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Background and Objectives: Telomerase reverse transcriptase (TERT) promoter mutations are one of the most common mutations
responsible for the development of hepatocellular carcinoma (HCC). Noncoding RNAs (ncRNAs) play a regulatory role in different
cancers through the long noncoding RNA (IncRNA)/circular RNA (circRNA)-microRNA (miRNA)-mRNA axis. The aim of the study
was to explore the influence of TERT promoter mutations on the ncRNA regulatory network in HCC.

Methods: Four tumor samples with a wildtype TERT promoter and four tumor samples with TERT promoter mutations (sequencing
cohort) were collected from HCC patients for high-throughput next-generation sequencing. Selected ncRNAs and mRNAs were
validated by qPCR in 15 HCC tumors with a wildtype TERT promoter and seven HCC tumors with TERT promoter mutations
(validation cohort, including the sequencing cohort).

Results: In the mutant TERT promoter group, 536 IncRNAs, 21 circRNAs, 41 miRNAs, and 266 mRNAs were significantly up-
regulated, while 1745 IncRNAs, 23 circRNAs, 32 miRNAs, and 1117 mRNAs were significantly down-regulated (P < 0.05) compared
with the findings in wildtype group. AL360169.3-201, LINC02672-203, hsa_circ_0021412, hsa-miR-29b-1-5p, hsa-miR-4699-5p, hsa-
miR-199a-5p, REG3A, SFRP5, and GSTM1 were verified at the RNA expression level to validate the sequencing results.
A differentially expressed IncRNA/circRNA-miRNA-mRNA network was constructed to explore the effects of TERT promoter
mutations on ncRNA regulation. Two ncRNA regulatory axes associated with TERT promoter mutations (hsa_circ_0003154/hsa_-
circ_0008952/IGLL5-AS1/LINC576/LINCS575-hsa-miR-1260b —CLPTMIL/GSTM1 and hsa circ 0031584/LINC2101-hsa-miR
-214-3p—CD151) had carcinogenic potential.

Conclusion: This study provides novel insights into the role of TERT promoter mutations on ncRNAs regulatory network in HCC
progression.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy. In 2020, primary liver malignancy was
the sixth most commonly diagnosed cancer and the third leading cause of cancer death worldwide.'* The incidence rate
is extremely high in Eastern Asia, and China is one of the most high-risk HCC areas.” Multiple risk factors are
responsible for the development of HCC, including chronic hepatitis B or C infection, cigarette smoking, and alcohol
abuse. In addition, several mutations are associated with HCC, including telomerase reverse transcriptase (TERT)
promoter mutation, which is one of the most-studied mutations in HCC.?
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Telomerase is a cellular ribonucleoprotein enzyme. It promotes cell proliferation by elongating the telomere. TERT is
a subunit of telomerase that is responsible for its catalytic activity.* Typically, its expression is tightly limited in most
normal cells, but up-regulated in multiple cancers.” TERT expression can be regulated at both the transcription and
posttranslation levels. At the transcription level, some cancer-associated TERT promoter mutations function by generat-
ing de novo transcription-factor-binding sites. Two major TERT promoter mutations are —124C/T and —146C/T, which
are named C228T and C250T, respectively. These two mutations generate putative ETS transcription-factor-binding sites
(TTCC), thereby activating TERT transcription.®’

TERT promoter mutations have been identified in several human cancers, including bladder cancer, glioblastoma, and
melanoma.®” HCC has a high mutation frequency. Up to 60% of HCC patients carry TERT promoter mutations.'®"!
However, in some cases, TERT promoter mutations are not accompanied by a high TERT expression.'? No difference in
TERT immunohistochemical expression levels was observed between skin tumors with and without TERT promoter
mutations.'® Moreover, there was no significant association between TERT mutation and expression in bladder cancer.'*
Furthermore, it was also reported that the TERT promoter mutation status did not affect the TERT mRNA expression
level in HCC."> The findings of these studies indicate that TERT promoter mutations may have other unclear cancer-
promoting roles as well.

Noncoding RNAs (ncRNAs) are a category of RNA without protein-coding function, which account for over 97% of
the human transcriptome. Their regulatory role has been only recently discovered.'® It has been extensively studied how
microRNA (miRNA) regulate mRNA expression at the post-transcription level. MiRNA, a class of ncRNAs with
approximately 22 nucleotides, promotes the degradation of complementary mRNA by binding to the 3’UTR of
mRNA. Long-noncoding RNA (IncRNA), a group of ncRNAs with a length greater than 200 nucleotides, is also
known as competitive endogenous RNA (ceRNA) as it competes against mRNA for miRNA binding.!” Circular RNA
(circRNA) is another group of ncRNAs with a head-to-tail closed loop structure, which protects them from degradation.
CircRNA can also work as ceRNA. Both IncRNA and circRNA can down-regulate the miRNA-mRNA binding and
therefore reduce mRNA degradation by competitive binding to miRNA-response elements.'®

Notably, IncRNA/circRNA-miRNA-mRNA regulatory networks play important roles in multiple cancers, including
HCC. The tumor-promoting IncRNA MALAT]1 has been reported to up-regulate the expression of FOXM1 by sponging
miR-125a-3p.19 Other IncRNAs, including HULC, HOTAIR, MEG-3, and H19, have also been identified as the
indicators of HCC diagnosis and prognosis.?’ It has been reported that hsa_circRNA_ 104348 promotes HCC progression
by modulating the miR-187-3p/RTKN2 axis.>’ However, it is still unclear how the IncRNA/circRNA-miRNA-mRNA
regulatory networks differ in HCC with TERT promoter mutations.

In the current study, high-throughput next-generation sequencing was performed to identify the expression profiles of
IncRNAs, circRNA, miRNAs, and mRNAs in HCC tumors with or without TERT promoter mutations in order to compare
the whole genome expression landscape. The aim of the study was to construct IncRNA/circRNA-miRNA-mRNA networks
influenced by TERT promoter mutations and explore their roles in HCC carcinogenesis and development.

Materials and Methods
Patients with HCC

22 patients with newly diagnosed and histologically confirmed HCC were recruited from Shandong University affiliated
Cheeloo Hospital, China. Tumor specimens were obtained from patients during surgical treatment, and for each patient,
the specimen was collected from single HCC nodule. The presence of tumor cells within the collected specimens was
verified by pathological examination, and the samples were frozen at —80 °C until use. The samples were divided into
two groups based on the presence of TERT promoter mutations: seven HCC tumors with TERT promoter mutations and
15 HCC tumors with wildtype TERT promoter (validation cohort). Among them, four samples from mutant TERT
promoter group and four samples from wildtype group were sent for sequencing (sequencing cohort). The study was
approved by the Ethics Committee of Shandong University, China, with an ethics code SDULCLL2021-1-27. Written
informed consent was obtained from all patients. The study complies with the Declaration of Helsinki. The clinical
background is shown in Table S1.
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DNA Extraction and Sanger Sequencing of the TERT Promoter

Genomic DNA from HCC frozen-tissues was extracted using TTANGEN DNA extraction kits and analyzed for TERT
promoter mutations by Sanger sequencing. Two mutations defined as C228T and C250T in the TERT core promoter were
found that correspond to positions 124 and 146 basepair upstream of the ATG site. The primer pair for TERT promoter
sequencing was previously described: 5'-CAC CCG TCC TGC CCC TTC ACC TT-3' (forward) and 5'-GGC TTC CCA
CGT GCG CAG CAG GA-3' (reverse).”>** All the mutations were verified by sequencing from both directions.

LncRNA and mRNA Sequencing

Total tissue RNA was extracted with the TRIzol reagent kit (Life Technologies, Cat. # 15596-018, Carlsbad, USA). The
quality of the total RNA was checked first using the NanoPhotometer™ spectrophotometer (IMPLEN, CA, USA) with 1%
agarose gels. The first strand of cDNA was synthesized using 3 pg of RNA by M-MuLV reverse transcriptase (RNase H)
and random hexamer primer. After PCR, the products were purified by the AMPure XP system, and the sequencing
library was generated by using the NEBNext® Ultra™ RNA library prep kit. The library products were sequenced on
Illumina HiSeq 4000 (Illumina, USA). The clean reads were first obtained after removing poly-N, adapter and low-
quality reads and then used to calculate the FPKM of each gene. The sequencing was performed by Novogene Science
and Technology Co. Ltd (Beijing, China).

Small RNA Sequencing

For each sample, 3 pug of RNA was used for sequencing library building. The libraries were generated using NEBNext®™
Multiplex Small RNA Library Prep Set (Illumina®, NEB, USA). PCR products obtained using LongAmp Taq were
purified and subsequently sequenced on Illumina HiSeq 2500 (Novogene Science and Technology Co. Ltd., Beijing,
China).

Quantitative PCR (qPCR)

gPCR was carried out in a Roche LightCycler 96 sequence detector (Roche, Basel, Switzerland) using SYBR Green and
specific primers. GAPDH expression was used as a control for IncRNA, circRNA and mRNA, U6 expression was used as
a control for miRNA. Levels of target RNAs were calculated based on the CT values and normalization to human
GAPDH or U6 expression. Primers used for qPCR were listed in Table S2.

IncRNA-miRNAs-mRNA Network Analysis

The target genes of miRNA (mRNAs and IncRNAs) were predicted using miRanda and miRBase20.0. The differentially
expressed (DE) mRNAs, miRNAs, and IncRNAs were analyzed by using the DESeq R package (1.8.3) with the
transcriptome sequencing data. Using the results obtained after integrated analysis of DE mRNAs/miRNA/IncRNAs
and miRanda and miRBase, a global network of DE IncRNAs-DE miRNAs-DE mRNAs was constructed and subse-
quently visualized by Cytoscape (Cytoscape v3.5.1).

Statistical Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed for the
functional annotation statistical enrichment of the DE genes in transcriptome sequencing. The data were collected and
shown as mean * standard deviation (SD). Statistical analysis was performed by Mann—Whitney test. P < 0.05 was
considered to be statistically different.

Results

TERT Promoter Mutation Detection in 22 HCC Tumor Samples

The TERT promoter was sequenced and evaluated in the DNA from 22 HCC samples (validation cohort) by Sanger
sequencing. Seven of these samples (31.8%) harbored TERT promoter mutations. C250T was found in one sample and
C228T in the remaining six.
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Profiles of DE IncRNAs, miRNAs, and mRNAs

Four HCC tumors with TERT promoter mutations and four HCC tumors with wildtype TERT promoter (sequencing
cohort) were selected from the validation cohort for high-throughput next-generation sequencing. After the analysis of
the data, a total of 109,862 IncRNAs, 7005 circRNAs, 1496 miRNAs, and 83,725 mRNAs were detected. Compared to
the wildtype group, the expression profiles showed that 536 IncRNAs, 21 circRNAs, 41 miRNAs, and 266 mRNAs were
significantly up-regulated, while 1745 IncRNAs, 23 circRNAs, 32 miRNAs, and 1117 mRNAs were significantly down-
regulated (P <0.05) in the mutant TERT promoter group (Figure 1A—D). The heatmaps of DE circRNAs, DE IncRNAs,
DE miRNAs, and DE mRNAs are shown in Figure 2A-D. These findings demonstrated that TERT promoter mutations
have a significant impact on the expression landscape changes of HCC.

Bioinformatics Analysis of DE mRNAs

GO and KEGG enrichment analyses of DE mRNAs were performed to evaluate gene functions. In GO enrichment
analysis, the top 10 enrichments of biological processes (BP), cellular components (CC), and molecular functions (MF)
are presented in Figure 3A. For DE mRNAs, the most enriched GO terms were single-organism process (GO ID:
GO0:0044699; type: BP; P < 0.01), multicellular organismal process (GO ID: GO:0032501; type: BP; P < 0.001),
membrane (GO ID: GO:0016020; type: CC; P< 0.001), membrane part (GO ID: GO:0044425; type: CC; P < 0.001),
receptor binding (GO ID: GO:0005102; type: MF; P < 0.001), and receptor activity (GO ID: GO:0004872; type: MF; P <
0.001).

The top 20 pathways from KEGG analysis are shown in Figure 3B. The results indicated the main pathways involving
DE mRNAs, such as cell adhesion molecules, extracellular matrix (ECM)-receptor interaction, T cell receptor signaling
pathway, cytokine-cytokine receptor interaction, and neuroactive ligand-receptor interaction.

In GO analysis, top enrichment of CC included different aspects of the membrane. The most enriched MF terms were
mostly related to receptors and transducers. KEGG analysis showed consistent results. Multiple receptor binding and
signaling transduction pathways were mainly enriched. Integrated analyses of GO and KEGG showed that the receptor
function and membrane component were the most affected parts in TERT promoter mutant HCC.

DE IncRNA, circRNA, miRNA, and mRNA Validation by qPCR

To validate the high-throughput sequencing results, qPCR was performed in the validation cohort to confirm the
expression change of the selected DE IncRNAs, circRNAs, miRNAs, and mRNAs between the two groups. The
validation cohort included 15 wildtype TERT promoter HCC tumors and seven mutant TERT promoter HCC tumors.

The results demonstrated that IncRNA AL360169.3-201 and LINC02672-203 were up-regulated in the mutant TERT
promoter group (Figure 4A). With regard to circRNAs, hsa circ_ 0021412 was up-regulated in the mutant TERT
promoter group (Figure 4B). With regard to miRNAs, hsa-miR-29b-1-5p and hsa-miR-4699-5p were up-regulated, and
hsa-miR-199a-5p was down-regulated in the mutant TERT promoter group (Figure 4C). With regard to mRNAs,
regenerating family member 3 alpha (REG3A) was up-regulated, and secreted frizzled related protein 5 (SFRPS) and
glutathione S-transferase mu 1 (GSTM1) were down-regulated (Figure 4D). These results were consistent with our
sequencing data.

LncRNA-miRNA-mRNA Regulatory Network Analysis

By sponging, IncRNAs influence miRNA-mRNA binding and therefore regulate mRNA expression. One IncRNA can
bind to different miRNAs and one miRNA can bind to different mRNAs. As a result, multiple IncRNA-miRNA-mRNA
axes form that constitute the regulatory network. The analysis of DE IncRNA-targeted DE miRNAs and DE miRNA-
targeted DE mRNAs was performed for the IncRNA-miRNA-mRNA network in the TERT promoter mutant HCC. The
DE RNAs were divided into “down-up-down” (Figure 5A) and “up-down-up” (Figure 5B) two groups based on whether
they were up-regulated or down-regulated in TERT promoter mutant HCC. 37 down-regulated IncRNAs, 20 up-regulated
miRNAs, and 117 down-regulated mRNAs were used for the “down-up-down” network construction. 12 up-regulated
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Figure | Profiles of differentially expressed IncRNAs, circRNAs, miRNAs, and mRNAs. Volcano plots of (A) DE IncRNAs, (B) DE circRNAs, (C) DE miRNAs, and (D) DE
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IncRNAs, 12 down-regulated miRNAs, and 32 up-regulated mRNAs were used for the “up-down-up” network construc-
tion (FPKM > 1.0, fold change > 1.0, P < 0.05). The details of the genes in networks are shown in Tables S3 and S4.

CircRNA-miRNA-mRNA Regulatory Network Analysis

CircRNAs play a similar role to IncRNAs in miRNA-mRNA binding regulation by working as ceRNA. The “down-up-
down” (Figure 6A) and “up-down-up” (Figure 6B) networks of DE circRNA-targeted DE miRNAs and DE miRNA-
targeted DE mRNAs were constructed. 10 down-regulated circRNAs, 12 up-regulated miRNAs, and 70 down-regulated
mRNAs were used for the “down-up-down” network construction, while 8 up-regulated circRNAs, 11 down-regulated
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Figure 6 CircRNA-miRNA-mRNA regulatory network. (A) Network of down-regulated circRNA-up-regulated miRNA-down-regulated mRNA. (B) Network of up-
regulated circRNA-down-regulated miRNA-up-regulated mRNA.
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miRNAs, and 34 up-regulated mRNAs were used for the “up-down-up” network construction (FPKM > 1.0, fold change
> 1.0, P < 0.05). The details of the genes in networks are shown in Tables S5 and S6.

Two representative axes in the network are shown in Figure 7. The up-regulated miRNA hsa-miR-1260b was
regulated by down-regulated circRNA (hsa circ_0003154/hsa_circ_0008952) and IncRNA (IGLL5-ASI1/LINC576/
LINCS575). The abovementioned RNAs and hsa-miR-1260b target mRNAs palate transmembrane 1 like (CLPTMI1L)
and GSTM1 constituted the down-up-down axis hsa_circ_0003154/hsa_circ_0008952/IGLL5-AS1/LINC576/LINC575 -
CLPTMI1L/GSTMI1 (Figure 7A). The down-regulated miRNA hsa-miR-214-3p was regulated by up-regulated circRNA
hsa circ 0031584 and IncRNA LINC2101. The abovementioned RNAs and hsa-miR-214-3p target mRNA cluster of
differentiation 151 (CD151) constituted the up-down-up axis hsa circ 0031584/LINC2101 - hsa-miR-214-3p - CD151
(Figure 7B).

Discussion

Telomerase is aberrantly activated and TERT is highly expressed in different cancers.”* Many cancers, such as
glioblastoma, bladder cancer, and melanoma, also show a high frequency of TERT promoter mutations, and it is
suggested that TERT promoter mutations help with telomerase activation by promoting TERT transcription.®’
However, not all cancers show this high frequency. TERT promoter mutations are rare in some tumors, including
prostate and breast cancer, although these two cancers show increased TERT expression.>* 2’ In cancers with a high
frequency of TERT promoter mutations, compared with adjacent normal tissues, TERT expression levels are higher in
tumor tissues regardless of the presence or absence of TERT promoter mutations. Research indicates that there should
be alternative pathways for TERT expression activation, and one of them is the DNA methylation pattern on TERT
promoter. Unlike the canonical role of promoter hypermethylation in the transcription of most tumor suppressors,
hypermethylation of TERT promoter can increase TERT expression.”® Beyond that, ncRNAs also play a role in
regulating TERT transcription. It has been reported that hsa-miR-195-5p works as a tumor suppressor in thyroid
cancer by targeting TERT mRNA.?° On the other hand, many studies failed to observe significant correlations

A B

| hsa__ 1584
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L 1
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B w < IncRNA [J miRNA g w ¢ IneRNA (] miRNA
@ down () mRNA () circRNA @ down (O mRNA () circRNA

Figure 7 Selected LncRNA/circRNA-miRNA-mRNA regulatory axes. (A) The down-up-down axis hsa_circ_0003154/hsa_circ_0008952/IGLL5-ASI/LINC576/LINC575 -
hsa-miR-1260b - CLPTMIL/GSTMI. (B) The up-down-up axis hsa_circ_0031584/LINC2101 - hsa-miR-214-3p - CDI5].
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between TERT promoter mutations and increased TERT expression.'? ' It has been reported that the increase in
TERT expression is not significant in HCC samples with TERT promoter mutations.'>*° Moreover, in the current
study, no significant difference on TERT expression was found in the sequencing or validation cohort. The above
evidence suggests that the understanding of how TERT promoter mutations promote HCC progression is still
incomplete.

The malignant transformation of cirrhotic hepatocytes is a multistep process, and TERT promoter mutations are
shown to be the earliest recurrent somatic genetic alterations, as well as the “gatekeeper” for HCC.? Existing research on
TERT promoter mutations mainly focuses on their roles in TERT transcription stimulation, and research on their roles
besides transcription stimulation is rare. In view of the fact that TERT promoter mutations are not always associated with
higher TERT expression, potential roles beyond transcription should be explored. Another predominant mutation in HCC,
CTNNBI activating mutation, has been shown to promote HCC partly through influencing miRNA expression.>' It has
been reported that TERT promoter mutated follicular thyroid carcinomas exhibit a distinct miRNA expressional profile.*?
Additionally, it has been reported that ncRNA can regulate TERT expression in cancer; however, it is still unclear
whether TERT promoter mutations can influence ncRNA regulation.?” The evidence indicates that ncRNA might be
a novel prospect of TERT promoter mutation research in HCC. Since TERT promoter mutations are located in the
noncoding part, relative sequencing data are lacking in previous studies. The current study aimed to explore the potential
role of TERT promoter mutations in the ncRNA regulation network in HCC.

The GO and KEGG analyses of DE mRNAs revealed the role of TERT promoter mutations in the overall gene
function in HCC. GO analysis showed that DE mRNAs were primarily involved in the membrane and receptor binding/
activity in TERT promoter mutant HCC. KEGG analysis showed similar results. The cell adhesion molecules of the
membrane and focal adhesion of the extracellular region were the top two enriched pathways. Several receptor signaling
pathways were also highly enriched, including T cell receptor signaling pathway, ECM-receptor interaction, and
cytokine-cytokine receptor interaction. In addition, cancer-related pathways involving PI3K-Akt and the Hedgehog
signaling pathway were enriched in TERT promoter mutant HCC. These results indicate that TERT promoter mutations
might play a role in the membrane component, including receptors in signal transduction and extracellular matrix
connection.

The sequencing result was validated in a validation cohort consisting of 15 wildtype TERT promoter HCC tumors and
seven mutant TERT promoter HCC tumors. Two IncRNAs, one circRNA, three miRNAs, and three mRNAs were
validated by qPCR; the change was consistent with the sequencing results. Among them, miR-29b-1-5P, which was up-
regulated in the mutant TERT promoter group, has been reported to show oncogenic activity.*® In addition, miR-199a-5P,
another validated miRNA, was down-regulated in the mutant TERT promoter group. Studies have demonstrated its
tumorigenesis suppressing role in HCC.>* REG3A mRNA, up-regulated in the mutant TERT promoter group, has been
reported to promote HCC via tumor-stroma crosstalk.”> SFRP5 mRNA, down-regulated in the mutant TERT promoter
group, has been reported to inhibit the progression of multiple cancers by suppressing the Wnt/B-catenin pathway.***’
GSTM1 is a member of the glutathione S-transferases (GSTs) family, which plays an important role in Phase II
detoxification. In the current study, GSTM1 was down-regulated in the mutant TERT promoter group. The homozygous
deletion (null genotype) and polymorphisms of GSTM1 have been demonstrated to increase the HCC risk. The null
genotype of GSTM1 is suggested to be associated with the complete absence of its enzyme activity, and therefore, it
increases the susceptibility to cancer.*® AL360169.3-201, LINC02672-203, hsa_circ_0021412, and hsa-miR-4699-5p are
novel RNAs that lack research in cancers. Among the RNAs validated, the up-regulated RNAs in the mutant TERT
promoter group have a tumor-promoting role, and the down-regulated RNAs can suppress tumors.

A comprehensive analysis of wildtype and mutant TERT promoter groups of the IncRNA/circRNA-miRNA-mRNA
network revealed several IncRNA/circRNA-miRNA-mRNA axes. The down-up-down axis was hsa circ 0003154/
hsa_circ_0008952/IGLL5-AS1/LINC576/LINC575 - hsa-miR-1260b - CLPTMI1L/GSTMI1. The regulatory circRNAs
(hsa_circ_0003154/hsa_circ_0008952) and IncRNAs (IGLL5-AS1/LINC576/LINC575) in this axis are novel ncRNAs in
cancers. The up-regulated miRNA hsa-miR-1260b has been reported to promote HCC, colorectal cancer, and non-small
cell lung cancer.’®*' The current study revealed that in the mutant TERT promoter group, hsa-miR-1260b down-
regulated the mRNA expression of CLPTMIL and GSTM1. As mentioned above, decreased GSTM1 promotes HCC
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progression.”® The CLPTMIL gene is present next to the TERT gene, which is also involved in the synthesis of
telomerase and apoptotic response, and is therefore associated with cisplatin-resistance in cancer cells.** Moreover, both
CLPTMIL and TERT are located in the human 5p15.33 locus, and single nucleotide polymorphisms (SNPs) in the
TERT-CLPTMIL locus have been revealed to be significantly associated with the risk of developing different cancers.**~
45 Among these SNPs, rs401681, in the noncoding region, was reported to be associated with the increased risk of
HCC.* It might regulate TERT expression as an enhancer by interacting with the TERT promoter in lung cancer.**
A previous study proposed that TERT promoter mutations might increase the expression of CLPTMI1L because of its
adjacent location.'? However, in our study, CLPTMIL was down-regulated in the mutant TERT promoter group. The
result suggested that the influence of TERT promoter-related ncRNA on CLPTMIL might be different from the TERT
promoter itself. Further research is necessary to clarify the association between TERT, TERT promoter, and CLPTMI1L.
The representative up-down-up axis was hsa_circ_0031584/LINC2101 - hsa-miR-214-3p - CD151. The role of upstream
ncRNAshsa _circ 0031584 and LINC2101 are not clear in cancers. However, it is known that hsa-miR-214-3p is an anti-tumor
miRNA and down-regulated in HCC.*” CD151 is involved in maintaining cellular integrity and angiogenesis, which promote
carcinogenesis and tumor metastasis. CD151 is also reported to be positively associated with the invasiveness of HCC.*®

Limitations

The current study mainly focused on revealing the noncanonical function of TERT promoter mutations and highlighted
a number of interesting ncRNAs for future studies. However, further research is needed to explore the mechanism of how
TERT promoter mutations influence the ncRNAs.

Conclusions

In summary, TERT promoter mutations can affect HCC in various aspects. The GO and KEGG pathway analyses
indicated that TERT promoter mutations appear to be involved in the regulation of the membrane and its receptors. An
integrated analysis of IncRNAs, circRNAs, miRNAs, and mRNAs revealed that TERT promoter mutations may affect the
IncRNA/circRNA-miRNA-mRNA regulatory network in HCC and play a dual role in CLPTMI1L regulation. The results
indicate potential regulatory pathways in HCC associated with TERT promoter mutations.
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