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Background: Hepatocellular carcinoma (HCC) is the second lethal malignancy among all cancers. Many molecular alterations have
been found in HCC. However, the interactions and modulatory mechanisms among these molecules in HCC are still unclear.
Methods: CTB-193M12.5 expression in tissues and cells were detected by quantitative polymerase chain reaction (qQPCR). In vitro
experiments were conducted to evaluate the function of CTB-193M12.5 in cell proliferation, apoptosis, migration and invasion. The
interaction between CTB-193M12.5 and nuclear receptor binding SET domain-containing protein 1 (NSD1) was assessed by RNA—
protein pull-down and RNA immunoprecipitation assays. The roles of CTB-193M12.5 on WNT10B and Wnt/B-catenin signaling was
detected by chromatin immunoprecipitation assay, qPCR, Western blot, and dual luciferase reporter assay.

Results: We identified a novel prognosis-related long noncoding RNA (IncRNA) CTB-193M12.5 in HCC. CTB-193M12.5 was
upregulated in HCC and its high expression was correlated with alpha fetoprotein, large tumor size, aggressive clinical characteristics,
and poor survival. Functional experiments showed that CTB-193M12.5 enhanced HCC cellular proliferation, suppressed HCC cellular
apoptosis, and promoted HCC cellular migration and invasion. CTB-193M12.5 knockdown exerted opposite effects in HCC.
Mechanistic investigation demonstrated that CTB-193M12.5 was mainly distributed in nucleus. Histone methyltransferase NSD1
was identified as a CTB-193M12.5 interactor. CTB-193M12.5 bound and recruited NSD1 to the promoter of WNT10B, leading to an
increase in di-methylation of histone H3 at lysine 36 (H3K36me2) and the reduction of tri-methylation of histone H3 at lysine 27
(H3K27me3) at WNT10B promoter. Therefore, CTB-193M12.5 epigenetically activated WNT10B transcription. Through upregulating
WNT10B, CTB-193M12.5 further activated Wnt/B-catenin signaling. Functional rescue experiments demonstrated that overexpression
of WNTI10B reversed the tumor suppressive roles of CTB-193M12.5 knockdown, while Wnt/B-catenin signaling inhibitor ICG-001
abolished the oncogenic roles of CTB-193M12.5 overexpression.

Conclusion: CTB-193M12.5 was a highly expressed and poor prognosis-related IncRNA in HCC. CTB-193M12.5 functioned as an
oncogenic IncRNA through promoting NSD1-mediated WNT10B/Wnt/B-catenin signaling activation.
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Introduction

Liver cancer is the six most commonly diagnosed malignancy and the second leading cause of cancer-related death
worldwide.' Hepatocellular carcinoma (HCC) is the major histological subtype of liver cancer, which accounts for more
than 90% of all liver cancers.”> Most HCC progress quickly and lead to median survival time of only 6-9 months for
untreated patients.> However, most HCC are insensitive to chemotherapy and targeted therapy, compared with other
common cancers, such as lung cancer, breast cancer, and colorectal cancer.* ® Therefore, the prognosis of HCC is very
poor with a 5-year survival of only about 18% for unresectable HCC.” Further, identifying the critical molecules driving
HCC progression and designing novel targeted therapy are of clinical importance.
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Recent genome and transcriptome sequencings have found that more than 90% of human genome transcribes RNAs, and
while protein-coding genes only account for less than 2% of human genome.® Therefore, most of the transcribed RNAs are
non-coding RNAs.”'® Among these non-coding RNAs, long non-coding RNAs (IncRNAs) represent a class of regulatory
RNAs with important roles in gene expression regulation.'''* IncRNAs have more than 200 nucleotides in length and lack
protein coding potential. Increasing evidences have shown that through controlling gene expression, IncRNAs participate in
almost every aspect of pathophysiological activities.'> '® In cancers, IncRNAs may regulate cellular proliferation, cell cycle,
stemness, apoptosis, senescence, motility, and tumoral growth and metastasis.'® > Thus, several IncRNAs show oncogenic
or tumor suppressive roles in a variety of cancers.”**® Furthermore, aberrant expressions of IncRNAs were also found in
many diseases, including malignancies.”” >’ Some of these aberrantly expressed IncRNAs were documented to be correlated
with patients’ prognosis, which may be used as prognostic biomarkers for cancers.*

As regulatory noncoding RNAs, IncRNAs control gene expression at multiple levels, including transcription, post-
transcriptional processing, translation, post-translational modification, etc. Several nuclear IncRNAs bind chromatin
modifiers, change the genomic binding of chromatin modifiers, leading to change in chromatin modifications and further
activation or repression of genes transcription.*>*! Some nuclear IncRNAs bind primary transcripts and further modulate
their processing.>”> Some cytoplasmic IncRNAs bind mature mRNAs, and further regulate their stabilities and/or
translation.®> Some cytoplasmic IncRNAs were reported to bind microRNAs, relieve their repressive roles on
microRNAs’ targets, leading to the upregulation of targets.>* ¢ Other cytoplasmic IncRNAs were revealed to bind
proteins and modulate the expressions and/or functions of the interacted proteins.>’** Given that more than 58,000
IncRNAs have been identified in human cells,” the potential roles and regulatory mechanisms of other IncRNAs in HCC
need further investigations.

In this study, we identified a novel HCC prognosis-related IncRNA CTB-193M12.5 via analyzing The Cancer
Genome Atlas (TCGA) Liver hepatocellular carcinoma (LIHC) dataset. CTB-193M12.5 has 882 nucleotides in length
and no protein coding potential, verified by Coding Potential Assessment Tool (CPAT) (http://lilab.research.bcm.edu/)
and Coding Potential Calculator (CPC) (http:/cpc2.gao-lab.org/).**** CTB-193M12.5 coding gene has the ensembl ID of
ENSG00000280206.1, which is located at chromosome 16p13.11. We further explored the expression pattern, clinical
significances, biological functions, and mechanisms of action of CTB-193M12.5 in HCC.

Materials and Methods

Patients and Tissue Samples

The study was approved by the Ethic Committee of Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology (Wuhan, China) and conducted following the ethical principles for medical research involving
human subjects of the Helsinki Declaration. Eighty-eight pairs of HCC tissues and matched noncancerous liver tissues
were acquired from HCC patients with written informed consents who received surgical resection at Union Hospital,
Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). These tissue samples were
confirmed by pathological diagnoses and stored at —80°C until use.

Cell Culture and Stable Cell Lines Construction

Human immortalized liver cell line THLE-3 and HCC cell lines SK-HEP-1 and SNU-398 were acquired from American
Type Culture Collection (ATCC, Manassas, VA, USA). Human HCC cell line HuH-7 was acquired from Chinese
Academy of Science Cell Bank (Shanghai, China). THLE-3 was maintained with BEGM Bullet Kit (Lonza,
Walkersville, MD, USA) following the provided manual. SK-HEP-1, SNU-398, and HuH-7 were maintained in
Eagle’s minimum essential medium (Invitrogen, Carlsbad, CA, USA), RPMI 1640 medium (Invitrogen), and
Dulbecco’s modified Eagle’s medium (Invitrogen), respectively. All cells were cultured in the above described medium
added with 10% fetal bovine serum (FBS, Invitrogen) at 37°C in an incubator with 5% CO,. To construct HCC cells with
CTB-193M12.5 stable overexpression, SK-HEP-1 and SNU-398 cells were infected with CTB-193M12.5 overexpression
lentivirus (GenePharma, Shanghai, China), followed by treatment with 2ug/mL puromycin to select CTB-193M12.5
stably overexpressed cells. To construct HCC cells with CTB-193M12.5 stable knockdown, SNU-398 and HuH-7 cells
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were infected with two independent CTB-193M12.5-specific sShRNA lentiviruses (GenePharma), followed by treatment
with 2pg/mL puromycin to select CTB-193M12.5 stably silenced cells. Scrambled non-targeting shRNA lentivirus was
used as negative control. The shRNA sequences were as follows: 5’-GATCCGGTCAAAGAGGCTTTGTATG
TTTCAAGAGAACATACAAAGCCTCTTTGACCTTTTTTG-3" (sense) and 5’-AATTCAAAAAAGGTCAAAGA
GGCTTTGTATGTTCTCTTGAAACATACAAAGCCTCTTTGACCG-3’ (antisense) for stRNA-CTB-193M12.5-1; 5°-
GATCCGGACTTCATTCAAAGGCATAATTCAAGAGATTATGCCTTTGAATGAAGTCCTTTTTTG-3" (sense) and
5’-AATTCAAAAAAGGACTTCATTCAAAGGCATAATCTCTTGAATTATGCCTTTGAATGAAGTCCG-3’ (anti-
sense) for shRNA-CTB-193M12.5-2; 5’-GATCCGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGT
TCGGAGAACTTTTTTG-3" (sense) and 5’-AATTCAAAAAAGTTCTCCGAACGTGTCACGTTCTCTTGAAAC
GTGACACGTTCGGAGAACG-3’ (antisense) for shRNA-control. To obtain HCC cells with both CTB-193M12.5
knockdown and WNTI10B overexpression, WNT10B overexpression plasmid (iGene Biotechnology, Guangzhou,
China) was transfected into SNU-398 cells with CTB-193M12.5 stable knockdown. Forty-eight hours after transfection,
the cells were treated with 2pg/mL puromycin and 1000pg/mL neomycin to select SNU-398 cells with CTB-193M12.5
knockdown and concurrent WNT10B overexpression.

RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted from indicated tissues and cells using Trizol reagent (Invitrogen). After quantification by
NanoDrop 2000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA), the RNA was subjected to reverse
transcription (RT) to generate the first strand cDNA using the PrimeScript II 1st Strand cDNA Synthesis Kit (Takara,
Dalian, China). Quantitative polymerase chain reaction (qQPCR) was conducted using the TB Green Premix Ex Taq II
(Takara) on StepOnePlus Real-Time PCR System (Thermo Scientific) with the primers 5’-GTGTCCACTCATCACTGC
-3 (sense) and  5-GGTAAGAAACCCACCATCG-3’ (antisense)  for  CTB-193M12.5, 5’-GAAG
GTGAAGGTCGGAGTC-3" (sense) and 5’-GAAGATGGTGATGGGATTTC-3* (antisense) for GAPDH, 5°’-GG
AGCAGAAAACAGCAGG-3’ (sense) and 5’-GGAAGGGGTCAGGAGAAA-3’ (antisense) for MALATI, 5°-G
GAATGGGGTGGCTGTAAC-3’ (sense) and 5’-CGGTTGTGGGTATCAATGAAG-3’ (antisense) for WNT10B, 5°-CT
TCCCCTACCCTCTCAA-3* (sense) and 5’-CGATTTCTTCCTCATCTTCT-3" (antisense) for Myc, 5’-AC
AACTTCCTGTCCTACTACC-3" (sense) and 5’-TCCTCTTCCTCCTCCTCG-3’ (antisense) for Cyclin D1. GAPDH
was employed as internal control.

Western Blot

Total protein was extracted from indicated cells using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime
Biotechnology, Shanghai, China). Nuclear protein was extracted from indicated cells using the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime Biotechnology). After quantification using the Enhanced BCA Protein Assay Kit
(Beyotime Biotechnology), protein was separated by 7.5% or 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, followed by being transferred onto a polyvinylidene fluoride membrane (Millipore, Burlington, MA, USA).
After blocking, the membranes were incubated with primary antibodies against NSD1 (H00064324-M08, 1:500, Novus
Biologicals, Centennial, CO, USA), WNT10B (ab70816, 1:1000, Abcam, Cambridge, MA, USA), GAPDH (60,004-1-Ig,
1:10,000, Proteintech, Chicago, IN, USA), B-catenin (#8480, 1:1000, Cell Signaling Technology, Danvers, MA, USA), or
histone H3 (AF0863, 1:1000, Affinity, Changzhou, Jiangsu, China) at 4°C overnight. After three washes, the membranes
were further incubated with IRDye 680RD Goat anti-Mouse IgG Secondary Antibody (926—68,070, 1:10,000, Li-Cor
Biosciences, Lincoln, NE, USA) or IRDye 800CW Goat anti-Rabbit IgG Secondary Antibody (926-32,211, 1:10,000, Li-
Cor). Lastly, the membranes were scanned with the Odyssey infrared scanner (Li-Cor). GAPDH and histone H3 were
employed as loading controls for total protein and nuclear protein, respectively.

Cellular Proliferation Assays

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay and cell counting kit-8 (CCK-8) assay were carried out to assess
cellular proliferation ability. EAU incorporation assay was conducted using the Cell-Light EQU Apollo 567 In Vitro Kit
(RiboBio, Guangzhou, China) as previously described.*' For CCK-8 assay, 5000 indicated cells were plated into 96-well
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plate. After culture for 72h, cellular proliferation ability was assessed with the CCK-8 reagent (Dojindo Laboratories,
Kumamoto, Japan). The optical density value at 450nm was recorded to indicate cellular proliferation.

Cellular Apoptosis Assays

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay and caspase-3 activity assay
were carried out to assess cellular apoptosis. TUNEL assay was conducted using the One-Step TUNEL Apoptosis Assay
Kit (Beyotime Biotechnology) following the provided manual. Caspase-3 activity assay was conducted with the Caspase-
3 Activity Assay Kit (Cell Signaling Technology) in accordance with the manufacturer’s manual.

Cellular Migration and Invasion Assays

Transwell migration assay was carried out to assess cellular migration. Transwell invasion assay was carried out to
assess cellular invasion. The detailed method was described in our previous report.*? Indicated cells re-suspended in
FBS-free medium were seeded into transwell chambers (pore size: 8 um; Corning, NY, USA) coated with or without
matrigel. Medium containing 20% FBS were added to the lower chamber. After culture for 24h, the cells in the upper
chamber were removed. The cells on the outer layer of the membranes were fixed, stained, photographed, and
counted.

Subcellular Fractionation
Cytoplasmic and nuclear RNA was extracted with the PARIS Kit (Thermo Scientific) following the manufacturer’s
manual. The extracted RNA was detected using RT-qPCR as described above.

RNA—Protein Pull-Down Assay

CTB-193M12.5 full-length sequences were PCR-amplified with the primers 5-GGGGTACCAAAAAA
AAAAAAAAAGGTGTC-3’ (sense) and 5’-CCCAAGCTTGTGACCAGATGCTAATATG-3’ (antisense). The products
were subcloned into the Kpn I and Hind III sites of pSPT19 vector (Roche, Basel, Switzerland) to construct CTB-
193M12.5 in vitro transcription vector. This vector was used as a template to perform CTB-193M12.5 in vitro
transcription with Sp6 RNA polymerase (Roche). After purification, CTB-193M12.5 RNA was end-labeled with
desthiobiotin using the Pierce RNA 3’ End Desthiobiotinylation Kit (Thermo Scientific). RNA—protein pull-down
reactions were performed using desthiobiotinylated RNAs and the Pierce Magnetic RNA—Protein Pull-Down Kit
(Thermo Scientific) in accordance with the manufacturer’s protocol. The enriched proteins were measured using
Western blot as described above.

RNA Immunoprecipitation (RIP) Assay

RIP assay was carried out with the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore) and an
antibody against NSD1 (H00064324-M08, 5 pg per reaction, Novus Biologicals) following the provided protocols. The
enriched RNA was measured by RT-qPCR as described above.

Chromatin Immunoprecipitation (ChlIP) Assay

ChIP assay was performed with the ChIP Kit (ab500, Abcam) and antibodies against NSD1 (H00064324-MO0S, 2 pg,
Novus Biologicals), H3K36me2 (ab176921, 2 pg, Abcam), or H3K27me3 (ab192985, 2 ng, Abcam) in accordance with
the instructions. The enriched DNA was measured by qPCR as described above using the primers 5’-
GTCTGGCTCCATCCTCATCT-3" (sense) and 5’-CTCTCTCACACACCCTCTCC-3’ (antisense) for WNTI0B
promoter.

Dual Luciferase Reporter Assay

Wnt/B-catenin reporter TOPflash (Addgene, Watertown, MA, USA) and pRL-TK (Promega, Madison, WI, USA) were
co-transfected into indicated cells by Lipofectamine 3000 (Invitrogen). TOPflash expresses Firefly luciferase and while
pRL-TK expresses Renilla luciferase. Forty-eight hours after co-transfection, the luciferase activities were measured
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using the Dual-Luciferase Reporter Assay System (Promega) following the manufacturer’s protocol. Renilla luciferase
activity was used as control.

Statistical Analysis

Statistical analyses were performed with the GraphPad Prism v6.0 (San Diego, CA, USA). As presented in figures and
table legends, Wilcoxon matched-pairs signed rank test, Log rank test (Kaplan—-Meier survival analysis), one-way
ANOVA followed by Dunnett’s multiple comparison test, two-tailed unpaired ¢ test, Spearman correlation analysis,
and Pearson chi-square test were conducted. p < 0.05 was considered as statistically significant.

Results
CTB-193M12.5 Was Upregulated in HCC and Predicted Poor Survival

The online in silico tool GEPIA (http://gepia.cancer-pku.cn/index.html) was employed to assess the expression pattern of
CTB-193M12.5 in HCC based on The Cancer Genome Atlas (TCGA) Liver hepatocellular carcinoma (LIHC) dataset,*
which presented that the expression level of CTB-193M12.5 was significantly higher in HCC tissues than that in normal liver
tissues (Figure 1A). TCGA LIHC dataset further presented that higher CTB-193M12.5 expression was associated with worse
overall survival of HCC patients (Figure 1B), analyzed by GEPIA (http://gepia.cancer-pku.cn/index.html).* To further assess
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Figure | The expression and prognostic relevance of CTB-193M12.5 in HCC. (A) CTB-193MI12.5 expression in HCC tissues and normal liver tissues based on TCGA
LIHC dataset, analyzed by GEPIA. (B) The correlation between CTB-193M12.5 expression and overall survival of HCC patients based on TCGA LIHC dataset, analyzed by
GEPIA. (C) CTB-193M12.5 expression in 88 pairs of HCC tissues and adjacent noncancerous liver tissues was measured by RT-qPCR. p < 0.0001 by Wilcoxon matched-
pairs signed rank test. (D) Kaplan—Meier curve of 88 HCC patients stratified by CTB-193M12.5 expression (median CTB-193M12.5 expression was used as cut-off). HR =
2.303, p = 0.0058 by Log rank test. (E) CTB-193MI2.5 expression in immortalized liver cell line THLE-3 and HCC cell lines SK-HEP-1, SNU-398, and HuH-7 was measured
by RT-qPCR. Results are shown as mean + SD based on three independent experiments. **p < 0.01, ***p < 0.001 by one-way ANOVA followed by Dunnett’s multiple
comparisons test.
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the expression and clinical significance of CTB-193M12.5 in HCC, we measured CTB-193M12.5 expression in 88 pairs of
HCC tissues and adjacent noncancerous liver tissues collected in our hospital, which presented that CTB-193M12.5 was also
significantly upregulated in HCC tissues compared with that in liver tissues (Figure 1C). Kaplan—-Meier curve presented that
consistent with TCGA LIHC dataset, higher CTB-193M12.5 expression also predicted worse overall survival in our HCC
cohort (Figure 1D). Cox proportional hazards regression analysis further revealed that high CTB-193M12.5 expression was an
independent prognostic factor for worse overall survival (Supplementary Table 1). The relationship between CTB-193M12.5

expression and clinicopathological characteristics was further assessed, which presented that high CTB-193M12.5 expression
was correlated with high alpha fetoprotein (AFP) concentration, large tumor size, encapsulation incomplete, vascular invasion,
and advanced clinical stage (Table 1). CTB-193M12.5 expression in immortalized liver cell line THLE-3 and HCC cell lines
SK-HEP-1, SNU-398, and HuH-7 were further measured using RT-qPCR, which presented that CTB-193M12.5 was also
significantly upregulated in HCC cell lines compared with that in immortalized liver cell line (Figure 1E). Collectively, these

Table 1 Correlation Between CTB-193MI12.5 Expression Levels and
Clinicopathological Characteristics of 88 HCC Patients
Feature CTB-193MI12.5 Ve p-value
Low High

Age (years) 0411 0.521
>50 25 22
<50 19 22

Gender 0.340 0.560
Male 38 36
Female 6 8

HBs antigen 0.259 0.6l1
Positive 35 33
Negative 9 Il

Liver cirrhosis 1.137 0.286
With 24 19
Without 20 25

AFP (ug/L) 7.071 0.008
>20 22 34
<20 22 10

Grade 3.474 0.062
Gl and G2 9
G3 and G4 35 41

Tumor size (cm) 5.740 0.017
>5 21 32
<5 23 12

Encapsulation 3.879 0.049
Complete 15 7
Not complete/No 29 37

Vascular invasion 6.545 0.011
Absent 28 16
Present 16 28

TNM staging 12.114 0.007
| 13 2
1l 11 10
1] 20 30
v 0 2

Note: p-value was acquired by Pearson chi-square tests.
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results demonstrated that CTB-193M12.5 was upregulated in HCC, and its high expression was correlated with AFP, large
tumor size, aggressive clinical characteristics, and poor survival.

CTB-193M12.5 Enhanced HCC Cellular Proliferation, Migration, and Invasion, and
Suppressed HCC Cellular Apoptosis

To explore whether increased expression of CTB-193M12.5 participates in HCC progression, we next assessed the
potential functions of CTB-193M12.5 in HCC. CTB-193M12.5 was stably overexpressed in SK-HEP-1 and SNU-398
cells through infection of CTB-193M12.5 overexpression lentivirus (Figure 2A). EdU incorporation and CCK-8 assays
presented that overexpression of CTB-193M12.5 enhanced HCC cellular proliferation ability (Figure 2B and C). TUNEL
and caspase-3 activity assays presented that overexpression of CTB-193M12.5 suppressed HCC cellular apoptosis
(Figure 2D and E). Transwell migration assay presented that overexpression of CTB-193M12.5 enhanced HCC cellular
migration ability (Figure 2F). Transwell invasion assay presented that overexpression of CTB-193M12.5 enhanced HCC
cellular invasion ability (Figure 2G). Collectively, these results demonstrated that CTB-193M12.5 enhanced HCC
cellular proliferation, migration, and invasion, and suppressed HCC cellular apoptosis.

Knockdown of CTB-193M12.5 Suppressed HCC Cellular Proliferation, Migration, and

Invasion, and Promoted HCC Cellular Apoptosis

To further assess the functions of CTB-193M12.5 in HCC, CTB-193M12.5 was stably silenced in SNU-398 and HuH-7
cells through infection of CTB-193M12.5 knockdown lentiviruses (Figure 3A). EAU incorporation and CCK-8 assays
presented that knockdown of CTB-193M12.5 suppressed HCC cellular proliferation ability (Figure 3B and C). TUNEL
and caspase-3 activity assays presented that knockdown of CTB-193M12.5 promoted HCC cellular apoptosis (Figure 3D
and E). Transwell migration assay presented that knockdown of CTB-193M12.5 suppressed HCC cellular migration
ability (Figure 3F). Transwell invasion assay presented that knockdown of CTB-193M12.5 suppressed HCC cellular
invasion ability (Figure 3G). Collectively, these results demonstrated that knockdown of CTB-193M12.5 suppressed
HCC cellular proliferation, migration, and invasion, and promoted HCC cellular apoptosis.

CTB-193M12.5 Bound and Recruited NSD| to the Promoter of WNT/0B

To explore the potential mechanisms of CTB-193M12.5 mediating its oncogenic roles in HCC, we first assessed its subcellular
location using cytoplasmic and nuclear RNA purification, followed by RT-qPCR, which presented that CTB-193M12.5 was
mainly distributed in nucleus (Figure 4A). One of the critical mechanisms of nuclear IncRNAs is to bind epigenetic modifiers
and modulate genes transcription.*® Intriguingly, the online in silico tool RNA—Protein Interaction Prediction (RPISeq) (http:/
pridb.gdcb.iastate.edu/RPISeq/) also predicted an interaction between CTB-193M12.5 and NSD1 with a score of 0.99. NSD1
(nuclear receptor binding SET domain protein 1), known as KMT3B (lysine N-methyltransferase 3B), catalyzes di-

methylation of histone H3 at lysine 36 (H3K36me2).** RNA—protein pull-down assays presented the specific enrichment
of NSDI1 protein in the CTB-193M12.5 group (Figure 4B). RIP assays further presented the specific enrichment of CTB-
193M12.5 in the NSD1 antibody group (Figure 4C). Both the RNA—protein pull-down and RIP assays confirmed the
interaction between CTB-193M12.5 and NSD1. Our previous study has found that NSD1 activated WNT10B transcription
via increasing H3K36me2 and decreasing tri-methylation of histone H3 at lysine 27 (H3K27me3) at WNT10B promoter.**
Therefore, we further explored the potential influences of CTB-193M12.5 on histone modification of WNT10B promoter
through binding NSD1. ChIP assays were undertaken in SNU-398 cells with CTB-193M12.5 overexpression or knockdown,
which presented that overexpression of CTB-193M12.5 promoted the binding of NSD1 to WNT10B promoter (Figure 4D),
and while knockdown of CTB-193M12.5 suppressed the binding of NSD1 to WNT10B promoter (Figure 4E), which indicated
that CTB-193M12.5 recruited NSD1 to WNTI10B promoter. ChIP assays further presented that overexpression of CTB-
193M12.5 increased H3K36me2 and reduced H3K27me3 at WNT10B promoter (Figure 4F), and while knockdown of CTB-
193M12.5 decreased H3K36me?2 and increased H3K27me3 at WNT10B promoter (Figure 4G), which were consistent with the
effects of CTB-193M12.5 on NSD1. Collectively, these results demonstrated that CTB-193M12.5 bound and recruited NSD1
to WNT10B promoter, increased H3K36me?2 and reduced H3K27me3 at WNT10B promoter.
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Figure 2 The functions of CTB-193M12.5 in HCC cellular proliferation, apoptosis, migration, and invasion. (A) CTB-193M12.5 expression in SK-HEP-1 and SNU-398 cells
with CTB-193MI12.5 stable overexpression or control was measured by RT-qPCR. (B) Cellular proliferation of SK-HEP-1 and SNU-398 cells with CTB-193M12.5 stable
overexpression or control was assessed by EdU incorporation assays. Red color indicates EdU-positive and proliferative cells. Scale bars = 100 pm. (C) Cellular proliferation
of SK-HEP-1 and SNU-398 cells with CTB-193M12.5 stable overexpression or control was assessed by CCK-8 assays. (D) Cellular apoptosis of SK-HEP-1 and SNU-398 cells
with CTB-193M12.5 stable overexpression or control was assessed by TUNEL assays. Red color indicates TUNEL-positive and apoptotic cells. Scale bars = 100 pm. (E)
Cellular apoptosis of SK-HEP-1 and SNU-398 cells with CTB-193M12.5 stable overexpression or control was assessed by caspase-3 activity assay. (F) Cellular migration of
SK-HEP-| and SNU-398 cells with CTB-193M12.5 stable overexpression or control was assessed by transwell migration assay. Scale bars = 100 ym. (G) Cellular invasion of
SK-HEP-1 and SNU-398 cells with CTB-193M12.5 stable overexpression or control was assessed by transwell invasion assay. Scale bars = 100 um. Results are shown as
mean * SD based on three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed unpaired t test.

CTB-193M12.5 Upregulated WNT 0B Expression

Our previous study has found that NSD1 promoted WNTI0B transcription via increasing H3K36me2 and reducing
H3K27me3 at WNTI0B promoter.*> Therefore, we further explored the potential influences of CTB-193M12.5 on
WNTI10B transcription. WNTI10B expression in SNU-398 cells with CTB-193M12.5 overexpression or knockdown
was measured by RT-qPCR and Western blot. RT-qPCR results presented that WNT10B mRNA level was increased in
SNU-398 cells with CTB-193M12.5 overexpression compared with control SNU-398 cells (Figure 5A), and while
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Figure 3 The functions of CTB-193M12.5 knockdown in HCC cellular proliferation, apoptosis, migration, and invasion. (A) CTB-193M12.5 expression in SNU-398 and
HuH-7 cells with CTB-193M12.5 stable knockdown or control was measured by RT-qPCR. (B) Cellular proliferation of SNU-398 and HuH-7 cells with CTB-193M12.5 stable
knockdown or control was assessed by EdU incorporation assays. Red color indicates EdU-positive and proliferative cells. Scale bars = 100 ym. (C) Cellular proliferation of
SNU-398 and HuH-7 cells with CTB-193M12.5 stable knockdown or control was assessed by CCK-8 assays. (D) Cellular apoptosis of SNU-398 and HuH-7 cells with CTB-
193M12.5 stable knockdown or control was assessed by TUNEL assays. Red color indicates TUNEL-positive and apoptotic cells. Scale bars = 100 um. (E) Cellular apoptosis
of SNU-398 and HuH-7 cells with CTB-193M12.5 stable knockdown or control was assessed by caspase-3 activity assay. (F) Cellular migration of SNU-398 and HuH-7 cells
with CTB-193M12.5 stable knockdown or control was assessed by transwell migration assay. Scale bars = 100 ym. (G) Cellular invasion of SNU-398 and HuH-7 cells with
CTB-193M12.5 stable knockdown or control was assessed by transwell invasion assay. Scale bars = 100 um. Results are shown as mean * SD based on three independent
experiments. **p < 0.01, *¥p < 0.001, ****p < 0.000] by one-way ANOVA followed by Dunnett’s multiple comparisons test.

WNTI10B mRNA level was reduced in SNU-398 cells with CTB-193M12.5 knockdown (Figure 5B). Western blot
presented that WNT10B protein level was increased in SNU-398 cells with CTB-193M12.5 overexpression (Figure 5C),
and while WNT10B protein level was reduced in SNU-398 cells with CTB-193M12.5 knockdown (Figure 5D).
WNTI10B expression in the same HCC tissues used in Figure 1C was measured by RT-qPCR, which presented that
WNT10B expression was significantly positively correlated with CTB-193M12.5 expression in HCC tissues (Figure 5E).
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Figure 4 CTB-193M12.5 bound and recruited NSD| to WNT/0B promoter. (A) Subcellular distribution of CTB-193M12.5 in SNU-398 cells was assessed by cytoplasmic
and nuclear RNA purification, followed by RT-qPCR. (B) RNA—protein pull-down assay were performed in SNU-398 cells using RNA end-labeled with desthiobiotin.
Enrichment of protein was measured by Western blot. (C) RIP assays were performed in SNU-398 cells using NSD |-specific antibody or non-specific IgG. Enrichment of
RNA was measured by RT-qPCR. (D) ChIP assays were performed in SNU-398 cells with CTB-193M12.5 overexpression or control using NSD | -specific antibody or non-
specific IgG. Enrichment of WNT /0B promoter was measured by qPCR. (E) ChlP assays were performed in SNU-398 cells with CTB-193M12.5 knockdown or control using
NSD | -specific antibody or non-specific IgG. Enrichment of WNT/0B promoter was measured by qPCR. (F) ChIP assays were performed in SNU-398 cells with CTB-
193M12.5 overexpression or control using H3K36me2, H3K27me3-specific antibodies or non-specific IgG. Enrichment of WNT/0B promoter was measured by qPCR. (G)
ChlP assays were performed in SNU-398 cells with CTB-193M12.5 knockdown or control using H3K36me2, H3K27me3-specific antibodies or non-specific IgG. Enrichment
of WNTI0B promoter was measured by qPCR. Results are shown as mean = SD based on three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not
significant by two-tailed unpaired t test (C, D, F) or one-way ANOVA followed by Dunnett’s multiple comparisons test (E and G).

The positive correlation between WNT10B and CTB-193M12.5 expression in HCC tissues was further confirmed based
on TCGA LIHC dataset (Figure 5F), analyzed by the online in silico tool ENCORI (https://starbase.sysu.edu.cn/).*
Collectively, these results demonstrated that CTB-193M12.5 upregulated WNT10B expression.
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Figure 5 CTB-193M12.5 upregulated WNT 0B expression. (A) WNTI0B mRNA expression in SNU-398 cells with CTB-193M12.5 stable overexpression or control was
measured by RT-qPCR. (B) WNTI0B mRNA expression in SNU-398 cells with CTB-193M12.5 stable knockdown or control was measured by RT-qPCR. (C) WNTI0B
protein expression in SNU-398 cells with CTB-193M12.5 stable overexpression or control was measured by Western blot. (D) WNTI0B protein expression in SNU-398
cells with CTB-193M12.5 stable knockdown or control was measured by Western blot. (E) The correlation between WNT 0B and CTB-193M12.5 expression in 88 HCC
tissues. r = 0.4005, p = 0.0001 by Spearman correlation analysis. (F) The correlation between WNTI0B and CTB-193M12.5 (AC026401.3) expression in HCC tissues based
on TCGA LIHC dataset, analyzed by ENCORI. For (A and B) results are shown as mean + SD based on three independent experiments. *p < 0.01, **p < 0.001 by two-
tailed unpaired t test (A) or one-way ANOVA followed by Dunnett’s multiple comparisons test (B).

CTB-193M12.5 Activated Wnt/B-Catenin Signaling

WNTI10B belongs to the Wnt ligand family, which activates the Wnt/B-catenin signaling.**’ Therefore, we further
explored the potential influences of CTB-193M12.5 on Wnt/B-catenin signaling. Wnt/B-catenin reporter TOPflash was
transfected into SNU-398 cells with CTB-193M12.5 overexpression or knockdown, followed by dual luciferase reporter
assays, which presented that TOPflash luciferase activity was increased in SNU-398 cells with CTB-193M12.5 over-
expression (Figure 6A), and while TOPflash luciferase activity was reduced in SNU-398 cells with CTB-193M12.5
knockdown (Figure 6B). Nuclear B-catenin levels of SNU-398 cells with CTB-193M12.5 overexpression or knockdown
were measured by Western blot, which presented that nuclear B-catenin level was increased in SNU-398 cells with CTB-
193M12.5 overexpression (Figure 6C), and while nuclear B-catenin level was reduced in SNU-398 cells with CTB-
193M12.5 knockdown (Figure 6D). Wnt/B-catenin signaling downstream targets Myc and Cyclin D1 expressions were
measured, which presented that Myc and Cyclin D1 expressions were increased in SNU-398 cells with CTB-193M12.5
overexpression (Figure 6E), and while Myc and Cyclin D1 expressions were reduced in SNU-398 cells with
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Figure 6 CTB-193M12.5 activated Wnt/B-catenin signaling. (A) Wnt/B-catenin reporter TOPflash was co-transfected with pRL-TK into SNU-398 cells with CTB-193M12.5
stable overexpression or control. TOPflash luciferase activity was measured by dual luciferase reporter assay, normalized by Renilla luciferase activity. (B) Wnt/B-catenin
reporter TOPflash was co-transfected with pRL-TK into SNU-398 cells with CTB-193M12.5 stable knockdown or control. TOPflash luciferase activity was measured by dual
luciferase reporter assay, normalized by Renilla luciferase activity. (C) Nuclear B-catenin level in SNU-398 cells with CTB-193M12.5 stable overexpression or control was
measured by Western blot. (D) Nuclear B-catenin level in SNU-398 cells with CTB-193M12.5 stable knockdown or control was measured by Western blot. (E) Wnt/fB-
catenin signaling downstream targets Myc and Cyclin DI expressions in SNU-398 cells with CTB-193M12.5 stable overexpression or control were measured by RT-qPCR.
(F) Myc and Cyclin D1 expressions in SNU-398 cells with CTB-193M12.5 stable knockdown or control were measured by RT-qPCR. Results are shown as mean * SD based
on three independent experiments. **p < 0.01, ***p < 0.001 by two-tailed unpaired t test (A and E) or one-way ANOVA followed by Dunnett’s multiple comparisons test
(B and F).

CTB-193M12.5 knockdown (Figure 6F). Collectively, these results demonstrated that CTB-193M12.5 activated Wnt/B-

catenin signaling.

The Oncogenic Roles of CTB-193M12.5 in HCC Were Dependent on the Activation

of WNT I0B/Wnt/B-Catenin Signaling Axis

To explore whether the role of CTB-193M12.5 in HCC was dependent on WNT10B/Wnt/B-catenin signaling axis,
WNT10B was stably overexpressed in SNU-398 cells with CTB-193M12.5 stable knockdown. EdU incorporation and
CCK-8 assays presented that overexpression of WNT10B reversed the reduced cellular proliferation ability caused by
CTB-193M12.5 knockdown (Figure 7A and B). TUNEL and caspase-3 activity assays presented that overexpression of
WNTI10B reversed the increased cellular apoptosis caused by CTB-193M12.5 knockdown (Figure 7C and D). Transwell
migration assay presented that overexpression of WNT10B reversed the reduced cellular migration ability caused by
CTB-193M12.5 knockdown (Figure 7E). Transwell invasion assay presented that overexpression of WNT10B reversed
the reduced cellular invasion ability caused by CTB-193M12.5 knockdown (Figure 7F). Moreover, SNU-398 cells with
CTB-193M12.5 stable overexpression were treated with Wnt/B-catenin signaling inhibitor ICG-001. EdU incorporation
and CCK-8 assays presented that ICG-001 treatment reversed the increased cellular proliferation ability caused by
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Figure 7 WNTIOB reversed the tumor suppressive roles of CTB-193M12.5 knockdown in HCC. (A) Cellular proliferation of SNU-398 cells with CTB-193M12.5
knockdown and WNT 0B overexpression was assessed by EdU incorporation assays. Red color indicates EdU-positive and proliferative cells. Scale bars = 100 ym. (B)
Cellular proliferation of SNU-398 cells with CTB-193M12.5 knockdown and WNT 0B overexpression was assessed by CCK-8 assays. (C) Cellular apoptosis of SNU-398
cells with CTB-193M12.5 knockdown and WNT 0B overexpression was assessed by TUNEL assays. Red color indicates TUNEL-positive and apoptotic cells. Scale bars =
100 ym. (D) Cellular apoptosis of SNU-398 cells with CTB-193M12.5 knockdown and WNTI0B overexpression was assessed by caspase-3 activity assay. (E) Cellular
migration of SNU-398 cells with CTB-193M12.5 knockdown and WNT 0B overexpression was assessed by transwell migration assay. Scale bars = 100 um. (F) Cellular
invasion of SNU-398 cells with CTB-193M12.5 knockdown and WNT 0B overexpression was assessed by transwell invasion assay. Scale bars = 100 pm. Results are shown
as mean * SD based on three independent experiments. *p < 0.05, *p < 0.01, **p < 0.001, by one-way ANOVA followed by Dunnett’s multiple comparisons test.
Abbreviation: ns, not significant.

CTB-193M12.5 overexpression (Figure 8A and B). TUNEL and caspase-3 activity assays presented that ICG-001
treatment reversed the decreased cellular apoptosis caused by CTB-193M12.5 overexpression (Figure 8C and D).
Transwell migration assay presented that ICG-001 treatment reversed the increased cellular migration ability caused
by CTB-193M12.5 overexpression (Figure 8E). Transwell invasion assay presented that ICG-001 treatment reversed the
increased cellular invasion ability caused by CTB-193M12.5 overexpression (Figure 8F). Collectively, these results
demonstrated that the roles of CTB-193M12.5 in HCC were dependent on WNT10B/Wnt/B-catenin signaling axis.

Discussion
HCC is one of the most lethal malignancies with extremely poor prognosis.***’ Most HCCs are resistant to chemother-
apy and molecular targeted therapy, which are largely due to the complex molecular alterations of HCC.>*>* Although
several genomic mutations have been found frequently in HCC, such as TP53, ARIDIA, and CDKN2A, more genes show
aberrant expressions in HCC.>*>® Further identifying these aberrantly expressed genes and uncovering their potential
roles in HCC would provide novel therapeutic strategies for HCC.

In this study, we identified a IncRNA CTB-193M12.5, which is highly expressed in HCC tissues compared with
noncancerous liver tissues. High expression of CTB-193M12.5 is associated with AFP concentration, large tumor size,
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Figure 8 Wnt/B-catenin inhibitor ICG-001 abolished the oncogenic roles of CTB-193M12.5 in HCC. (A) Cellular proliferation of CTB-193M12.5 overexpressed SNU-398
cells treated with 5 uM ICG-001 was assessed by EdU incorporation assays. Red color indicates EdU-positive and proliferative cells. Scale bars = 100 ym. (B) Cellular
proliferation of CTB-193M12.5 overexpressed SNU-398 cells treated with 5 pM ICG-001 was assessed by CCK-8 assays. (C) Cellular apoptosis of CTB-193MI2.5
overexpressed SNU-398 cells treated with 5 M ICG-001 was assessed by TUNEL assays. Red color indicates TUNEL-positive and apoptotic cells. Scale bars = 100 pm. (D)
Cellular apoptosis of CTB-193M12.5 overexpressed SNU-398 cells treated with 5 uM ICG-001 was assessed by caspase-3 activity assay. (E) Cellular migration of CTB-
193M12.5 overexpressed SNU-398 cells treated with 5 pM ICG-001 was assessed by transwell migration assay. Scale bars = 100 ym. (F) Cellular invasion of CTB-193M12.5
overexpressed SNU-398 cells treated with 5 uM ICG-001 was assessed by transwell invasion assay. Scale bars = 100 um. Results are shown as mean * SD based on three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, by one-way ANOVA followed by Dunnett’s multiple comparisons test.

Abbreviation: ns, not significant.

aggressive clinical characteristics, advanced clinical stage, and poor overall survival. A previous report showed that
CTB-193M12.5 was upregulated in lung adenocarcinoma tissues and correlated with poor overall survival of lung
adenocarcinoma patients.’® Thus, we speculated that CTB-193M12.5 may be a popular cancer-related IncRNA, which
needs further investigation in other cancers.

Functional experiments showed that CTB-193M12.5 enhanced HCC cellular proliferation, repressed HCC cellular
apoptosis, and promoted HCC cellular migration and invasion, which indicated that CTB-193M12.5 functions as on
oncogenic IncRNA in HCC. Targeted inhibition of CTB-193M12.5 repressed HCC cellular proliferation and mobility, and
induced HCC cellular apoptosis. Therefore, our findings suggested CTB-193M12.5 as a potential therapeutic target for HCC.

As a class of regulatory RNAs, IncRNAs exert their oncogenic or tumor suppressive roles mainly through regulating
oncogenic or tumor suppressive proteins.** Epigenetic aberrances are critical factors contributing to aberrant expressions of
many genes in malignancies, including HCC. Most epigenetic aberrances are caused by aberrant expressions and functions of
epigenetic modifiers.”” In our previous study, we have identified an aberrantly highly expressed histone methyltransferase
NSDI1 in HCC, which exerts oncogenic roles in HCC.*> NSD1 catalyzes H3K36me2 at WNT10B promoter.*? The increasing
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of H3K36me?2 induced the decreasing of H3K27me3, a classical repressive chromosome modification, leading to WNT10B
transcriptional activation.*? In this study, we further found that CTB-193M12.5 is an important regulator of the roles of
NSD1 in HCC. CTB-193M12.5 bound NSDI, recruited NSD1 to WNT10B promoter, induce H3K36me2 upregulation and
H3K27me3 downregulation at WNTI10B promoter, leading to transcriptional activation of WNT10B. This study provided
novel evidences for the roles of IncRNAs in epigenetic modifications. Except H3K27me3, NSD1-induced H3K36me2 may
also influence DNA methylation and acetylation of histone H3 at lysine 27 (H3K27ac) at other targets.**® Thus, the
potential effects of CTB-193M12.5 on other targets of NSD1 need further investigations.

WNTI0B is an important Wnt ligand, which activates Wnt/p-catenin signaling.*® Through upregulating WNT10B
expression, CTB-193M12.5 also activated Wnt/B-catenin signaling. Wnt/B-catenin signaling plays important roles in
liver development and HCC progression.””®° In this study, functional rescue assays demonstrated that inhibition of
Wnt/B-catenin signaling abolished the oncogenic roles of CTB-193M12.5 in HCC. Moreover, ectopic expression of
WNT10B also reversed the tumor-suppressive roles of CTB-193M12.5 knockdown in HCC. These findings supported
that CTB-193M12.5 exerts oncogenic roles in HCC through modulating WNT10B/Wnt/B-catenin signaling axis.

In conclusion, this study identifies CTB-193M12.5 as an oncogene in HCC. Increased expression of CTB-193M12.5
is correlated with poor survival of HCC patients. CTB-193M12.5 promotes HCC progression via enhancing NSD1-
mediated WNT10B/Wnt/B-catenin signaling activation. This study suggested CTB-193M12.5 as a potential prognostic
biomarker and therapeutic target for HCC.
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