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Background & Objective:  Medulloblastoma formation is importantly related to 
granular cell proliferation and differentiation, processes which are under the 
influence of sonic hedgehog (SHH) signaling. Exons of genes encoding different 
components of this signaling pathway (e.g., ligands, co-receptor, transcription 
factors, and target genes) were investigated to identify the proper single guide RNAs 
for selective targeting of positive regulators of the SHH pathway. 

 Materials & Methods:  The genomic DNA sequences of corresponding genes of 
several positive regulators of the SHH pathway (in Homo Sapiens), including SHH, 
SMO, GLI1, GLI2, MYCN, and MYC, were retrieved from the National Center for 
Biotechnology Information (NCBI) gene database. Next, the exon sequences of these 
genes were identified using protospacer adjacent motif (PAM) of NGG and 
Streptococcus pyogenes Cas9 nuclease and evaluated by CRISPOR software to select 
the best sgRNA for each target gene.  

Results:  The analyses revealed the best sgRNAs for the SHH, SMO, GLI1, GLI2, 
MYCN, and MYC genes targeted exon 1, -4, -4, -5, -2 and -2, respectively. Proper 
sgRNAs for targeting each exon in each gene were also identified. 

Conclusion:  This study revealed possible specific exonic targets of components of 
the SHH signaling pathway through designing proper sgRNAs using the 
CRISPR/Cas9 genome editing approach. 
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Introduction
The developed cerebellar cortex consists of three layers: 

an outer molecular layer (comprised of axons/dendrites of 
cerebellar neurons), a layer of Purkinje cells, and a layer 
made up of granule cells (GCs) (1). Importantly 
contributing to the cerebellar cortex, GCs originate from 
their precursors, proliferate rapidly, and differentiate into 
mature GCs. The proliferation and differentiation of GCs 
are under the influence of the sonic hedgehog (SHH) 
signaling pathway (2). As such, aberrant activation of 
SHH signaling is critically associated with GC-related 
malignancies such as medulloblastoma. 

Medulloblastoma has been classified into four principal 
subgroups: WNT, SHH, Group 3, and Group 4 (3). The 
WNT subgroup has the best prognosis and the 
pathophysiology is related to WNT signaling and somatic 
mutations of the Catenin Beta 1 (CTNNB1) gene (3). The 

SHH subgroup was defined after identification of SHH 
pathway aberrations, such as a mutation in the SHH 
receptor protein patched homolog 1 (PTCH1), and 
subsequent activation of SHH signaling (4). With 
metastatic features, Group 3 medulloblastoma exhibits 
high expression of MYCN and is therefore also referred 
to as the MYCN group (3, 5). Group 4 is the least 
molecularly characterized subgroup and shows an 
intermediate prognosis similar to the SHH group (3). 

As a highly spatiotemporally regulated pathway, Hh 
signaling is conserved in vertebrates and crucially 
involved in embryonic development (6). Aberrations in 
this pathway can lead to craniofacial defects and various 
cancers (7). The HH/GLI cascade comprises several 
important components, including ligands (Sonic (SHH), 
Indian (IHH), and Desert Hh (DHH)), receptors (protein 
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patched homolog 1 and 2 (PTCH1 and -2)), co-receptors 
(e.g., smoothened (SMO)), transcription factors (glioma-
associated oncogene proteins (GLI1, GLI2, and GLI3)), 
and several target genes (PTCH1, PTCH2, GLI1, MYCN) 
(8). In addition, HH signaling can occur in response to 
canonical (ligand-dependent and/or receptor-induced 
signaling) and non-canonical activation (signaling 
triggered downstream of SMO) (7). 

Clustered regularly interspaced short palindromic 
repeats (CRISPR)/CRISPR-associated (Cas) systems 
represent an adaptive immune system in bacteria and 
archaea and are commonly used as a genomic engineering 
tool. Out of several CRISPR/Cas types, Streptococcus 
pyogenes (SpCas9)-derived CRISPR/Cas9 is the most 
commonly used system (9). Cas9 nuclease and a single 
guide RNA (sgRNA) form a complex that can detect a 
specific genomic site and generate double-stranded breaks 
producing insertions or deletions which may ultimately 
inactivate the target gene. 

CRISPR selector (CRISPOR) is a free online tool for 
designing and selecting proper sgRNAs (10). CRISPOR 
offers various sgRNA ranking criteria, including 
specificity, efficiency, out-of-frame mutations, and off-
targets, which facilitates selecting the sgRNA best suited 
for the desired purpose (11). Providing various options 

and comparing previous work, CRISPOR may be 
considered the best tool for sgRNA selection (12). 

In this study, we aimed to identify the most efficient 
sgRNA exonic targets of various SHH signaling pathway 
components. Exons of the ligand producing gene SHH, 
co-receptor gene SMO, and various target genes (GLI1, 
GLI2, MYCN, and MYC) were evaluated using a SpCas9-
derived CRISPR/Cas9 system; CRISPOR analysis led to 
the identification of proper sgRNAs to specifically and 
effectively target (exons of) these positive regulators of 
SHH signaling. 
 

Materials and Methods 
Genomic analysis 

The genomic DNA sequences of corresponding genes 
of several positive regulators of the SHH signaling 
pathway (in Homo Sapiens) - i.e., SHH, SMO, GLI1, 
GLI2, MYC, and MYCN - were retrieved from the 
National Center for Biotechnology Information (NCBI) 
gene database and ensemble genome browser. Exons of 
each gene were investigated and the coding and non-
coding sequences of each exon were demonstrated (Table 
1, and Figure 1) since targeting the coding sequences of 
each exon is of priority. 

 

Table 1. Location and number of exons of each target gene 

Genes 
Features 

MYC MYCN GLI2 GLI1 SMO SHH 

8q24.21 2p24.3 2q14.2 12q13.3 7q32.1 7q36.3 Map 

Lo
ca

tio
n 

1-14518 1 - 13447 1 - 202363 1 - 19134 1 - 31677 1 - 19290 Source (bp) 

5798 - 12518 4990 - 
11444 

5001 - 
200363 

4651 - 
17134 

4762 - 
29674 

4811 - 
17294 Gene (bp) 

3 3 14 12 12 3 Number of Exons 

3 2 13 11 12 3 Number of coding 
exons 

 

 
Figure 1. Graphical map of Coding and non-coding exons of the positive regulator genes of SHH signaling pathway. The figure 

is adopted from NCBI graphics of genes (https://www.ncbi.nlm.nih.gov/).  

https://www.ncbi.nlm.nih.gov/
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Selecting proper sgRNAs by CRISPOR online 
platform 

The exon sequences of mentioned genes were identified 
using protospacer adjacent motif (PAM) of NGG and 
Streptococcus pyogenes Cas9 nuclease and evaluated by 
CRISPOR to select proper sgRNAs for each target gene. 
Proper sgRNAs for each exon of every gene were selected 
regarding the highest scores of specificity, efficiency, and 
off-target effects, simultaneously. 

CRISPOR Guide list 

The CRISPOR guide list (CRISPOR manual: 
http://crispor.tefor.net/manual/) shows several properties 
of guide sequences presented in various columns (10, 11): 

Column 1: PAM position on the input and the strand; 
Column 2: guide sequence, the PAM, PCR, and cloning 
primers associated with that specific sequence, variants, 
high or low GC content leading to low target cleavage 
efficiency, inefficient guides, and overlapping restriction 
enzymes; Column 3 and 4: specificity scores of MIT and 
CFD. CRISPOR uses the MIT CRISPR Website but with 
a better and more sensitive engine. A specificity score of 

at least 50 is recommended; Columns 5 and 6: efficiency 
scores that predict how well the target may be cut by its 
RNA guide sequence. Two scoring methods are shown by 
default – the Doench (13) and Moreno-Mateos scores 
(14). The Doench score is the best score for guides 
expressed in cells from a U6 promoter, whereas the 
Moreno-Mateos score is most suitable when the guide is 
expressed in vitro with a T7 promoter; Column 7: out-of-
frame score predicting the likeliness of a guide leading to 
out-of-frame deletions, which is relevant for gene 
knockouts with a single guide; Column 8: Lindel score 
predicts probability of a frameshift caused by any type of 
insertion or deletion; Column 9: off-target mismatch 
counts representing the number of possible off-targets in 
the genome for each number of mismatches. The second 
row (indicated in grey) shows the mismatches in the seed 
region – within 12 bp of the PAM. It has been reported 
that off-targets with mismatches in the seed region are 
very inefficiently cut; Column 10: off-target locations 
indicating whether the off-targets are introns or exons. 
Scores related to specificity, efficiency, and out of frame 
score, range from 0-100 with 100 being the best score 
(Figure 2). 

 

 
Figure 2. CRISPOR platform guide list. From left to right (column 1: PAM position on the input and the strand; column 2: 

guide sequence, the PAM, PCR and cloning primers; column 3 and 4: specificity score; column 5 and 6: efficiency score; column 
7, 8: outcome scores; column 9: off-target mismatch counts; column 10: number of exonic or intronic off-targets).  
 

Results 
Genomic analysis 

The location and number of exons for each target gene 
are listed in Table 1. SHH contains 3 exons each of which 
is transcribed; SMO includes 12 exons which are all 
transcribed; GLI1 has 11 exons from which exon 1 is not 
transcribed; GLI2 contains 14 exons from which exon 14 
is not transcribed; MYCN has 3 genes from which exon 
1 is not transcribed; MYC has 3 genes which are all 
transcribed.  

Proper sgRNAs to target SHH signaling pathway 

The exons of each gene were investigated for proper 
sgRNAs by CRISPOR (Table 2). The following pairs 
describe the gene and the exon best targeted by the 
designed (proper) sgRNA: SHH - exon 1, SMO - exon 4, 
GLI1 - exon 2, GLI2 - exon 5, MYCN - exon 2, and MYC 
- exon 2. 

 

Table 2. Proper sgRNAs for targeting each individual gene.  

Gene 

and exons 

CRISPOR scoring 

Specificity Efficiency Outcome 
Off-target Number of Exonic 

off-targets MIT CFD D MM OF L 

SH
H

 

1 
99 99 60 60 72 74 

0-0-0-0-16 

0-0-0-0-0 
None 

First sgRNA: CTATATAACCTTGCCCGCCG  CGG  (157/rev) 
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Gene 

and exons 

CRISPOR scoring 

Specificity Efficiency Outcome 
Off-target Number of Exonic 

off-targets MIT CFD D MM OF L 

98 99 42 45 64 69 
0-0-0-0-7 

0-0-0-0-1 
1 

Second sgRNA: CGCGGCGGGCAAGGTTATAT  AGG  (178/fw) 

SM
O

 

4 

98 99 63 54 55 84 
0-0-0-0-11 

0-0-0-0-0 
2 

sgRNA: CACGGCAGACGATCTCTCGG  CGG  120/rev 

97 99 61 66 58 73 
0-0-0-2-10 

0-0-0-0-0 
2 

sgRNA: ACGGCAGACGATCTCTCGGC  GGG  119/rev 

G
li1

 

4 

94 97 73 37 65 88 
0-0-0-3-23 

0-0-0-1-0 
2 

sgRNA: GCGAGTTGATGAAAGCTACG  AGG  122/rev 

94 98 53 27 65 82 
0-0-0-1-20 

0-0-0-1-0 
2 

sgRNA: AACTCGCGATGCACATCTCC  AGG  158/fw 

G
li2

 

2 

98 98 54 45 57 73 
0-0-0-0-11 

0-0-0-0-0 
0 

sgRNA: GGTGTCGCATGTCAATCGGT  AGG  35/rev 

98 99 54 45 57 84 
0-0-0-0-11 

0-0-0-0-0 
0 

sgRNA: ACCGATTGACATGCGACACC  AGG  58/fw 

M
YC

N
 

2 

99 98 71 73 67 82 
0-0-0-0-11 

0-0-0-0-0 
2 

sgRNA: CGGTATTAAAACGAACGGGG   CGG   79/fw 

98 97 41 29 67 77 
0-0-0-3-6 

0-0-0-0-0 
3 

sgRNA: CCCCCGGTATTAAAACGAAC   GGG   75/fw 

M
YC

 

2 

98 100 53 69 65 73 
0-0-0-3-15 

0-0-0-0-0 
1 

sgRNA: ACGTTGAGGGGCATCGTCGC GGG  7/rev 

99 99 57 51 66 51 
0-0-0-1-12 

0-0-0-0-0 
1 

sgRNA: AACGTTGAGGGGCATCGTCG CGG 8/rev 

MIT: MIT specificity score, CFD: CFD specificity score, D: Doench score (13), MM: Moreno-Mateos score (14), OF: out of 
frame, L: Lindel.  
 

Discussion  
Numerous studies have meticulously investigated 

SHH signaling (6-8). Considering this pathway is 
crucial for both proliferation and differentiation during 

embryogenesis, tumorigenesis can be expected when 
dysregulation or mutation occurs (15). For example, 
germline mutations of the tumor suppressor gene 
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PTCH, a receptor for SHH, can lead to Gorlin 
syndrome, which is associated with several cancers, 
including basal cell carcinoma (BCC), 
medulloblastoma, and rhabdomyosarcoma (16). In 
addition, aberrant activation of the HH pathway 
through overexpression of ligands also promotes the 
development of various cancers, including prostate 
cancer, pancreatic cancer, gastric and upper 
gastrointestinal tract cancer, and small cell lung cancer 
(17). 

HH signaling comprises events driven on different 
levels by ligands, receptors, co-receptors, transcription 
factors, and target genes (6-8, 15, 16). In Drosophila, 
only one gene (HH) is associated with HH ligand 
secretion, whereas three different HH gene homologs 
(i.e., SHH, IHH, and DHH) are spatiotemporally 
expressed in vertebrates (15, 18). The receptor of these 
ligands is PTCH; in the absence of a ligand, PTCH 
inhibits the activity of the co-receptor, SMO (15), 
rendering the HH pathway inactive. Ligand binding to 
PTCH results in SMO activation and transduction of 
the HH signal from the cytoplasm to the nucleus via the 
GLI zinc-finger protein family of transcription factors 
(6). To date, three GLI transcription factors have been 
identified, of which GLI1 and GLI2 serve as 
transcriptional activators and GLI3 as an activator of 
repressor depending on its post-translational 
modification (19). HH pathway activation results in the 
expression of HH target genes, such as GLI1, PTCH, 
MYC, and BCL-2 (6, 15). 

MYC and MYCN genes are of potential significance 
in medulloblastoma (3, 20). Regarding disease 
subtypes (see Introduction), a high expression level of 
MYCN has been reported in the SHH group, while 
MYCN is highly expressed in WNT and Group 3 
medulloblastoma; conversely, Group 4 
medulloblastoma shows minimal expression of either 
gene (3, 5, 20). MYCN (located on chromosome 12) is 
a GLI target gene that promotes proliferation of 
cerebellar GC precursors (21), and is directly induced 
by SHH (22). MYCN not only regulates the 
proliferation of GC precursors but also affects GC 
differentiation when its levels are decreased (2, 21). As 
such, MYCN plays a significant role in proliferation 
and tumorigenesis mediated by SHH (22). 

Based on current literature, targeting SHH signaling 
at the level of SMO is a common approach, and several 
SMO inhibitors have been identified/developed and 
utilized (23). Cyclopamine – a natural product of corn 
lilies – was the first identified SMO inhibitor but 
exhibited poor efficiency and oral solubility (24). 
Several other SMO inhibitors, including vismodegib, 
sonidegib, and saridegib, have since been introduced 
with variable efficiency (25-28). Among these 
inhibitors, which function through the prevention of 
cilial translocation of SMO (23), vismodegib and 
sonidegib demonstrated promising results in the 
treatment of BCC and medulloblastoma (25-28). 
Similarly, itraconazole – an SMO inhibitor effective 

against SMO-resistant mutations – has shown 
inhibitory effects on BCC and medulloblastoma 
growth as well (29). Shh signaling can also be targeted 
at the level of GLI, considering the pathway can be 
activated non-canonically. GLI inhibitors include the 
small molecules GANT58 and GANT61, HPI 1-4, and 
arsenic trioxide (ATO) (30). 

Although the use of SMO inhibitors is the most 
commonly applied targeted therapy for inhibition of 
SHH signaling, the problem is that SHH-activated-
derived tumors (BBB and medulloblastoma) frequently 
develop resistance to SMO inhibitors (31, 32). This 
may occur through several mechanisms, including 
resistance mutations in SMO (31), amplification of 
downstream SHH target genes (such as GLI2 (32) or 
cyclin D), activation of non-canonical GLI signaling 
through PI3K-AKT pathway (32), and atypical protein 
kinase C (PKCzeta/lambda) activation (23, 33, 34). 
This emphasizes the need for alternative targeted 
strategies to effectively inactivate SHH signaling. 

Recent advances in gene therapy have led to the 
utilization of specific nucleases for gene editing such 
as zinc finger nucleases (ZFNs), transcription 
activator-like effector nuclease (TALENs), and 
CRISPR-associated (Cas) proteins (35). The 
CRISPR/Cas system is an eminent genomic 
engineering tool which can be simply applied, is less 
toxic compared to other approaches, and its accuracy 
in targeting is high, although some off-target effects are 
inevitable. 

Cancers are typically not the result of a single gene 
or single pathway abnormality. Thus, drugs interfering 
upstream of a signaling pathway may be ineffective in 
controlling the disease (e.g., SMO inhibitors in the 
treatment of medulloblastoma), because the expression 
of target genes can be induced through various 
signaling pathways converging at the transcriptional 
level (32-34). Therefore, targeting efficiently, 
specifically, and precisely (reducing off-targets) is of 
crucial importance and can be achieved by designing 
optimal sgRNAs using the CRISPR/Cas system (11). 

Among several online platforms for designing 
sgRNAs, three comprehensive tools including 
CHOPCHOP, CRISPR RGEN tools, and CRISPOR 
are more common to be used (12). CRISPOR is an 
ensemble of multiple tools, so it is very comprehensive 
and meets the necessities of designing proper gRNAs 
(10). For instance, for the efficiency score, the result of 
10 different designing tools is considered, so 
CRISPOR functions as a great database for designing 
sgRNAs (13). When the results of CHOPCHOP and 
CRISPOR designing platforms are compared, at least 
one of the top three suggested sgRNA sequences are 
the same, but CRISPOR results are more 
comprehensive since it represents a clear view of 
intronic and exonic off-targets and possible polymerase 
chain reaction primers to identify the off-target 
sequences (11). 
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Several CRISPR/Cas9 intervention studies have 
been done, Li et al. (36) edited a TERT gene promoter-
activating mutation using a single guide RNA and 
reported proliferation arrest in a glioblastoma cell line, 
and growth inhibition of gliomas when adeno-
associated viruses expressing specific sgRNAs were 
locally injected. A recent attempt by Salimi-Jeda et al. 
(37) to inhibit HIV-1 replication demonstrated 
decreased specific antigen levels and viral RNA load. 
They transfected HEK-293T cells infected by the HIV 
virus with a CRISPR/Cas9 multiplex cassette 
containing three different sgRNAs designed by 
CRISPOR online platform. 

This is a bioinformatics study aiming to identify 
ways to target the SHH signaling pathway through 
designing proper sgRNAs using the CRISPR/Cas9 
genome editing tool; none of the sgRNAs proposed 
here are tested in a laboratory by the authors.  
 

Conclusion 
The results of this study demonstrate an effective 

CRISPR/CRISPOR approach identifying proficient 
sgRNAs that specifically target susceptible exons of 
various genes involved in the activation of SHH 
signaling (an important pathway in cancer 
development and progression) (2, 7, 8, 15, 16, 18, 22, 
23, 26, 30, 32). Our findings suggest further exploration 
of sgRNAs as a direct and targeted approach to inhibit 
significant cancer-related molecular pathways, such as 
SHH signaling, at various levels is promising and 
might aid the development of novel therapeutic 
strategies for the treatment of medulloblastoma and 
other cancers. 
 

Acknowledgments 
This study was supported by the Iran University of 

Medical Sciences, Tehran, Iran (ethics code: 
IR.IUMS.FMD.REC.1399.543). 
 

Authors' Contribution 

This work was carried out in collaboration among all 
authors. M. Gh., H. M., and M. M. designed the study, 
MGH performed the bioinformatics study, M. Gh. 
wrote the first draft of the manuscript. H. M. and M. M. 
supervised and commented on the study, H. M. edited 
and added corrections. All authors read and approved 
the final manuscript. 
 

Funding 

This study was funded by Iran University of Medical 
Sciences, Tehran, Iran. 
 

Conflict of Interest 

No conflict of interest is declared. 

References 
1. Marzban H, Del Bigio MR, Alizadeh J, Ghavami 

S, Zachariah RM, Rastegar M. Cellular 
commitment in the developing cerebellum. Front 
Cell Neurosci. 2014;8:450. [PMID] [PMCID]  
[DOI:10.3389/fncel.2014.00450]  

2. Jiao X, Rahimi Balaei M, Abu-El-Rub E, Casoni 
F, Pezeshgi Modarres H, Dhingra S, et al. Reduced 
Granule Cell Proliferation and Molecular 
Dysregulation in the Cerebellum of Lysosomal 
Acid Phosphatase 2 (ACP2) Mutant Mice. 
International journal of molecular sciences. 2021; 
22(6):2994. [DOI:10.3390/ijms22062994]  
[PMID] [PMCID] 

3. Taylor MD, Northcott PA, Korshunov A, et al. 
Molecular subgroups of medulloblastoma: the 
current consensus. Acta Neuropathol. 2012; 
123(4):465-72. [PMID] [PMCID]  
[DOI:10.1007/s00401-011-0922-z]  

4. Northcott PA, Hielscher T, Dubuc A, et al. 
Pediatric and adult sonic hedgehog 
medulloblastomas are clinically and molecularly 
distinct. Acta Neuropathol. 2011;122(2):231-40. 
[DOI:10.1007/s00401-011-0846-7] [PMID]  
[PMCID] 

5. Hatten ME, Roussel MF. Development and cancer 
of the cerebellum. Trends Neurosci. 2011;34(3): 
134-42. [DOI:10.1016/j.tins.2011.01.002]  
[PMID] [PMCID] 

6. Sigafoos AN, Paradise BD, Fernandez-Zapico 
ME. Hedgehog/GLI signaling pathway: 
transduction, regulation, and implications for 
disease. Cancers (Basel). 2021;13(14):3410.  
[DOI:10.3390/cancers13143410] [PMID]  
[PMCID] 

7. Carballo GB, Honorato JR, de Lopes GPF, Spohr 
T. A highlight on Sonic hedgehog pathway. Cell 
Commun Signal. 2018;16(1):11. [PMCID]  
[DOI:10.1186/s12964-018-0220-7] [PMID] 

8. Skoda AM, Simovic D, Karin V, Kardum V, 
Vranic S, Serman L. The role of the Hedgehog 
signaling pathway in cancer: A comprehensive 
review. Bosnian J Basic Med Sci. 2018;18(1):8-
20. [DOI:10.17305/bjbms.2018.2756] [PMID] 
[PMCID] 

9. Jiang F, Doudna JA. CRISPR-Cas9 structures and 
mechanisms. Annu Rev Biophys. 2017;46:505-29. 
[DOI:10.1146/annurev-biophys-062215-010822] 
[PMID] 

10. Concordet JP, Haeussler M. CRISPOR: intuitive 
guide selection for CRISPR/Cas9 genome editing 
experiments and screens. Nucl Acid Res. 2018; 
46(W1):W242-W5. [DOI:10.1093/nar/gky354] 
[PMID] [PMCID] 

https://www.ncbi.nlm.nih.gov/pubmed/25628535
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4290586
https://doi.org/10.3389/fncel.2014.00450
https://doi.org/10.3390/ijms22062994
https://www.ncbi.nlm.nih.gov/pubmed/33804256
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7999993
https://www.ncbi.nlm.nih.gov/pubmed/22134537
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3306779
https://doi.org/10.1007/s00401-011-0922-z
https://doi.org/10.1007/s00401-011-0846-7
https://www.ncbi.nlm.nih.gov/pubmed/21681522
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4538327
https://doi.org/10.1016/j.tins.2011.01.002
https://www.ncbi.nlm.nih.gov/pubmed/21315459
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3051031
https://doi.org/10.3390/cancers13143410
https://www.ncbi.nlm.nih.gov/pubmed/34298625
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8304605
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5861627
https://doi.org/10.1186/s12964-018-0220-7
https://www.ncbi.nlm.nih.gov/pubmed/29558958
https://doi.org/10.17305/bjbms.2018.2756
https://www.ncbi.nlm.nih.gov/pubmed/29274272
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5826678
https://doi.org/10.1146/annurev-biophys-062215-010822
https://www.ncbi.nlm.nih.gov/pubmed/28375731
https://doi.org/10.1093/nar/gky354
https://www.ncbi.nlm.nih.gov/pubmed/29762716
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6030908


600   Targeting Sonic Hedgehog Signaling Pathway by CRISPR/Cas9 

       Volume 31, November & December 2023       Journal of Advances in Medical and Biomedical Research 

11. Haeussler M, Schönig K, Eckert H, et al. 
Evaluation of off-target and on-target scoring 
algorithms and integration into the guide RNA 
selection tool CRISPOR. Gen Biol. 2016;17(1): 
148. [DOI:10.1186/s13059-016-1012-2] [PMID] 
[PMCID] 

12. Liu G, Zhang Y, Zhang T. Computational 
approaches for effective CRISPR guide RNA 
design and evaluation. Comput Struct Biotechnol 
J. 2020;18:35-44. [PMID] [PMCID]  
[DOI:10.1016/j.csbj.2019.11.006]  

13. Doench JG, Fusi N, Sullender M, et al. Optimized 
sgRNA design to maximize activity and minimize 
off-target effects of CRISPR-Cas9. Nature 
Biotechnol. 2016;34(2):184-91.  
[DOI:10.1038/nbt.3437] [PMID] 

14. Moreno-Mateos MA, Vejnar CE, Beaudoin JD, et 
al. CRISPRscan: designing highly efficient 
sgRNAs for CRISPR-Cas9 targeting in vivo. 
Nature Method. 2015;12(10):982-8.  
[DOI:10.1038/nmeth.3543] [PMID] [PMCID] 

15. Gupta S, Takebe N, Lorusso P. Targeting the 
Hedgehog pathway in cancer. Therapeut Adv Med 
Oncol. 2010;2(4):237-50. [PMID] [PMCID]  
[DOI:10.1177/1758834010366430]  

16. Evangelista M, Tian H, de Sauvage FJ. The 
hedgehog signaling pathway in cancer. Clin 
Cancer Res. 2006;12(20 Pt 1):5924-8.  
[DOI:10.1158/1078-0432.CCR-06-1736] [PMID] 

17. Watkins DN, Berman DM, Burkholder SG, Wang 
B, Beachy PA, Baylin SB. Hedgehog signalling 
within airway epithelial progenitors and in small-
cell lung cancer. Nature. 2003;422(6929):313-7. 
[DOI:10.1038/nature01493] [PMID] 

18. McMahon AP. More surprises in the Hedgehog 
signaling pathway. Cell. 2000;100(2):185-8.  
[DOI:10.1016/S0092-8674(00)81555-X] [PMID] 

19. Ruiz i Altaba A. Catching a Gli-mpse of 
Hedgehog. Cell. 1997;90(2):193-6.  
[DOI:10.1016/S0092-8674(00)80325-6] [PMID] 

20. Northcott PA, Korshunov A, Witt H, et al. 
Medulloblastoma comprises four distinct 
molecular variants. J Clin Oncol. 2011;29(11): 
1408-14. [DOI:10.1200/JCO.2009.27.4324]  
[PMID] [PMCID] 

21. Kenney AM, Cole MD, Rowitch DH. Nmyc 
upregulation by sonic hedgehog signaling 
promotes proliferation in developing cerebellar 
granule neuron precursors. Develop. 2003;130(1): 
15-28. [DOI:10.1242/dev.00182] [PMID] 

22. Hatton BA, Knoepfler PS, Kenney AM, et al. N-
myc is an essential downstream effector of Shh 
signaling during both normal and neoplastic 
cerebellar growth. Cancer Res. 2006;66(17):8655-

61. [DOI:10.1158/0008-5472.CAN-06-1621]  
[PMID] 

23. Amakye D, Jagani Z, Dorsch M. Unraveling the 
therapeutic potential of the Hedgehog pathway in 
cancer. Nat Med. 2013;19(11):1410-22.  
[DOI:10.1038/nm.3389] [PMID] 

24. Chen JK, Taipale J, Cooper MK, Beachy PA. 
Inhibition of Hedgehog signaling by direct binding 
of cyclopamine to Smoothened. Genes Dev. 
2002;16(21):2743-8. [DOI:10.1101/gad.1025302] 
[PMID] [PMCID] 

25. Sekulic A, Migden MR, Oro AE, et al. Efficacy 
and safety of vismodegib in advanced basal-cell 
carcinoma. N Engl J Med. 2012;366(23):2171-9. 
[DOI:10.1056/NEJMoa1113713] [PMID]  
[PMCID] 

26. Lou E, Schomaker M, Wilson JD, Ahrens M, 
Dolan M, Nelson AC. Complete and sustained 
response of adult medulloblastoma to first-line 
sonic hedgehog inhibition with vismodegib. 
Cancer Biol Ther. 2016;17(10):1010-6.  
[DOI:10.1080/15384047.2016.1220453] [PMID] 
[PMCID] 

27. Li Y, Song Q, Day BW. Phase I and phase II 
sonidegib and vismodegib clinical trials for the 
treatment of paediatric and adult MB patients: a 
systemic review and meta-analysis. Acta 
Neuropathol Commun. 2019;7(1):123. [PMCID] 
[DOI:10.1186/s40478-019-0773-8] [PMID]  

28. Gampala S, Zhang G, Chang CJ, Yang JY. 
Activation of AMPK sensitizes medulloblastoma 
to Vismodegib and overcomes Vismodegib-
resistance. FASEB Bio Adv. 2021;3(6):459-69. 
[DOI:10.1096/fba.2020-00032] [PMID] [PMCID] 

29. Kim J, Aftab BT, Tang JY, et al. Itraconazole and 
arsenic trioxide inhibit Hedgehog pathway 
activation and tumor growth associated with 
acquired resistance to smoothened antagonists. 
Cancer Cell. 2013;23(1):23-34. [PMCID]  
[DOI:10.1016/j.ccr.2012.11.017] [PMID]  

30. Lauth M, Bergström A, Shimokawa T, Toftgård R. 
Inhibition of GLI-mediated transcription and 
tumor cell growth by small-molecule antagonists. 
Proc Natl Acad Sci USA. 2007;104(20):8455-60. 
[DOI:10.1073/pnas.0609699104] [PMID]  
[PMCID] 

31. Yauch RL, Dijkgraaf GJ, Alicke B, et al. 
Smoothened mutation confers resistance to a 
Hedgehog pathway inhibitor in medulloblastoma. 
Science. 2009;326(5952):572-4.  
[DOI:10.1126/science.1179386][PMID][PMCID] 

32. Buonamici S, Williams J, Morrissey M, et al. 
Interfering with resistance to smoothened 
antagonists by inhibition of the PI3K pathway in 
medulloblastoma. Sci Transl Med. 2010;2(51): 

https://doi.org/10.1186/s13059-016-1012-2
https://www.ncbi.nlm.nih.gov/pubmed/27380939
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4934014
https://www.ncbi.nlm.nih.gov/pubmed/31890142
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6921152
https://doi.org/10.1016/j.csbj.2019.11.006
https://doi.org/10.1038/nbt.3437
https://www.ncbi.nlm.nih.gov/pubmed/26780180
https://doi.org/10.1038/nmeth.3543
https://www.ncbi.nlm.nih.gov/pubmed/26322839
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4589495
https://www.ncbi.nlm.nih.gov/pubmed/21789137
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3126020
https://doi.org/10.1177/1758834010366430
https://doi.org/10.1158/1078-0432.CCR-06-1736
https://www.ncbi.nlm.nih.gov/pubmed/17062662
https://doi.org/10.1038/nature01493
https://www.ncbi.nlm.nih.gov/pubmed/12629553
https://doi.org/10.1016/S0092-8674(00)81555-X
https://www.ncbi.nlm.nih.gov/pubmed/10660040
https://doi.org/10.1016/S0092-8674(00)80325-6
https://www.ncbi.nlm.nih.gov/pubmed/9244291
https://doi.org/10.1200/JCO.2009.27.4324
https://www.ncbi.nlm.nih.gov/pubmed/20823417
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4874239
https://doi.org/10.1242/dev.00182
https://www.ncbi.nlm.nih.gov/pubmed/12441288
https://doi.org/10.1158/0008-5472.CAN-06-1621
https://www.ncbi.nlm.nih.gov/pubmed/16951180
https://doi.org/10.1038/nm.3389
https://www.ncbi.nlm.nih.gov/pubmed/24202394
https://doi.org/10.1101/gad.1025302
https://www.ncbi.nlm.nih.gov/pubmed/12414725
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC187469
https://doi.org/10.1056/NEJMoa1113713
https://www.ncbi.nlm.nih.gov/pubmed/22670903
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5278761
https://doi.org/10.1080/15384047.2016.1220453
https://www.ncbi.nlm.nih.gov/pubmed/27682250
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5079386
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6668073
https://doi.org/10.1186/s40478-019-0773-8
https://www.ncbi.nlm.nih.gov/pubmed/31362788
https://doi.org/10.1096/fba.2020-00032
https://www.ncbi.nlm.nih.gov/pubmed/34124601
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8171304
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3548977
https://doi.org/10.1016/j.ccr.2012.11.017
https://www.ncbi.nlm.nih.gov/pubmed/23291299
https://doi.org/10.1073/pnas.0609699104
https://www.ncbi.nlm.nih.gov/pubmed/17494766
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1866313
https://doi.org/10.1126/science.1179386
https://www.ncbi.nlm.nih.gov/pubmed/19726788
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5310713


Mehrdad Ghorbanlou et al. 601 

      Volume 31, November & December 2023       Journal of Advances in Medical and Biomedical Research 

51ra70. [DOI:10.1126/scitranslmed.3001599]  
[PMID] [PMCID] 

33. Atwood SX, Li M, Lee A, Tang JY, Oro AE. GLI 
activation by atypical protein kinase C ι/λ 
regulates the growth of basal cell carcinomas. 
Nature. 2013;494(7438):484-8.  
[DOI:10.1038/nature11889] [PMID] [PMCID] 

34. Jiang K, Liu Y, Fan J, et al. Hedgehog-regulated 
atypical PKC promotes phosphorylation and 
activation of Smoothened and Cubitus interruptus 
in Drosophila. Proc Natl Acad Sci U S A. 2014; 
111(45):E4842-E50. [PMID] [PMCID]  
[DOI:10.1073/pnas.1417147111]  

35. Baliou S, Adamaki M, Kyriakopoulos AM, et al. 
CRISPR therapeutic tools for complex genetic 

disorders and cancer (Review). Int J Oncol. 2018; 
53(2):443-68. [DOI:10.3892/ijo.2018.4434]  
[PMID] [PMCID] 

36. Li X, Qian X, Wang B, et al. Programmable base 
editing of mutated TERT promoter inhibits brain 
tumour growth. Nat Cell Biol. 2020;22(3):282-8. 
[DOI:10.1038/s41556-020-0471-6] [PMID] 

37. Salimi-Jeda A, Esghaei M, Hossein k, Bokharaei-
Salim F, Teimoori A, Abdoli A. Inhibition of HIV-
1 replication using the CRISPR/cas9-no NLS 
system as a prophylactic strategy. Heliyon. 2022; 
8(9):e10483. [PMID] [PMCID]  
[DOI:10.1016/j.heliyon.2022.e10483]  

 

 

 

 

 

 

 

 

How to Cite This Article:  

Ghorbanlou M, Marzban H, Mehdizadeh M. Targeting Positive Regulators of Sonic Hedgehog Signaling 
Pathway in Medulloblastoma by Designing CRISPR/Cas9 Single Guide RNAs. J Adv Med Biomed Res. 2023; 
31(139):594-601.  

Download citation:  
BibTeX | RIS | EndNote | Medlars | ProCite | Reference Manager | RefWorks 
 
Send citation to:  

  Mendeley      Zotero     RefWorks 

https://doi.org/10.1126/scitranslmed.3001599
https://www.ncbi.nlm.nih.gov/pubmed/20881279
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3422576
https://doi.org/10.1038/nature11889
https://www.ncbi.nlm.nih.gov/pubmed/23446420
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3761364
https://www.ncbi.nlm.nih.gov/pubmed/25349414
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4234617
https://doi.org/10.1073/pnas.1417147111
https://doi.org/10.3892/ijo.2018.4434
https://www.ncbi.nlm.nih.gov/pubmed/29901119
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6017271
https://doi.org/10.1038/s41556-020-0471-6
https://www.ncbi.nlm.nih.gov/pubmed/32066906
https://www.ncbi.nlm.nih.gov/pubmed/36158108
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9489754
https://doi.org/10.1016/j.heliyon.2022.e10483
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=BibTeX
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=ris
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=EndNote
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=Medlars
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=ProCite
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=Reference_Manager
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=RefWorks
http://www.mendeley.com/import/?url=http://zums.ac.ir/journal/article-1-6123-en.html
http://www.mendeley.com/import/?url=http://zums.ac.ir/journal/article-1-6123-en.html
http://www.mendeley.com/import/?url=http://zums.ac.ir/journal/article-1-6123-en.html
http://www.mendeley.com/import/?url=http://zums.ac.ir/journal/article-1-6123-en.html
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=ris
https://journal.zums.ac.ir/web2export.php?a_code=A-10-2691-5&sid=1&slc_lang=en&type=ris
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html
http://www.refworks.com/express/ExpressImport.asp?vendor=J-Adv-Med-Biomed-Res&filter=RefWorks%20Tagged%20Format&encoding=65001&url=http%3A%2F%2Fzums.ac.ir%2Fjournal%2Farticle-1-4781-en.html

	Targeting Positive Regulators of Sonic Hedgehog Signaling Pathway in Medulloblastoma by Designing CRISPR/Cas9 Single Guide RNAs
	Mehrdad Ghorbanlou1, Hasan Marzban2,3, Mehdi Mehdizadeh4*
	1. Dept. of Anatomy, School of medicine, Iran University of Medical Sciences, Tehran, Iran
	2. Children’s Hospital Research Institute of Manitoba (CHRIM), College of Medicine, Faculty of Health Sciences, University of Manitoba, Winnipeg, MB, Canada
	3. Dept. of Human Anatomy and Cell Science, Winnipeg, MB, Canada
	4. Reproductive Sciences and Technology Research Center, School of Medicine, Iran University of Medical Sciences, Tehran, Iran
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	References




