
• The Sonic Hedgehog (SHH) signaling pathway is critical in embryonic 
development through the regulation of cell differentiation and 
proliferation. Notably, the SHH mitogen is critical in neurodevelopment by 
regulating developmental patterning, tissue growth, tissue repair, and 
homeostasis in neural tissue. 

• Attenuation of SHH signaling pathway is linked to several phenotypes 
associated with several disorders including holoprosencephaly (HPE), 
Down syndrome (DS), Joubert syndrome, glucocorticoid-induced 
cerebellar injury. 

• Regulating the SHH signaling pathway to rescue SHH-associated 
phenotypes has been accomplished through two main methods: acute 
upregulation through the addition of sonic-agonists and chronic 
upregulation through genetic mechanisms. 

• To date, no reliable and efficient treatments exist that target disruptions 
in SHH signaling without significant safety concerns.

• Aim: To review molecular mechanisms, therapeutic effects, and possible 
side effect concerns of treatment strategies that upregulate SHH in SHH-
associated conditions. 

Findings

• There are several diseases characterized by the dysregulation of SHH. Disruption of a singular SHH-associated gene is pleiotropic and can lead to multiple 
phenotypic expressions. 

• The phenotypes associated with disorders of SHH signaling affect multiple organ systems ranging from renal deficits in individuals with Joubert syndrome to 
cardiac deficits in individuals with Down syndrome. 

Therapeutic Implications 
• Multiple diseases that are caused by deficits in SHH pathway can 

utilize similar treatment strategies. 
• In diseases where SHH is downregulated or there is a deficiency 

in SHH, the upregulation of SHH may treat multiple phenotypes 
in distinct organs. 

Therapeutic Approaches 
Acute Upregulation
• Upregulation of SHH through SHH soaked bead implantation
• Acute upregulation of SHH pathway through addition of Sonic 

hedgehog pathway agonist (SAG) to bind and activate SMO. 
• Acute upregulation of SHH through purmorphamine treatment to 

facilitate translocation of Smo into primary cilia. 
Chronic Upregulation
• Chronic upregulation of SHH pathway through haploinsufficiency 

of PTCH
• Future method: Chronic upregulation in SHH pathway through 

inducible human Shh knock-in mouse. 

Conclusion
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Figure 1. Schematic overview of canonical Sonic Hedgehog Signaling pathway. 

Disease/Condition Affected Systems Phenotypes Target References 

Down syndrome 

Cardiac AVSD, VSD, ASD, PTA, 
Pharyngeal Arch Artery 
defects 

- Shh secreted from cells in the pulmonary and pharyngeal 
endoderm for outflow tract septation. 

- Cells within the second heart field (SHF) migrate to contribute to 
formation of the atrial septum, dorsal mesenchymal protrusion, 
endocardial cushions, and pulmonary trunk

Goddeeris et al., 2008
Hoffmann et al., 2009

Cerebellum Cerebellar hypoplasia, 
hypocellular EGL, 
disorganization of GCPs in 
EGL

- Purkinje cells secrete Shh to promote GCP migration and division
- Frequency of mitosis of GCPs is reduced 

Dahmane and Ruiz i Altaba, 1999
Lewis et al., 2004
Wechsler-Reya and Scott, 1999
Roper et al., 2006b

Craniofacial Smaller and dysmorphic 
mandible bone and midface

- NCCs form the embryonic precursor of the mandible and midface, 
Meckel’s cartilage 

- Migration of Shh from endoderm of the ventral foregut maintains 
migrating NCCs and promote proliferation of the pharyngeal arch

Roper et al., 2009
Ahlgren and Bronner-Fraser, 1999
Brito et al., 2006
Jeong et al., 2004

Enteric Nervous 
System

Hirschsprung disease 
(HSCR)

- In the general population, mutations in Ret causes HSCR. 
- Mutation in Ret gene, causes less efficient NCC migration to the gut
- Ret, an RTK that is activated by GDNF
- It is unknown whether mutations in Ret are associated with HSCR in 

individuals with DS. 

Asai et al., 2006

Holoprosencephaly 

Brain Complete or partial fusion 
of cerebral hemispheres 
(Alobar/Semilobar/Lobar 
HPE)

- Mutation in SHH-associated genes result in a spectrum of defects in 
midline formation 

- Chromosomal region, 21q22.3, is associated with HPE 

Roessler and Muenke, 2010
Muenke et al., 1995

Craniofacial Cleft lip, Cleft palate, 
Ocular hypotelorism,  
solitary median maxillary 
central incisor

- SHH-dependent signals regulate Shh expression in the frontonasal 
ectodermal zone (FEZ)

- FEZ acts as an ectodermal signaling center to control development 
of the frontonasal process (FNP) to potentially contribute to facial 
phenotypes of HPE

Young et al., 2010

Ciliopathies: 
Joubert syndrome 

Cerebellum Absence or 
underdeveloped vermis 

- Mutation of CEP290 is most common for cerebello-oculo-renal 
phenotype. 

- CEP290 is critical to the specialized proximal region of the cilia

Sayer et al., 2006

Renal Cystic kidney, NPHP, ESRD

Brain Molar tooth sign

Pre-term lung disease 
treatment:

Glucocorticoid-induced 
neonatal cerebellar injury 

Cerebellum Cerebellar hypoplasia - Glucocorticoids interact with transcription factors to regulate 
inflammatory response 

- 11βHSD2, a metabolic inactivator of glucocorticoids, is expressed in 
GCPs to promote normal cerebellar development 

Holmes and Seckl, 2006
Homes et al., 2006Brain Cognitive impairment, 

cerebral palsy

Table 1. Diseases and phenotypes caused by SHH signaling downregulation. 

Figure 4. Beneficial and detrimental outcomes of SHH upregulation as a therapeutic tool.  
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• Upregulation of the SHH signaling pathway rescued several phenotypes in 
SHH-deficient disorders including: 

• Upregulation of the SHH signaling pathway, however, has been linked with 
cancers, such as medulloblastoma and basal cell carcinoma. As such, there 
are still several safety concerns to upregulation of SHH signaling that limit 
its use in humans.

o Rescue of mutant ciliary phenotype in ciliopathies like Joubert syndrome
o Rescue of hippocampal and cerebellar-associated learning and memory 

in Down syndrome 
o Rescue of facial defects after blocking Shh signaling in the brain

Figure 3. Schematic of acute and chronic therapeutic approaches to Shh pathway upregulation in mice. 


