressed in the mesenchyme. The result of this interaction may contribute to the
masculinization of the EXG. (B) Similarly, Hedgehog ligands, particularly Shh, is expressed in the
PCa epithelium and can promote PCa progression by regulating the expression of genes, such as bone
morphogenetic protein (BMP), in the stroma. Shh can also promote the backdoor androgen pathway
through CYP17A1 up-regulation.

What kind of consequences are expected as a result of such signaling crosstalk? The promotion
and inhibition of PCa cell proliferation has been investigated in the field of cancer biology, but whether
such environment-derived BMP render positive or negative effects for PCa cell proliferation requires
further investigation. Recent studies indicate that the addition of recombinant BMP protein inhibits
PCa growth in vitro [83]. Additionally, the effect of this crosstalk in cellular growth has also been
analyzed. In general, both positive and negative regulation of proliferation are incorporated during
developmental programs [24].

4. Modulation of Hedgehog Signaling by Androgen, the Male Hormone

Recently, progress on the mechanism of sexual differentiation has been described [84], and sexual
differentiation with hormonal regulation is given much attention. The hormonal system has been
classically described as a remotely acting biological system, as the signal emanates from the central
nervous system and affects the target organs through the bloodstream. Testosterone, a gonadal
hormone, is produced in the embryonic testes under the control of the central nervous system and
regulates the masculinization of the reproductive tract, including the EXG anlage (GT) and other
organs [85,86]. The definition of hormonal effects has been recently modified and extended to include
their local action and production. These local actions have been suggested to participate in EMI [87],
and recent evidence also suggests local modulation of hormone production. Hence, the possible
significance of the interaction between local hormone signaling and growth factors is a growing concern.
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In this section, the relationship of the male hormonal system with the local growth factor, Hh signal, is
discussed in the context of urogenital organ development and PCa.

In mice, EXG development occurs independently of androgen during the early stages. In the male,
this is subsequently followed by an androgen-dependent masculinization process [15,88,89]. Robust
mouse embryonic GT outgrowth is promoted by testicular androgens, starting from mid-gestation
(~E14.0-15.0) until after birth [90]. The development of the male GT continues with the formation of a
tubular urethra, a well-developed prepuce, and the condensation of a bilateral prospective corporal
body. The male urethra is incorporated into the glans. This entire process is mediated by androgen,
and these effects are generally described as consequences of “positive” androgen actions. Proper
development of the male urethra enables efficient ejaculation during copulation and physiological
reproductive male functions. In contrast to male development, the female GT does not form a
tubular urethra. Thus, urethral formation is a useful landmark for investigating the mechanisms of
masculinization and androgen-dependent signaling cascades.

Androgens, such as testosterone and 5x-dihydrotestosterone (DHT), are produced locally in
both embryonic and adult tissues. Both androgens possess essential roles for GT organogenesis. In
fact, androgen administration is used during treatment of several conditions in human patients. As
administration of androgen can promote penis elongation, it is used as a treatment for micropenis [91].
Similarly, urologists administer androgen to boost the outgrowth of a patient’s penis before operating
on conditions such as hypospadias [92,93]. A recent study has suggested that DHT can negatively
regulate cell proliferation in the ventral side of the GT during urethral formation [20]. The enzyme
which converts testosterone into DHT, type Il 5a-reductase, is expressed in the bilateral mesenchyme
prior to male-type urethral formation. This enzyme is encoded by SRD5A2 [20]. Direct measurement
analysis using mass spectrometry revealed the differential distribution of DHT. Data showed that there
is a higher production of DHT in the ventral side of male GT [94], which is the same region of the
bilateral mesenchyme showing reduced rate of cellular proliferation. Thus, higher levels of locally
converted DHT can reduce cell proliferation, an event necessary for male-type urethral formation.
Although DHT-target regulators for organogenesis have yet to be identified, MafB has been reported
to be a DHT-responsive gene for urethral formation [95,96]. Therefore, it is possible that the regulated
production of DHT leads to reduced cell proliferation in the bilateral mesenchyme under the control of
transcription factor MafB, which regulates male-type urethral formation.

The regulation of cell proliferation in the different stages of PC by androgens has been reported.
In contrast to the developmental process, PCa progression is initially dependent on androgens but
may switch into androgen-independent during the advanced stages. It has long been established that
the proliferation and tumor growth of PCa is driven by androgen [97,98]. LNCaP cells proliferated in
response to the concentration of DHT in vitro [99]. Furthermore, after injecting LNCaP cells in nude
mice, the frequency of tumor development was significantly higher in the male versus female mice [99],
indicating that the presence of androgens is necessary for tumor growth. Several other studies also
report on the regulation of cell-cycle genes by androgen in other PCa models [100,101] and in normal
conditions [102]. In both cases, androgen increased the expression of cyclins and their kinases while
decreasing the expression of its inhibitors. This is further evidence of the proliferative effect of the
androgens towards PCa. Similar to the developmental context, however, there are reports of inhibitory
activities on PCa cell proliferation by androgen. In human castration-resistant prostate cancer (CRPC),
addition of DHT did not usually exhibit a positive effect on cellular proliferation but instead inhibited
it [103].

Due to the dependence of tumor growth on androgens, castration and administration of androgen
signaling inhibitors are frequent treatments for PCa [104]. Although most cases respond positively to
androgen deprivation, some cases proceed to a more lethal form of PCa. This stage, known as CRPC,
is often associated with bone metastasis and has been reported to progress despite approximately
castration levels of androgens. The formation of CRPC is reported to occur either through the androgen
receptor (AR) or independently of AR. The AR is a nuclear receptor, which, upon binding its ligand,
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mediates downstream signaling. AR is reported to be present in CRPC tumors. In fact, it has been
reported that AR is often overexpressed or mutated in CRPC [105,106]. AR levels has been reported to
be higher in CRPC xenografts compared to primary tumors or benign prostatic hyperplasia [106]. This
increase in AR has been suggested to increase sensitivity of the PCa to low levels of androgens, thus
allowing the cancer to progress further.

Changes in steroid levels due to local steroidogenesis has been reported in CRPC using mass
spectrometry [107], and this has been suggested as another mechanism by which CRPC progresses
in a low-androgen environment. In the backdoor pathway, DHT is derived from androstenedione,
an intermediate in the classical androgen biosynthesis pathway [49]. Gene expression analysis
has confirmed the presence these enzymes and intermediates in PCa sites [49], and addition of
androstenedione to androgen-independent PCa lines significantly enhanced tumor growth [49].
Also, the conversion of androgens via the backdoor pathway has been reported to induce cell
proliferation [108]. Furthermore, androgen deprivation has been reported to promote DHT production
via the backdoor pathway in PCa [109]. The backdoor pathway was first reported in the development
of the prostate and testes in marsupials [110,111]. Since then, it has also been reported in mice [112,113]
and humans [50,113,114]. It has recently been suggested that backdoor androgens play a role during
masculinization. During human reproductive development, it has been reported that DHT levels in
the fetal circulation and fetal testes are low. Instead, androsterone, an intermediate in the backdoor
androgen synthesis pathway, is the major androgen within the circulation. It is, however, not expressed
in the fetal testes but was instead detected in non-gonadal tissues such as the placenta. Furthermore,
androsterone and testosterone are the only androgens that is higher in the male than in the female fetal
circulation [50]. Taken together, this suggests that masculinization is dependent not only on the fetal
testes, but also on other tissues capable of locally producing androgens. As DHT is low in the fetal
testes, it is also suggested that androsterone may be converted into DHT within the GT [50]. Further
studies related to the production of DHT and the GT are necessary.

Of note, it has also been suggested that paracrine type Shh signaling is involved in the
local steroidogenesis in PCa [47]. Although it is generally believed that local steroidogenesis
occurs within the tumor, there have been several reports stating that the stroma is also capable
of steroidogenesis [47,48,115]. Steroidogenesis related with Hh signal in the mesenchyme of bones is
also discussed in such works. This may be recognized as a form of EMI between Hh signaling and
androgens in the cancer environment (Table 1, Figure 1). Whether this paracrine interaction between
growth factor signals, such as Shh, and hormonal signals occurs during organogenesis is still unclear.
Modes of paracrine action may differ from stage to stage in organogenesis, as well as in PCa status.
Hence, the role of Hh and androgen signaling in development and cancer may be discussed not only
in the context of EMI but also in the chronological context.

Androgen signaling is mediated by the nuclear androgen receptor AR. Glil, the major Hh
downstream transcriptional regulator, may interact with AR in some types of PCa cell lines [39]. BMP
signal is transduced in the responding cell by pSmad signaling. There are some studies indicating the
presence of pSmad-AR interactions in the responding cell nucleus [116]. Several other cofactors have
been reported to interact with AR and pSmad, respectively [116]. The involvement of male hormones
and its potential crosstalk with Hh and BMP signals in PCa progression and organogenesis requires
further analysis.

5. The Status of the Basement Membrane (BM) As a New Aspect of EMI Regulation

Previously, the description of EMI has been limited to the cellular layers, but recently, the
participation of the basement membrane (BM) in EMI has been suggested [56]. When the BM was first
described, its primary function was stated as a structural protein that acts as a barrier or as an adhesion
site. Since then, it has been revealed that the BM possesses a wide range of functions that is critical in
development and cancer [54,117,118]. For example, one of the main BM proteins, laminin, can regulate
various biological processes by directly activating signaling pathways through its interactions with
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integrin receptors [119-121]. More recently, the status of the BM, including BM protein deposition and
the BM integrity, has been described as an emerging regulator of signaling related with the function
of EML

The proper development of the BM is essential during organogenesis: its formation and subsequent
removal is an essential step in the development of several organs. This removal is particularly essential
in cases wherein there is tissue fusion in the midline region, such as in the formation of the male-type
urethra and the palate. Morphological and loss of function studies on palatal fusion revealed the
necessity of regulating the status of the BM during this process [122]. It has been suggested that soluble
growth factor signals, such as TGF-f3, may participate in regulating this process [123]. Moreover,
the failure of the midline to fuse properly has been suggested to result in palatal cleft phenotypes.
Hence, the attention to defects in the regulation of the BM components, which results in developmental
abnormalities, has been increasing.

Shh is one of the important soluble factors involved in the maintenance of the BM during
organogenesis. The BM is composed of several extracellular matrix proteins, including laminin and
collagen. During urogenital organ development, loss of the a5 chain of laminin has been reported
to result in the formation of an abnormal urethra [55]. As mentioned above, growth factor signals,
including Hh, are essential in the regulation of urethral formation during early mouse development
(E11.5-E14) [18,19,22]. Shh is prominently expressed in the embryonic urethral epithelium in the
mouse, and functional disruption of Shh during early development (~E10.5) leads to GT agenesis [19].
Subsequent conditional gene knock-out studies for Shh in later stages (E11-13.5) revealed that Shh is
essential in urethral formation, as such knock-out models showed a hypospadias-like phenotype [40].
Detailed gene expression analysis revealed that absence of Shh expression during later stages of
urethral development (E15.5-16.5) might be associated with the reduced level of laminin in the BM
[Alcantara, unpublished]. In fact, Shh has been shown to be necessary for laminin deposition and
BM formation in the myotome [124]. Thus, the loss of laminin may indicate that Shh signaling is
required for the maintenance of BM structure in the prospective fusion site in the murine embryonic
urethra. The effect of Shh on laminin regulation, however, during male-type urethral fusion should be
analyzed further.

How the BM participates in EMI is a growing research field. As the disappearance of the epithelia
is associated with the breakdown of the BM, it is likely that the changes in the BM are mediated, at
least in part, by the epithelia. As mentioned, epithelial Shh can induce the deposition of laminin in the
BM. Loss of Hh signaling results in defective myotome in both mice and zebrafish [57,124]. However,
the possible role of the mesenchyme should not be discounted. In the zebrafish myotome, epithelial
Shh-induced laminin deposition inhibited BMP signaling in the mesoderm leading to myotomal cell
fate specification [57]. Thus, Hh from the epithelia may participate in paracrine signaling via the
BM for the above organogenesis. In contrast, laminin can induce Shh in the hair follicle epithelia by
triggering Noggin expression in the mesenchyme [56]. This evidence shows that the BM should be
taken into consideration during EMI studies.

Another emerging possibility for the role of BM integrity in EMI is its potential to regulate protein
diffusion between the epithelia and the mesenchyme. A study performed on MCF10A acini showed
that the status of the BM is positively correlated with molecular permeability [125]. As the breast
acini matures, the BM develops and thickens with it. Therefore, they compared the rate of permeation
by dextran in low-matured and semi-matured acini. They revealed that in low-matured acini, the
dextran penetrated the thin BM efficiently. On the other hand, semi-matured acini with thicker BM
could significantly slow down permeation of the dextran [125]. Hence, it is possible that the changes
in the BM integrity is responsible for allowing the diffusion of proteins, consequently influencing
organogenesis. A similar case might occur in the urethra, where there is loss of BM integrity specifically
at the fusion site of the embryonic urethral epithelia [Alcantara, unpublished]. Further investigation is
necessary to establish such a role of BM in development.
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Cell migration is a key event during metastasis, and it is important to consider the role of the
BM during this event. The proper regulation and dysregulation of the BM can be related with PCa
progression, as there is differential expression of BM proteins in normal and malignant prostate
cells [54,126]. In fact, loss of BM continuity has been correlated with PCa malignancy [127]. It has also
been reported that malignant PCa cells lack the y2 sub-chain of laminin-5 (laminin-332) [51,52,54]. This
loss of laminin-5 function may occur only in PCa, despite being highly expressed in other cancers, such
as colon and breast carcinomas [51]. This has been suggested to contribute to accelerated migratory
behavior in PCa [53], suggesting that the status of the BM is important for metastasis. It is also
interesting to note that this loss in laminin-5 is concurrent with the activation of Shh signaling during
progression of PCa. It has long been established that Shh is detected in metastasizing PCa, regulating
the signaling pathways for proliferation and invasion [128]. In fact, overexpressing Shh can transform
normal prostate cells into metastatic pCa cells [129]. There appears to be a possibility that Shh promotes
PCa metastasis by affecting the BM condition via laminin-5. Whether these observations can be applied
to the varying conditions of PCa in vivo should be studied further. Thus, the involvement of Hh
signaling in the regulation of the BM during PCa formation or progression has yet to be established.
Further studies are necessary to investigate the possible correlations of abnormal cell migration to the
status of the BM in mutant mice. Alteration of actions of growth factors and hormones and cellular
behaviors across the affected BM region should be investigated further (Table 1, Figure 1).

Modulating Hh signal may lead to altered laminin production in the BM. Matrix metalloproteinases
(MMPs), which can cleave extracellular matrix proteins, have been suggested to be involved in
tumorigenesis in several cancers, including PCa [130,131]. Whether the correlation of such enzymes
with abnormal distribution of proteins is possible and requires further analysis. It has been reported
that Shh signaling can regulate the expression of MMPs, leading to accelerated migration in ovarian,
liver, and gastric cancers [132-134]. Hence, Hh signaling may also indirectly affect the status of the BM
via MMP regulation.

6. Conclusions

EMI (epithelial-mesenchymal interaction) is a fundamental concept which governs both
organogenesis and cancer progression. In this text, we use the development of the EXG and prostate
cancer as representatives of these events. Hh signaling has been shown to play a vital role in both
processes, and it is worth noting that the effect of Hh signaling might either be positive or detrimental
depending on the tissue and developmental context. This review offers a summary of the possible
and known roles of Hh signaling during EMI. Although there are several other signaling pathways by
which Hh can interact, we show here the importance of the Hh/Bmp signaling interactions in the two
systems. This crosstalk is necessary for the proper development of the urogenital system and is also
responsible for driving part of PCa malignancy. Furthermore, Shh can induce local steroidogenesis
of androgens, a hormone that is critical for both events of interest. This local action is currently a
concern as it offers possible therapeutic targets for PCa. Lastly, we discussed the potential role of the
BM during EMI. The BM has long been believed to function as a barrier between the epithelia and the
mesenchyme, but we describe that Hh can participate in EMI via the BM. Insights from the role of
Hh in each biological event may contribute further understanding of this complex signaling pathway.
Studying this pathway using comparative and interdisciplinary viewpoints would be necessary to
understand even better the Hh signaling function and its implications in EMI.
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Hh hedgehog

EMI epithelial-mesenchymal interactions
EXG external genitalia

PCa prostate cancer

BMP bone morphogenetic protein

Shh Sonic hedgehog

Thh Indian hedgehog

Dhh Desert hedgehog

Ptch Patched

Smo Smoothened

GT genital tubercle

PSA prostate specific antigen

CAF cancer associated fibroblasts

DHT dihydrotestosterone

CRPC castration-resistant prostate cancer
AR androgen receptor

BM basement membrane

MMP matrix metalloproteinases
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Abstract: Sonic hedgehog (SHH) and its signaling have been identified in several human cancers,
and increased levels of SHH expression appear to correlate with cancer progression. However,
the role of SHH in the tumor microenvironment (TME) of oral squamous cell carcinoma (OSCC) is still
unclear. No studies have compared the expression of SHH in different subtypes of OSCC and focused
on the relationship between the tumor parenchyma and stroma. In this study, we analyzed SHH
and expression of its receptor, Patched-1 (PTCH), in the TME of different subtypes of OSCC. Fifteen
endophytic-type cases (ED type) and 15 exophytic-type cases (EX type) of OSCC were used. H&E
staining, immunohistochemistry (IHC), double IHC, and double-fluorescent IHC were performed on
these samples. ED-type parenchyma more strongly expressed both SHH and PTCH than EX-type
parenchyma. In OSCC stroma, CD31-positive cancer blood vessels, CD68- and CD11b-positive
macrophages, and a-smooth muscle actin-positive cancer-associated fibroblasts partially expressed
PTCH. On the other hand, in EX-type stroma, almost no double-positive cells were observed. These
results suggest that autocrine effects of SHH induce cancer invasion, and paracrine effects of SHH
govern parenchyma-stromal interactions of OSCC. The role of the SHH pathway is to promote growth
and invasion.

Keywords:  sonic hedgehog (SHH); oral squamous cell carcinoma (OSCC); tumor
microenvironment (TME); tumor-associated macrophages (TAMs); cancer-associated fibroblasts
(CAFs); tumor-associated angiogenesis

1. Introduction

Oral squamous cell carcinoma (OSCC) is a malignant tumor that comprises up to 90% of tumors
in the head and neck region [1] and is a heterogeneous group of tumors arising from the mucosal
surfaces of the oral cavity.
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OSCC is classified into various subtypes as described in the World Health Organization (WHO)
Classification of Head and Neck Tumors 4th Ed [2]. In addition, macroscopic subtypes have also
been identified, based on the clinical invasion pattern. These subtypes have important differences in
prognosis due to differences in invasive ability. Clinically, tumors primarily show exophytic growth
(exophytic type—EX type) or endophytic growth (endophytic type—ED type).

OSCC is a malignant epithelial tumor. Similar to many other solid tumors, the tumor
microenvironment (TME) of OSCC consists of the tumor parenchyma and stroma. The stroma
of the TME is composed of multiple different cell types, such as macrophages, endothelial cells,
cancer-associated fibroblasts (CAFs), and immune cells. These subpopulations of cells interact with
each other as well as with cancer cells via complex communication networks through various secreted
cytokines, chemokines, growth factors, and proteins of the extracellular matrix.

Macrophages, especially tumor-associated macrophages (TAMs), largely contribute to proliferation,
invasion, and metastasis of the tumor. Recently, some studies have suggested that a relationship exists
between the level of infiltration of TAMs and a poor outcome of OSCC and that the relationship could
be used as a potential prognostic marker [3-5]. CD11b is monocytes macrophage lineage-specific
marker. Numerous studies have reported that CD11b plays a role in invasion and metastasis and
CD11b is a marker of TAMs in tumors [6].

Blood vessels in the tumor stroma play an important role. Tumor blood vessels nourish not
only cancer cells but also stromal cells. Tumor blood vessels are positive for CD31, which was first
characterized as a protein that is expressed by human hematopoietic progenitor cells and has been
considered a definitive marker of angiogenesis in neoplastic lesions [7]. Recently, it has been reported
that CXCR4 plays a crucial role in tumor angiogenesis, which is required for OSCC progression [8].
Moreover, stromal cell-derived factor 1 (SDF-1), which is the ligand for CXCR4, is also expressed in
various types of cancers [9,10].

Additionally, CAFs are the predominant cell type within the tumor stroma, and their main
function is to maintain a favorable microenvironment for tumor cell growth and proliferation. The most
common marker used to detect CAFs in the tumor stroma is x-smooth muscle actin (x-SMA), a specific
marker of myofibroblasts [11-14]. This myofibroblast phenotype of CAFs is frequently observed in
OSCC, and upregulation of x-SMA is correlated with poor prognosis [15].

Thus, the biological properties of the tumor stroma are closely related to the growth and spread of
cancer. However, the details of how the TME varies depending on the proliferation type (such as ED or
EX type) of OSCC have not been reported.

Hedgehog signaling is essential for proper pattern formation and morphogenesis during
embryogenesis [16-19]. The interaction of the Hedgehog protein with its receptor, Patched-1 (PTCH),
leads to activation of the transcription factor, Gli, which induces downstream target genes including
PTCH and Gli themselves [20]. Among the three types of Hedgehog genes, sonic hedgehog (SHH),
Indian hedgehog, and desert hedgehog, the role of the SHH pathway in blood vessel formation has
been well studied in several animal models [21,22]. SDF-1 recruits endothelial progenitors, and SHH
increases the expression of SDF-1 in a concentration-dependent manner [23].

Hedgehog signaling contributes to the development and progression of many cancers [24-32].
In OSCC, reactivation and overexpression of the Hedgehog pathway plays a key role in development
and progression [33-36], and SHH signal activation is associated with worse prognosis in OSCC [37,38].

However, how Hedgehog signaling is involved in the TME of OSCC is unclear, and no studies
have focused on the expression of SHH signaling according to the subtype (such as ED or EX type)
of OSCC.

In the present study, we analyzed the relationship between SHH signaling and TEM in OSCC
comparing resected ED-type or EX-type OSCC samples.
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2. Results

2.1. SHH and PTCH Expression in OSCC

To investigate how the expression of SHH and its receptor PTCH influence on the invasion
of OSCC, we examined the expression of SHH and PTCH in the parenchymal and stromal regions
comparing ED-type and EX-type specimens.

As seen with H&E staining, the existing basal membrane in ED type was destroyed and infiltrated
by forming cancer nests in the subepithelial connective tissue (Figure 1a). On the other hand, the cancer
cells did not invade over the existing basal membrane, and cancer cells growth was observed as
extrovert in the EX type (Figure 1b).

In the cancer parenchyma, SHH was strongly expressed in the cytoplasm of cancer cells in ED
type: Moderate (+2), five patients; marked (+3), 10 patients, and more strongly in the cancer nests at
the front line of invasion (Figure 1c). On the other hand, in EX type, strong expression was observed in
the cytoplasm of part of the basal layer, and expression was observed from the spinous layer to the
surface layer. However, the expression was weaker than that in ED type: Weak (+1), four patients;
moderate (+2), 11 patients (Figure 1d).

In the cancer parenchyma, PTCH was strongly expressed in the cytoplasm of cancer cells in ED
type: Moderate (+2), five patients; marked (+3), 10 patients, particularly in the cancer nests at the
invasion front (Figure 1e). On the other hand, the cytoplasm of cancer cells from the basal layer to the
surface layer was weakly positive in EX type: No reactivity (0), one patient; weak (+1), 12 patients;
moderate (+2), two patients, (Figure 1f).

SHH in the cancer stroma was strongly expressed in blood vessels, spindle cells, and round cells
in ED type (Figure 1g). SHH in EX-type stroma was also strongly expressed in blood vessels and round
cells (Figure 1h). The expression of PTCH in the cancer stroma was stronger in EX type than in ED
type, and blood vessels, round cells, and spindle-shaped cells were positive for PTCH (Figure 1ij).

2.2. Involvement of SHH Signaling in Tumor Progression

2.2.1. Tumor Angiogenesis

To clarify whether the SHH pathway is involved in angiogenesis in OSCC, we first determined
the effect of SHH/PTCH in neovascularization using CD31 IHC staining. CD31 is a marker associated
with angiogenesis and labels vascular endothelial cells of blood vessels in tumors. Vascular endothelial
cells of blood vessels were positive for CD31 in both ED-type and EX-type cancer stroma. Especially in
ED-type stroma, CD31-positive expression was observed not only in blood vessels but also round cells
(Figure 2a). When comparing the area of blood vessels in the cancer stroma between ED type and EX
type, ED type showed superior angiogenesis compared to EX type (Figure 2b).

Many tumor blood vessels, which expressed both SHH and PTCH, were observed in the cancer
stroma, and the accumulation of these blood vessels was adjacent to the site where SHH was strongly
expressed in the cancer parenchyma (Figure 2c). However, connective tissue adjacent to epithelial tissue
in the non-cancerous region had few blood vessels that expressed SHH (Figure 2d). The expression of
PTCH in tumor blood vessels also showed the same tendency as the expression of SHH, and PTCH was
not expressed in blood vessels in the connective tissue adjacent to the non-cancerous region epithelium
(Figure 2ef).

In double-fluorescent IHC staining, both PTCH and CD31 were positive in blood vessels in the
cancer stroma in ED type and EX type. In addition, accumulation of CD31-positive round cells was
observed around blood vessels in the stroma of ED type, however these cells did not express PTCH
(Figure 2g). EX type also showed PTCH expression in almost all CD31-positive blood vessels in the
cancer stroma (Figure 2h).
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Figure 1. Representative pictures of immunohistochemical staining of sonic hedgehog (SHH) and
Patched-1 (PTCH) in endophytic (ED)-type and exophytic (EX)-type oral squamous cell carcinoma
(OSCC). (a,b) H&E staining of ED type and EX type. Scale bars: 2 mm. (¢,d) Low-power magnification
of SHH immunohistochemistry (IHC) staining. Scar bar: 1 mm. (e,f) Low-power magnification of PTCH
THC staining. Scale bar: 1 mm. (g,h) High-power magnification of SHH IHC staining. The expression
of SHH in the cancer stroma was expressed in blood vessels (block arrowheads) and round cells (white
arrowheads). Scale bar: 100 um. (i,j) High-power magnification of PTCH IHC staining. The expression
of PTCH in the cancer stroma was stronger in EX type than in ED type and was positive for blood
vessels (block arrowheads), round cells (white arrowheads), and spindle-shaped cells (arrows). Scale
bar: 100 pm.
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Figure 2. IHC and immunofluorescence of CD31. (a) IHC staining for CD31 in ED type and EX type.
CD31 positive expression was observed in blood vessels (arrowheads). CD31 positive round-shape cells
were observed (arrows). Scale bar: 50 pm. (b) Quantification of the angiogenesis area in ED type and
EX type. ED type showed superior angiogenesis compared to EX type. * p < 0.05 as indicated. (c) IHC
feature of SHH in ED-type stroma. The accumulation of these blood vessels (arrowheads) was shown
adjacent to the site where the SHH was strongly expressed in the cancer parenchyma. Scale bar: 100 pum.
(d) IHC feature of SHH in non-cancerous area. The connective tissue adjacent to normal epithelial tissue
had few blood vessels that expressed SHH weekly (arrowheads). Scale bar: 100 um. (e) IHC feature of
PTCH in ED-type stroma. The PTCH positive blood vessels (arrowheads) was shown adjacent to the
cancer parenchyma. Scale bar: 100 um. (f) IHC feature of PTCH in non-cancerous area. The PTCH
positive blood vessels were not observed (arrowheads). Scale bar: 100 um. (g,h) Double-fluorescent
IHC in ED type and EX type. Double-fluorescent IHC for PTCH-CD31 demonstrated that both PTCH
and CD31 were positive in blood vessels (arrowheads) in the cancer stroma in ED type and EX type.

Scale bar: 100 pm.
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SDF-1/CXCR4 plays multiple roles in tumor pathogenesis. CXCR4 promotes tumor growth
and malignancy, enhances tumor angiogenesis, and participates in tumor metastasis [39-42]. SDF-1
was expressed in both ED-type and EX-type cancer parenchyma, and the expression was stronger
in ED type than in EX type. SDF-1 expression was observed in the cancer parenchyma; however,
SDF-1 was not expressed in the non-cancerous epithelium adjacent to the cancer parenchyma, similar
to SHH expression (Figure 3a). Importantly, more intense signals of SDF-1 were detected in the
microvascular cells at the cancer’s invasive front (Figure 3b). In EX type, SDF-1 expression was detected
in blood vessels of stroma (Figure 3c). CXCR4 was also expressed in both ED-type and EX-type cancer
parenchyma; however, CXCR4 was not expressed in the non-cancerous epithelium adjacent to the
cancer parenchyma, similar to PTCH expression (Figure 3d). In ED type, CXCR4 were detected in
the blood vessels at the cancer stroma (Figure 3e); however, in EX type, CXCR4 expression was not
detected in blood vessels of stroma (Figure 3f). Double-fluorescent IHC staining showed that these
CXCR4-positive structures expressed PTCH in ED type (Figure 3g).

2.2.2. Tumor-Associated Macrophages

To clarify whether the SHH pathway is involved in OSCC invasion via TAMs, we first determined
the effect of SHH/PTCH in OSCC invasion using CD68 IHC staining. CD68 is a pan-macrophage marker
and is considered a marker of TAMs. Recently, CD68-positive cells have been reported to be a poor
prognostic factor [5] and TAMs recruitment in SHH expression tumor recruit TAMs significantly [43].

In both ED and EX type, accumulation of CD68-positive round or dendritic-shaped cells was
observed in the cancer stroma (Figure 4a). The number of CD68-positive cells in the cancer stroma was
significantly higher in ED type than in EX type (Figure 4b). Double immunostaining for SHH and
CD68 showed that the expression of these molecules did not merge. However, a large concentration
of CD68 was observed at the site close to the cancer parenchyma where SHH expression was strong
(Figure 4c). Double-fluorescent IHC staining for CD68 and PTCH showed abundant CD68-positive
cells that overlapped with PTCH in ED type (Figure 4d), whereas almost all CD68-positive cells did
not merge with PTCH in EX type.

CD11b is a specific monocyte macrophage marker, and recently it was reported that CD11b is a
marker of macrophages, some of which are TAMs in tumors [44]. Thus, we next determined the effect
of SHH/PTCH in OSCC invasion using CD11b IHC staining. In both ED type and EX type, aggregation
of CD11b-positive cells was observed in the cancer stroma. Many round CD11b-positive cells were
observed in the ED-type cancer stroma, and CD11b-positive round cells were also observed in the
EX-type cancer stroma (Figure 4e). The number of CD11b-positive cells was higher in ED type than EX
type (Figure 4f). Double immunostaining for SHH and CD11b showed that the expression of these
molecules did not merge. However, a large concentration of CD11b was present at the site adjacent to
the cancer parenchyma where SHH expression was strong (Figure 4g). When the expression of PTCH
and CD11b was examined, CD11b-positive round cells merged with PTCH expression (Figure 4h).
On the other hand, almost no expression of PTCH merged with CD11b-positive round cells in the
EX-type stroma.
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Figure 3. IHC and immunofluorescence of SDF-1 and CXCR4. (a) IHC staining for SDF-1 in ED type
and EX type. SDF-1 was expressed in both ED-type and EX-type cancer parenchyma; however, SDF-1
was not expressed in the non-cancerous epithelium adjacent to the cancer parenchyma. Scale bar:
1 mm. (b) IHC feature of SDF-1 in ED type. Blood vessels (arrowhead) were positive for SDF-1 in
invasive front of cancer. Scale bar, left: 500 pm, right: 100 um. (c) IHC feature of SDF-1 in EX type.
Blood vessels (arrowhead) were positive for SDF-1 weakly in cancer stroma. Scale bar, left: 500 um,
right: 100 um. (d) IHC staining for CXCR4 in ED type and EX type. CXCR4 was expressed in both
ED-type and EX-type cancer parenchyma; however, CXCR4 was not expressed in the non-cancerous
epithelium adjacent to the cancer parenchyma. Scale bar: 1 mm. (e) IHC feature of CXCR4 in ED
type. Blood vessels (arrowhead) were positive for CXCR4 in cancer stroma. Scale bar, left: 500 um,
right: 100 um. (f) IHC feature of CXCR4 in EX type. Blood vessels (arrowhead) were not positive for
CXCR4 in cancer stroma. Scale bar, left: 500 pm, right: 100 um. (g) Double-fluorescent IHC in ED type.
Double-fluorescent IHC staining of CXCR4 and PTCH demonstrated that the CXCR4-positive blood
vessels merged with PTCH in ED type (arrowhead). Scale bar: 100 pm.
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Figure 4. IHC, double IHC, and immunofluorescence of CD68 and CD11b. (a) IHC staining for CD68 in
ED type and EX type. The accumulation of CD68-positive round- or dendritic-shape cells was observed
in the cancer stroma. Scale bar: 100 um. (b) Quantification of the number of CD68-positive cells in ED
type and EX type. The number of CD68-positive cells in the cancer stroma was significantly higher
in ED type than in EX type. * p < 0.05 as indicated. (c) Double IHC staining for SHH (green)-CD68
(brown) in ED type. The expression of SHH and CD68 did not merge. However, there was a large
concentration of CD68 at the site close to the cancer parenchyma where SHH expression was strong.
Scale bar: 100 um. (d) Double-fluorescent IHC in ED type. Double-fluorescent IHC staining of CD68
and PTCH demonstrated that the abundant CD68-positive cells merged (arrowheads) with PTCH in
ED type. Scale bar: 100 um. (e) IHC staining for CD11b in ED type and EX type. The accumulation of
CD11b-positive round- or dendritic-shape cells was observed in the cancer stroma. Scale bar: 100 wm.
(f) Quantification of the number of CD11b-positive cells in ED type and EX type. The number of
CD11b-positive cells in the cancer stroma was significantly higher in ED type than in EX type. * p < 0.05
as indicated. (g) Double IHC staining for SHH (green)-CD11b (brown) in ED type The expression of
SHH and CD11b did not merge. However, there was a large concentration of CD68 at the site close to
the cancer parenchyma where SHH expression was strong. Scale bar: 100 pm. (h) Double-fluorescent
IHC in ED type. Double-fluorescent IHC staining of CD11b and PTCH demonstrated that the abundant
CD11b-positive cells merged (arrowheads) with PTCH in ED type. Scale bar: 100 um.
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2.2.3. Cancer-Associated Fibroblasts

To clarify whether the SHH pathway is involved in OSCC invasion via CAFs, we investigated
the effect of SHH/PTCH in OSCC invasion using «-SMA IHC staining. x-SMA is a common marker
of myoepithelial cells, especially CAFs, in many human tumors. In ED-type stroma, abundant
spindle-shaped cells were observed around the cancer nests, and these cells were positive for
a-SMA (Figure 5a). In EX-type stroma, x-SMA-positive blood vessels were observed in the cancer
stroma. However, almost no spindle-shaped x-SMA-positive cells were observed (Figure 5b). Double
immunostaining for SHH and «-SMA showed that the expression of these molecules did not overlap.
However, a large concentration of x-SMA was seen at the site close to the cancer parenchyma where

SHH expression was strong (Figure 5c).
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Figure 5. IHC, double IHC and immunofluorescence of x-smooth muscle actin (x-SMA). (a) IHC
staining for x-SMA in ED type. The abundant x-SMA-positive spindle-shaped cells were observed
around the cancer nests. Scale bar: 100 um. (b) IHC staining for x-SMA in EX type. Almost all
spindle-shaped x-SMA-positive cells were not observed. Scale bar: 100 um. (c) Double IHC staining for
«-SMA (green)-CD11b (brown) in ED type. There was a large concentration of x-SMA at the site close
to the cancer parenchyma where SHH expression was strong. Scale bar: 100 um. (d) Double-fluorescent
IHC in ED type. Double-fluorescent IHC staining of a-SMA and PTCH demonstrated that the abundant
a-SMA-positive cells merged (arrowheads) with PTCH partially in ED type. Scale bar: 100 wm.

Double-fluorescent IHC staining showed that some x-SMA-positive spindle-shaped cells expressed
PTCH in ED-type stroma (Figure 5d). PTCH-positive cells were observed in EX-type cancer stroma,

but no positive cells that overlapped with a-SMA were observed.

3. Discussion

In this study, the role of SHH in OSCC TME was clarified by comparing the expression of SHH by

ED type and EX type by immunostaining.
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First, we demonstrated autocrine expression of SHH in OSCC cancer parenchyma. Our data
showed that both SHH and PTCH were expressed in the cancer parenchyma, thus suggesting that SHH
signaling may operate in an autocrine manner in the cancer parenchyma. The expression of SHH and
PTCH was higher in ED-type cancer parenchyma than in EX-type parenchyma, suggesting that SHH
signaling may be involved in not only cancer growth but also cancer invasion. Autocrine SHH signaling
depends on secretion of SHH ligands by the cancer parenchyma. SHH acts on itself in a positive
feedback loop. Active Hedgehog signaling has been reported in various cancers such as prostate,
lung, liver, thyroid, bladder, ovarian, and colon cancers [45-51]. SHH overexpression promotes tumor
growth and metastasis, and higher levels of SHH are associated with poor survival and poor prognosis.
Some studies reported that autocrine activation of SHH is present in colorectal cancer and breast
cancer [52-55]. In addition, the SHH pathway induces epithelial-to-mesenchymal transition in gastric
tumors, pancreatic cancer, and breast cancer [56-58]. Our data also showed that SHH expression was
different in ED-type parenchyma compared to EX-type parenchyma. Therefore, SHH signaling in the
cancer parenchyma of OSCC may be involved in causing epithelial-to-mesenchymal transition and
invasion, similar to other tumors.

Second, we demonstrated paracrine signaling in which the cancer parenchyma secretes SHH
ligands that bind receptors on the surrounding stroma, thus activating stromal SHH signaling.

The role of SHH during tumor-associated angiogenesis has not been clarified in OSCC. Here,
we demonstrated a novel role for SHH in the development of the tumor vasculature. Our results imply
that SHH secreted from cancer cells facilitates cancer invasion not only by stimulating proliferation
of cancer cells in an autocrine manner but also by promoting angiogenesis in a paracrine manner.
Angiogenesis of tumors has critical effects on development of the tumor. Some studies have reported
the details of the contribution of SHH to tumor angiogenesis [59] and also reported the contribution of
SHH to angiogenesis of OSCC [33,34]. PTCH expression was not expressed in blood vessels observed
in the connective tissue adjacent to the normal epithelium. However, PTCH-positive tumor blood
vessels were observed abundantly in sites close to the cancer parenchyma where SHH was strongly
expressed. Thus, these results suggest that SHH acts in a paracrine manner on tumor blood vessels in
a concentration-dependent manner. Additionally, our studies also showed that SHH was expressed
in tumor blood vessels. Thus, SHH signaling had both autocrine and paracrine effects on tumor
angiogenesis in OSCC.

Both CXCR4 and SDF-1 were expressed in the cancer cells themselves. SDF-1 expression is related
to ovarian tumorigenesis and malignant transformation [60]. Pancreatic cancer [61], neuroblastoma
cells [62], and glioblastoma [63] also express both CXCR4 and SDF-1 proteins. In addition, SDF-1 recruits
endothelial progenitors, and SHH increases the expression of SDF-1 in a concentration-dependent
manner [23]. Recently, some studies have indicated that CXCR4 is essential for the formation of large
blood vessels that feed the gastrointestinal tract in the fetal stage [64,65]. PTCH-positive blood vessels
have the potential to be a therapeutic target because CXCR4 is expressed in specific tumor blood
vessels [8].

The SHH signaling pathway is not only involved in regulation of tumor angiogenesis but is
also important for tumor migration and invasion. The number of macrophages that infiltrated the
cancer stroma and expressed CD68 was significantly higher in ED-type stroma than in EX-type
stroma. In other tumors, the high accumulation of CD68-positive cells may be associated with poor
prognosis [3,66], suggesting that CD68 may also be correlated with prognosis of OSCC. In addition,
CD68 overlapped with PTCH expression in ED-type stroma, suggesting that SHH signaling may be
involved in macrophage aggregation in invasive cancer. Shimo et al. reported that the progression of
oral cancer to the bone marrow of the jaw is correlated with prognosis, and that SHH produced from
cancer cells directly affects CD68-positive osteoclast precursor cells and mature osteoclasts [67].

CD11b is generally known as a marker of monocytes, macrophages, and TAMs [5]. TAMs are
involved in tumor invasion and metastasis [68]. In our study, CD11b-positive cells that contacted
the cancer parenchyma were observed in ED-type stroma and EX-type stroma, and the number of
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CD11b-positive cells was higher in the former than the latter type. In ED type, some CD11b-positive
cells were PTCH positive. On the other hand, in EX type, almost no CD11b-positive cells were PTCH
positive. ED type that expressed SHH strongly induced CD11b/PTCH-double positive cells, which
participate in cancer invasion around the front of cancer nests. Considering the characteristics of their
distribution and shape, CD11b-positive cells in OSCC may represent TAMs, and some CD11b-positive
cells may have been recruited by SHH signaling in the cancer parenchyma.

«-SMA is a popular marker of myoepithelial cells and CAFs in tumors. In our study, we found
many spindle-shaped x-SMA-positive cells surrounding the cancer parenchyma in ED-type stroma.
In ED-type stroma, some of these spindle-shaped a-SMA-positive cells expressed PTCH. On the other
hand, we did not observe x-SMA-positive cells surrounding the cancer parenchyma in EX-type stroma.
Thus, the SHH pathway has been identified as activated in CAFs in OSCC, especially in ED type.
Previous work identified SHH as a mediator of the desmoplastic response in pancreatic cancer and
suggested that the stroma may serve as a barrier to delivery of therapeutic compounds [69]. In a
previous in vivo study, human pancreatic CAFs overexpressed the Hedgehog receptor Smoothened
(SMO). Increased SMO expression indicates increased Hedgehog pathway activity in these cells,
suggesting evidence for Hedgehog pathway activity in pancreatic cancer-associated stromal cells [70].
Our study is consistent with these previous reports and indicates that the SHH pathway in OSCC may
play an important role in inducing CAFs through a paracrine mechanism.

The cancer stroma consists of various types of cells. Some cancer stromal cells are derived from
BMDCs [71,72]. These stromal cells derived from BMDCs are recruited by SDF-1 and induced by SHH.
Stromal cells differentiate from endothelial cells, TAMs, and CAFs. Therefore, SHH signaling affects
not only tumor growth but also the cells that make up the cancer stroma and is an important pathway
in the TME.

The limitations of this study are due to using the patients tissue and the lack of understanding
of the cell biology and genetics approaches. Future research should include the cell biology and
genetics approaches.

In conclusion, given all the findings we observed from OSCC of ED type and EX type, the SHH
pathway may participate in the processes of tumorigenesis and cancer development. The histological
comparison between ED type and EX type provides authentic evidence for the involvement of the
SHH pathway in the development of cancer via differentiation into various kinds of cells in the cancer
stroma, such as macrophages, fibroblasts, and endothelial cells. Our results suggest roles for these
cells in tumorigenesis due to their multilineage differentiation potential. This study is, to the best
our knowledge, the first to show the direct and indirect influence of the SHH pathway on the TME.
Our findings clearly show that OSCC-derived SHH is involved in progression and invasion in the
OSCC TME.

4. Materials and Methods

4.1. Patients and Samples

Patient samples were obtained from the Oral Pathology Department of Okayama University.
This study was approved by the Ethics Committee of Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences (the project identification code: 1608-018; date of approval:
10 March 2017; and name of the ethics committee: Analysis of biological property of oral cancer).
A total of 30 cases of tongue OSCC classified as T2 according to the Union for International Cancer
Control (UICC) 8th Ed criteria were enrolled in the retrospective study, including 15 ED-type cases
and 15 EX-type cases of OSCC. These tissue samples from 30 patients were collected during excision.
None of the patients received chemotherapy, radiotherapy, or immunotherapy before sampling.

Tissues were processed and embedded in paraffin wax according to routine histological preparation
methods and sectioned at 3 um thickness. The sections were used for hematoxylin-eosin (H&E) staining
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(Wako Pure Chemical Industries, Ltd., Osaka, Japan), immunohistochemistry (IHC), double IHC, and
double-fluorescent IHC.

4.2. Immunohistochemistry and Evaluation

IHC was carried out using the antibodies detailed in Table 1. Following antigen retrieval,
sections were treated with 10% normal serum for 30 min, and then incubated with primary antibodies
at 4 °C overnight. Tagging of primary antibody was achieved by the subsequent application of
anti-rabbit, anti-goat, or anti-mouse IgG and avidin-biotin complexes (Rabbit/Goat/Mouse ABC
kit; Vector Laboratories, Inc., Burlingame, CA, USA). Immunoreactivity was visualized using
diaminobenzidine (DAB)/H,0; solution (Histofine DAB substrate; Nichirei, Tokyo, Japan), and sections
were counterstained with Mayer’s hematoxylin. For double immunostaining, the same process from
DARB staining was repeated, and immunoreactivity was visualized using Green chromogen (Vina
Green Chromogen kit; Biocare Medical, Pacheco, CA, USA). Sections were counterstained with
Mayer’s hematoxylin.

Table 1. Antibodies used in immunohistochemistry.

. . Immunized . . PO .
Primary Antibody Animal Antigen Retrieval Dilution Supplier
. Heated in 0.01 mol/L Abcam
SHEH Rabbit citrate buffer for 3 min x100 (Tokyo, Japan)
Heated in 0.01 mol/L Abcam
PTCH Goat citrate buffer for 3 min x100 (Tokyo, Japan)
Pressurized with 0.01 Novocastra
CD31 Mouse mol/L citrate buffer for 8 x100 (Newcastle upon
min in microwave oven Tyne, UK)
. Heated in 0.01 mol/L Abcam
SDF-1 Rabbit citrate buffer for 3 min *200 (Tokyo, Japan)
Pressurized with 0.01 Abcam
CXCR4 Rabbit mol/L citrate buffer for 8 %300 ¢
L . (Tokyo, Japan)
min in microwave oven
. Santa Cruz
CDé8 Rabbit cﬁf;fgﬁg%g"ﬁn 200 Biotechnology
(Dallas, USA)
Pressurized with 0.01 Abcam
CD11b Rabbit mol/L citrate buffer for 8 %500 ¢
L . (Tokyo, Japan)
min in microwave oven
. Heated in 0.01 mol/L Abcam
a-SMA Rabbit citrate buffer for 3 min x200 (Tokyo, Japan)

SHH and PTCH expression in OSCC were evaluated independently by the 2 pathologists.
The results were scored from 0 to 3 based on the intensity of the staining at the membrane or in the
cytoplasm: 0, no reactivity; +1, weak; +2, moderate; and 3, marked.

4.3. Double-Fluorescent IHC Staining

Double-fluorescent IHC for PTCH-CD31, PTCH-CD11b, PTCH-CXCR4, and PTCH-x-SMA was
performed using PTCH monoclonal antibodies (goat IgG) (Abcam, Tokyo, Japan). The secondary
antibodies applied are detailed in Table 2. Antibodies were diluted with Can Get Signal A (TOYOBO,
Osaka, Japan). After antigen retrieval, sections were treated with Block Ace (DS Pharma Bio-medical,
Osaka, Japan) for 20 min at room temperature. Specimens were incubated with primary antibodies
at 4 °C overnight and then incubated with secondary antibodies (1:200) for 1 h at room temperature.
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After the reaction, the specimens were stained with 1 mg/mL DAPI (Dojindo Laboratories, Kumamoto,
Japan).

Table 2. Antibodies used in double-fluorescent immunohistochemistry.

Second Antibody Immunized Animal Fluorescent Dye Supplier
Anti-Rabbit IgG Donkey Alexa Flour 568 Thermo Fisher (Tokyo, Japan)
Anti-Goat IgG Donkey Alexa Flour 488 Thermo Fisher (Tokyo, Japan)
Donkey Alexa Flour 568 Thermo Fisher (Tokyo, Japan)
Anti-Mouse IgG Donkey Alexa Flour 568 Thermo Fisher (Tokyo, Japan)

4.4. Cell Counting

Sections were examined under a microscope at 400X magnification. Ten areas were randomly
chosen in each sample. The number of positively labeled cells was counted manually, the average was
obtained, and the ED type and EX type were compared.

4.5. Statistical Analysis

All values are the mean + standard deviation. Statistical analysis was performed using one-way
analysis of variance and Tukey’s tests. A p value <0.05 was considered significant. All calculations
were made using PASW Statistics 18 (SPSS Inc., Chicago, IL, USA).
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SHH Sonic hedgehog

PTCH Patched-1

SDEF-1 Stroma cell-derived factor-1

CXCR4 C-X-C motif chemokine receptor 4
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