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Abstract: Cancer progression involves the sonic hedgehog (SHH) pathway, in which the receptor PTCH1 actives the

downstream pathways. Dysfunction of PTCH1 can lead to nevoid basal cell carcinoma Syndrome (NBCCs) including

neoplastic disease and congenital disorder. To evaluate the relationship between PTCH1 and cancer, we applied the

CRISPR/Cas9 system to knock out PTCH1 in oral nontumorous epithelial cells (GMSM-K). Then we screened six

PTCH1 variants associated with cleft lip/palate (CL/P), one of the congenital disorders in NBCCs, and generated

PTCH1 variant and wild-type recombinant PTCH1−/− GMSM-K cell lines. Transcriptome sequencing was conducted

in these cell lines. The results revealed that differentially expressed genes (DEGs) in PTCH1−/− GMSM-K were

enriched in extracellular compartments, contributing epithelial diseases by pathway enrichment analysis. RT-PCR

confirmed that KRT34, KRT81, KRT86, PDGFB, and WNT10B genes, associated with extracellular compartments

were highly expressed in PTCH1−/−. The Kyoto Encyclopedia of Genes and Genomes analysis also suggested that

DEGs are closely related to focal adhesion, transcriptional misregulation, and proteoglycans in breast and gastric

cancers. Comparative analysis of samples revealed that the CL/P-associated PTCH1 variants A443G and V908G are

potentially carcinogenic. These findings provide new insights into the carcinogenic potential of PTCH1 dysfunction.

Introduction

PTCH1, a receptor in the sonic hedgehog (SHH) pathway,
contains two large extracellular domains. The degradation of
PTCH1 activates smoothened (SMO), a seven-transmembrane
protein whose activation stimulates glioma-associated
oncogene (Gli) transcription factors (GLI 1, 2, 3), which
upregulates the SHH pathway (Carballo et al., 2018). The
SHH pathway controls the formation of bones, limbs, and the
central nervous system. In mature tissues, SHH signaling
pathways regulate the proliferation and differentiation of
various stem cells. In many tumors, abnormalities of SHH
signaling pathways have been found. For example, nevoid
basal cell carcinoma syndrome (NBCCs)-associated skin basal
cell carcinoma (BCC) and medulloblastoma have the
abnormal expression of SHH signal pathway related genes
(Athar et al., 2014; Northcott et al., 2019). Abnormal
expression of the SHH pathway is also related to

gastrointestinal carcinogenesis and the changes in the tumor
microenvironment (Zhang et al., 2021).

Dysfunction of PTCH1 may cause NBCCs, including basal
cell carcinoma and developmental disorders. Neoplastic diseases
include BCC, odontogenic keratocyst, ovarian fibroma, and
medulloblastoma (Jiang and Hui, 2008). The common
malformations of palmar or plantar pits in NBCCs are an
important diagnostic criterion. Developmental disorders
include rib abnormalities, macrocephaly and cleft lip/palate
(CL/P). Genome-wide association studies and case reports
have linked PTCH1 to CL/P (Zhao et al., 2018), that PTCH1
can serve as a bridge between CL/P and cancerous disease.
CL/P increased the risk of several types of cancer in a multi-
family comparative study, but other studies have found
conflicting results (Bille et al., 2005). Although these studies
indicate that CL/P may be linked to cancer, they did not
evaluate genetic factors. Therefore, we investigated the
mechanisms underlying the relationship between CL/P and
cancer using PTCH1.

PTCH1 contains 12 transmembrane domains, 2–6 of which
are sterol-sensing domains linked to lipid transportation. In
addition, PTCH1 contains two extracellular domains and one
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intracellular domain (Gong et al., 2018). CL/P-associated
variants are present in almost all domains, and a minority
(40%) are missense variants (Zhong et al., 2021). Other types
of variants such as frameshift and nonsense variants can cause
early termination of PTCH1, indicating the same PTCH1
dysfunction as the dysfunction of PTCH1 due to the
CRISPR/Cas9 system. Therefore, we focused on missense
variants of PTCH1 to study whether it leads to the functional
defects of PTCH1 and may have carcinogenic potential.
Conditional loss of PTCH1 in animal models has shown that
both the FGF pathway and WNT signaling are involved in
CL/P (Kurosaka et al., 2014). The connection between SHH
and WNT pathways also plays an important role in the
formation of BCC (Noubissi et al., 2018). Therefore,
understanding the oncogenic potential of CL/P-related PTCH1
variants is needed to uncover the downstream cellular and
molecular changes caused by PTCH1 deficiency. Because most
malignant tumors caused by PTCH1 deficiency are epithelial,
we selected GMSM-K, an oral epithelial cell line, for further study.

In this study, we used the CRISPR/Cas9 system to
generate PTCH1-knockout GMSM-K cells (PTCH1−/−). We
selected six CL/P-associated PTCH1 variants (P295S, A392V,
A443G, T728M, V908G, and T1052M) and overexpressed
variant and wild-type PTCH1 in PTCH1−/− cells to generate
stably transfected cells. A transcriptome analysis was
performed to assess changes in PTCH1-knockout GMSM-K
cells and the carcinogenic potential of PTCH1 variants.

Materials and Methods

Cells and culture conditions
GMSM-K cells were a gift from Profs. Gilchrist and Cornell
(Gilchrist et al., 2000) and were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (Gibco), 100 U/mL penicillin, and 100 μg/mL
streptomycin at 37°C in a 5% CO2 atmosphere. The culture
medium was refreshed every other day. 293T cells were
cultured under the same conditions.

Plasmid construction
The LentiCRISPR V2 vector was a gift from Dr. Ting Han
(Lv et al., 2020). The guide RNA sequence (AAATGTAC
GAGCACTTCAAG) for PTCH1 knockout was from Broad
GPP (Broad Institute). We synthesized the gRNA positive
and negative strands and annealed them to form sticky
ends. The annealed product was ligated into the linear
vector, which was digested by BsmBI (NEB; R0580). The
full-length coding sequence of PTCH1, provided by Dr.
Tiejun Li (Yu et al., 2014), was cloned into the lenti-EFS-
P2A-BSD vector. Variants of PTCH1 were generated using a
mutagenesis kit (Transgen; FM111) following the
manufacturer’s instructions.

GMSM-K PTCH1−/− cell line construction
The gRNA-carried vector was co-transfected with pSPAX2
and pMD2.G in 293T cells in a ratio of 5:3:2. Lentivirus in
the supernatant was collected 72 h after transfection and
added to the GMSM-K cells. Three days later, stably
transfected cells were selected by puromycin (1 μg/mL). The
cells were transferred to a 96-well plate (<1 cell/well).

Single-cell clones were collected and subjected to Western
blotting to identify PTCH1−/− cells. PTCH1−/− cells were
verified by TA cloning. A pair of primers (gRNA-F: 5′-
CCCGGTGTATCTGTT-CAAGCTATCTGCTCC-3′, gRNA-
R: 5′-GAAGAATTGCATAACCAGCGAGTCTGCACG-3′)
were used to PCR target splicing site; then the PCR product
was cloned into the pTOPO-TA Cloning vector (Mei5bio,
MF019). The vector was transferred into the competent cell
(Trans5α, CD201) and inoculated onto an ampicillin agar plate,
where it was grown and then picked up five clones for sequencing.

PTCH1 wild-type/variants overexpressed cell conduction in
PTCH1−/− cells
PTCH1wild-type and variant lentiviral vectors were generated as
described above. PTCH1−/− cells were infected with lentivirus
and selected using 15 μg/mL blasticidin (Yeasen; 60218ES10).

Western blotting
Cells were washed three times with PBS and lysed in 1% SDS lysis
buffer (20 mM HEPES, 10 mM NaCl, 2 mM CaCl2; pH 8.0)
containing protease inhibitor cocktail (CWBIO; CW2200),
phosphatase inhibitor cocktail (CWBIO, CW2383), and
50 U/mL benzonase (Yeasen; 20156ES25). The BCA Protein
Assay Kit (CWBIO; CW0014S) was used to measure protein
concentrations. Samples were separated by 10% SDS-PAGE and
transferred to 0.45 μm PVDF membranes. Membranes were
incubated with anti-PTCH1 rabbit antibodies (1:1000; ABclonal;
A0826). An anti-GAPDH (CST; 5174) rabbit antibody was used
as the protein loading control followed by HRP-linked
secondary antibodies. Samples were visualized using a gel imager.

RNA isolation, reverse transcription and quantitative reverse
transcription PCR (RT-PCR)
Total cellular RNA was extracted using the RNApure Cell Kit
(CWBIO; CW0560) following the manufacturer’s protocols.
Next, 1 μg of RNA was retrotranscribed to cDNA using
ReverTra Ace qPCR RT Master Mix (Toyobo; FSQ-201). The
mRNA levels of target genes were determined by Real-Time
PCR on an ABI 7500 Real-Time PCR system (Thermo Fisher
Scientific, USA) using SYBR-Green Quantitative PCR Mix
(Mei5Bio; MF797) following the manufacturer’s instructions.
The GAPDH gene was used as a control in the experiment.
The sequences of the primers synthesized by Ruibiotech
(Beijing, China) can be found in Suppl. Table S1.

Cell proliferation, apoptosis, and cell cycle
GMSM-K cells were seeded into 96-well plates at 5 × 103/well. Cell
proliferation was measured using the Cell Counting Kit-8 (CCK-8;
Beyotime; C0039) assay according to the manufacturer’s
instructions.

GMSM-K cells were seeded in six-well plates at 1 × 105/well
and incubated for 48 h. Apoptosis and cell cycle were assayed
using an Annexin V-FITC Apoptosis Detection Kit (Dojindo;
AD10) and Cell Cycle Analysis Kit (Dojindo; C543) according
to the manufacturer’s instructions. Apoptosis and cell cycle were
analyzed using a FACSCalibur flow cytometer (BD).

Transcriptome analysis
Total RNA was purified using oligo(dT)-attached magnetic
beads and subjected to mRNA enrichment. Purified mRNA
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was fragmented and reverse transcribed and validated for quality
control to generate the sequencing library. The library was
sequenced on the BGISEQ-500 platform (Beijing Genomics
Institute [BGI], Shenzhen, China). Sequencing data were provided
by the BGI. Analysis of differentially expressed genes (DEGs) was
performed using DESeq2 (v. 1.4.5) with a Q-value of ≤0.05. A
heatmap of gene expression was generated using pheatmap (v.
1.0.8). Gene ontology (GO) (http://www.geneontology.org/) and
Encyclopedia of Genes and Genomes (KEGG) (https://www.kegg.
jp/) enrichment analyses of DEGs were performed using Phyper
(https://en.wikipedia.org/wiki/Hypergeometric_distribution) based
on the hypergeometric test. The String Database and Cytoscape v.
3.7.1 were used to construct a protein–protein interaction
network and screen out the top 10 hub genes according to the
score. The significance levels of terms and pathways were
corrected according to a Q-value of ≤0.05.

Statistical analysis
All data were presented as means ± sem. Statistical analysis
between two groups was performed using unpaired Student’s
t-test to determine the p values.

Results

Selection of PTCH1 variants
We previously reported 25 variants of PTCH1 associated with
CL/P, most of which were frameshift, nonsense, splicing, and
in-frame deletion variants. All these variants may cause early
termination of PTCH1, so we focused on the 10 missense
variants (Zhong et al., 2021). D436N and S827G were excluded
because they are predicted to be benign. Three variants (P295S,
A392V, and T728M) were shown to have unequivocal pedigree
evidence (Mansilla et al., 2006; Ming et al., 2002; Zhao et al.,
2018), while T728M was detected in two pedigrees and was
likely pathogenic, A392V showed strong linkage with inherited
CL/P in our previous study. V908G was lethal, and the carrier
died in utero (Ribeiro et al., 2006). Given that the domains of
PTCH1 have different functions, we selected P295S and A392V

in the first extracellular domain and V908G in the second
extracellular domain. Both extracellular domains are involved in
SHH binding. T728M is present in the intracellular loop, which
is reportedly associated with the cell cycle; A443G is present in
the sterol-sensing domain and may affect lipid transportation;
T1052M causes severe craniofacial dysplasia. Two variants were
found in NSCL/P (P295S and A392V), while the other four
were found in SCL/P (Table 1).

PTCH1−/− cell line construction in GMSM-K using the
CRISPR/Cas9 system
We used the CRISPR/Cas9 system to knockout PTCH1
(Fig. 1A). Next, the TA cloning assay (n = 5) showed deletion
of 12 bases and insertion of 1 base at the target site in both
alleles (Fig. 1B), causing a frameshift downstream and a stop
codon at residue 426. The western blotting assay showed that
the target size band where PTCH1 was lost in PTCH1−/−

GMSM-K cells (Fig. 1C). The mRNA of PTCH1 degraded and
the expression of Gli1 was upregulated threefold (Fig. 1D),
revealing the deletion of PTCH1. These results suggested that
we could generate a PTCH1−/− cell line of GMSM-K.

PTCH1−/− inhibits GMSM-K cell proliferation by modulating
the cell cycle
The cell proliferation assay using the CCK-8 method showed that
the proliferation of PTCH1−/− cells was significantly reduced
compared to PTCH1+/+ GMSM-K cells (Fig. 1E). Both the
apoptosis and cell cycle assays showed that the apoptosis rate
was similar in the two groups (Figs. 2A–2C). The cell cycle
assay showed that the S-phase rate in PTCH1+/+ cells was
higher than in PTCH1−/− cells, indicating more DNA synthesis
in PTCH1+/+ cells (Figs. 2D–2F). Therefore, the slowing of the
PTCH1−/− cell cycle led to a decrease in cell proliferation.

DEGs in PTCH1−/− cells were enriched in extracellular matrix
components
There were 624 DEGs between PTCH1−/− and PTCH1+/+

GMSM-K cells, while 405 genes were down-regulated and

TABLE 1

Clinical manifestations in patients with CLP with a pathogenic missense variant

Sex Variant Exon No. Affected domain Cleft lip/palate type Pedigree

F c.883C>T p.Pro295Ser Exon6 ECD1 NSCL/P Y

F c.1175C>T p.Ala392Val Exon8 ECD1 NSCL/P Y

M NSCL/P

F c.1328C>G p.Ala443Gly Exon9 TM2 SCL/P N

/ SCL/P

M c.2183C>T p.Thr728Met Exon14 ICLs SCL/P Y

F SCL/P Y

F c.2723T>G p.Val908Gly Exon15 ECD2 SCL/P N

F SCL/P N

M c.2833C>T p.Asp945X Exon17 ECD2 NSCL/P Y

F NSCL/P

F c.3155C>T p.Thr1052Met Exon18 TM8-TM9 SCL/P N
Note: F = Female; M = Male; ECD = Extracellular domain; ICL = Intracellular domain; TM = Transmembrane domain; Y = Yes; N = No.
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219 genes were up-regulated (Fig. 3A). In addition, a GO
enrichment analysis showed that 135 DEGs were associated
with extracellular matrix-related systems, including the
extracellular space, the extracellular matrix, the extracellular
region, and the collagen-containing extracellular matrix
(Fig. 3B). The 135 involved genes included: BGLAP, BGN,
COL8A1, COL13A1, FN1, COL5A2, and LAMA4. These 135
DEGs were linked to several epithelial diseases in the KEGG
disease enrichment analysis, including pachyonychia
congenita, bullous congenital ichthyosiform erythroderma,
palmoplantar keratoderma, and white sponge nevus (Fig. 3C).
This coincides with the epithelial manifestations of NBCCs.
KRT34, KRT81, and KRT86 are linked to epithelial diseases,
and RT-PCR showed that their expression levels were
increased, respectively, in PTCH1−/− GMSM-K cells compared
to PTCH1+/+ cells (Fig. 3D). Platelet-derived growth factor
(PDGF) and WNT/β-catenin systems may contribute to the
development of basal cell carcinoma (Litvinov et al., 2021;
Sellheyer, 2011). Both pathways are extracellular matrix
components. In this study, we checked the gene expression of
PDGF and WNT/β-catenin systems between PTCH1+/+ and
PTCH1−/− GMSM-K cells and observed highly expressed
PDGFB and WNT10B in PTCH1−/− cells (Figs. 3E and 3F).

The oncogenic pathways of PTCH1 dysfunction and the
oncogenic possibility of PTCH1 variants
Most DEGs were enriched in human diseases and organismal
systems. We selected 285 cancer-related genes in KEGG
pathway annotations associated with malignant tumors

(Fig. 4A). The KEGG network analysis of these oncogenic
genes showed that pathways involving cancer had 27 nodes.
Moreover, pathways in cancers are closely related to focal
adhesion, transcriptional misregulation and proteoglycans in
cancer. Some of these oncogenes are related to breast cancer
and gastric cancer (Fig. 4B).

We overexpressed the PTCH1 wild-type and variants to
generate PTCH1−/−+PTCH1-WT, PTCH1−/−+P295S,
PTCH1−/−+A392V, PTCH1−/−+A443G, PTCH1−/−+T728M,
PTCH1−/−+V908G, and PTCH1−/−+T1052M cells (Fig. 4C).
We conducted transcriptome analysis of the PTCH1-
overexpressing cell lines. First, a clustering heat map analysis
of 8 GMSM-K cell lines was performed based on extracellular-
compartment DEGs. PTCH1−/−+V908G/PTCH1−/−+PTCH1-WT
and PTCH1−/−+A443G/PTCH1−/−+PTCH1-WT were closer
to PTCH1−/−/PTCH1−/−+PTCH1-WT cells, suggesting that
V908G and A443G are deleterious (Fig. 4D). A principal
components analysis showed that, unlike the other variants,
V908G exhibited a greater propensity to be loss-of-function
in the SHH signaling pathway. PTCH1−/−+A392V was more
resembled to PTCH1−/−+PTCH1-WT than other variants,
showing a likely benign trait (Fig. 4E). Therefore, V908G and
A443G are more inclined to oncogenesis from the perspective
of extracellular compartments.

Potential pathogenicity of PTCH1 variants A443G and V908G
To explore the effect of PTCH1 variants on the SHH signaling
pathway, mRNA levels of Gli1 in GMSM-K cells that stably
expressed wildtype and mutant PTCH1 were detected by

FIGURE 1. PTCH1−/− cell line construction in GMSM-K using the CRISPR/Cas9 system. (A) All six PTCH1 variants are shown in blue dots
(missense variant). The scissors represent the position of guide RNA designed for knocking out PTCH1 using the CRISPR/cas9 system. ECD:
extracellular domain; ICL: intracellular loop. (B) DNA sequencing reveals deletion of 12 bases deletes and insertion of 1 base in both alleles
(n = 5). (C) Western blot verified knocking out of PTCH1 and PTCH1 overexpressed in PTCH1−/− cells with PTCH1-WT (PTCH1−/−

+PTCH1-WT). (D) Relative mRNA level of PTCH1 and Gli1. (E) Proliferation assay of the three cell lines (GMSM-K, PTCH1−/−,
PTCH1−/−+PTCH1-WT); *p < 0.05, **p < 0.01 and ***p < 0.001 vs. control.
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FIGURE 2. PTCH1−/− inhibits GMSM-K cell proliferation by modulating the cell cycle. (A–B) Apoptosis flow cytometry chart of PTCH1+/+

(A) and PTCH1−/− (B). Annexin V-FITC and PI staining. (C) Total apoptosis ratio of PTCH1+/+ and PTCH1−/−. (D–E) Cell cycle flow
cytometry chart of PTCH1+/+ and PTCH1−/−. (F) Total S-phase cell ratio of PTCH1+/+ and PTCH1−/−; ns, no significance, **p < 0.01 vs. control.

FIGURE 3. Differentially expressed genes (DEGs) in PTCH1−/− cells were enriched in extracellular matrix components. (A) Up- and down-
regulated DEGs numbers in the PTCH1-/- cell line compared to the PTCH1+/+GMSM-K cells. (B) DEGs enriched in extracellular
compartments in gene ontology cellular enrichment analysis. (C) Disease enrichment of DEGs in extracellular compartments shows
epithelial disease accumulation. (D) Relative mRNA expression of KRT34, KRT81, and KRT86. (E) Relative mRNA expression of platelet-
derived growth factor (PDGF)A, PDGFB, and PDGFRB. (F) Relative mRNA expression of WNT6, WNT7B, WNT9A, and WNT10B; *p <
0.05, **p < 0.01, ***p < 0.001 vs. control; ns, no significance.
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RT-PCR. The level of Gli1 in PTCH1−/−+A443G and
PTCH1−/−+V908G was higher than in other recombinant
cell lines, which means A443G and V908G are loss-of-
function mutations (Fig. 5A). Expression levels of PDGFB,
WNT10B, KRT34, KRT81, and KRT86 increased in
PTCH1−/−+A443G and PTCH1−/−+V908G compared to
other recombinant cell lines (Figs. 5B–5F). The
transcriptome data showed that DEGs of PTCH1−/−+A443G
enriched in intermediate filament containing KRT34
(Fig. 5G). The DEGs of PTCH1−/−+V908G enriched in the
extracellular compartments, similar to the expression of
PTCH1−/− (Fig. 5H). These results suggest that PTCH1
variants A443G and V908G were likely pathogenic in terms
of carcinogenesis.

Discussion

In the SHH signaling pathway, PTCH1 acts as the receptor and
is involved in the progression of cancers. Dysfunction of PTCH1
may cause basal cell carcinoma and developmental disorders,
including rib abnormalities, macrocephaly, and cleft lip/palate

(CL/P). There have been several studies about the relationship
between PTCH1 and CL/P, while the carcinogenesis of CL/P-
related PTCH1 variants is still unclear. In this study, we used
CRISPR/Cas9 system combined with transcriptome analysis
and found the likely pathogenicity of PTCH1 variants A443G
and V908G in terms of carcinogenesis. We also speculated
that the abnormal expression of PDGFB, WNT10B, KRT34,
KRT81, and KRT86 may contribute to the carcinogenic
process. Our findings implicated that alterations in the
extracellular compartments may play an important role in the
carcinogenesis of PTCH1-related diseases.

In this study, the CRISPR/Cas9 system was used to delete
PTCH1 in GMSM-K cells. GMSM-K is a human polyclonal
oral epithelial cell line that is a proper model for studying
CL/P and was used to assess carcinogenicity because cancers
caused by PTCH1 dysfunction are of epithelial origin
(Gilchrist et al., 2000). Oral leukoplakia and fibrosis are
precancerous lesions, and the GMSM-K cell line enables a
mechanistic analysis of tumorigenesis because it is also a
non-tumor cell line, thus allowing us to monitor the
precancerous process. Traditional methods to knock-down

FIGURE 4. Roles of PTCH1 variants in oncogenesis. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation of
differentially expressed genes (DEGs). (B) KEGG network of cancer-associated genes. (C) Relative mRNA expression of PTCH1 in
GMSM-K PTCH1+/+ cells and PTCH1 wildtype and variants recombinant cell lines. (D) Clustering heat map of extracellular
compartments DEGs in PTCH1 nine cell lines. (E) Principal component analysis (PCA) of extracellular compartments DEGs in nine cell
lines of PTCH1. ***p < 0.001 vs. control.
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PTCH1 may not work well in this scenario. The activated
SHH pathway can increase the expression of PTCH1, while
the downregulation of PTCH1 can contribute to SHH
pathway activation, forming a negative feedback loop (Ribes
and Briscoe, 2009). The knockout of PTCH1 in GMSM-K
cells at the genetic level may be the only effective method,
although a cell proliferation assay showed that the knockout
of PTCH1 inhibited GMSM-K cell proliferation. We also
noticed that the overexpression of PTCH1 only slightly
relieved the PTCH1−/− cells. This phenomenon coincided

with previous reports, which indicated that the overexpression
of PTCH1 can attenuate the proliferation of other cells (Liu et
al., 2018). One biochemical analysis revealed the binding of
PTCH1 to the M-phase promoting factor (MPF) through its
intracellular domain, thus affecting MPF’s subcellular
localization. Eventually, the cell cycle was affected by the
overexpression of PTCH1 (Barnes et al., 2001).

CL/P has been reported to be linked to carcinogenesis,
but there are conflicts (Bille et al., 2005; Dietz et al., 2012;
Metzis et al., 2013; Steinwachs et al., 2000). A nationwide

FIGURE 5. Possible pathogenicity of PTCH1 variants A443G and V908G. Relative mRNA expression of Gli1 (A), platelet-derived growth
factor (PDGF)B (B), WNT10B (C), KRT34 (D), KRT81 (E), and KRT86 (F). (G) DEGs of A443G enrich in intermediate filament in GO
cellular enrichment analysis. (H) DEGs of V908G enrich in extracellular compartments in GO cellular enrichment analysis. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. control; ns, no significance.
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study in Denmark of 8783 cancer patients investigated whether
congenital malformations contribute to cancer and showed a
higher risk only in CL/P among the malformations
investigated (odds ratio for all cancer = 1.8) (Zhu et al.,
2002). In a large study involving 2349 cases, CL/P was linked
to the risk of leukemia (Nishi et al., 2000). Therefore, CL/P
may be associated with an elevated risk of cancer. Leukemia
and colorectal cancer are reportedly associated with CL/P
(p < 0.01) (Menezes et al., 2009). However, these studies did
not evaluate genotype or the mechanism analysis. Our GO
cellular component analysis showed that changes in the
extracellular matrix (ECM) may contribute to carcinogenesis,
which is consistent with the result of another study (Athar
et al., 2006). Dysfunction of PDGF contributes to the
development of BCC; it is a bridge between the epithelium and
the ECM and is involved in skin and hair development
(Andrae et al., 2008). In PTCH1−/− cells, the expression of
PDGFB was observed to increase up to threefold, whereas the
expression of PDGFA was lower. Therefore, the SHH pathway
may affect PDGF in epithelial cells. However, mesenchymal
cells also contribute to the ECM. Therefore, we plan to
investigate the epithelial–ECM interaction in the future. We
observed the association of KRT81 and KRT86 with epithelial
diseases. KRT81 is a type II hair keratin reportedly
overexpressed in and related to the invasiveness of breast
cancer cells (Nanashima et al., 2017). The expression of
KRT81 is affected by microRNAs and linked to non-small-cell
lung cancer and non-Hodgkin’s lymphoma (Robles and Ryan,
2016). Therefore, PTCH1−/− cells may increase the expression
of KRT81 via downstream microRNAs. KRT86 is associated
with monilethrix, characterized by fragile hair (de Cruz et al.,
2012). KRT81 and KRT86 are highly expressed in PTCH1−/−

cells and may contribute to epithelial diseases. Also, the
WNT/β-catenin system contributes to carcinogenesis by
responding to oncogenic SHH signaling in the skin (Yang
et al., 2008). Canonical WNT/β-catenin controls skin self-
renewal, lineage determination, and terminal differentiation
(Wend et al., 2012). Among the WNT proteins expressed in
GMSM-K cells, only WNT10B was highly expressed in
PTCH1−/− cells. WNT10B expression is linked to fibrosis in
systemic sclerosis, which is associated with heightened cancer
risk (Fragoulis et al., 2020). Whether these ECM changes
contribute to BCC development warrants further studies
involving animal models.

Our current data reveal that the malfunction of PTCH1
resulting in abnormal ECM, while the DEGs indicate several
cancers. However, all these conclusions need verification by
animal and immunohistochemical experiments in the future.
The involvement of KRT81/86, PDGF, and WNT/β-catenin
is hypothetical and requires further studies. Nevertheless,
our work provides insights into the pathogenetic role of
PTCH1 and offers some explanations of the relation
between CL/P and carcinoma.

Conclusion

Our results suggest that dysfunction of PTCH1 may
contribute to carcinogenesis, and PDGF, KRT81/86, and
WNT/β-catenin may be involved in the process. PTCH1−/−

cancer-associated DEGs are linked to several types of

cancer, including gastric cancer and breast cancer. Among
the PTCH1 variants, V908G and A443G were predicted to
be likely pathogenic. Our results thus provide mechanistic
insight into the carcinogenicity of PTCH1.
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Appendix

TABLE S1

Nucleotide sequences of the primers used for real-time reverse transcription polymerase chain reaction

Genes Forward (5′-3′) Reverse (5′-3′)

GAPDH GTCAGTGGTGGACCTGACCT TGCTGTAGCCAAATTCGTTG

PTCH1 GCACAGCGGGTCTGATTC GTGGGTGATGCCTGGATT

Gli1 CTACATCAACTCCGGCCAAT CGGCTGACAGTATAGGCAGA

KRT34 GGCTCTGGTGGAAACTAA CTCCAGGGCGTTGACT

KRT81 CAGCAGCTGCCGGAAATGTTA GGGGTCTTTCAAAGTGCAGGA

KRT86 GTCGGCTCGGTGAATG CGCTACTGACTCTGGTGG

PDGFA AAGTCCAGGTGAGGTTAG TCCTCTTCCCGATAATCC

PDGFB TAGCCTGCCTGATCCCTGAA GTCTGTGGTCTTAGCCATGGAG

PDGFRB AGACACGGGAGAATACTTTTGC AGTTCCTCGGCATCATTAGGG

WNT6 CAGCCCCTTGGTTATGGACC CGTCTCCCGAATGTCCTGTT

WNT7B GAAGCAGGGCTACTACAACCA CGGCCTCATTGTTATGCAGGT

WNT9A AGCAGCAAGTTCGTCAAGGAA CCTTCACACCCACGAGGTTG

WNT10B CATCCAGGCACGAATGCGA CGGTTGTGGGTATCAATGAAGA
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