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Abstract Alternative splicing (AS) produces the different mRNA splicing bodies, which are
then translated into multiple protein isoforms and participate in various biological functions.
With a deeper understanding of alternative splicing through the study of transcriptomes using
high-throughput sequencing-based methods, the correlation between aberrant AS and diseases
triggered a great concern, especially abnormal AS and cancer. Medulloblastoma (MB) is an
intracranial tumor in children. Sonic hedgehog MB (SHH-MB) accounted for approximately
30% of MB, which is associated with the activation of SHH signaling. Growing evidence shows
that aberrant AS is closely related to the tumorigenesis of MB. Here, we briefly introduced
the AS and its mechanism. Next, we described canonical/noncanonical hedgehog signaling
and its correlation with MB. The main description focused on AS of various regulators in canon-
ical hedgehog signaling in MB. In addition, we also described AS of various regulators in nonca-
nonical hedgehog signaling. Meanwhile, activated hedgehog signaling also induces AS in MB.
Then, we pointed out that aberrant AS of hedgehog signaling is associated with different MB
subgroups. Finally, we summarized the therapeutic applications of targeted AS in cancer
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treatment. In summary, further understanding of AS in SHH-MB could develop therapeutic tar-
gets for splicing factors which may be a novel therapeutic strategy.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Alternative splicing (AS) is a significant mechanism to
generate proteome diversity from limited genes and usually
produces transcripts that differ in the coding sequence or
untranslated regions (UTR).1 Transcripts from nearly all
genes undergo one or more types of AS, which includes
exon skip (removal of specific exons, referred to as cassette
exons), retained intron (differential retention of introns),
switching between alternative 50 and 30 splice sites
(referred to the alternate donor site and alternate acceptor
site), mutually exclusive exons (adjacent inclusive exons
cannot coexist), and other patterns (alternate promoter
and alternate terminator).2 Different transcripts translate
to generate various proteins with multiple functions in
life.3

All types of AS require spliceosomes to catalyze RNA
splicing reactions.4 The spliceosome consists of small nu-
clear RNAs (snRNAs) and associated proteins, which
comprise a series of small nuclear ribonucleoprotein par-
ticles (snRNPs, U1, U2, U4/U6, and U5).5,6 The formation of
spliceosome and splicing reactions have been illuminated
by some researchers and are not further discussed in this
review. However, AS is subject to multiple regulations
including cis-acting elements (exon splicing enhancers
(ESE), exon splicing silencers (ESSs), intron splicing en-
hancers (ISEs), and intron splicing silencers (ISSs)) and
trans-acting elements (the Ser-Arg-rich (SR) protein family
and the heterogeneous nuclear ribonucleoprotein (hnRNP
protein family)).2,7 The differentially expressed genes of
these splicing factors achieve specificity of splicing as well
as flexibility, leading to misregulation of AS and
tumorigenesis.8,9

A large number of researchers have elucidated the
functions of AS in tumors.10e12 Firstly, AS is more frequent
among cancer cells compared to their normal tissue coun-
terparts.13 There is more mis-splicing in tumors, accompa-
nied by an increase in the rate of transcripts containing
premature termination codons (PTCs) in cancer cells. In
further data analysis on genes that could be divided into
oncogene and tumor suppressor genes (TSGs), PTCs in
transcripts encoding TSGs are more frequent than onco-
genes. Furthermore, analysis of RNA-seq data across 16
distinct cancer types from The Cancer Genome Atlas
(TCGA) revealed that common AS processing differences
exist between tumors and their control samples.14 Intron-
containing mRNAs are responsible for the transcriptional
diversity of multiple cancers. So, what elements caused the
diversity of splicing in tumors? Researchers found that so-
matic, single nucleotide variants (SNVs) triggered intron
retention (IR) by integration of RNA-seq analyses of cancer
samples with whole exome and whole genome sequencing
data from the same patients. SNVs-induced IRs were
enriched in TSGs over oncogenes.15 SNVs at intronic splicing
donor or acceptor sites are also usually recognized as
deleterious. Moreover, mutations interfered with AS
through altering splice sites of cancer-associated genes in
cis-acting elements or changing the function of trans-acting
splicing factors. In addition to mutation, the differentially
expressed splicing regulatory proteins also affect splicing.
All these researches indicated that cancer cells are asso-
ciated with aberrant AS.

As for the AS in tumor development, Sciarrillo and col-
leagues have reviewed the functions of AS in cancer from
oncogenesis to drug resistance12 and we no longer further
discuss it. We aimed to describe the various types of AS in
sonic hedgehog medulloblastoma (SHH-MB), which lacks a
comprehensive review.
SHH signaling

Hedgehog (HH) signaling is a highly conserved pathway that
is significant in embryonic development and is implicated in
numerous birth defects and cancers.16e18 The mammalian
apparatus of the HH pathway includes three kinds of HH
ligands (Three HH homologous genes in mammals: Sonic
Hedgehog (SHH ), Indian Hedgehog (IHH ), and Desert
Hedgehog (DHH ), which encode SHH, IHH, and DHH pro-
teins, respectively), Patched 1 (PTCH1, the 12-pass trans-
membrane receptor), Smoothened (SMO, the 7-pass
transmembrane G protein-coupled receptor), as the oblig-
atory signal transducer across the plasma membrane, and
the Gli transcription factors family.19

Canonical SHH signaling

Canonical HH transduction is initiated by HH ligand binding
to PTCH1. In absence of an HH ligand, SMO is constitutively
repressed by PTCH1, which is located at the base of the
primary cilia, an organelle that protrudes from the surface
of vertebrate cells and serves as the center of HH
signaling.20,21 Thus, the accumulation of SMO in the primary
cilia is prevented and its activity is repressed by PTCH1.
Once the HH ligand binding to PTCH1, it displaces PTCH1
from the primary cilia by inducing its internalization and
lysosomal degradation. Activated SMO translates the HH
activating signals into the cytoplasm preventing GLI2 and
GLI3 processing and releasing GLI transcription factors from
dissociation from the suppressor of fused (SUFU), thereby
ultimately promoting GLI to translocate into the nucleus
and binds to targets to regulate gene expression (Fig. 1).
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Figure 1 Canonical and noncanonical hedgehog signaling action in MB. Canonical HH signaling: HH ligands (SHH, IHH, and DHH)
bind with PTCH1 to relieve suppression of SMO. Active SMO moves to primary cilia and promotes the release of SUFU and Gli
proteins. Activated Gli proteins then translocate to the nucleus and promote gene transcription (ie, GLI1, GLI2, PTCH1, and MYCN).
Noncanonical HH signaling is activated via other oncogenic pathways (PI3K, DYRK1, MAPK), tumor suppressors (p53, NUMB, BCL6),
and other regulators (HAT, HDAC, BRD4).

AS in sonic hedgehog signaling and MB 2015
Noncanonical SHH signaling

Besides the canonical activation of GLI by the HH-PTCH-
SMO axis, the noncanonical SHH signaling refers to the
cellular and tissue responses to HH ligands that are not
dependent on GLI1 isoform transcriptional activity. There is
growing evidence pointing out an SMO-independent stimu-
lation of GLI activity.
SHH signaling aberrancy in MB

MB is one of the most malignant brain tumors in children
(WHO grade IV).22 As a common embryonal cancer of the
cerebellum, MB is speculated to derive from various discrete
neuronal stem or progenitor cell populations early in life and
is prone to dissemination through the cerebral spinal fluid
(CSF).23,24 The peak of incidence is w3e4 or 8e10 years of
age, although MB sometimes occurs in the first year after
birth or adulthood in some individuals.23 MB has four sub-
groups based on molecular typing, including wingless (WNT),
SHH, Group 3, and Group 4.25 Meanwhile, there are several
therapeutic options for the treatment of MB. Maximal sur-
gical resection followed by risk-adapted CSI and adjuvant
chemotherapy has brought the best survival for MB.26
Among four subgroups of MB, SHH-MB accounted for 30%,
together with activated SHH signaling. SHH-MB is usually
orientated from the mutations or deletions of key genes in
SHH signaling. The majority of patients have either germ-
line or somatic mutations and copy-number alterations in
these critical genes, including mutations or deletions in
PTCH1 (43% of patients) or SUFU (10%), activating mutations
in SMO (9%), GLI1 or GLI2 amplifications (9%), and MYCN
amplification (7%).26,27 Nowadays, MYC or MYCN amplifi-
cation and chromosome 17 imbalances are the signatures of
Group 3 MB.28,29 Common SHH-MB cell lines include the
Daoy (D324MED) cell line and Ons-76 cell line.30e32 In WNT-
MB, the mutation of CTNNB1 gene is the most significant
marker of WNT-MB,33 and the b-catenin protein encoded by
CTNNB1 is an important effector of the WNT signaling
pathway, common WNT-MB cell lines include BT853 and
UW473 cell line.30,34 The molecular mechanism of Group
3 MB remains unclear. MYC amplification is the salient
feature of this subgroup MB. Cytogenetically, the main
manifestations are the amplification of chromosomes 1q, 7,
and 17q, and the deletion of 10q, 11q, 16q, and 17p.35

Common Group 3 MB cell lines include SUMB002, HD-MB03,
RCMB40, D425, Med8A, D458, DM283-MED, and D341 cell
lines30,36,37; Group 4 MB is the most common molecular
subgroup in which MYCN mutations are associated with



Figure 2 Alternative splicing of PTCH1 in MB. (A) All 18 coding exons of the PTCH1 gene are indicated by numbered boxes.
(B) Alternative first exons of PTCH1 form different transcripts. (C) U1-snRNA mutations drive cryptic splicing in adults and ado-
lescents with SHH-MB. (D) Alternative splicing of PTCH1 Exon 12b in normal brain tissues and numerous MB cell lines.
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poorer prognosis. Common Group 4 MB cell lines include
ICB299 cell line.30,36

In SHH-MB, comprehensive clustering analysis by Cavalli
et al identified four subgroups of SHHa, SHHb, SHHg, and
SHHd.38 SHHa has the worst prognosis and is characterized
by TP53 mutation, MYCN, or GLI2 amplification. SHHb is
more common in infants, often accompanied by metastasis.
SHHg pathology is mostly MBEN and has a better prognosis.
SHHd is mainly composed of adults and is rich in TERT
promoter mutations. Schwalbe et al divided SHH-MB into
MBSHH-infant (age <4.3) and MBSHH-child (age �4.3) based on
age. MBSHH-infant is rich in SUFU mutations and has a good
prognosis. MBSHH-infant is characterized by TP53 or TERT
mutation, and MYCN or GLI2 amplification.39 Moreover, 21%
of SHH-MB have TP53 mutations, which have a poor prog-
nosis and are an important factor for this subgroup of MB.40
In clinical, SHH-MB is further divided into TP53 mutations or
TP53 wild type according to whether TP53 is mutant.

In brief, the aberrant activation of the SHH signaling
induces aberrant proliferation and tumor growth in MB. The
effects of key molecular mutations in the SHH signaling
pathway on MB are well known. However, the functions of
critical molecular AS in the SHH signaling pathway on MB
are unclear.
AS in components of canonical SHH signaling

AS of PTCH1

PTCH1 is a significant component of SHH signaling. The
binding of SHH to the PTCH1 receptor derepresses SMO,
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ultimately freeing GLI1 transcription. However, aberrant AS
in PTCH1 has been identified in MB patients. Differential
PTCH1 transcripts produced through AS have multiple roles
in SHH signaling.41 AS of PTCH1 is mainly composed of
alternate promoter and exon skip (Fig. 2A). PTCH1 has five
alternative first exons involving 1a (also known as 1C), 1b
(also known as 1B), 1c, 1d (also known as 1), and 1e (also
known as 1A). Alternative first exons of PTCH1 form
different transcripts, such as PTCH1, PTCH1A, PTCH1B, and
PTCH1C (Fig. 2B). PTCH1 and PTCH1A encode the same
short form of PTCH1A, which is translated from an ATG
codon within exon 3. PTCH1 and PTCH1A include the
alternative first exon-1 and exon 1A, respectively. PTCH1B
contains the alternative first exon 1B and encodes a full-
length PTCH1 protein. PTCH1C includes the alternative first
exon 1C encoding a full-length PTCH1 protein form in which
the ATG codon is located in exon 1C. Among the transcripts,
the short form of PTCH1A can interact with HH family
protein while is incapable of suppressing HH signaling.
PTCH1B protein can completely inhibit SMO activity.
PTCH1C has a lower capacity for pathway inhibition
compared with PTCH1B.42

As reported previously, PTCH1 transcripts were
expressed in numerous human adult tissues, such as the
brain, lung, and so on. However, PTCH1 transcripts are
specifically expressed in fetal tissues. Fetal brain tissue
only expresses exon 1, while adult brain tissue expresses
exon 1/1A/1B/1C. Exon 1B/1C expression is lower than that
of 1 and 1A. These data indicate the importance of exon 1
variation during early brain development. SHH-MB is asso-
ciated with the activation of HH signaling that could upre-
gulate exon 1B and 1C.

In addition to the alternate promoter, exon skip also
occurs in AS of PTCH1. Exon 12b, an alternative exon, is
located between exon 12 and 13 (Fig. 2D). The transcript
containing exon 12b is expressed in a brain- and heart-
specific fashion, particularly in the cerebellum.43,44 The
transcript containing exon 12b encodes a truncated
patched-1 protein (PTCH1-12b) since this isoform has an in-
frame stop codon, which does not seem to have any func-
tions. PTCH1-12b was found to be expressed in control but
not in SHH-MB cell lines (Daoy) (Fig. 2D), thus it is specu-
lated that PTCH1-12b plays a significant suppressor role in
the tumorigenesis of MB.44
AS of GLI transcription factors

Aberrant splicing of PTCH1 affects the expression of GLI
transcription factors. The GLI transcription factors family is
composed of GLI1, GLI2, and GLI3. All GLI proteins are
members of the GLI-Kruppel family of zinc-finger (ZNF)
containing transcription factors. They have a C-terminal
transactivation domain, while GLI2/3 also possess an N-
terminal repressor domain and function as both transcrip-
tional activators and repressors. GLI1 acts mainly as a
transcriptional activator. GLI2FL is a weak activator since
the fully activated form (GLI2DN) requires the complete
removal of its N-terminus.45 GLI3 functions as a repressor in
most conditions.46 However, there are also numerous AS in
GLI transcription factors. The human GLI1 gene was first
identified by Vogelstein and colleagues as an oncogene in
glioblastoma.47 Then, Lo and colleagues identified a novel
splice variant of GLI1 called tGLI1 in glioblastoma,48 which
is generated by exon 3 skipping (Fig. 3A). tGLI1 was iden-
tified in D458 cell (a WNT-MB cell line)49; we also found
tGLI1 in multiple brain tumors including the Daoy cell (an
SHH-MB cell line) (Data are not shown), while tGLI1 doesn’t
exist in normal cells. The exon 3 skip of GLI1 encodes tGLI1
which upregulates VEGF-A and CD24 gene expression.49

Furthermore, tGLI1 activates metastasis-initiating cancer
stem cells by inducing stemness genes CD44, Nanog, Sox2,
and OCT4, leading to CSC renewal.50,51 These studies all
suggest that tGLI1 has a stronger oncogenic effect than
GLI1.

However, the mechanism of AS of tGLI1 remains un-
known. tGLI1 is expressed in multiple tumors, and these
data indicate AS of tGLI1 is not induced by mutations. We
found that hnRNPU expression is associated with tGLI1 in
GBM,48 but Lo and colleagues did not explain whether tGLI1
is induced by hnRNPU. Interestingly, Zhao et al found that
hnRNPU mediates the long-range regulation of SHH
expression during limb development.52 In summary, the AS
of tGLI1 is not well understood and requires further
research.

Apart from the splicing of Gli1, Gli2 also contains many
types of AS in MB. In the past, Gli2 was thought to contain
13 exons (exon 1e13), which encode the N-terminal
repressor domain, DNA-binding C2H2 Zn-finger domain, and
the C-terminal activation domain. With the development of
high-throughput sequencing-based methods, Sadam and
colleagues described the revised genomic organization of
GLI2 and major ASVs (Fig. 3B).53 They identified four
mutually exclusive 50 non-coding exons of GLI2 with
different patterns of inclusion in alternatively spliced
transcripts detected in normal versus malignant tissues
(Fig. 3C). In SHH-MB, cryptic AS of GLI2 demonstrates the
position of a cryptic cassette exon with the 50 splice site
sequence, which encodes Gli2 without N-terminal
repressor.54 GLI2DN acts as a powerful transcriptional
activator, the splicing of it generates four Gli2 isoforms
(Gli2a, Gli2b, Gli2g, and Gli2d), which all remove the
repressor domain at the N terminus (Fig. 3D).
AS of SUFU

The binding of HH ligand and PTCH1 displaces the sup-
pression of PTCH1 on SMO. Activated SMO translates the HH
signals into the cytoplasm and releases GLI transcription
factors from dissociation from SUFU. SUFU is a key negative
regulator in the HH signaling pathway. Without the HH
signal, the GLI2/3-SUFU complex is recruited to cilia,
resulting in the processing of GLI2/3FL into GLI2/3R which
act as repressors.55 All GLI transcription factors have a
SUFU-interacting site at their N-terminus (SIN). GLI2 and
GLI3 possess an additional SUFU-interacting site located on
their C-terminus (SIC).56 SUFU, as a tumor-suppressor gene,
predisposes individuals to MB by modulating the SHH
signaling pathway. Growing evidence shows that germline
SUFU mutations strongly predispose to MB.57 However,
SUFU mutations contain splice acceptor and splice donor
mutants, leading to its aberrant splicing in MB (Fig. 4A).58

Specifically, the conserved AG splice-acceptor site of exon



Figure 3 Alternative splicing of GLI transcription factors in MB. (A) Alternative splicing of GLI1 in MA. (B) All coding exons of the
GLI2 gene are indicated by numbered boxes, and the different color represents protein domains. (C) Four mutually exclusive 50 non-
coding exons of GLI2 with different patterns of inclusion in alternatively spliced transcripts. (D) Alternative splicing generates four
GLI2 isoforms. (E) U1-snRNA mutations drive the splicing of PTCH1 and GLI2 in adults and adolescents with SHH-MB.
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2 mutated to AT, resulting in the splicing of exon 1 to exon 4
with a subsequent frameshift and premature stop codon at
the 30 end of exon 1 (Fig. 4B). Similarly, there was a mu-
tation in the conserved GT splice-donor site consensus
sequence of exon 8, leading to splicing of exon 7 to exon 9
with a subsequent frameshift and premature stop (Fig. 4C).
Besides, the missing of 7 nucleotides in exon 9
(1129delTCCGGAG) led to a frameshift and premature stop
codon in exon 10 (Fig. 4D). These mutations of SUFU in MB
all bring about aberrant splicing and loss of its suppressor
role, which may lead to carcinogenesis.

Moreover, there are alternate terminators in SUFU
(Fig. 4E), SUFU-DC, a carboxy-terminal truncated tran-
script, harbors an early in-frame translation termination
codon exon 10a, which encodes a unique terminal exon.
SUFU-DC instead of SUFU-FL reduced the protein levels of
GLI1FL.59 Furthermore, Xu et al identified SUFUvN, a novel
AS transcript variant, contained a new protein-coding exon
and had a relationship with lymph node metastasis in
pancreatic ductal adenocarcinoma metastasis.60 All the
transcripts produced by AS have separate roles in Gli
transcription factors and take part in MB.
AS in components of noncanonical SHH
signaling

Pietrobono et al summarized the noncanonical SHH
signaling in cancer,61 which will not be discussed further.
We summarize the recent advances in AS of HH signaling in
MB. Firstly, we summarized the upstream regulators of
noncanonical HH signaling in MB (Table 1). Among upstream



Figure 4 Alternative splicing of SUFU in MB. (A) All 13 coding exons of the SUFU gene are indicated by numbered boxes. (B) The
mutation at the splice-acceptor site leads to the splicing of exon 1 to exon 4 with a subsequent frameshift and premature stop
codon at the 30 end of exon 1. (C) The mutation at the splice-acceptor site leads to the splicing of exon 1 to exon 4 with a sub-
sequent frameshift and premature stop codon at the 30 end of exon 1. (D) Mutation in the conserved GT splice-donor site consensus
sequence of exon 8 leads to splicing of exon 7 to exon 9 with a subsequent frameshift and premature stop. (E) SUFU-DC harbors an
early in-frame translation termination codon exon 10a.
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regulators, we focus on the abnormal splicing of tumor
suppressor factors, which may lead to a loss of suppression
of tumor growth.
AS of TP53

TP53 mutations are present in approximately 30% of SHH-
MB, which are frequently germline and form an extremely
high-risk group of patients. However, the SA of TP53 in MB
is rare. Ghosh and colleagues describe the AS of TP53
(Fig. 5A); they pointed out that N-terminally deleted iso-
form of p53 (p47) effectively suppresses p53-mediated
transcriptional activity and despair p53-mediated tumor
growth suppression.76 TP53 has an alternative promoter and
transcribes multiple splice variants. P53 isoforms produced
by TP53 variants are expressed in different tissue in a tis-
sue-dependent manner.77 P53 and P53b are present in the
brain, but the temporal cortex and cerebellum only express
P53. As for the AS of TP53 in MB, Philipova and colleagues
analyzed nine MB primary biopsy samples and detected full-
length P53 and its short form w22 kDa by antibody Ab1801,
which recognizes amino acids 46e55 in the N-terminus of
P53. Thus, the short form is not the N-terminus truncation.
Interestingly, the N-terminus truncations of P53 were
detected in multiple MB cell lines (Fig. 5A). The Western



Table 1 Non-canonical regulators of HH-GLI signaling in MB.

Upstream regulator Mechanism of action Reference

Tumor suppressors
p53 Promotes proteasome-dependent degradation of GLI1 (PCAF-dep.) 62

NUMB Induces GLI1 ubiquitination and proteasome degradation (ITCH-dep.) 63

BCL6 Directly represses Gli1 and Gli2 64

PI3K-AKT-mTOR pathway
mTOR/S6K1 HH signaling increases SMO translation through a mTORC1/4EBP1-dependent

mechanism

65

MAPK pathway
MEKK1 Inhibits GLI1 transcriptional activity 66

MEKK2/3 Inhibits GLI1 transcriptional activity and protein stability through SUFU 67

p38 The inhibition of p38a causes a decrease in Gli1 and N-myc transcript levels 68

DYRK family
DYRK1A Increase the transcriptional activity of GLI1 69

DYRK1B Enhances GLI1 transcriptional activity 70

BET proteins
BRD4 Increases GLI1/2 transcription 71

HDAC
HDAC class I Increases DNA binding ability of GLI1 (HDAC1) 72

HDAC class II Transcriptional control of GLI2 (HDAC6) 73

HAT
PCAF Acts as GLI1 transcriptional cofactor

Promotes GLI1 ubiquitination and proteolysis

74

62

Arbb1/p300 Suppresses the transcriptional activity of Gli1 75
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blot results showed that antibodies Ab1801 and AbD0-7,
which recognized separately amino acids 46e55 and 1e45,
could not detect the P53 isoforms in D425MED and D458MED
cell lines which could be D133p53. These results indicate
that the translation initiation start of the mRNA of TP53
initiated in intron 4 (D133p53). Moreover, D283MED,
D324MED, and UW228-3 cell lines detected TP53 transcripts
lower than full-length p53 but higher than p47. Although
Philipova and colleagues had not explained the certain
transcripts in MB cell lines, Ghosh and colleagues consider
that this P53 isoform detected by Ab1801 could be p53-338
lacking the C terminus (amino acids 338e393).76 As previ-
ously described, Group 3 MB cell lines have various tran-
scripts including TP53-FL and other TP53 transcripts.
However, the transcript in the D324MED cell line is TP53
without a transactivation domain; this P53 isoform pro-
duced by AS may lose the suppression of HH signaling and
play a functional role in MB.
AS of NUMB

NUMB is another suppressor of HH signaling, and its dereg-
ulation is a relevant event in MB.63 Itch, an E3 ligase, reg-
ulates a ubiquitin-mediated mechanism of GLI1
degradation. The catalytic activity of Itch could be acti-
vated by Numb, which direct recruits and binds with two
PPXYs and phospho-serine/proline motifs in the C-terminal
region of GLI1. The coordinated action of NUMB and Itch
promotes GLI1 degradation. Mutated GLI1 protein, no
longer regulated by Itch and Numb, enhanced MB growth,
migration, and invasion abilities. Furthermore, different
NUMB isoforms are deregulated in MB.78 As shown in Figure
5B, AS forms various subtypes of NUMB. Among the variants,
MB is associated with decreased levels of Numb p66 while
overexpressed Numb p72. Numb p66 was significantly
reduced only in the SHH subgroup, whereas Numb p72 was
significantly up-regulated in all MB subgroups.78 Numb p66
lacks exon 12, leading to 366e413 amino acid deletions.
The decreased Numb p66 affects MB stem-like cells and
cerebellar neuronal stem cells. Choi and colleagues have
elaborated on the functions of Numb splicing in cancer
stem cells,79 and we do not discuss anything further and pay
more attention to the splicing factors of Numb. Rbfox3
promotes neuronal differentiation during development by
regulating AS of Numb in the form of exon skip, and it
repressed the inclusion of exon 12 (Fig. 5B).80 QKI has a
similar function to AS of Numb in lung cancer.81 RBM10 in
lung adenocarcinomas also compromises the regulation of
NUMB exon 9 and controls cancer cell proliferation.82,83 AS
in noncanonical SHH signaling is also associated with other
cancer-related signaling such as Notch signaling.

HH signaling induces AS

After describing the AS of canonical/noncanonical SHH
signaling, HH signaling also induces AS of HH target genes.
HH-dependent target genes include Gli transcript factors,
Ptch1, Hhip, CCND1, etc. We have shown the AS of Gli
transcript factors and Ptch1, and the AS of CCND1 in MB
remains unknown. Paronetto and colleagues pointed out
that CCND1 is expressed as two transcripts by AS. Compared
to Cyclin D1a, Cyclin D1b differ from the inclusion of intron
4 in the mRNA (Fig. 6A). A common polymorphism (G870A)
in the exon 4/intron 4 boundary of CCND1 has been related
to cyclin D1b, which was detected in various cancers
including primary brain tumors.84e87 Moreover, increased



Figure 5 Alternative splicing of noncanonical regulators in MB. (A) All coding exons of the TP53 gene are indicated by numbered
boxes. (B) Structure of p53. Functional domains of p53 are represented by different colored boxes. MB cell lines express different
p53 transcripts. (C) Alternative splicing of NUMB forms different NUMB isoforms. (D) Splicing factors in alternative splicing of NUMB.
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Sam68 stimulates cyclin D1b not D1a expression in human
prostate cancers.88 BAF57/SMARCE1 and SRSF1 are also
responsible for the mechanical stress-induced AS of cyclin
D1.89 To explore the AS of CCND1 in MB, we detected the
CCND1 variant in the Daoy cell line and the change of Cyclin
D1a/b treated with SHH recombinant protein. The RT-PCR
results show that SHH induces the expression of Cyclin D1b
while repressing the expression of Cyclin D1a (Fig. 6B).
Cyclin D1b could promote tumor growth and invasive
migration in various cancers including breast cancer,
bladder cancer, and so on.90e92 However, there is no
research indicating the correlation between Cyclin D1b and
MB. Our results show that SHH induces cyclin D1b expres-
sion in an MB cell line.

ErbbB4, one of the ErbB family of receptors, is another
target gene whose expression and AS could be interfaced by
HH signaling in MB. Cerebellar ErbB4 in humans and mice is
high during early development and decreases in adults.93,94

There are four main transcripts, including JM-A CYT-1, JM-A
CYT-2, JM-B CYT-1, and JM-B CYT-2, produced by AS
(Fig. 6C). The CYT-1:CYT-2 ratio is inversely correlated with
Gli1 expression in human MB and may be an indicator of MB
aggressivity.95 Upregulation of ErbB-4 CYT-1 in MB confers a
relatively apoptosis-resistant phenotype, whereas the
counter-selection of CYT-2 mediates neuregulin-dependent
growth suppression. All the evidence suggests that HH
signaling induces AS in MB.
Aberrant AS in SHH-driven MB

In addition to mutations or deletions of critical genes in
SHH signaling, aberrant AS plays a significant role in MB. To
investigate patterns of differential splicing between



Figure 6 HH signaling induces alternative splicing of genes. (A) Alternative splicing produced two transcripts of CCND1, which
differ in the inclusion of intron 4. (B) Daoy cells were treated with SHH for 24h and total RNA was isolated for RT-PCR.
(C) Alternative splicing patterns of ERBB4.
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normal cerebellum and pediatric MB on a genome-wide
scale, the Affymetrix Exon arrays were used to analyze
1262 genes identified as potentially generating tumor-
associated splice forms. In these analyses, the exon in-
clusion rate of MB and normal fetal cerebellum samples
was significantly lower than that of normal adult cere-
bellum, and SHH could decrease the cassette exon inclu-
sion rate of multiple genes.96 Moreover, analysis of AS
based on 14 normal cerebellar samples and 103 MBs of
known subgroups suggest that splicing patterns are
distinct and specific in different molecular subgroups.97

Furthermore, the U1 snRNA mutations in adults and
adolescents with SHH-MB-mediated AS could activate HH
signaling-related genes.54 These data suggest that SHH-MB
has specific AS compared to normal tissues. Thus, we try to
elucidate the aberrant splicing of molecules in SHH
signaling during tumorigenesis.

Growing evidence links AS of regulators in SHH signaling
to the occurrence of MB. However, AS of these canonical
regulators play different roles in multiple SHH-MB sub-
groups. According to Schwalbe et al,39 we also divided SHH-
MB into MBSHH-infant and MBSHH-child/adult based on age and
described the roles of AS of canonical HH regulators in
different subgroups of SHH-MB.



Figure 7 Subgroups of MB and molecular features. (A) Clinical features, genetic alterations, and gene expression in different
subgroups of SHH-MB. (B, C) Subgroups and clinical subgroups of SHH-MB and molecular features. MBSHH-infant is rich in SUFU mu-
tations and has a good prognosis. These mutations of SUFU in MBSHH-infant all bring about aberrant splicing (Fig. 4D, E) and loss of its
suppressor role. All the transcripts produced by alternative splicing have separate roles in GLI transcription factors and take parts
in MB.
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AS of SHH signaling in MBSHH-infant subgroup

Growing evidence links AS of regulators in SHH signaling to
the occurrence of MB. However, AS of these canonical
regulators play different roles in multiple SHH-MB sub-
groups. According to Schwalbe et al,39 we also divided SHH-
MB into MBSHH-infant and MBSHH-child/adult based on age and
described the roles of AS of canonical HH regulators in
different subgroups of SHH-MB (Fig. 7).

AS of SHH signaling in MBSHH-child/adult subgroup

As we described previously, AS of canonical SHH signaling is
associated with the MBSHH-infant subgroup. Similarly, AS of
canonical SHH signaling is also represented in MBSHH-child/
adult subgroup. In MBSHH-child/adult subgroup, recurrent non-
coding U1-snRNA mutations drive cryptic splicing. The mu-
tations occur in 97% of adults (subtype SHHd) and 25% of
adolescents (subtype SHHa) with SHH-MB, but they are
largely absent from SHH-MB in infants. The mutations occur
in the 50 splice-site binding region and significantly disrupt
RNA splicing. MBSHH-child/adult subgroup has an excess of 50

cryptic splicing events. Suzuki et al identified cryptic 50

events with a ‘C’ base at the 6th intronic position and
detected cryptic splicing events with high effect sizes in
both PTCH1 and GLI2 (Fig. 2C).54 Aberrant AS of PTCH1
leads to the loss of inhibition of SMO and activation of HH
signaling.

Apart from splicing of PTCH1 in the MBSHH-child/adult
subgroup, recurrent non-coding U1-snRNA mutations also
drive splicing GLI2 (Fig. 3E). GLI2 contains many types of AS
in the MBSHH-child/adult subgroup MB which is characterized
by GLI2 amplification. In SHH-MB, cryptic AS of GLI2 dem-
onstrates the position of a cryptic cassette exon with the 50

splice site sequence, which encodes Gli2 without an N-
terminal repressor.54 GLI2DN acts as a powerful transcrip-
tional activator, the splicing of it generates four GLI2 iso-
forms (GLI2a, GLI2b, GLI2g, and GLI2d), which all remove
the repressor domain at the N terminus (Fig. 3E).

In SHH signaling, the mutations in snRNAs or splicing sites
of molecules result in aberrant AS, which inactivates tumor
suppressor genes (PTCH1, SUFU ) and activates oncogenes
(GLI1, GLI2) in SHH-MB.
Therapeutic applications of targeted AS in
cancer treatment

After elucidating the mechanism of AS in SHH signaling and
its correlations with MB, we aimed to exploit the potential



Table 2 Small compounds used to alter splicing events.

Target Compound Mechanism Reference

SF3B1 Pladienolide E7107 Abolish the conformation rearrangement of SF3B1 98

Spliceostatins 99

Herboxidiene 100,101

U5 snRNP Brr2 Interfere with the RNA helicase activity 102,103

U2 snRNP Sudemycin K Inhibitor of spliceosome assembly 104

hnRNPA1 VPC-80051 Prevent AR-V7 generation and reduce c-Myc transcription
output

105

SRSF10 GPS167 Increase the interaction of SRSF10 with the CLK1 and CLK4
kinases

106

SRRK family SRPIN340 ATP binding competitor 107

SRPKIN-1 Convert the pro-angiogenic VEGF-A165a to the anti-angiogenic
VEGF-A165b isoform

108

ZINC02154892 (C02) Binds to targeted ATP binding site and inhibits recruitment of
ASF/SF2 by SRPK1

109

CLK family TG-003; TG-693 Interfere with ATP binding 110

CX-4945 Phosphorylation of serine/arginine-rich proteins 111

RECTAS 112

SM08502 Inhibit SRSF phosphorylation and disrupted spliceosome
activity

113
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therapeutic applications of targeted AS in cancer treat-
ment. Along with research in the mechanism of AS, many
researchers developed AS-related medicines. Lin concluded
the therapeutic applications of targeted AS in cancer
treatment.114 Among them, a series of results have been
achieved in the development of small-molecule inhibitors
targeting core splicing bodies and splicing factors, we
further concluded the emerging roles of AS-related drugs
(Table 2). In addition, there are oligonucleotide-based
cancer splicing modulation therapies.114,115
Conclusions and perspectives

With the development of high-throughput sequencing
techniques, researchers have found aberrant AS in tumors,
including an increase in the rates of AS and the different AS
patterns in tumors. The roles of AS in tumors are increas-
ingly clear; for example, specific protein isoforms produced
by AS contribute to tumorigenesis. Here, we focused on the
effects of AS on SHH-MB. Based on understanding the mu-
tations of critical molecules in the SHH signaling pathway
for the development of MB, we comprehensively summa-
rized AS in SHH signaling in MB, which may further expand
our understanding of the pathogenesis in MB.

In addition to clarifying the pathogenesis, our review
also makes it possible to selectively target AS in MB treat-
ment. Previously, researchers have developed a series of
HH inhibitors for the abnormal activation of the HH
signaling pathway in various cancers, some inhibitors are
approved for marketing, including Vismodegib, Glasdegib,
and Erivedge. However, there are still no targeted drugs for
MB. Modulation of spliceosome with small molecule in-
hibitors is perceived to be an anti-cancer strategy. The
most commonly applied strategy is that those small mole-
cules directly bind to SF3B1 protein in the U2 snRNP,
including spliceostatin A (SSA), meayamycin B (MAMB),
sudemycins, E7107, and H3B-8800. There is no evidence
that SF3B1 affects the occurrence of MB; aberrant AS of
SHH signaling is associated with MB and could be the target.
Furthermore, inhibiting specific protein isoforms in SHH
signaling produced by AS could potentially halt cancer
progression and metastasis. These strategies may have a
better efficacy combined with HH inhibitors in MB
treatment.
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Abbreviations

ACAT1 Acetyl-CoA cholesterol acyltransferase
AS Alternative splicing
BAF57 SWI/SNF complex subunit Brahma-related gene-1-

associated factor 57
CSF Cerebral spinal fluid
DHH Desert Hedgehog
ESE Exon splicing enhancers
ESSs Exon splicing silencers
GPCR G protein-coupled receptor
hnRNP heterogeneous nuclear ribonucleoprotein
IHH Indian Hedgehog
IR Intron retention
ISEs Intron splicing enhancers
ISSs Intron splicing silencers
MAMB Meayamycin B
MB Medulloblastoma
PE phosphatidylethanolamine
PS Phosphatidylserine
PSS1/2 PS synthase-1/2
PTCH1 Patched 1
PTCs Premature termination codons
SHH Sonic Hedgehog
SMARCE1 SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin subfamily E
member 1

SMO Smoothened
snRNAs small nuclear RNAs
SNVs Single nucleotide variants
SRSF1 Serine/arginine-rich splicing factor 1
SSA Spliceostatin A
SUFU Suppressor of fused
TCGA The Cancer Genome Atlas
TSGs Tumor suppressors genes
UTR Untranslated regions
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9. Kędzierska H, Piekiełko-Witkowska A. Splicing factors of SR
and hnRNP families as regulators of apoptosis in cancer.
Cancer Lett. 2017;396:53e65.

10. Lee SCW, Abdel-Wahab O. Therapeutic targeting of splicing in
cancer. Nat Med. 2016;22(9):976e986.
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