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Abstract 

Cancer is a type of malignant affliction threatening human health worldwide; however, the molecular mechanism of 
cancer pathogenesis remains to be elusive. The oncogenic hedgehog (Hh) pathway is a highly evolutionarily con-
served signaling pathway in which the hedgehog-Patched complex is internalized to cellular lysosomes for degrada-
tion, resulting in the release of Smoothened inhibition and producing downstream intracellular signals. Noncoding 
RNAs (ncRNAs) with diversified regulatory functions have the potency of controlling cellular processes. Compelling 
evidence reveals that Hh pathway, ncRNAs, or their crosstalk play complicated roles in the initiation, metastasis, 
apoptosis and drug resistance of cancer, allowing ncRNAs related to the Hh pathway to serve as clinical biomarkers 
for targeted cancer therapy. In this review, we attempt to depict the multiple patterns of ncRNAs in the progression 
of malignant tumors via interactions with the Hh crucial elements in order to better understand the complex regula-
tory mechanism, and focus on Hh associated ncRNA therapeutics aimed at boosting their application in the clinical 
setting.
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Introduction
High mortality and recurrence rates are the major clini-
cal hallmarks of tumors, which gravely harm human well-
being and quality of life in the absence of definitive early 
symptomatic manifestation and efficient medical inter-
ventions. Constitutive activation of the hedgehog (Hh) 
pathway induces the expression of target genes related 
to cell proliferation, migration, and apoptosis, playing an 
indispensable role in embryogenesis and organism home-
ostasis [1]. Some studies have shown that the aberrant 

activation of the Hh pathway is linked to the formation of 
some cancers [2–4]. As a result, numerous inhibitors of 
the Hh pathway are now being investigated for therapeu-
tic application.

Data from Human Genome Project research demon-
strates that there are only less than 2% of protein-coding 
sequences in the human genome with the remaining 
98% of the non-coding nucleic acid sequences, generally 
regarded as useless “garbage” and “noise”, because the 
vast majority of them are only transcribed into RNAs, 
and do not continue to translate into functional proteins 
[5, 6]. However, the latest report launched by the Ency-
clopedia of DNA Elements project has shown that at 
least 80% of the genome, notably the remaining “junk” 
sequences in the human genome, is functional, with the 
ability to be transcribed into noncoding RNAs (ncRNAs) 
[7]. Employing high-throughput sequencing technology 
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and bioinformatics methods, researchers have found that 
a large number of ncRNAs from extensive transcription 
of non-coding sequences perform important physiologi-
cal and pathological functions in individuals’ lives, and 
participate in the progress of some major disorders such 
as cancer, cardiovascular and neurologic diseases [8–11]. 
At present, ncRNAs can be loosely divided into circular 
RNA (circRNA), microRNA (miRNA), long noncoding 
RNA (lncRNA), small nuclear RNA (snRNA), and so on 
[12, 13] by length. More and more studies prove that tar-
geting these small molecules is a novel effective modal-
ity for cancer treatment, although ncRNAs are initially 
regarded as “junk” in the genome.

Despite Hh pathway inhibitors, the “off-target effects” 
and drug resistance hinder the radical cure of malignant 
tumors. Recently, the molecular mechanism of some 
ncRNAs regulating protein-coding genes in the tumor-
related Hh pathway has been gradually elucidated, which 
indicates the critical significance of ncRNAs and Hh 
signaling in cancer pathogenesis and provides clues for 
the cancer cure and recurrence elimination. This article 
focuses on ncRNAs, which are prominently expressed in 
malignancies, to study their molecular regulatory mecha-
nisms in the Hh pathway for cancer therapy, especially 
circRNAs, miRNAs, lncRNAs, and snRNAs.

Overview of hedgehog signaling
The Hh pathway serves a crucial purpose in early embry-
onic development and formation of organs and tissues, 
but it is dormant in adult tissues. The name “hedgehog” 
origins from the intrinsic mutation of the Hh gene in 
the cuticle of Drosophila larvae, which exhibits a spiked 
appearance resembling that of a frightened hedgehog 
[14]. In fact, Hh gene was first discovered by Nüsslein-
Volhard C and Wieschaus E 40 years ago via genetic 
screens in Drosophila [15]. Specifically, the Hh gene fam-
ily is involved in the formation of nervous system, organs, 
cartilages, and gonads in various vertebrates, which was 
reviewed by Hammerschmidt M et al. [16]. Its sequence 
is also isolated from invertebrates such as Hirudo medici-
nalis (leech), Diadema antillarum (sea urchin), and ceph-
alochordate amphioxus (between invertebrate-vertebrate 

transitional stage) [17, 18]. Many human disorders, 
including congenital malformations, Alzheimer’s disease, 
diabetes and malignant tumors, are undeniably linked 
to abnormal Hh protein activity [19–22]. In addition to 
normal organisms, there is definite evidence that this 
pathway will be inappropriately activated in some human 
tumors, as well as related to initiation, invasion, migra-
tion, apoptotic cell death, and epithelial-mesenchymal 
transition (EMT) of malignant cells [1, 23], which could 
be attributed to the damage repair mechanism of tumor 
cells.

Hh pathway signal transducers mainly consist of Hh 
ligand, twelve-transmembrane receptor Patched (Ptch), 
G protein-coupled receptor Smoothened (Smo), gli-
oma-associated transcription factor (Gli), and other 
target genes. (1) Three soluble Hh ligands with lipid 
modification have been found in vertebrates, including 
sonic hedgehog (Shh), Indian hedgehog (Ihh), and desert 
hedgehog (Dhh). They have different distributions in dif-
ferent tissues, but all of them can bind to Ptch [1]. The 
most studied Shh is mostly distributed in the nervous 
system, skin and digestive tract; Ihh is primarily located 
in bone and cartilage; Dhh is mainly found in the gonads. 
(2) In addition, the Hh protein receptor Patched with the 
12-transmembrane domain has two kinds of homologs 
in vertebrates: Ptch1 and Ptch2, with Ptch1 in mesen-
chymal cells playing a leading role. (3) There are three 
types of transcription factors, including Gli1, Gli2, and 
Gli3, which play a positive or negative role at the tran-
scriptional and post-transcriptional levels [24]. Only full-
length Gli, on the other hand, may enter the nucleus and 
trigger Hh target gene expression. (4) Hh potential tar-
get genes consist of hedgehog-interacting protein (Hhip) 
[25], proliferative regulator N-myc proto-oncogene pro-
tein (Mycn) [26], cell cycle regulator G1/S-specific cyc-
lin-D1 (CCND1) [27], D2 (CCND2) [28], E1 (CCNE1) 
[29], apoptotic regulator B-cell lymphoma 2 (Bcl2) [30], 
EMT related genes snail, twist1 [31] and angiogenic regu-
lator vascular endothelial growth factor A (VEGFA) [32] 
(Table 1).

Ptch competes with Smo for cholesterol binding due 
to shared sterol-binding sites, and sufficient cholesterol 

Table 1  Elements of hedgehog pathway signal transduction

Gene Full name of gene Functions Ref

Shh, Ihh, Dhh Hedgehog ligand Positive regulator of the Hh pathway [1]

Ptch1 Patched 1 Negative regulator of the Hh pathway [1]

Smo Smoothened Positive regulator of the Hh pathway [33]

Sufu Suppressed fusion protein Negative regulator of the Hh pathway [34]

Gli1, Gli2, Gli3 Glioma-associated oncogene 1, 2 and 3 Positive or negative regulator of the Hh pathway [24]
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levels on the cell membrane are required for Smo acti-
vation [35–37]. The direct Hh receptor Ptch with cilia 
localization binds to cholesterol in the absence of the Hh 
ligand, leading to low cholesterol levels in the membrane. 
Smo, a crucial signal transducer with cytoplasmic vesi-
cles, is inhibited into cilia and target genes are switched 
off as a result. In general, suppressor of fused (Sufu), 
kinesin protein (Kif7), and Gli form the cytoplasmic 
complex. Full-length Gli is phosphorylated by protein 
kinase A (PKA), glycogen synthase kinase 3β (GSK3β), 
and casein kinase 1 (CK1) in the absence of Hh signaling, 
and enters the nucleus in truncated form as Gli repres-
sor (GliR), keeping downstream target genes expression 
blocked.

Ptch moves out of cilia when Hh ligand binds to it. The 
Hh-Ptch binding complex is internalized and degraded in 
the lysosomes [38]. The binding also relieves the inhibi-
tion of Smo, because Smo is triggered by binding to free 
cholesterol once it accumulates in the cilia. Activated 
Smo makes full-length Gli1 release from Sufu to be Gli 
activator (GliA) migrating into the nucleus, to acti-
vate the expression of downstream target genes. Smo 
phosphorylated by G protein-coupled receptor kinase 2 
(GRK2) and CK1 enters the cytoplasm instead of being 
degraded and endocytosed, and ultimately relays signals 
to the Gli protein [33, 34, 39–42]. In terms of Smo activa-
tion, a recent study indicates that Smo-193a.a. encoded 
by circSmo can promote Smo cholesterol modification 
and activation [43], which has guiding significance for 
unraveling the intricate relationship. It’s worth noting 

that the regulatory patterns of the Hh signaling pathway 
can be usually categorized as canonical and non-canon-
ical mechanisms, the latter of which is further divided 
into two types: Smo-dependent and Ptch-dependent 
pathways, which are reviewed in detail elsewhere [2]. 
In addition, the above-mentioned signal transduction 
mechanism is referred to as the canonical Hh signaling 
pathway [44] (Fig. 1).

Hedgehog signaling in cancer
The hallmarks of tumors are reflected in uncontrolled 
cell growth, gene instability, strong self-repair ability, and 
so on. Currently, one-third of cancers are thought to be 
correlated with aberrant activation of the Hh signaling 
pathway. Further investigations have proven that mutant 
or dysregulated Hh signaling could interfere with tumor 
behavioral phenotypes, contributing to the onset, growth, 
metastasis, and apoptosis of pancreatic cancer, lung can-
cer, ovarian cancer, breast cancer, esophageal cancer, and 
colorectal cancer [45–50]. It became clear that there are 
three patterns of eliciting the Hh signaling cascade in 
multiple cancers [44, 51] (Fig. 2):

Type 1 ‑ ligand independent oncogenic Hh pathway 
(autonomous)
Type 1 of Hh pathway activation is caused by activating 
or inactivating mutations, respectively, in the Smo gene, 
or the Ptch and Sufu gene, as mentioned in a previous 
report [52]. The study also systematically elucidated 10 
skin cancer-related genes mutation in 42 patients with 

Fig. 1  Hedgehog signaling pathway in vertebrates. a In the absence of Hh ligand, Ptch inhibits the cilia translocation and activation of Smo. The 
Gli-Sufu-Kif7 complex forms, and the full-length Gli is subsequently phosphorylated by PKA, GSK3β and CK1 to become GliR with truncated form. 
The GliR enters the nucleus to inhibit the transcription of Hh target genes. b The binding of Hh-Ptch releases the inhibition of Smo. Activated 
Smo promotes Gli to escape from the bondage of Sufu and free to become GliA in a full-length form, entering the nucleus to induce target gene 
expression
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sporadic basal cell carcinoma (BCC), including Smo, 
Ptch, and Sufu. Furthermore, the somatic mutation 
frequency of Ptch in studied tumors was 67% higher 
than previously reported. The heritable mutation of 
the Ptch gene in a rare autosomal dominant disease - 
nevoid basal cell nevus syndrome, commonly known 
as Gorlin Syndrome [53] was the first example of this 
sort of genetic mutation. Subsequently, the mutation of 

Ptch in sporadic medulloblastomas and other cancers 
was also confirmed [54–56]. In parallel, there are some 
reports on tumor-activator Smo and tumor-suppressor 
Sufu mutations in sporadic BCC, medulloblastoma and 
other tumors [57–59]. Thus, the core regulatory fac-
tors - Ptch, Sufu, and Smo gene mutations give us some 
new insights into the clinical diagnosis and treatment 
of human malignancies.

Fig. 2  Three patterns of abnormal hedgehog signaling activation in cancer. Positive and negative regulatory components, Smo and Ptch are 
depicted in red and blue, respectively. a Type 1 - ligand independent oncogenic Hh pathway (autonomous). The gain-of-function mutant Smo (red 
asterisk) and the loss-of-function mutant Ptch or Sufu (blue asterisk) can activate the Hh signaling pathway. b Type 2 - ligand dependent oncogenic 
Hh pathway (autocrine or juxtacrine). The autocrine Hh ligand of tumor cells is taken up by the same tumor cells (autocrine) or adjacent tumor cells 
(juxtacrine), and stimulates the Hh signaling in cancer by interacting with Ptch and Smo. c Type 3/a - ligand dependent oncogenic Hh pathway 
(paracrine). This is the paracrine mode in which stromal cells take up the Hh ligand secreted by tumor cells, and then secrete some growth factors, 
such as VEGF and IGF, which provide a suitable environment for tumor cells growth. d Type 3/b - ligand dependent oncogenic Hh pathway (reverse 
paracrine). This is the reverse paracrine mode in which tumor cells directly take up the Hh ligand secreted by stromal cells, triggering cascade 
response of Hh signaling
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Type 2 ‑ ligand dependent oncogenic Hh pathway 
(autocrine or juxtacrine)
In addition to the Hh gene mutation, Hh ligand secreted 
by tumor cells, is also an important factor driving the 
Hh pathway. Hh ligand is claimed to control malignant 
behavior in gastric cancer [60] via autocrine regulation, 
including cell proliferation, which is consistent with the 
findings of a recent research that prove that the presence 
of Hh ligand is required for the occurrence of digestive 
tract tumors [61]. Of course, the autocrine-juxtacrine 
pattern is also common in a plethora of cancers including 
prostate cancer, multiple myeloma, gliomas, and colon 
cancer [62–66].

Type 3 ‑ ligand dependent oncogenic Hh pathway 
(paracrine or reverse paracrine)
The Hh ligand released by tumor cells also acts on stro-
mal cells in another mode - the paracrine pattern. By 
co-culturing tumor cells and adjacent stromal cells, stud-
ies have revealed that the Hh ligand produced by tumor 
cells can be taken up by surrounding stromal cells which 
can secrete some paracrine signals (such as vascular 
endothelial growth factor (VEGF), insulin-like growth 
factor (IGF) and other factors) promoting tumor growth 
to stimulate the Hh pathway, that is, the paracrine model 
[33, 67, 68], occurred in ovarian cancer, hepatocellu-
lar carcinoma (HCC), prostate cancer, breast cancer 
and other cancers [3, 69–71]. Up the B- and plasma-cell 
malignancies lymphoma and multiple myeloma [72], 
certain tumor cells directly take in Hh ligand secreted 
by stromal cells in the tumor microenvironment (TME) 
to maintain formation and survival, a process known as 
reverse paracrine.

The role of hedgehog signaling in cancer stem cells
Cancer stem cells (CSCs) have been known to be tumor-
initiating cells. In 1997, Bonnet and his colleagues first 
proposed CSCs via a study on human acute myeloid 
leukemia [73]. The precise definition of CSCs was pro-
posed by American Association for Cancer Research in 
2006 [74], and that is ‘a cell within a tumor that possess 
the capacity to self-renew and to cause the heterogene-
ous lineages of cancer cells that comprise a tumor’, which 
implies the necessity of targeting CSCs in tumor therapy. 
However, the drug resistance carried by CSCs and TME 
leads to malignant tumors recurrence and anticancer 
therapy failure.

The abnormal activity of the Hh pathway in cancer 
stem cell biology has been recently demonstrated in mul-
tiple myeloma [4], colorectal cancer [75], glioma [76], and 
breast cancer [77, 78], whereas pathway blockade lowers 
CSC proliferation, metastasis, and EMT. In colon cancer, 
Hh-Gli signaling drives stem cell survival and expansion. 

In vivo experiments show that Hh-Gli pathway inhibitors 
cyclopamine or Smo gene silence could effectively inhibit 
the recurrence and metastasis of colon cancer [65]. 
Another study focuses on stromal cells in triple-negative 
breast cancer (TNBC) to see if anti-stromal therapy may 
be utilized to develop novel cancer treatment strategies 
[71]. Researchers find via using the murine M6 allograft 
model of TNBC that Hh ligand generated by tumor cells 
activates surrounding cancer-associated fibroblasts, 
which promotes plastic and chemotherapy-resistant 
phenotypes of CSCs through FGF5 activation and fibril-
lar collagen deposition. In the mouse model and clinical 
trial, Smo inhibitor treatment boosts the sensitivity of 
tumors to docetaxel, significantly reduces metastasis and 
prolongs survival. As discussed before, targeting CSCs 
may provide new insights into the reversal of cancer 
resistance via the modulation of Hh signaling.

CircRNAs modulate the hedgehog signaling pathway 
in cancer
CircRNA is a class of ncRNA molecules with no 5’cap 
and 3’poly A tail [79], which is covalently closed loops 
with a single chain, processed by back splicing of precur-
sor RNA [80], with resistance to exonuclease mediated 
degradation, high conservation, strong stability, tissue 
specificity [81–84], and regulation of gene expression and 
malignant progression. CircRNAs can be used as miRNA 
or protein sponges, as well as participate in mRNA tran-
scription and protein coding [85]. Table  2 lists recently 
reported circRNAs that influence Hh signaling in tumors.

CircRNAs encode a new protein
CircRNA - circSmo from exon 3–6 of Smo gene encodes 
a novel protein with 196 amino acids (Smo-193a.a.) 
through the internal ribosomal entry site element. Mech-
anistically, Smo-193a.a. can bind Smo and enhance cho-
lesterol modification of Smo. Thus, Smo is activated and 
phosphorylated, which in turn promotes the expression 
of downstream target genes Gli1, CCND1, and Myc. 
Functional assays have shown that the high expression 
of Smo-193a.a is associated with poor prognosis of glio-
blastoma and positively regulates the Hh pathway, while 
the low level of Smo-193a.a. can significantly inhibit self-
renewal of CSCs and tumorigenesis in mice. This implies 
that the Smo-193a.a. encoded by cricSmo might be a 
potential therapeutic target for glioblastoma [43].

CircRNAs as miRNA sponges
Another paper [86] focuses on the association of 
circDGKB with the growth of neuroblastoma cells. In 
this research, in vitro studies clarify that overexpressed 
circDGKB promotes neuroblastoma cells prolifera-
tion, metastasis and tumorigenesis. This is the result 
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of circDGKB as miR-873 sponge positive regulation of 
the Hh signal pathway via the upregulation of Gli1. In 
addition, circZNF609 [87], as the miR-15a-5p/15b-5p 
sponge, promotes HCC cells proliferation, metastasis, 
and stemness by activating the Hh pathway through 
the regulation of miR-15a-5p/15b-5p and Gli2 expres-
sions, which has been confirmed in functional tests 
and in  vivo studies. It’s reported that circZNF609 
sequestering microRNA-150 plays a role in promot-
ing colorectal cancer progression by upregulating Gli1 
expression [88]. Moreover, several circRNAs such as 
circSMO742 [89], circ-STAT3 [90], circ_0036412 [91] 
and circDCAF6 [92] could act as miRNA sponges to 
affect some cancer hallmarks.

CircRNA‑protein interactions
A recent investigation unveils that circGli1 interacts 
with p70S6K2 protein, which can block the binding 
of GSK3β with Gli1 and β-catenin, to facilitate Gli1 
and β-catenin protein expression, activate hedgehog/
Gli1 and Wnt/β-catenin pathways and further drive 
Cyr61 expression by boosting their downstream gene 
MYC expression, leading to accelerated cell migration 
and angiogenesis in melanoma. These results provide 

strong evidence that circGli1 could be a prospective 
therapeutic candidate for melanoma metastasis [93]. 
Further investigation reveals that the highly expressed 
circIPO11 in HCC drives the self-renewal of liver CSCs 
and promotes the proliferation of HCC by recruiting 
TOP1 protein to the Gli1 promoter and triggering Gli1 
transcription and Hh signaling pathway [94].

MiRNAs modulate the hedgehog signaling pathway 
in cancer
MiRNA is defined as a small noncoding RNA with a 
length of about 22 nucleotides [95]. It mainly plays a role 
in regulating gene expression via participating in target 
mRNA degradation or translation inhibition. MicroRNA 
was first discovered in 1993 [96, 97], and has gradually 
been widely studied in recent years. There is evidence 
that miRNA has been implicated in a variety of physio-
logical and pathological processes, such as tumorigenesis, 
organ formation, and immune function regulation [98, 
99]. Targeting miRNAs for cancer therapy has appeared 
to become a research hotspot in recent years, based on 
the relationship between abnormal activation of the Hh 
signaling pathway and the occurrence and development 
of malignant tumors. Table 3 lists recently reported miR-
NAs that regulate Hh signaling in tumors.

Table 2  Dysregulation of circRNAs related to the hedgehog pathway in cancer

CircRNAs Function Mechanism Target in Hh 
pathway

Cancer Role Ref

circSmo Proliferation (+) Encodes Smo-193a.a. Smo Glioblastoma Up [43]

circDGKB Proliferation (+);
Migration (+);
Invasion (+);
Apoptosis (−)

As miR-873 sponge Gli1 Neuroblastoma Up [86]

circZNF609 Proliferation (+);
Migration (+);
Invasion (+);
Apoptosis (−)

As miR-15a-5p/15b-5p sponge Gli2 Hepatocellular carcinoma Up [87]

circZNF609 Migration (+) As microRNA-150 sponge Gli1 Colorectal cancer Up [88]

circSMO742 Proliferation (+);
Migration (+);
Apoptosis (−)

As miR-338-3p sponge Smo Glioma Up [89]

circ-STAT3 Proliferation (+);
Migration (+);
Invasion (+);
Stemness (+)

As miR-29a/b/c-3p sponge Gli2 Hepatoblastoma Up [90]

circ_0036412 Proliferation (+) As miR-579-3p sponge Gli2 Hepatocellular carcinoma Up [91]

circDCAF6 Proliferation (+);
Stemness (+)

As miR-616-3p sponge Gli1 Breast cancer Up [92]

circGli1 Migration (+);
Invasion (+)

Interacts with p70S6K2 protein Gli1 Melanoma Up [93]

circIPO11 Proliferation (+) Interacts with TOP1 protein Gli1 Hepatocellular carcinoma Up [94]
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Studies have shown that most miRNAs negatively 
regulate the expression of target mRNA at RNA or pro-
tein levels, so miRNAs can be seen as tumor suppressor 

genes to participate in the cancer process. MiR205HG 
is identified as a novel tumor suppressor in esophageal 
adenocarcinoma and Barrett’s esophagus [100]. The 

Table 3  Dysregulation of microRNAs related to the hedgehog pathway in cancer

MicroRNAs Function Target in Hh 
pathway

Cancer Role Ref

miR205HG Proliferation (−);
Migration (−);
Invasion (−)

Shh Esophageal adenocarcinoma Down [100]

miR-132 Proliferation (−);
Invasion (−)

Gli1 Glioma Down [101]

miRNA-326 Proliferation (−); Apoptosis (+) Smo Glioma;
Chronic myeloid leukemia

Down [102, 103]

miR-361-3p Proliferation (−); Gli1, Gli3 Retinoblastoma Down [104]

miR-338-3p Proliferation (−); Apoptosis (+) Smo Colorectal carcinoma Down [105]

miR-338-3p Migration (−); Invasion (−) Smo Hepatocellular carcinoma Down [106]

miR-182-5p Proliferation (−) Gli2 Lung adenocarcinoma Down [107]

miR-1271 Proliferation (−); Apoptosis (+) Smo Multiple myeloma Down [108]

miR-506-3p Migration (−);
Apoptosis (+)

Shh Non-small-cell lung cancer Down [109]

miR-873-5p Proliferation (−); Apoptosis (+) Gli1 Gastric cancer Down [110]

miR-324-3p Proliferation (−);
Invasion (−);
Apoptosis (+)

Gli3 Nasopharyngeal carcinoma Down [111]

miR-218 Apoptosis (+) Smo Gastric cancer Down [112]

miR-636 Proliferation (−);
EMT (−)

Gli2 Ovarian cancer Down [113]

miR-506 Proliferation (−); Apoptosis (+) Gli3 Cervical cancer Down [114]

miR-7-5p Proliferation (−);
Migration (−); Invasion (−)

Gli3 Bladder cancer Down [115]

miR-7-5p Proliferation (−);
Invasion (−)

Smo Gastric cancer Down [116]

miR-124 Proliferation (−) Gli2 Glioma Down [117]

miR-150 Proliferation (−) Gli1 Esophageal carcinoma Down [118]

miR-202-3p – Sufu Chronic lymphocytic leukemia Down [119]

miR-144-3p Proliferation (−);
Invasion (−);
EMT (−);
Stemness (−)

Gli2 Gastric cancer Down [120]

miR-141-3p Proliferation (−);
Apoptosis (+)

Gli2 Osteosarcoma Down [121]

miR-212 Proliferation (+);
Migration (+);
Invasion (+)

Ptch1 Pancreatic ductal adenocarcinoma;
Non-small cell lung cancer

Up [122, 123]

miR-150 Proliferation (+);
Migration (+);
EMT (+)

Sufu Gastric cancer Up [124]

miR-9 Proliferation (+) Ptch1 Glioblastoma Up [125]

miR-224 Proliferation (+);
Invasion (+)

Sufu Bladder cancer Up [126]

miR-214 Migration (+);
Invasion (+);

Sufu Lung adenocarcinoma Up [127]

miR-221 Proliferation (+);
Migration (+);
Invasion (+)

Hhip Glioblastoma Up [128]
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expression of miR205HG is negatively correlated with 
the Shh ligand of the Hh signaling pathway, accord-
ing to in vivo and in vitro investigations. However, the 
overexpression of miR205HG effectively inhibits the 
expression of Ptch1. Follow-up data reveals that Ptch1 
is overexpressed in Barrett’s esophagus, which might be 
linked to its allelic mutation [129], and further research 
is needed. The anti-glioma miRNA miRNA-132 [130] 
is considered as a research target to see how it affects 
the formation of gliomas. Experimental results show 
that upregulated miRNA-132 blocks proliferation and 
invasion of glioma cells by inhibiting transcriptional 
factor Gli1 expression [101]. In addition, miRNA-326 
[102, 103], miR-361-3p [104], miR-338-3p [105, 106], 
miR-182-5p [107], miR-1271 [108], miR-506-3p [109], 
miR-873-5p [110], miR-324-3p [111], miR-218 [112], 
miR-636 [113], miR-506 [114], miR-7-5p [115, 116], 
miR-124 [117], miR-150 [118], miR-202-3p [119], miR-
144-3p [120] and miR-141-3p [121] also act as cancer 
suppressors and interact with critical Hh signaling 
regulators (such as Ptch, Smo and Gli1) to regulate 
tumor progression. However, some up-regulated miR-
NAs, such as miR-212 [122, 123], miR-150 [124], miR-9 
[125], miR-224 [126], miR-214 [127] and miR-221 [128] 
have been reported in tumors that induce tumor forma-
tion and recurrence through Hh signaling cascades. Of 
course, several miRNAs (such as miR-150) have a dual 
role in different tumors, which can promote or inhibit 
the growth of cancer. In this case, a case-by-case analy-
sis of clinical diagnosis and treatment is required.

miRNAs as downstream target genes can also be 
regulated by Hh signaling in addition to regulating Hh 
signalings. For example, a recent study shows that the 
transcription factor Gli2 suppresses miR-124 expres-
sion by directly binding to the upstream region of the 
transcriptional start site for miR-124 and AURKA is 
the direct target of miR-124. Overall, Gli2 drives the 
growth and progression of human gliomas via the miR-
124/AURKA axis [117].

LncRNAs modulate the hedgehog signaling pathway 
in cancer
LncRNA is the largest group of ncRNAs with 5′ cap 
and 3′ poly (A) tail and contains more than 200 nucle-
otides in length [131, 132]. Functional investigations 
reveal that lncRNAs control gene expression at epi-
genetic, transcriptional and post-transcriptional lev-
els, which manipulate multiple biological processes, 
and are closely related to human diseases [133–135]. 
Indeed, lncRNAs play a regulatory role mainly by 
interacting with proteins or nucleotides [136]. Several 
lncRNAs are linked with specific signaling pathways 

[137]. Regardless of whether lncRNA plays a direct or 
indirect role in the signaling pathway, the interaction 
between lncRNA and signaling pathway indicates their 
importance in cellular processes. Here, we will focus 
on several regulatory mechanisms of lncRNAs at the 
transcriptional or post-transcriptional level. Recently 
reported lncRNAs that regulate Hh signaling in tumors 
are shown in Table 4.

LncRNAs as miRNA sponges
A paper reveals a new mechanism of interaction among 
lncRNA, miRNA and mRNA in tumorigenesis [138]. 
LncRNA LINC-PINT, as a tumor suppressor gene, tar-
gets miR-425-5p which targets Ptch1 of the Hh path-
way to modulate laryngeal carcinoma cell stemness and 
chemoresistance. Several other regulatory networks com-
prising lncRNA, miRNA, and mRNA have been reported 
in the Hh-mediated cancer, including DIO3OS/miR-328/
Hhip [139], GAS5/miR-378a-5p/Sufu [140], LIFR-AS1/
miR-197-3p/Sufu [141], LOC101930370/miR-1471/Shh 
[142], TUG1/miR-132/Shh [143], LINC01510/miR-335/
Shh [144], LINC01123/miR-516b-5p/Gli1 [145], NEAT1/
miR-503/Smo [146] and MIRLET7BHG/miR-330-5p/
Smo [147].

LncRNA‑protein interactions
Researchers identify a novel lncRNA BCAR4 that directly 
binds PNUTS and SNIP1 proteins, and activates tran-
scription factor Gli2 expression in a chemokine-depend-
ent manner [148]. In lung adenocarcinoma (LUAD), 
LINC01426 recruits and binds the USP22 protein to pro-
mote Shh protein stabilization, which activates the Hh 
pathway and promotes LUAD cells proliferation, migra-
tion, and EMT [149]. lncHDAC2 interacts with HDAC2 
protein (a core component of NuRD complex [154]) 
which recruits NuRD complex to the promoter of Ptch1, 
to resist the expression of Ptch1, thus causing abnormal 
activation of the Hh signaling pathway [150]. LINC01106 
has been reported to facilitate proliferation and migration 
of colorectal cancer cells. Further investigation reveals 
that LINC01106 located in the nuclear could recruit FUS 
protein to Gli1 and Gli2 promoters, hence activating Gli1 
and Gli2 transcription and promoting colorectal cancer 
formation [151]. Nevertheless, lncRNA HHIP-AS1 [152] 
acts as a tumor suppressor in HCC progression, which is 
attributed to its positive regulation of Hhip mRNA stabil-
ity in a HuR-dependent manner.

SnRNAs modulate the hedgehog signaling pathway 
in cancer
The vast majority of cancers are closely related to the 
genomic changes of driver factors [155]. Although 
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there have been a lot of investigations on cancer driv-
ers, most of them are about coding genes, with only a 
handful focusing on non-coding drivers. In 2019, Suzuki 
H et  al. [28] discovered non-coding small nuclear RNA 
U1-snRNA, revealing a new mechanism of abnormal 
splicing in cancer and providing new ideas for tumor 
therapy. Among snRNAs, U1 snRNA is the most abun-
dant type of snRNAs transcribed by RNA polymerase 
II [156]. The study reported that in about half of Sonic 
hedgehog-type medulloblastomas, there is a highly recur-
rent hot spot mutation of A > G at the third nucleotide 

of snRNA, which is rarely found in other subgroups of 
medulloblastoma. In parallel, this mutation has a higher 
incidence in adults and adolescents. The U1 snRNA 
mutation occurs in the 5’splice site binding region, which 
changes the preferred base-pairing A-U to G-C, creat-
ing a new splicing junction and significantly destroying 
the original splicing pattern. Mechanistically, alternative 
splicing mediated by U1 snRNA mutations inactivates 
tumor suppressor gene Ptch1, promotes the expression 
of downstream oncogenes (Gli2, CCND2) and stimulates 
the Hh signaling pathway.

Table 4  Dysregulation of lncRNAs related to the hedgehog pathway in cancer

LncRNAs Function Mechanism Target 
in Hh 
pathway

Cancer Role Ref

LINC-PINT Stemness (−) As miR-425-5p sponge Ptch1 Laryngeal carcinoma Down [138]

DIO3OS Proliferation (−);
Migration (−); Invasion (−); 
Apoptosis (+)

As miR-328 sponge Hhip Hepatocellular carcinoma Down [139]

GAS5 Apoptosis (+) As miR-378a-5p sponge Sufu Triple-negative breast cancer Down [140]

LIFR-AS1 Proliferation (−);
Migration (−); Invasion (−)

As miR-197-3p sponge Sufu Breast cancer Down [141]

LOC101930370 Proliferation (+);
Migration (+);
Invasion (+)

As miR-1471 sponge Shh Breast cancer Up [142]

TUG1 Proliferation (+) As miR-132 sponge Shh Hepatocellular carcinoma Up [143]

LINC01510 Proliferation (+);
Migration (+); Invasion (+)

As miR-335 sponge Shh Papillary thyroid carcinoma Up [144]

LINC01123 Proliferation (+);
Migration (+);
Invasion (+)

As miR-516b-5p sponge Gli1 Osteosarcoma Up [145]

NEAT1 Proliferation (+);
Migration (+);
Invasion (+);
Apoptosis (−)

As miR-503 sponge Smo Hepatocellular carcinoma Up [146]

MIRLET7BHG Proliferation (+);
Migration (+);
Invasion (+);
EMT (+);
Stemness (+)

As miR-330-5p sponge Smo Hepatocellular carcinoma Up [147]

BCAR4 Migration (+);
Invasion (+)

Interacts with PNUTS and SNIP1 proteins Gli2 Breast cancer Up [148]

LINC01426 Proliferation (+);
Migration (+);
EMT (+)

Interacts with USP22 protein Shh Lung adenocarcinoma Up [149]

lncHDAC2 Proliferation (+);
Stemness (+)

Interacts with HDAC2 protein Ptch1 Hepatocellular carcinoma Up [150]

LINC01106 Proliferation (+);
Migration (+);
Stemness (+)

Interacts with FUS protein Gli1, Gli2 Colorectal cancer Up [151]

HHIP-AS1 Proliferation (−);
Migration (−); Invasion (−);
Apoptosis (+)

Interacts with HuR protein Hhip Hepatocellular carcinoma Down [152]

HOTAIR Stemness (+) Regulates Gli2 transcription Gli2 Renal cell carcinoma Up [153]
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Clinical features and prognosis of ncRNAs associated 
with hedgehog signaling
Emerging evidence suggests that many ncRNAs are 
expected to be biomarkers for early diagnosis of cancer, 
reliable for predicting the prognosis of patients with can-
cer. Ectopic expression of ncRNAs in specific tumor tis-
sues or circulating body fluids could be used to monitor 
the occurrence of neoplasms at an early stage. Previous 
studies show that the expression of DIO3OS is consider-
ably downregulated in HCC tissues compared to para-
cancerous tissues [139]. The expression of miR-361-3p in 
retinoblastoma serum is also significantly downregulated 
[104]. The prognostic value of ncRNAs for patients with 
cancer is reflected in the correlation analysis between 
ncRNAs expression and clinicopathological features. 
LncRNA HOTAIR overexpression is linked to worse 
prognosis in patients with renal cell carcinoma [153]. In 
osteosarcoma, elevated levels of LINC01123 expression 
are related with advanced pathological staging [145]. 
.Remarkably, miR-324-3p expression is inversely con-
nected with nasopharyngeal carcinoma metastasis but 
favorably correlated with survival time [111]. These find-
ings suggest that Hh-related ncRNAs have broad clinical 
application prospects.

NcRNAs as promising therapeutic strategies for hedgehog 
signaling mediated cancer
Therapeutic targeting of Hh signaling, as a vital cellular 
pathway, represents an attractive approach for the treat-
ment of a plethora of cancers. Unremitting efforts have 
been made towards the development of small molecule 
inhibitors such as SMO antagonists-vismodegib [157] 
and cyclopamine [158], Gli antagonists-GANT61 and 
GANT58 [159] and additional PTCH inhibitors to block 
Hh signaling at various sites in recent years. Yet there 
have been some serious drawbacks of utilizing these Hh 
inhibitors for the treatment of cancer, which has been 
discussed in detail by Javed Z et al. [160]. Hence, design-
ing persistent small molecule inhibitors with excessive 
bioavailability is still a thorny question.

The multiple functional repertoires of such naturally 
occurring ncRNAs hold promise for the development 
of a potential treatment option in cancers, employ-
ing small interfering RNAs, antisense oligonucleotides 
together with exosomes, nanoparticles and other deliv-
ery systems [161], which have been at the clinical trial 
phase. Owing to their favorable bioavailability, high 
specificity and good tolerance, engineered nanofor-
mulations may be a reasonable treatment strategy for 
the Hh signaling mediated cancer. An in-depth analy-
sis of the experimental data shows that PBAE/si-ciRS-7 
nanocomplexes with PBAE material could significantly 

control the malignant behavior of renal cell carcinoma 
(RCC) tumors based on the carcinogenic effect of ciRS-
7, providing theoretical guidance and effective basis for 
the treatment of RCC [162]. In line with this, research-
ers also construct a unique nanoparticle system to deliver 
anti-metastatic microRNA and conventional cytotoxic 
chemotherapy agents to colorectal hepatic metastases, 
showing miR-655-3p and oxaliplatin co-delivery system 
could present the inhibitory effect on tumors [163]. In 
addition, the successful use of a known anticancer miR-
204-5p [164–166] faces many challenges including lim-
ited stability, rapid metabolism and so on. To overcome 
the above-mentioned drawbacks, silica nanoparticles 
carrying miR-204-5p and oxaliplatin are synthesized to 
exert their synergistic anticancer effects, leading to high 
apoptosis rate and limited growth of cells [167]. A novel 
dual delivery nanoscale device loaded with miR-345 and 
gemcitabine [168] is developed to treat pancreatic cancer, 
which greatly achieves the efficacy of miR-345. Immu-
nohistochemical analysis from the tumor tissues of mice 
shows such nanocomplexes significantly downregulate 
Shh and its downstream effector Gli1 in the combined 
GEM+miR-345 treated group compared with the single 
gemcitabine-treated group. The encouraging findings 
imply that the entrance of Hh-related ncRNAs therapeu-
tics into clinical testing is promising. Notably, nanotech-
nology-based system for targeted delivery of ncRNAs to 
the organ and cell type of interest has been applied in 
the field of cancer treatment, but the high cost of prepa-
rations might impede large-scale production and wide-
spread application.

Accumulating lines of evidence have suggested that 
proteins and RNAs [169] can be secreted by exosomes 
that mediate intercellular communication, foreshadow-
ing that exosomes can be an alternative drug delivery 
platform. As expected, exosomes could easily cross the 
biological barriers and deliver small molecules of drugs 
to specific tissues. For instance, exosomal TUG1 derived 
from cancer-associated fibroblasts promotes metasta-
sis and glycolysis in HCC through the miR-524-5p/SIX1 
axis [170]. Engineered exosomes for delivery of miR-21 
and 5-fluorouracil (5-FU) are efficiently transferred into 
5-FU-resistant colorectal cancer cells [171]. Combined 
treatment with 5-FU and miR-21 could significantly 
improve the anti-tumor effect of 5-FU on HCT-1165FR 
cells compared with the single treatment of 5-FU or miR-
21. Furthermore, co-delivery micelles system targeting 
miR-29b1 and GDC-0449 (also called vismodegib) might 
synergistically lower liver injury and improve liver fibro-
sis in mice [172], which will also grant reliable insights 
and directions for the development of such Hh associated 
ncRNA therapeutics.
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Conclusion and future prospects
Accumulating evidence shows that the aberrantly acti-
vated Hh pathway confers neoplastic cells the propensity 
of occurrence, proliferation, and migration, which pro-
vides a new clue for researchers to explore better thera-
peutic strategies and drug targets for malignant tumors. 
Indeed, the development of drugs targeting the Hh sign-
aling driving factors has undoubtedly opened a new door 
to the battle against tumors. The recognized Hh pathway 
inhibitors have been considered as potential therapeutic 
options for cancer therapy. However, owing to the pres-
ence of tumor cells heterogeneity, chemical resistance, 
and the complex pathway crosstalk, it is often difficult for 
a single pathway inhibitor, such as vismodegib, to abso-
lutely block tumor cell proliferation. This warns us that it 
is urgent to design a reasonable drug delivery system and 
develop drugs that target other potential tumor markers.

Data from dozens of reports has indicated that non-
coding RNAs can reduce the chemoresistance and 
stemness of tumor cells, effectively prolong the survival 
time of patients and reduce cancer recurrence. These 
small molecules usually participate in disease regulation 
by affecting the expression of nearby genes, especially 
parental genes. The ncRNAs related to the Hh pathway 
can directly or indirectly regulate the expression of Hh 

pathway genes through multifaceted molecular mecha-
nisms and physiological processes. For example, LINC-
PINT, LINC01123 and circZNF609 sponge special 
miRNAs to modulate target genes Ptch1, Gli1, and Gli2, 
respectively [87, 138, 145]. To prevent the recurrence of 
cancer from the perspective of eradicating tumor cells, 
it is quite necessary for us to consider these two thorny 
issues in anti-cancer treatment: (1) drug resistance, and 
(2) stem cells. It has been found in some cancer stem cell 
models that the expression of ncRNAs, such as circSmo 
[43], miR-144-3p [120], and lncHDAC2 [150], can inter-
fere with the stemness and chemoresistance of CSCs or 
tumor cells. In that respect, the appropriate combination 
of ncRNA-targeted agents and chemotherapeutic medi-
cines is worthy of consideration.

The regulation mechanism of the Hh pathway is intri-
cate and varies with the type and source of cancers. 
In some specific cases, several stromal cells secrete 
some Hh ligands or growth factors to stimulate tumor 
cells. The paracrine modality of the Hh pathway gives 
us another new anti-cancer strategy, that is, target-
ing normal stromal cells that shape the pre-malignant 
environment. It is reported that, unlike tumor cells, 
most stromal cells are less likely to exhibit genomic 
instability, which makes it difficult for them to develop 

Fig. 3  Noncoding RNAs related to the hedgehog pathway in cancer. The five main components of the Hh signaling are Hh, Ptch, Smo, Sufu, and 
Gli. The ncRNAs introduced in this review include circRNA, microRNA, lncRNA and snRNA. This diagram briefly describes the interaction between 
ncRNAs and five core components, with the representatives in the pentagram region associated with other Hh-related target genes
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resistance to therapeutic drugs. In addition, the cross-
talk of Hh pathway and other pathways has been 
verified [173]. If diagnostic biomarkers targeting mul-
tiple pathways simultaneously can be found, it will be 
a big step towards curing the malignant diseases that 
threaten human life. As stated in the study [124], Sufu 
targeted and down-regulated by oncogene miR-150 
promotes the occurrence and metastasis of human gas-
tric cancer through dual activation of Wnt/β-catenin 
and Hh pathways. Circular RNA circ102004 has car-
cinogenic effects in prostate cancer. In order to clarify 
the carcinogenic molecular mechanism of circ102004, 
western blotting assay is performed to detect the 
expression of key genes in the Hh pathway. It is found 
that circ102004 is positively correlated with the expres-
sion of P-ERK, P-AKT, P-JNK, JNK, β-catenin, and 
Gli1. In other words, circ102004 is involved in the reg-
ulation of some vital signaling pathways including ERK, 
JNK, Wnt/β-catenin and hedgehog [174]. However, 
the molecular pattern of circ102004 regulating various 
signaling pathways has not been clarified and further 
research remains needed.

“Off-target effects” are major barriers to the devel-
opment of targeted non-coding RNA technology. The 
establishment of a reasonable drug delivery system can 
effectively reduce the failure of treatment caused by “off-
target effects”. With the high-end development of phar-
maceutical technology, we should consider packaging 
these small molecules utilizing engineered exosomes or 
nanoparticles to improve targeting effectiveness. If possi-
ble, the designed combination formulation of Hh inhibi-
tors and ncRNAs based on the molecular physical and 
chemical properties of ncRNAs will be able to extend 
the time of drug action in vivo, and exert the anti-cancer 
effect of the medication to the greatest extent. The spe-
cific molecular mechanisms of Hh pathway need to be 
studied as soon as possible, which is also favorable for 
the successful development and design of targeted drugs. 
In short, this article summarizes the different roles and 
molecular mechanisms of ncRNAs in the Hh pathway 
(Fig.  3), and sheds light on the way in which ncRNAs 
regulate the Hh pathway, which is conducive to diagno-
sis, prognostication and treatment of cancer from differ-
ent angles including protein or RNA levels, and provides 
a new direction for the clinical therapy of tumors.

Abbreviations
Hh: Hedgehog; ncRNAs: Noncoding RNAs; circRNA: Circular RNA; miRNA: 
MicroRNA; lncRNA: Long noncoding RNA; snRNA: Small nuclear RNA; EMT: 
Epithelial-mesenchymal transition; Ptch: Patched; Smo: Smoothened; Gli: 
Glioma-associated transcription factor; Shh: Sonic hedgehog; Ihh: Indian 
hedgehog; Dhh: Desert hedgehog; Hhip: Hedgehog-interacting protein; 
Mycn: N-myc proto-oncogene protein; CCND1: G1/S-specific cyclin-D1; 
CCND2: G1/S-specific cyclin-D2; CCNE1: G1/S-specific cyclin-E1; Bcl2: B-cell 

lymphoma 2; VEGFA: Vascular endothelial growth factor A; Sufu: Suppressor of 
Fused; Kif7: Kinesin protein; PKA: Protein kinase A; GSK3β: Glycogen synthase 
kinase 3β; CK1: Casein kinase 1; GliR: Gli repressor; GliA: Gli activator; GRK2: G 
protein-coupled receptor kinase 2; BCC: Basal cell carcinoma; VEGF: Vascular 
endothelial growth factor; IGF: Insulin-like growth factor; HCC: Hepatocellular 
carcinoma; TME: Tumor microenvironment; CSCs: Cancer stem cells; TNBC: 
Triple negative breast cancer; LUAD: Lung adenocarcinoma; RCC​: Renal cell 
carcinoma; 5-FU: 5-fluorouracil.

Acknowledgements
Not applicable.

Conflict of interests
The authors have no conflict of interests to declaim.

Authors’ contributions
L.Z. and J.S. conceived of the presented idea. J.S. and Q.G. wrote the manu-
script. L.Z., J.N., M.W. and S.G. provided the guidance throughout the revision 
of this manuscript. J.S., X.S. and Y.G. revised the paper. All authors contributed 
to and approved the final manuscript.

Funding
This work was supported by grants from National Natural Science Founda-
tion of China (No. 82073281, 82073884, U20A20413), Shenyang S&T Projects 
[19–109–4-09, 20–204–4-22].

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pharmacology, School of Pharmacy, China Medical University, 
Shenyang 110122, People’s Republic of China. 2 Liaoning Key Laboratory 
of Molecular Targeted Anti‑Tumor Drug Development and Evaluation, China 
Medical University, Shenyang 110122, People’s Republic of China. 3 Shenyang 
Kangwei Medical Laboratory Analysis Co. LTD, Shenyang 110000, People’s 
Republic of China. 4 Department of Gynecology, Shenyang Women’s and Chil-
dren’s Hospital, Shenyang 110011, People’s Republic of China. 

Received: 6 December 2021   Accepted: 10 May 2022

References
	 1.	 McMillan R, Matsui W. Molecular pathways: the hedgehog signaling 

pathway in cancer. Clin Cancer Res. 2012;18:4883–8.
	 2.	 Salaritabar A, Berindan-Neagoe I, Darvish B, Hadjiakhoondi F, Manayi A, 

Devi KP, et al. Targeting hedgehog signaling pathway: paving the road 
for cancer therapy. Pharmacol Res. 2019;141:466–80.

	 3.	 Fan L, Pepicelli CV, Dibble CC, Catbagan W, Zarycki JL, Laciak R, et al. 
Hedgehog signaling promotes prostate xenograft tumor growth. 
Endocrinology. 2004;145:3961–70.

	 4.	 Peacock CD, Wang Q, Gesell GS, Corcoran-Schwartz IM, Jones E, Kim J, 
et al. Hedgehog signaling maintains a tumor stem cell compartment in 
multiple myeloma. Proc Natl Acad Sci U S A. 2007;104:4048–53.

	 5.	 International Human Genome Sequencing Consortium. Finish-
ing the euchromatic sequence of the human genome. Nature. 
2004;431:931–45.



Page 13 of 16Song et al. Molecular Cancer          (2022) 21:115 	

	 6.	 Wilusz JE, Sunwoo H, Spector DL. Long noncoding RNAs: functional 
surprises from the RNA world. Genes Dev. 2009;23:1494–504.

	 7.	 ENCODE Project Consortium. An integrated encyclopedia of DNA ele-
ments in the human genome. Nature. 2012;489:57–74.

	 8.	 Qin X, Zhou M, Lv H, Mao X, Li X, Guo H, et al. Long noncoding RNA 
LINC00657 inhibits cervical cancer development by sponging miR-
20a-5p and targeting RUNX3. Cancer Lett. 2021;498:130–41.

	 9.	 Zhu L, Li N, Sun L, Zheng D, Shao G. Non-coding RNAs: the key 
detectors and regulators in cardiovascular disease. Genomics. 
2021;113:1233–46.

	 10.	 Zhang Y, Zhang X, Cai B, Li Y, Jiang Y, Fu X, et al. The long noncoding 
RNA lncCIRBIL disrupts the nuclear translocation of Bclaf1 alleviating 
cardiac ischemia-reperfusion injury. Nat Commun. 2021;12:522.

	 11.	 Lauretti E, Dabrowski K, Praticò D. The neurobiology of non-coding 
RNAs and Alzheimer’s disease pathogenesis: pathways, mechanisms 
and translational opportunities. Ageing Res Rev. 2021;71:101425.

	 12.	 Hayes EL, Lewis-Wambi JS. Mechanisms of endocrine resistance in 
breast cancer: an overview of the proposed roles of noncoding RNA. 
Breast Cancer Res. 2015;17:40.

	 13.	 Li Y, Li G, Guo X, Yao H, Wang G, Li C. Non-coding RNA in bladder cancer. 
Cancer Lett. 2020;485:38–44.

	 14.	 Varjosalo M, Taipale J. Hedgehog: functions and mechanisms. Genes 
Dev. 2008;22:2454–72.

	 15.	 Nüsslein-Volhard C, Wieschaus E. Mutations affecting segment number 
and polarity in drosophila. Nature. 1980;287:795–801.

	 16.	 Hammerschmidt M, Brook A, McMahon AP. The world according to 
hedgehog. Trends Genet. 1997;13:14–21.

	 17.	 Chang DT, López A, von Kessler DP, Chiang C, Simandl BK, Zhao R, et al. 
Products, genetic linkage and limb patterning activity of a murine 
hedgehog gene. Development. 1994;120:3339–53.

	 18.	 Shimeld SM. The evolution of the hedgehog gene family in chordates: 
insights from amphioxus hedgehog. Dev Genes Evol. 1999;209:40–7.

	 19.	 Muenke M, Beachy PA. Genetics of ventral forebrain development and 
holoprosencephaly. Curr Opin Genet Dev. 2000;10:262–9.

	 20.	 Li XL, Wang P, Xie Y. Protease nexin-1 protects against Alzheimer’s 
disease by regulating the sonic hedgehog signaling pathway. Int J 
Neurosci. 2021;131:1087–96.

	 21.	 Foulkes WD, Kamihara J, Evans DGR, Brugières L, Bourdeaut F, Molenaar 
JJ, et al. Cancer surveillance in Gorlin syndrome and Rhabdoid tumor 
predisposition syndrome. Clin Cancer Res. 2017;23:e62–7.

	 22.	 Lin AC, Hung HC, Chen YW, Cheng KP, Li CH, Lin CH, et al. Elevated 
hedgehog-interacting protein levels in subjects with Prediabetes and 
type 2 diabetes. J Clin Med. 2019;8:1635.

	 23.	 Ahmad A, Maitah MY, Ginnebaugh KR, Li Y, Bao B, Gadgeel SM, et al. 
Inhibition of hedgehog signaling sensitizes NSCLC cells to standard 
therapies through modulation of EMT-regulating miRNAs. J Hematol 
Oncol. 2013;6:77.

	 24.	 Sasaki H, Nishizaki Y, Hui C, Nakafuku M, Kondoh H. Regulation of Gli2 
and Gli3 activities by an amino-terminal repression domain: implication 
of Gli2 and Gli3 as primary mediators of Shh signaling. Development. 
1999;126:3915–24.

	 25.	 Chuang PT, McMahon AP. Vertebrate hedgehog signalling modulated 
by induction of a hedgehog-binding protein. Nature. 1999;397:617–21.

	 26.	 Singh BN, Koyano-Nakagawa N, Gong W, Moskowitz IP, Weaver CV, 
Braunlin E, et al. A conserved HH-Gli1-Mycn network regulates heart 
regeneration from newt to human. Nat Commun. 2018;9:4237.

	 27.	 Li L, Ma TT, Ma YH, Jiang YF. LncRNA HCG18 contributes to naso-
pharyngeal carcinoma development by modulating miR-140/CCND1 
and hedgehog signaling pathway. Eur Rev Med Pharmacol Sci. 
2019;23:10387–99.

	 28.	 Suzuki H, Kumar SA, Shuai S, Diaz-Navarro A, Gutierrez-Fernandez A, 
De Antonellis P, et al. Recurrent noncoding U1 snRNA mutations drive 
cryptic splicing in SHH medulloblastoma. Nature. 2019;574:707–11.

	 29.	 Duman-Scheel M, Weng L, Xin S, Du W. Hedgehog regulates cell 
growth and proliferation by inducing Cyclin D and Cyclin E. Nature. 
2002;417:299–304.

	 30.	 Regl G, Kasper M, Schnidar H, Eichberger T, Neill GW, Philpott MP, 
et al. Activation of the BCL2 promoter in response to hedgehog/GLI 
signal transduction is predominantly mediated by GLI2. Cancer Res. 
2004;64:7724–31.

	 31.	 Kong Y, Peng Y, Liu Y, Xin H, Zhan X, Tan W. Twist1 and snail link hedge-
hog signaling to tumor-initiating cell-like properties and acquired 
chemoresistance independently of ABC transporters. Stem Cells. 
2015;33:1063–74.

	 32.	 Korshunov A, Okonechnikov K, Stichel D, Ryzhova M, Schrimpf D, 
Sahm F, et al. Integrated molecular analysis of adult sonic hedgehog 
(SHH)-activated medulloblastomas reveals two clinically relevant tumor 
subsets with VEGFA as potent prognostic indicator. Neuro-Oncology. 
2021;23:1576–85.

	 33.	 Jiang J, Hui CC. Hedgehog signaling in development and cancer. Dev 
Cell. 2008;15:801–12.

	 34.	 Briscoe J, Thérond PP. The mechanisms of hedgehog signalling 
and its roles in development and disease. Nat Rev Mol Cell Biol. 
2013;14:416–29.

	 35.	 Deshpande I, Liang J, Hedeen D, Roberts KJ, Zhang Y, Ha B, et al. 
Smoothened stimulation by membrane sterols drives hedgehog path-
way activity. Nature. 2019;571:284–8.

	 36.	 Huang P, Nedelcu D, Watanabe M, Jao C, Kim Y, Liu J, et al. Cellular 
cholesterol directly activates smoothened in hedgehog signaling. Cell. 
2016;166:1176–87.e14.

	 37.	 Radhakrishnan A, Rohatgi R, Siebold C. Cholesterol access in cel-
lular membranes controls hedgehog signaling. Nat Chem Biol. 
2020;16:1303–13.

	 38.	 Mastronardi FG, Dimitroulakos J, Kamel-Reid S, Manoukian AS. Co-
localization of patched and activated sonic hedgehog to lysosomes in 
neurons. Neuroreport. 2000;11:581–5.

	 39.	 Tukachinsky H, Lopez LV, Salic A. A mechanism for vertebrate hedge-
hog signaling: recruitment to cilia and dissociation of SuFu-Gli protein 
complexes. J Cell Biol. 2010;191:415–28.

	 40.	 Kalderon D. Transducing the hedgehog signal. Cell. 2000;103:371–4.
	 41.	 Chen W, Ren XR, Nelson CD, Barak LS, Chen JK, Beachy PA, et al. Activity-

dependent internalization of smoothened mediated by beta-arrestin 2 
and GRK2. Science. 2004;306:2257–60.

	 42.	 Rohatgi R, Milenkovic L, Scott MP. Patched1 regulates hedgehog signal-
ing at the primary cilium. Science. 2007;317:372–6.

	 43.	 Wu X, Xiao S, Zhang M, Yang L, Zhong J, Li B, et al. A novel protein 
encoded by circular SMO RNA is essential for hedgehog signaling 
activation and glioblastoma tumorigenicity. Genome Biol. 2021;22:33.

	 44.	 Skoda AM, Simovic D, Karin V, Kardum V, Vranic S, Serman L. The role of 
the hedgehog signaling pathway in cancer: A comprehensive review. 
Bosn J Basic Med Sci. 2018;18:8–20.

	 45.	 Bailey JM, Mohr AM, Hollingsworth MA. Sonic hedgehog paracrine 
signaling regulates metastasis and lymphangiogenesis in pancreatic 
cancer. Oncogene. 2009;28:3513–25.

	 46.	 Giroux-Leprieur E, Costantini A, Ding VW, He B. Hedgehog signaling in 
lung cancer: from Oncogenesis to cancer treatment resistance. Int J 
Mol Sci. 2018;19:2835.

	 47.	 Szkandera J, Kiesslich T, Haybaeck J, Gerger A, Pichler M. Hedgehog 
signaling pathway in ovarian cancer. Int J Mol Sci. 2013;14:1179–96.

	 48.	 Monkkonen T, Lewis MT. New paradigms for the hedgehog signaling 
network in mammary gland development and breast cancer. Biochim 
Biophys Acta Rev Cancer. 2017;1868:315–32.

	 49.	 Ma X, Sheng T, Zhang Y, Zhang X, He J, Huang S, et al. Hedgehog 
signaling is activated in subsets of esophageal cancers. Int J Cancer. 
2006;118:139–48.

	 50.	 Fu X, Yang X, Zhao L. Indian hedgehog, a neglected member of hedge-
hog pathway, may offer a novel avenue for colorectal cancer therapy. 
Cancer Biother Radiopharm. 2009;24:733–5.

	 51.	 Rubin LL, de Sauvage FJ. Targeting the hedgehog pathway in cancer. 
Nat Rev Drug Discov. 2006;5:1026–33.

	 52.	 Reifenberger J, Wolter M, Knobbe CB, Köhler B, Schönicke A, Schar-
wächter C, et al. Somatic mutations in the PTCH, SMOH, SUFUH 
and TP53 genes in sporadic basal cell carcinomas. Br J Dermatol. 
2005;152:43–51.

	 53.	 Johnson RL, Rothman AL, Xie J, Goodrich LV, Bare JW, Bonifas JM, et al. 
Human homolog of patched, a candidate gene for the basal cell nevus 
syndrome. Science. 1996;272:1668–71.

	 54.	 Wolter M, Reifenberger J, Sommer C, Ruzicka T, Reifenberger G. Muta-
tions in the human homologue of the drosophila segment polarity 
gene patched (PTCH) in sporadic basal cell carcinomas of the skin 



Page 14 of 16Song et al. Molecular Cancer          (2022) 21:115 

and primitive neuroectodermal tumors of the central nervous system. 
Cancer Res. 1997;57:2581–5.

	 55.	 Raffel C, Jenkins RB, Frederick L, Hebrink D, Alderete B, Fults DW, et al. 
Sporadic medulloblastomas contain PTCH mutations. Cancer Res. 
1997;57:842–5.

	 56.	 McGarvey TW, Maruta Y, Tomaszewski JE, Linnenbach AJ, Malkowicz 
SB. PTCH gene mutations in invasive transitional cell carcinoma of the 
bladder. Oncogene. 1998;17:1167–72.

	 57.	 Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, et al. Activating 
smoothened mutations in sporadic basal-cell carcinoma. Nature. 
1998;391:90–2.

	 58.	 Reifenberger J, Wolter M, Weber RG, Megahed M, Ruzicka T, Lichter P, 
et al. Missense mutations in SMOH in sporadic basal cell carcinomas of 
the skin and primitive neuroectodermal tumors of the central nervous 
system. Cancer Res. 1998;58:1798–803.

	 59.	 Taylor MD, Liu L, Raffel C, Hui CC, Mainprize TG, Zhang X, et al. Mutations 
in SUFU predispose to medulloblastoma. Nat Genet. 2002;31:306–10.

	 60.	 Ertao Z, Jianhui C, Chuangqi C, Changjiang Q, Sile C, Yulong H, et al. 
Autocrine sonic hedgehog signaling promotes gastric cancer prolifera-
tion through induction of phospholipase Cγ1 and the ERK1/2 pathway. 
J Exp Clin Cancer Res. 2016;35:63.

	 61.	 Berman DM, Karhadkar SS, Maitra A, Montes De Oca R, Gerstenblith MR, 
Briggs K, et al. Widespread requirement for hedgehog ligand stimula-
tion in growth of digestive tract tumours. Nature. 2003;425:846–51.

	 62.	 Sanchez P, Hernández AM, Stecca B, Kahler AJ, DeGueme AM, Barrett 
A, et al. Inhibition of prostate cancer proliferation by interference 
with SONIC HEDGEHOG-GLI1 signaling. Proc Natl Acad Sci U S A. 
2004;101:12561–6.

	 63.	 Liu Z, Xu J, He J, Zheng Y, Li H, Lu Y, et al. A critical role of autocrine sonic 
hedgehog signaling in human CD138+ myeloma cell survival and drug 
resistance. Blood. 2014;124:2061–71.

	 64.	 Becher OJ, Hambardzumyan D, Fomchenko EI, Momota H, Mainwaring 
L, Bleau AM, et al. Gli activity correlates with tumor grade in platelet-
derived growth factor-induced gliomas. Cancer Res. 2008;68:2241–9.

	 65.	 Varnat F, Duquet A, Malerba M, Zbinden M, Mas C, Gervaz P, et al. 
Human colon cancer epithelial cells harbour active HEDGEHOG-GLI 
signalling that is essential for tumour growth, recurrence, metastasis 
and stem cell survival and expansion. EMBO Mol Med. 2009;1:338–51.

	 66.	 Gulino A, Ferretti E, De Smaele E. Hedgehog signalling in colon cancer 
and stem cells. EMBO Mol Med. 2009;1:300–2.

	 67.	 Yauch RL, Gould SE, Scales SJ, Tang T, Tian H, Ahn CP, et al. A par-
acrine requirement for hedgehog signalling in cancer. Nature. 
2008;455:406–10.

	 68.	 Theunissen JW, de Sauvage FJ. Paracrine hedgehog signaling in cancer. 
Cancer Res. 2009;69:6007–10.

	 69.	 Wei R, Lv M, Li F, Cheng T, Zhang Z, Jiang G, et al. Human CAFs promote 
lymphangiogenesis in ovarian cancer via the Hh-VEGF-C signaling axis. 
Oncotarget. 2017;8:67315–28.

	 70.	 Chan IS, Guy CD, Chen Y, Lu J, Swiderska-Syn M, Michelotti GA, et al. 
Paracrine hedgehog signaling drives metabolic changes in hepatocel-
lular carcinoma. Cancer Res. 2012;72:6344–50.

	 71.	 Cazet AS, Hui MN, Elsworth BL, Wu SZ, Roden D, Chan CL, et al. Target-
ing stromal remodeling and cancer stem cell plasticity overcomes 
chemoresistance in triple negative breast cancer. Nat Commun. 
2018;9:2897.

	 72.	 Dierks C, Grbic J, Zirlik K, Beigi R, Englund NP, Guo GR, et al. Essential role 
of stromally induced hedgehog signaling in B-cell malignancies. Nat 
Med. 2007;13:944–51.

	 73.	 Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a 
hierarchy that originates from a primitive hematopoietic cell. Nat Med. 
1997;3:730–7.

	 74.	 Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al. 
Cancer stem cells--perspectives on current status and future directions: 
AACR workshop on cancer stem cells. Cancer Res. 2006;66:9339–44.

	 75.	 Kim BR, Na YJ, Kim JL, Jeong YA, Park SH, Jo MJ, et al. RUNX3 suppresses 
metastasis and stemness by inhibiting hedgehog signaling in colorec-
tal cancer. Cell Death Differ. 2020;27:676–94.

	 76.	 Clement V, Sanchez P, de Tribolet N, Radovanovic I, Ruiz i Altaba A. 
HEDGEHOG-GLI1 signaling regulates human glioma growth, cancer 
stem cell self-renewal, and tumorigenicity. Curr Biol. 2007;17:165–72.

	 77.	 Liu S, Dontu G, Mantle ID, Patel S, Ahn NS, Jackson KW, et al. Hedgehog 
signaling and Bmi-1 regulate self-renewal of normal and malignant 
human mammary stem cells. Cancer Res. 2006;66:6063–71.

	 78.	 Zhou M, Hou Y, Yang G, Zhang H, Tu G, Du YE, et al. LncRNA-Hh 
strengthen cancer stem cells generation in twist-positive breast 
cancer via activation of hedgehog signaling pathway. Stem Cells. 
2016;34:55–66.

	 79.	 Jeck WR, Sharpless NE. Detecting and characterizing circular RNAs. Nat 
Biotechnol. 2014;32:453–61.

	 80.	 Chen LL, Yang L. Regulation of circRNA biogenesis. RNA Biol. 
2015;12:381–8.

	 81.	 Suzuki H, Zuo Y, Wang J, Zhang MQ, Malhotra A, Mayeda A. Charac-
terization of RNase R-digested cellular RNA source that consists of 
lariat and circular RNAs from pre-mRNA splicing. Nucleic Acids Res. 
2006;34:e63.

	 82.	 Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular 
RNAs are abundant, conserved, and associated with ALU repeats. Rna. 
2013;19:141–57.

	 83.	 Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular 
RNAs are a large class of animal RNAs with regulatory potency. Nature. 
2013;495:333–8.

	 84.	 Ivanov A, Memczak S, Wyler E, Torti F, Porath HT, Orejuela MR, et al. 
Analysis of intron sequences reveals hallmarks of circular RNA biogen-
esis in animals. Cell Rep. 2015;10:170–7.

	 85.	 Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, 
Kjems J. The biogenesis, biology and characterization of circular RNAs. 
Nat Rev Genet. 2019;20:675–91.

	 86.	 Yang J, Yu L, Yan J, Xiao Y, Li W, Xiao J, et al. Circular RNA DGKB promotes 
the progression of neuroblastoma by targeting miR-873/GLI1 Axis. 
Front Oncol. 2020;10:1104.

	 87.	 He Y, Huang H, Jin L, Zhang F, Zeng M, Wei L, et al. CircZNF609 
enhances hepatocellular carcinoma cell proliferation, metastasis, 
and stemness by activating the hedgehog pathway through the 
regulation of miR-15a-5p/15b-5p and GLI2 expressions. Cell Death Dis. 
2020;11:358.

	 88.	 Wu L, Xia J, Yang J, Shi Y, Xia H, Xiang X, et al. Circ-ZNF609 promotes 
migration of colorectal cancer by inhibiting Gli1 expression via micro-
RNA-150. J Buon. 2018;23:1343–9.

	 89.	 Xiong Z, Zhou C, Wang L, Zhu R, Zhong L, Wan D, et al. Circu-
lar RNA SMO sponges miR-338-3p to promote the growth of 
glioma by enhancing the expression of SMO. Aging (Albany NY). 
2019;11:12345–60.

	 90.	 Liu Y, Song J, Liu Y, Zhou Z, Wang X. Transcription activation of circ-
STAT3 induced by Gli2 promotes the progression of hepatoblastoma 
via acting as a sponge for miR-29a/b/c-3p to upregulate STAT3/Gli2. J 
Exp Clin Cancer Res. 2020;39:101.

	 91.	 Wang L, Li B, Yi X, Xiao X, Zheng Q, Ma L. Circ_0036412 affects the 
proliferation and cell cycle of hepatocellular carcinoma via hedgehog 
signaling pathway. J Transl Med. 2022;20:154.

	 92.	 Ye G, Pan R, Zhu L, Zhou D. Circ_DCAF6 potentiates cell stemness and 
growth in breast cancer through GLI1-hedgehog pathway. Exp Mol 
Pathol. 2020;116:104492.

	 93.	 Chen J, Zhou X, Yang J, Sun Q, Liu Y, Li N, et al. Circ-GLI1 promotes 
metastasis in melanoma through interacting with p70S6K2 to activate 
hedgehog/GLI1 and Wnt/β-catenin pathways and upregulate Cyr61. 
Cell Death Dis. 2020;11:596.

	 94.	 Gu Y, Wang Y, He L, Zhang J, Zhu X, Liu N, et al. Circular RNA circIPO11 
drives self-renewal of liver cancer initiating cells via hedgehog signal-
ing. Mol Cancer. 2021;20:132.

	 95.	 Berezikov E, Cuppen E, Plasterk RH. Approaches to microRNA discovery. 
Nat Genet. 2006;38 Suppl:S2–7.

	 96.	 Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene 
lin-4 encodes small RNAs with antisense complementarity to lin-14. 
Cell. 1993;75:843–54.

	 97.	 Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the het-
erochronic gene lin-14 by lin-4 mediates temporal pattern formation in 
C. elegans. Cell. 1993;75:855–62.

	 98.	 Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for 
the management of cancer and other diseases. Nat Rev Drug Discov. 
2017;16:203–22.



Page 15 of 16Song et al. Molecular Cancer          (2022) 21:115 	

	 99.	 Abu-Izneid T, AlHajri N, Ibrahim AM, Javed MN, Salem KM, Pottoo FH, 
et al. Micro-RNAs in the regulation of immune response against SARS 
CoV-2 and other viral infections. J Adv Res. 2021;30:133–45.

	100.	 Song JH, Tieu AH, Cheng Y, Ma K, Akshintala VS, Simsek C, et al. Novel 
Long noncoding RNA miR205HG functions as an esophageal tumor-
suppressive hedgehog inhibitor. Cancers (Basel). 2021;13:1707.

	101.	 Wang YZ, Han JJ, Fan SQ, Yang W, Zhang YB, Xu TJ, et al. miR-132 weak-
ens proliferation and invasion of glioma cells via the inhibition of Gli1. 
Eur Rev Med Pharmacol Sci. 2018;22:1971–8.

	102.	 Du W, Liu X, Chen L, Dou Z, Lei X, Chang L, et al. Targeting the SMO 
oncogene by miR-326 inhibits glioma biological behaviors and 
stemness. Neuro-Oncology. 2015;17:243–53.

	103.	 Babashah S, Sadeghizadeh M, Hajifathali A, Tavirani MR, Zomorod MS, 
Ghadiani M, et al. Targeting of the signal transducer Smo links micro-
RNA-326 to the oncogenic hedgehog pathway in CD34+ CML stem/
progenitor cells. Int J Cancer. 2013;133:579–89.

	104.	 Zhao D, Cui Z. MicroRNA-361-3p regulates retinoblastoma cell prolifera-
tion and stemness by targeting hedgehog signaling. Exp Ther Med. 
2019;17:1154–62.

	105.	 Sun K, Deng HJ, Lei ST, Dong JQ, Li GX. miRNA-338-3p suppresses cell 
growth of human colorectal carcinoma by targeting smoothened. 
World J Gastroenterol. 2013;19:2197–207.

	106.	 Huang XH, Chen JS, Wang Q, Chen XL, Wen L, Chen LZ, et al. miR-
338-3p suppresses invasion of liver cancer cell by targeting smooth-
ened. J Pathol. 2011;225:463–72.

	107.	 Seidl C, Panzitt K, Bertsch A, Brcic L, Schein S, Mack M, et al. MicroRNA-
182-5p regulates hedgehog signaling pathway and chemosensitivity of 
cisplatin-resistant lung adenocarcinoma cells via targeting GLI2. Cancer 
Lett. 2020;469:266–76.

	108.	 Xu Z, Huang C, Hao D. MicroRNA-1271 inhibits proliferation and 
promotes apoptosis of multiple myeloma cells through inhibiting 
smoothened-mediated hedgehog signaling pathway. Oncol Rep. 
2017;37:1261–9.

	109.	 Haque I, Kawsar HI, Motes H, Sharma M, Banerjee S, Banerjee SK, et al. 
Downregulation of miR-506-3p facilitates EGFR-TKI resistance through 
induction of sonic hedgehog signaling in non-small-cell lung cancer 
cell lines. Int J Mol Sci. 2020;21:9307.

	110.	 Cao D, Yu T, Ou X. MiR-873-5P controls gastric cancer progression by 
targeting hedgehog-GLI signaling. Pharmazie. 2016;71:603–6.

	111.	 Zhang HQ, Sun Y, Li JQ, Huang LM, Tan SS, Yang FY, et al. The expression 
of microRNA-324-3p as a tumor suppressor in nasopharyngeal carci-
noma and its clinical significance. Onco Targets Ther. 2017;10:4935–43.

	112.	 Zhang XL, Shi HJ, Wang JP, Tang HS, Cui SZ. MiR-218 inhibits multid-
rug resistance (MDR) of gastric cancer cells by targeting hedgehog/
smoothened. Int J Clin Exp Pathol. 2015;8:6397–406.

	113.	 Ma J, Zhou C, Chen X. miR-636 inhibits EMT, cell proliferation and cell 
cycle of ovarian cancer by directly targeting transcription factor Gli2 
involved in hedgehog pathway. Cancer Cell Int. 2021;21:64.

	114.	 Wen SY, Lin Y, Yu YQ, Cao SJ, Zhang R, Yang XM, et al. miR-506 acts 
as a tumor suppressor by directly targeting the hedgehog path-
way transcription factor Gli3 in human cervical cancer. Oncogene. 
2015;34:717–25.

	115.	 Li J, Qiu M, An Y, Huang J, Gong C. miR-7-5p acts as a tumor suppressor 
in bladder cancer by regulating the hedgehog pathway factor Gli3. 
Biochem Biophys Res Commun. 2018;503:2101–7.

	116.	 Xin L, Liu L, Liu C, Zhou LQ, Zhou Q, Yuan YW, et al. DNA-methylation-
mediated silencing of miR-7-5p promotes gastric cancer stem cell 
invasion via increasing Smo and Hes1. J Cell Physiol. 2020;235:2643–54.

	117.	 Xu L, Liu H, Yan Z, Sun Z, Luo S, Lu Q. Inhibition of the hedgehog signal-
ing pathway suppresses cell proliferation by regulating the Gli2/miR-
124/AURKA axis in human glioma cells. Int J Oncol. 2017;50:1868–78.

	118.	 Sun J, Wang D, Li X, Yan J, Yuan X, Wang W. Targeting of miR-150 on Gli1 
gene to inhibit proliferation and cell cycle of esophageal carcinoma 
EC9706. Cancer Biomark. 2017;21:203–10.

	119.	 Farahani M, Rubbi C, Liu L, Slupsky JR, Kalakonda N. CLL Exosomes mod-
ulate the Transcriptome and behaviour of recipient stromal cells and 
are selectively enriched in miR-202-3p. PLoS One. 2015;10:e0141429.

	120.	 Lu Y, Zhang B, Wang B, Wu D, Wang C, Gao Y, et al. MiR-144-3p inhibits 
gastric cancer progression and stemness via directly targeting GLI2 
involved in hedgehog pathway. J Transl Med. 2021;19:432.

	121.	 Wang N, Li P, Liu W, Wang N, Lu Z, Feng J, et al. miR-141-3p suppresses 
proliferation and promotes apoptosis by targeting GLI2 in osteosar-
coma cells. Oncol Rep. 2018;39:747–54.

	122.	 Ma C, Nong K, Wu B, Dong B, Bai Y, Zhu H, et al. miR-212 promotes pancreatic 
cancer cell growth and invasion by targeting the hedgehog signaling 
pathway receptor patched-1. J Exp Clin Cancer Res. 2014;33:54.

	123.	 Li Y, Zhang D, Chen C, Ruan Z, Li Y, Huang Y. MicroRNA-212 displays 
tumor-promoting properties in non-small cell lung cancer cells 
and targets the hedgehog pathway receptor PTCH1. Mol Biol Cell. 
2012;23:1423–34.

	124.	 Peng Y, Zhang X, Lin H, Deng S, Qin Y, He J, et al. Dual activation of 
hedgehog and Wnt/β-catenin signaling pathway caused by downregu-
lation of SUFU targeted by miRNA-150 in human gastric cancer. Aging 
(Albany NY). 2021;13:10749–69.

	125.	 Munoz JL, Rodriguez-Cruz V, Ramkissoon SH, Ligon KL, Greco SJ, 
Rameshwar P. Temozolomide resistance in glioblastoma occurs by 
miRNA-9-targeted PTCH1, independent of sonic hedgehog level. Onco-
target. 2015;6:1190–201.

	126.	 Miao X, Gao H, Liu S, Chen M, Xu W, Ling X, et al. Down-regulation of 
microRNA-224 -inhibites growth and epithelial-to-mesenchymal transi-
tion phenotype -via modulating SUFU expression in bladder cancer 
cells. Int J Biol Macromol. 2018;106:234–40.

	127.	 Long H, Wang Z, Chen J, Xiang T, Li Q, Diao X, et al. microRNA-214 
promotes epithelial-mesenchymal transition and metastasis in lung 
adenocarcinoma by targeting the suppressor-of-fused protein (Sufu). 
Oncotarget. 2015;6:38705–18.

	128.	 Chang L, Yin L, Zhang D, Wang C, Li G, Tan C, et al. MicroRNA-221 
promotes tumor progression by targeting HHIP in human glioblastoma. 
Transl Cancer Res. 2021;10:1073–81.

	129.	 Hu N, Kadota M, Liu H, Abnet CC, Su H, Wu H, et al. Genomic landscape 
of somatic alterations in esophageal squamous cell carcinoma and 
gastric cancer. Cancer Res. 2016;76:1714–23.

	130.	 Chen S, Wang Y, Ni C, Meng G, Sheng X. HLF/miR-132/TTK axis regulates 
cell proliferation, metastasis and radiosensitivity of glioma cells. Biomed 
Pharmacother. 2016;83:898–904.

	131.	 Huang Y. The novel regulatory role of lncRNA-miRNA-mRNA axis in 
cardiovascular diseases. J Cell Mol Med. 2018;22:5768–75.

	132.	 Robinson EK, Covarrubias S, Carpenter S. The how and why of lncRNA 
function: An innate immune perspective. Biochim Biophys Acta Gene 
Regul Mech. 2020;1863:194419.

	133.	 Wang Z, Zhang XJ, Ji YX, Zhang P, Deng KQ, Gong J, et al. The long 
noncoding RNA Chaer defines an epigenetic checkpoint in cardiac 
hypertrophy. Nat Med. 2016;22:1131–9.

	134.	 Engreitz JM, Haines JE, Perez EM, Munson G, Chen J, Kane M, et al. Local 
regulation of gene expression by lncRNA promoters, transcription and 
splicing. Nature. 2016;539:452–5.

	135.	 Dykes IM, Emanueli C. Transcriptional and post-transcriptional gene 
regulation by Long non-coding RNA. Genom Proteom Bioinform. 
2017;15:177–86.

	136.	 Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long 
non-coding RNAs and its biological functions. Nat Rev Mol Cell Biol. 
2021;22:96–118.

	137.	 Peng WX, Koirala P, Mo YY. LncRNA-mediated regulation of cell signal-
ing in cancer. Oncogene. 2017;36:5661–7.

	138.	 Yuan Z, Xiu C, Liu D, Zhou G, Yang H, Pei R, et al. Long noncoding 
RNA LINC-PINT regulates laryngeal carcinoma cell stemness and 
chemoresistance through miR-425-5p/PTCH1/SHH axis. J Cell Physiol. 
2019;234:23111–22.

	139.	 Wang Z, Song L, Ye Y, Li W. Long noncoding RNA DIO3OS hinders cell 
malignant behaviors of hepatocellular carcinoma cells through the 
microRNA-328/Hhip Axis. Cancer Manag Res. 2020;12:3903–14.

	140.	 Zheng S, Li M, Miao K, Xu H. lncRNA GAS5-promoted apoptosis in 
triple-negative breast cancer by targeting miR-378a-5p/SUFU signaling. 
J Cell Biochem. 2020;121:2225–35.

	141.	 Xu F, Li H, Hu C. LIFR-AS1 modulates Sufu to inhibit cell prolif-
eration and migration by miR-197-3p in breast cancer. Biosci Rep. 
2019;39:BSR20180551.

	142.	 Liu X, Zhao T, Bai X, Li M, Ren J, Wang M, et al. LOC101930370/MiR-1471 
Axis modulates the hedgehog signaling pathway in breast cancer. Cell 
Physiol Biochem. 2018;48:1139–50.



Page 16 of 16Song et al. Molecular Cancer          (2022) 21:115 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	143.	 Li J, Zhang Q, Fan X, Mo W, Dai W, Feng J, et al. The long noncoding RNA 
TUG1 acts as a competing endogenous RNA to regulate the hedgehog 
pathway by targeting miR-132 in hepatocellular carcinoma. Onco-
target. 2017;8:65932–45.

	144.	 Li Q, Wang XJ, Jin JH. SOX2-induced upregulation of lncRNA LINC01510 
promotes papillary thyroid carcinoma progression by modulating 
miR-335/SHH and activating hedgehog pathway. Biochem Biophys Res 
Commun. 2019;520:277–83.

	145.	 Pan X, Tan J, Tao T, Zhang X, Weng Y, Weng X, et al. LINC01123 enhances 
osteosarcoma cell growth by activating the hedgehog pathway via the 
miR-516b-5p/Gli1 axis. Cancer Sci. 2021;112:2260–71.

	146.	 Sun C, Xiao T, Xiao Y, Li Y. Silencing of long non-coding RNA NEAT1 
inhibits hepatocellular carcinoma progression by downregulating SMO 
by sponging microRNA-503. Mol Med Rep. 2021;23:168.

	147.	 Xia Y, Zhen L, Li H, Wang S, Chen S, Wang C, et al. MIRLET7BHG promotes hepa-
tocellular carcinoma progression by activating hepatic stellate cells through 
exosomal SMO to trigger hedgehog pathway. Cell Death Dis. 2021;12:326.

	148.	 Xing Z, Lin A, Li C, Liang K, Wang S, Liu Y, et al. lncRNA directs coopera-
tive epigenetic regulation downstream of chemokine signals. Cell. 
2014;159:1110–25.

	149.	 Liu X, Yin Z, Xu L, Liu H, Jiang L, Liu S, et al. Upregulation of LINC01426 
promotes the progression and stemness in lung adenocarcinoma by 
enhancing the level of SHH protein to activate the hedgehog pathway. 
Cell Death Dis. 2021;12:173.

	150.	 Wu J, Zhu P, Lu T, Du Y, Wang Y, He L, et al. The long non-coding RNA 
LncHDAC2 drives the self-renewal of liver cancer stem cells via activa-
tion of hedgehog signaling. J Hepatol. 2019;70:918–29.

	151.	 Guo K, Gong W, Wang Q, Gu G, Zheng T, Li Y, et al. LINC01106 drives 
colorectal cancer growth and stemness through a positive feedback 
loop to regulate the Gli family factors. Cell Death Dis. 2020;11:869.

	152.	 Bo C, Li X, He L, Zhang S, Li N, An Y. A novel long noncoding RNA HHIP-
AS1 suppresses hepatocellular carcinoma progression through stabiliz-
ing HHIP mRNA. Biochem Biophys Res Commun. 2019;520:333–40.

	153.	 Bai JY, Jin B, Ma JB, Liu TJ, Yang C, Chong Y, et al. HOTAIR and androgen 
receptor synergistically increase GLI2 transcription to promote tumor 
angiogenesis and cancer stemness in renal cell carcinoma. Cancer Lett. 
2021;498:70–9.

	154.	 Lai AY, Wade PA. Cancer biology and NuRD: a multifaceted chromatin 
remodelling complex. Nat Rev Cancer. 2011;11:588–96.

	155.	 Martínez-Jiménez F, Muiños F, Sentís I, Deu-Pons J, Reyes-Salazar I, 
Arnedo-Pac C, et al. A compendium of mutational cancer driver genes. 
Nat Rev Cancer. 2020;20:555–72.

	156.	 Kato K, Hitomi Y, Imamura K, Esumi H. Hyperstable U1snRNA comple-
mentary to the K-ras transcripts induces cell death in pancreatic cancer 
cells. Br J Cancer. 2002;87:898–904.

	157.	 Sekulic A, Migden MR, Oro AE, Dirix L, Lewis KD, Hainsworth JD, et al. 
Efficacy and safety of vismodegib in advanced basal-cell carcinoma. N 
Engl J Med. 2012;366:2171–9.

	158.	 Taipale J, Chen JK, Cooper MK, Wang B, Mann RK, Milenkovic L, et al. 
Effects of oncogenic mutations in smoothened and patched can be 
reversed by cyclopamine. Nature. 2000;406:1005–9.

	159.	 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 U S A. 2007;104:8455–60.

	160.	 Javed Z, Javed Iqbal M, Rasheed A, Sadia H, Raza S, Irshad A, et al. 
Regulation of hedgehog signaling by miRNAs and Nanoformulations: 
A possible therapeutic solution for colorectal cancer. Front Oncol. 
2020;10:607607.

	161.	 Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding RNA thera-
peutics - challenges and potential solutions. Nat Rev Drug Discov. 
2021;20:629–51.

	162.	 Mao W, Wang K, Xu B, Zhang H, Sun S, Hu Q, et al. ciRS-7 is a prognostic 
biomarker and potential gene therapy target for renal cell carcinoma. 
Mol Cancer. 2021;20:142.

	163.	 Oshima G, Guo N, He C, Stack ME, Poon C, Uppal A, et al. In vivo delivery 
and therapeutic effects of a MicroRNA on colorectal liver metastases. 
Mol Ther. 2017;25:1588–95.

	164.	 Yin Y, Zhang B, Wang W, Fei B, Quan C, Zhang J, et al. miR-204-5p 
inhibits proliferation and invasion and enhances chemotherapeutic 
sensitivity of colorectal cancer cells by downregulating RAB22A. Clin 
Cancer Res. 2014;20:6187–99.

	165.	 Hong BS, Ryu HS, Kim N, Kim J, Lee E, Moon H, et al. Tumor suppressor 
miRNA-204-5p regulates growth, metastasis, and immune microenvi-
ronment remodeling in breast cancer. Cancer Res. 2019;79:1520–34.

	166.	 Zhuang Z, Yu P, Xie N, Wu Y, Liu H, Zhang M, et al. MicroRNA-204-5p is 
a tumor suppressor and potential therapeutic target in head and neck 
squamous cell carcinoma. Theranostics. 2020;10:1433–53.

	167.	 Yang H, Liu Y, Qiu Y, Ding M, Zhang Y. MiRNA-204-5p and oxalipl-
atin-loaded silica nanoparticles for enhanced tumor suppression 
effect in CD44-overexpressed colon adenocarcinoma. Int J Pharm. 
2019;566:585–93.

	168.	 Uz M, Kalaga M, Pothuraju R, Ju J, Junker WM, Batra SK, et al. Dual deliv-
ery nanoscale device for miR-345 and gemcitabine co-delivery to treat 
pancreatic cancer. J Control Release. 2019;294:237–46.

	169.	 O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. RNA delivery 
by extracellular vesicles in mammalian cells and its applications. Nat 
Rev Mol Cell Biol. 2020;21:585–606.

	170.	 Lu L, Huang J, Mo J, Da X, Li Q, Fan M, et al. Exosomal lncRNA TUG1 from 
cancer-associated fibroblasts promotes liver cancer cell migration, inva-
sion, and glycolysis by regulating the miR-524-5p/SIX1 axis. Cell Mol 
Biol Lett. 2022;27:17.

	171.	 Liang G, Zhu Y, Ali DJ, Tian T, Xu H, Si K, et al. Engineered exosomes for 
targeted co-delivery of miR-21 inhibitor and chemotherapeutics to 
reverse drug resistance in colon cancer. J Nanobiotechnol. 2020;18:10.

	172.	 Kumar V, Mondal G, Dutta R, Mahato RI. Co-delivery of small molecule 
hedgehog inhibitor and miRNA for treating liver fibrosis. Biomaterials. 
2016;76:144–56.

	173.	 Yang H, Zhu Q, Cheng J, Wu Y, Fan M, Zhang J, et al. Opposite regula-
tion of Wnt/β-catenin and Shh signaling pathways by Rack1 controls 
mammalian cerebellar development. Proc Natl Acad Sci U S A. 
2019;116:4661–70.

	174.	 Si-Tu J, Cai Y, Feng T, Yang D, Yuan S, Yang X, et al. Upregulated circular 
RNA circ-102004 that promotes cell proliferation in prostate cancer. Int 
J Biol Macromol. 2019;122:1235–43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Noncoding RNAs related to the hedgehog pathway in cancer: clinical implications and future perspectives
	Abstract 
	Introduction
	Overview of hedgehog signaling
	Hedgehog signaling in cancer
	Type 1 - ligand independent oncogenic Hh pathway (autonomous)
	Type 2 - ligand dependent oncogenic Hh pathway (autocrine or juxtacrine)
	Type 3 - ligand dependent oncogenic Hh pathway (paracrine or reverse paracrine)
	The role of hedgehog signaling in cancer stem cells
	CircRNAs modulate the hedgehog signaling pathway in cancer
	CircRNAs encode a new protein
	CircRNAs as miRNA sponges
	CircRNA-protein interactions
	MiRNAs modulate the hedgehog signaling pathway in cancer
	LncRNAs modulate the hedgehog signaling pathway in cancer
	LncRNAs as miRNA sponges
	LncRNA-protein interactions
	SnRNAs modulate the hedgehog signaling pathway in cancer
	Clinical features and prognosis of ncRNAs associated with hedgehog signaling
	NcRNAs as promising therapeutic strategies for hedgehog signaling mediated cancer

	Conclusion and future prospects
	Acknowledgements
	References


