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ARTICLE INFO ABSTRACT
Keywords: Hepatocellular carcinoma (HCC) is a highly prevalent malignancy and the third highest
LINC00294 contributor to cancer-associated deaths globally. Research has increasingly demonstrated a strong
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METTL3
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correlation between long noncoding RNAs (IncRNAs) and the incidence and progression of HCC.
Nonetheless, the exact mechanism whereby the function of IncRNAs in HCC has not been eluci-
dated. This study explored the pathological role of LINC00294 in HCC, as well as the modulatory
mechanism involved. Based on the “The Cancer Genome Atlas (TCGA)” database and validation
in HCC cell lines and tissues, the expression of LINC00294 was discovered to be upregulated in
HCC tissues and correlated with tumor grade and the prognosis of patients with HCC. Func-
tionally, LINC00294 stimulated the proliferation of HCC cells as well as the Warburg effect
(aerobic glycolysis) to enhance progression of tumor in vivo. Mechanistically, METTL3/YTHDC1-
mediated N6—methyladenosine (m6A) modification underwent a significant enrichment within
LINC00294 and was shown to enhance its RNA stability. Moreover, LINC00294 promoted the
interaction between YTHDC1 and HK2 and GLUT1 mRNA. Overall, our study illustrates the m®A
modification-mediated epigenetic mechanism of LINC00294 expression and regulatory role in
HK2and GLUT1 mRNA expression and indicate LINC00294 as a potential biomarker panel for
prognostic prediction and treatment in HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent malignancies and is the third most common contributor to cancer-

* Corresponding author. Department of Laboratory Medicine, Jiading Branch of Shanghai General Hospital, Shanghai Jiao Tong University School
of Medicine, Shanghai 201803, China.
** Corresponding author. Organ Transplantation Clinical Medical Center of Xiamen University, Department of Organ Transplantation, Xiang’an
Hospital of Xiamen University, School of Medicine, Xiamen University, Xiamen, 361005, Fujian, China.
E-mail addresses: 1ihao6656@163.com (H. Li), jun.wu@shsmu.edu.cn (J. Wu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.heliyon.2023.e22595
Received 9 May 2023; Received in revised form 6 November 2023; Accepted 15 November 2023

Available online 23 November 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:lihao6656@163.com
mailto:jun.wu@shsmu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e22595
https://doi.org/10.1016/j.heliyon.2023.e22595
https://doi.org/10.1016/j.heliyon.2023.e22595
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Zhang et al. Heliyon 9 (2023) 22595

associated mortality worldwide [1]. Despite remarkable advancements in the medical management of HCC in recent years that include
surgical intervention, transhepatic arterial chemotherapy and embolization, targeted therapy, liver transplantation, and immuno-
therapeutic treatment, the elevated metastatic rate and postsurgical recurrence rate still produce an unfavorable prognosis for patients
with HCC [2,3]. Specifically, the complex genetic and epigenetic mechanisms regulating the incidence and progression of HCC are the
cause of this phenomenon [2]. Consequently, understanding the fundamental processes involved in the incidence and progression of
HCC etiology and identifying novel molecular targets and efficient diagnostic approaches are critical for treating patients with HCC.

Long non-coding RNA (IncRNA) are RNA molecules that comprise >200 nucleotides that lack or have limited coding ability [4,5].
Accumulating research shows that IncRNAs are important regulatory factors for multiple biological functions and perform a funda-
mental function in tumor proliferation, invasion, metastasis, and metabolic process [6-8]. LncRNA H19, LOC285194, TINCR, and
HAND2-AS1 play key roles in the regulation of tumor proliferation, migration, and invasion [9-12]. Consequently, a deeper under-
standing of the IncRNA-associated gene-modulatory processes will support the development of viable prognostic biological markers
and personalized therapies for patients with HCC. LINC00294, a newly described long intergenic non-protein coding RNA identified in
recent years, has been reported to be related to atherosclerotic plaque and ischemic stroke and the activation of human retinal vascular
endothelial cells [13,14]. Bakkenolide-IIla-mediated upregulation of LINC00294 expression was shown to ameliorate LPS-induced
inflammatory injury in human umbilical vein endothelial cells [15]. In tumors, the elevation of LINC00294 expression was re-
ported to be related to the malignant phenotype of human cervical cancer [16]. Conversely, LINC00294 overexpression could inhibit
the malignant progression of colorectal carcinoma and glioma [17,18], suggesting that LINC00294 plays distinct roles in different
types of tumors. Nevertheless, the significance of LINC00294 in the progression of HCC remains largely unknown, and more research is
urgently needed to clarify the role of LINC00294 in HCC. As the most prevalent RNA modification, N®-methyladenosine (m®A) plays a
crucial role in multiple biological activities [19]. The m®A gene is dynamically modulated to perform important functions in various
biological processes [20]. The network of m®A regulation can be altered by the combined functions of the “writer,” which adds the m®A
modification; the “reader,” which recognizes and binds the m6A modification to enable its roles; and the “eraser,” which removes
methylation activity [20]. Recently, the m6A modifications and related genes have become research hotspots as being involved in
multiple tumorigenic processes. The methyltransferase activity of METTL3 affects several biological processes and plays multiple roles
in cancers. Studies suggested that diverse signals and pathways in cancers are regulated by METTL3, including cell proliferation,
invasion, metastasis, and drug resistance. The expression of METTL3 in breast cancer enhances the expression of HBXIP and con-
tributes to positive feedback between HBXIP/let-7g/METTL3/HBXIP and cell proliferation [21]. In addition, METTL3 deficiency in-
fluences reprogramming in macrophages and can enhance tumor progression in mouse models thereby eliminating the efficacy of PD-1
blockade treatment [22].

The present study sought to elaborate the role of LINC00294 in HCC. We determined the pattern of LINC00294 expression in tissue
samples and the correlation between this and the prognosis of patients with HCC. Furthermore, the effects of s overexpression and RNA
interference on HCC proliferation and glycolytic metabolism were investigated. Mechanistically, the METTL3/YTHDC1-mediated
LINC00294 m®A epitranscriptomic change in tumorigenesis and glycolysis pathways was assessed during these processes. Thus,
this study produced unique insights into potential therapeutic approaches for HCC.

2. Method and materials
2.1. Bioinformatics analysis

Gene expression information was gathered from The Cancer Genome Atlas (TCGA) for HCC and included 374 cases of tumor tissues
and 50 cases of normal tissues. The GSEA algorithm was employed to analysis the LINC00294 expression in both nonpaired and paired
HCC tissues in TCGA.
2.2. Tissue microarray

The relative expression of LINC00294 in HCC tissues were detected by in situ hybridization (ISH) with a specific digoxin-labeled
LINC00294 probe (digoxin-5'-TACCATAGCCCAATATTGGTATTTCCGAGCATGGATGTTT-3-digoxin) (Boster, Wuhan, China) on a
tissue microarray (Outdo Biotech, Shanghai, China) containing 94 paraffin-embedded HCC samples. Briefly, the dewaxed and rehy-
drated tissues were hybridized with the specific LINC00294 probe at 4 °C overnight, then incubated with anti-digoxin-AP (Roche,
Basel, Switzerland) at 4 °C overnight and stained with NBT/BCIP and quantified.
2.3. Animals

Approval for animal experiments conducted in this study was granted by the Shanghai General Hospital Clinical Center Laboratory
Animal Welfare & Ethics Committee. Four-week-old nude mice (three per group, obtained from Shanghai Lab Animal Research Center,
Shanghai China) were subcutaneously injected with 5 x 10°® Huh7 cells. The tumor volume was assessed every three days for four
weeks. The equation was as follows: volume = length x width?/2.

2.4. Cell culture and generation of the stable cell line

Human normal hepatocyte THLE-2 cells and HCC cell lines (HepG2, PLC/PRF/5, MHCC97h, Huh7, and Hep3B were obtained from
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the American Type Culture Collection (Manassas, VA, USA) supplied, which were cultured in RPMI 1640 medium or Dulbecco’s
modified Eagle medium (BI, Israel) supplemented with 10 % fetal bovine serum (FBS, BI, Israel), and streptomycin and penicillin (100
pg/mL each). Cells were incubated at a 37 °C in 5 % CO».

LINC00294 expression in HepG2 and Huh7 cells were knocked down with the aid of the lentiviral particles that expressed
scrambled control or shRNA (RiboBio, Guangzhou, China) as previously described [23]. The LINC00294 and shRNAs were con-
structed, cloned into pLVX-puro (Clontech, Palo Alto, CA, USA). The lentivirus-expressing short hairpin RNA (shRNA) oligos targeting
LINC00294 (sh-LINC00294), was produced in 293T cells along with packaging plasmids psPAX2 and pMD2.G and cultured for 48 h for
supernatant collection. For stable shRNA overexpression, HCC cells transfected with the collected supernatant were selected with
puromycin (MCE, USA) at 10 pg/mL for three weeks and then validated by qPCR. Supplementary Table 1 lists the sequences of ShRNAs.

2.5. Hematoxylin-eosin staining

Hematoxylin-eosin (H&E) staining was performed to assess the pathological changes in the tumor tissue. Briefly, tumor tissues were
fixed in 10 % neutral buffered formalin. The standard method of dehydration, clearing in xylene, and paraffin embedding were used.
Sections of 5-pm thickness were cut by a rotary microtome. After deparaffinizing, the liver tissue sections were stained using H&E and
Masson-trichrome staining kits. Finally, histopathological changes were observed with an optical microscope (Olympus, Japan).

2.6. TUNEL staining

Tissue sample sections were permeabilized for 20 min using 0.5 % Triton X-100 and rinsed three more times with phosphate-
buffered saline. Samples were then stained for 20 min using nonimmune animal serum and then by overnight staining with the
TUNEL assay kit (Beyotime, Shanghai, China) at 37 °C in the dark. After washing, DAPI was used to stain nuclei for 5 min in the dark,
followed by PBST (PBS with 0.5 % Triton X-100) rinsing and imaging via fluorescence microscopy (Olympus, Japan).

2.7. Cell viability assay

The viability of HCC cells was determined with a cell counting kit-8 (CCK-8) assay and via colony formation. A total of 2.0 x 10°
cells were seeded into a 96-well plate. Subsequently, 10 pL of CCK-8 reagent was added into each well at different time points and then
incubated for 2 h. The optical density was measured with a utilizing Multiskan™ FC System (Thermo Scientific) at 450 nm. For colony
formation analysis, 500 HCC cells were seeded into 6-well culture plates for the colony formation assay. Cells were incubated for 10
days and then fixed using 4 % paraformaldehyde before staining with 0.1 % crystal violet. Subsequently, cells were rinsed in water and
dried. The colonies were then counted.

2.8. Apoptosis assay

To investigate the mechanism whereby apoptosis occurred following drug administration or cell transfection, we employed the
Annexin V-FITC/propidium iodide (PI) Apoptosis Detection Kit (Beyotime, Haimen, China) according to the manufacturer in-
structions. A total of 5 x 10° cells/mL were mixed with 500 pL of binding buffer with 5 pL of PI and 5 pL of Annexin V-FITC. Flow
cytometry (NovoCyte, ACEA Biosciences, San Diego, CA, USA) was performed to determine if cells had undergone apoptosis following
15 min of incubation. FlowJo was used for data analyses.

2.9. Lactate synthesis, glucose absorption, and extracellular acidification rate

To assess the glycolysis in HCC cells, analysis of lactate synthesis, glucose absorption, and extracellular acidification rate (ECAR)
analysis was performed. The Lactate Assay kit (Bio Vision, Mountain View, CA, USA) was used to quantify the lactate concentration,
while the glucose assay kit (Sigma, St-Louis, MO, USA) was used to quantify the level of glucose uptake. The ECAR was analyzed using
the Seahorse XF 96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA). HCC cells were incubated in 96-well
plates overnight, and after measurement of baseline concentration, glucose, oligomycin, and 2-DG were sequentially added into
each well for ECAR measurement.

2.10. RNA stability assay

Actinomycin D (2 pg/mL), an RNA synthesis antagonist, was used to treat cells, and the RNA stability was assessed at 12 h after
treatment. RNA was isolated at various time intervals in accordance with the manufacturer’s recommendations for extraction. Briefly,
total RNA was extracted from cells with the aid of Trizol reagent (Invitrogen) and subsequently synthesized into ¢cDNA using
PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara). The qRT-PCR on ABI StepOne Plus System (Takara) based on a standard
procedure from the SYBR® Green Premix Pro Taq HS qPCR Kit (Takara) was performed using the corresponding primer pairs (Sup-
plementary Table 2).
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2.11. RNA fluorescent in situ hybridization

The cellular location of LINC00294 was assessed with a fluorescent in situ hybridization (FISH) kit (RiboBio, China). Each IncRNA
sequence was targeted by multiple probes to provide an adequate signal-to-background ratio. The appropriate signal intensity was
delivered by a collection of 15-20 probes that spanned the whole length of the RNA molecule, with each probe containing multiple
fluorophores. Resuspension of the pooled FISH probes was performed in an RNase-free storage buffer at a final concentration of 25 pM
and kept at —20 °C in the dark. FISH was imaged with the aid of a confocal device (Leica TCS-SP8).

2.12. Luciferase reporter assay

The regulatory relationship between METTL3 and LINC00294 was detected with a luciferase reporter assay. The LINC00294 full-
length transcript was cloned into the pmirGLO plasmid (Promega). Furthermore, the adenosine bases within the m6A consensus se-
quences were substituted with cytosine to constructed the mutant LINC00294 reporter plasmid. Cells were then transfected with the
LINC00294 reporter plasmid, both in its wild-type and mutant forms. After 48 h, the Dual-Luciferase™ Reporter (DLR™) Assay System
was used to measure luciferase activity, which was based on the relative ratio of firefly luciferase activity to the luciferase activity of
renilla.

2.13. Methylated RNA immunoprecipitation-qPCR assay

Methylated RNA immunoprecipitation (MeRIP)-qPCR was used to test the relative levels of m®A in LINC00294 in HCC cells with
knockdown of METTLS3. Briefly, purified mRNA from HCC cells was digested with DNase I and then fragmented into small fragments
using RNA fragmentation reagent and incubated at 94 °C. Thereafter, the stop buffer was added, and the fragments were precipitated.
The anti-m6A antibody (12 pg) was preincubated with 50 pL beads in immunoprecipitation buffer for 1 h at 25 °C. Then, 6 pg of
fragment RNA was added to the antibody-beads mixture and incubated for 4 h at 4 °C on a rotator. After adequate washing, the
immunoprecipitated mixture was digested using high concentration of proteinase K, and the bound RNA was extracted and used for
qPCR analysis. The 2722Ct technique was used to assess the relative enrichment in comparison with the input group.

2.14. RNA immunoprecipitation

RNA immunoprecipitation (RIP)-qPCR was used to analyze the enrichment of METTL3 on LINC00294 in HCC cells. The Magna RIP
Kit (17-700, Millipore, MA) was used to perform the RIP assay. First, 5 pug of anti-METTL3 (Abcam, USA), anti-YTHDC1 (Abcam, USA),
and anti-rabbit IgG (Millipore, Germany) were incubated with 50 pL of magnetic beads before cell lysates were added. Then, the RNA-
protein IP complexes were washed six times and proteinase K digestion buffer was added to remove proteins. Finally, RNA was
extracted via phenol-chloroform RNA extraction and purified for qPCR analysis. Normalization of the relative enrichment was per-
formed using %Input = 1/10 x 2Ct IPI=Ct[inputl qope to the input as: %Input = 1/10 x 2¢¢ [P - Ct linput],

2.15. RNA extraction, nuclear-cytoplasmic fractionation, and quantitative RT-qPCR

RT PCR was performed to test relative mRNA/RNA expression levels in HCC cells or tissues. Total RNA was extracted from cells or
tissues with Trizol reagent (Invitrogen). Nuclear and Cytoplasmic Extraction Reagents (ThermoFisher, CA, USA) were used to extract
nuclear fractionation and cytoplasmic RNA following the manufacturer’s protocol. RNA subsequently synthesized into cDNA using
PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara). RT-qPCR was conducted on an ABI StepOne Plus System (Takara) using the
corresponding primer pairs (Supplementary Table 2). The mRNA expression levels in cells were normalized to those of GAPDH or U6.

2.16. Western blot

The relative protein level in HCC cells was determined via western blotting. Briefly, total protein was extracted from HCC cells
using pre-chilled RIPA buffer (Beyotime, Shanghai, China). After protein quantification, equal amounts of protein were loaded onto 10
% SDS-PAGE for electrophoresis. Separated proteins were then blotted onto 0.45 pm polyvinylidene fluoride membranes (Millipore,
USA). Membranes were then blocked with 5 % non-fat milk in TBST for 1.5 h and then incubated with primary antibodies at 4 °C
overnight (Supplementary Table 3). Blots were then washed three times with TBST and incubated with corresponding secondary
antibodies at room temperature for 1 h. Detection of immunoblots was performed using an imaging system (Bio-Rad, USA).

2.17. Statistical analysis

SPSS software (version: 22.0, Chicago, USA) was used for all data analyses. The Student’s t-test was used to compare the differences
between two groups. One-way ANOVA was used for comparing the differences between multiple groups, followed by Tukey’s multiple
comparisons test. Paired t-test was used to compare the expression level of IncRNA- LINC00294 in primary HCC tissues and normal
adjacent tissues. Group %2 test was adopted to analyze the associations of the expression of LINC00294 in HCC tissues with the
clinicopathological features of patients. Receiver Operating Characteristic (ROC) analyses were performed to detect the diagnostic
value of LINC00294 in HCC. Cox proportional hazard regression model was, respectively, chosen for single factor analysis and multiple
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factor analysis of survival. The survival curves of patients with HCC were plotted using the Kaplan-Meier technique and the log-rank
test. A P-value <0.05 was considered significant.

3. Results
3.1. Relationship between LINC00294 and the clinical characteristics of patients with HCC

To identify the pattern of LINC00294 expression, we assessed the expression of LINC00294 in HCC from TCGA database and
observed the upregulation of LINC00294 expression in 374 HCC tissues compared to 50 normal liver tissues (Fig. 1A). Meanwhile, the
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Fig. 1. Overexpression of LINC00294 indicates poor prognosis in patients with HCC. (A-B) LINC00294 expression in both non-paired and paired
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cells were assessed by RT-qPCR. (E) Representative images of LINC00294 expression in HCC tissues were detected by ISH assays, scale bar, 500 pm.
(F) Kaplan-Meier curves for overall survival in HCC for all cases. (G) Univariate and multivariate analysis of overall survival in HCC patients. *p <
0.05; **p < 0.01; ***p < 0.001.
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expression of LINC00294 was found to be higher in HCC samples than that in paired normal liver samples (Fig. 1B). Moreover, it
demonstrated that the expression of LINC00294 was correlated with the age, pathological grade, and tumor recurrence, but no sig-
nificant difference could be found regarding the gender, pathologic M, N, T, and pathologic stage of patients between LINC00294 low
and high expression group (Table 1). Evaluation of the diagnostic value of LINC00294 via the ROC analysis showed that the Area
Under the Curve (AUC) of LINC00294 was 0.879 (Fig. 1C). Furthermore, the expression of LINC00294 was measured in different HCC
cell lines (MHCC97h, Huh7, HepG2, Hep3B, and PLC/PRF/5) and human normal hepatocyte THLE-2 cells. LINC00294 expression was
markedly upregulated in the HCC cell lines in contrast with that in THLE-2 cells (Fig. 1D). The ISH analysis showed that the LINC00294
expression was higher in cancer tissues than that in paired normal adjacent tissues in the tissue microarray (Fig. 1E). Furthermore, the
survival analysis showed a negative correlation between the elevated LINC00294 expression level and the overall survival of patients
with HCC (Fig. 1F). In terms of overall survival, univariate along with multivariate analysis revealed that LINC00294 expression was
an independent prognostic factor (Fig. 1G).

3.2. LINC00294 promotes HCC proliferation and inhibit apoptosis

To examine the biological activity of LINC00294 in HCC cells, we constructed stable knockdown and overexpression of LINC00294
in HepG2 and Huh7 cells, which were measured by RT-qPCR (Supplementary Figs. 1A and B). We then conducted the CCK-8 and
colony formation assays, and findings demonstrated that knockdown of LINC00294 decreased the proliferation rate and inhibited the
colony-forming ability, whereas the overexpression of LINC00294 promoted cell proliferation and clonal formation (Fig. 2A and B).
We then performed flow cytometry with the Annexin V/PI double staining assay to analyze the number of apoptotic cells after
downregulating of LINC00294 expression. As opposed to that in the control group, LINC00294 knockdown in HepG2 and Huh?7 cells
had a higher apoptotic rate (Fig. 2C). Moreover, to identify the promotion of LINC00294 in HCC proliferation in vivo, Huh7 cells with
LINC00294 knockdown or overexpression and control cells were administered to nude mice via subcutaneous injection for tumor
xenograft. Subsequently, we found that the silencing of LINC00294 suppressed tumor growth and that the tumors in the sh-LINC00294
group exhibited lesser weights and smaller sizes as opposed to those in the control group (Fig. 2D-F). The HE staining and TUNEL assay
showed the apoptotic rate of tumor cells was reduced by LINC00294 overexpression and enhanced in the sh-LINC00294 group
(Fig. 2G).

Table 1
LINC00294 expression and clinical features of patients with HCC.
characteristics total cases N of case 373" LINC00294 P value
Low(N = 186)° High(N = 187)°

Age(years)
<60 177 72 105 0.0009
>60 195 113 82

Gender
Male 252 129 123 0.5073
Female 121 57 64

Pathologic M
MO 267 126 141 0.3498
M1 4 3 1

Pathologic N
NO 253 119 134 0.1262
N1 4 0 4

Pathologic T
T1 182 97 85 0.3273
T2 95 47 48
T3 80 36 44
T4 13 4 9

Pathologic_stage
I 172 90 82 0.2514
I 87 45 42
11T 85 34 51
v 5 3 2

Neoplasm histologic grade
Gl 55 36 19 0.0033
G2 178 96 82
G3 123 48 75
G4 12 4 8

Vascular invasion
Yes 110 54 56 0.5552
No 207 110 97

Tumor recurrence
Yes 141 60 81 0.0329
No 179 98 81

@ The reason for the inconsistent number of cases is incomplete collection of patient information from TCGA database.
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Fig. 2. LINC00294 promotes HCC proliferation in vitro and in vivo. (A) The CCK8 assay was performed in Huh7 and HepG2 cells with LINC00294
over-expression and knockdown. (B) The colony formation assay was performed in Huh7 and HepG2 cells. (C) The apoptosis rate in control and
LINC00294 knockdown cells. (D) Representative images of subcutaneous tumors in nude mice, scale bar, 1 cm. (E-F) The tumor growth volume and
\iveight measurements of nude mice. (G) The TUNEL and H&E staining of HCC tumor tissues. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3. LINC00294 drives glycolytic metabolism in HCC. (A) Glucose uptake were measured by colorimetric analysis with Huh7 and HepG2 cells
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3.3. LINC00294 drives glycolytic metabolism in HCC

The rates of lactate synthesis and glucose absorption were assessed using functional colorimetric assays. Knockdown of LINC00294
produced significant decreases in glucose uptake and lactate synthesis, whereas the overexpression of LINC00294 significantly
increased lactic acid production as well as glucose consumption in HepG2 and Huh7 cells (Fig. 3A and B). To examine whether the
expression of LINC00294 directly influences glycolytic metabolism, we tested the ECAR in HCC cells after manipulation of LINC00294
expression. Knockdown of LINC00294 significantly reduced ECAR levels compared with those of control cells, whereas LINC00294
overexpression markedly improved ECAR levels in HCC cells (Fig. 3C).

3.4. METTL3 increases the m°A modification and expression of LINC00294

Given that the specific regulatory mechanism of IncRNA expression is associated with its cellular localization, an immunofluo-
rescence assay was used to identify that LINC00294 was enriched both the nuclei and cytoplasm of the HCC cells (Fig. 4A). The
LINC00294 expression levels in the nucleus and cytoplasm was determined by qPCR (Fig. 4B). To examine the regulatory role of m°A
modification in the expression of LINC00294, the m®A target database (http://m6a2target.canceromics.org/#/) [24] was used to
obtain information on LINC00294 m®A modification. Predicted results indicated that LINC00294 may be modified by METTL3.
RT-qPCR results showed that LINC00294 expression levels decreased with METTL3 knockdown in HepG2 and Huh?7 cells (Fig. 4C). We
found higher enrichment of METTL3 on LINC00294 compared with the IgG control using the RIP-qPCR assay (Fig. 4D). METTL3
silence also inhibited this interaction in HCC cells (Fig. 4E). Furthermore, the MeRIP-qPCR assay revealed that a decreased m®A level of
LINC00294 was observed with METTL3 knockdown (Fig. 4F). Moreover, METTL3 disruption exhibited lower mRNA stability after
treatment with actinomycin D (Fig. 4G). m®A sites of LINC00294 were predicted using the SRAMP database (http://www.cuilab.cn/
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sramp) [23], the relative luciferase activity of WT decreased upon METTL3 knockdown, but silencing METTL3 had no effect on Mut
groups (Supplementary figure 2 and fig. 4H). Our results suggest that LINC00294 expression and stability are regulated by
METTL3-mediated m°®A modification.

3.5. YTHDCI mediates the LINC00294 expression in an m°A-dependent manner

To investigate the fundamental process of METTL3-promoted LINC00294 expression, earlier studies inspired us to consider that
METTL3 could recruit “m®A readers” to enhance the stability of their target transcript. We found that knockdown of YTHDC1, a critical
member of m®A binding proteins, decreased the LINC00294 expression levels in HCC cells (Fig. 5A). To confirm whether YTHDCI is a
possible reader of LINC00294 m®A methylation, the binding interaction between YTHDC1 and LINC00294 was measured via RIP-gPCR
assay (Fig. 5B), and YTHDC1 knockdown successfully attenuated this binding relationship (Fig. 5C). The effects of YTHDC1 on
LINC00294 binding were abrogated upon METTL3 knockdown (Fig. 5D), suggesting a regulatory role for METTL3. Additionally,
YTHDCI1 silencing reduced the mRNA stability of LINC00294, and knocking of YTHDC1 could reverse the increased LINC00294
stability mediated by METTL3 overexpression (Fig. 5E). Analysis of TCGA data also indicated that LINC00294 expression was posi-
tively correlated with METTL3 and YTHDC1 (Fig. 5F).

3.6. METTL3/YTHDC]1 regulates LINC0O0294 expression in HCC cells

To examine the function of METTL3 or YTHDC1 in LINC00294-mediated tumor proliferation and aerobic glycolysis, CCK8 assay
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results revealed that METTL3-, YTHDC1-knockdown could decrease the proliferation in HepG2 cells in contrast with that in the control
group and that these effects could be attenuated by the overexpression of LINC00294 (Fig. 6A). The apoptotic rates were improved
with knockdown of METTL3 or YTHDC1, whereas the overexpression of LINC00294 could rescue these effects (Fig. 6B). In addition,
the overexpression of LINC00294 significantly restored the decrease in glucose uptake when METTL3 or YTHDC1 was depleted
(Fig. 6C). The overexpression of LINC00294 also reversed the decrease in lactate production in HepG2 METTL3/YTHDC1-silence cells
in glycolytic assays (Fig. 6D).

3.7. LINC00294 regulates HK2 and GLUT1 mRNA dependent on the presence of YTHDC1

HK2 and GLUT1 are crucial enzymes in aerobic glycolysis, and we consequently performed the RIP-qPCR assay to detect the
binding link between YTHDC1 and HK2 and GLUT1 mRNA. The results showed a higher enrichment of YTHDC1 with HK2 and GLUT1
mRNA relative to the IgG control, and the reduction of LINC00294 expression blunted this binding interaction (Fig. 7A). Moreover,
western blotting and RT-qPCR results demonstrated that knockdown of YTHDC1 and LINC00294 decreased the protein and mRNA
expression of HK2 and GLUT1, whereas LINC00294 overexpression could reverse the YTHDC1-induced effect (Fig. 7B and C). Silencing
YTHDC1 expression also reduced the stability of HK2 and GLUT1 mRNA, and the overexpression of LINC00294 could reverse this
effect (Fig. 7D). In addition, results of correlation analysis showed that the expression of GLUT1/SLC2A1 and HK2 were positive
correlated with the expression of LINC00294, and YTHDCI, respectively (Fig. 7E).

4. Discussion

The advancement of high-throughput sequencing technologies has contributed to the identification of IncRNA expression as a
marker for various diseases, such as developmental abnormalities, neuromuscular diseases, and tumors [4,9,11]. LINC00294, a newly
described intergenic IncRNA, plays a role in the onset and progression of several tumors [16-18]. However, the function and regu-
latory role of LINC00294 in HCC remains unclear and requires further investigation. Herein, our results confirmed that LINC00294
expression was upregulated in HCC samples and exhibited a correlation with the unfavorable prognosis of patients with HCC. We also
analyzed the diagnostic value of LINC00294 expression via ROC analysis. Additionally, knock down of LINC00294 attenuated the
proliferation, apoptosis rate, and glycolysis of HCC cells in vitro, whereas the overexpression of LINC00294 exerted the opposite ef-
fects. Furthermore, LINC00294 mediated the growth of tumors in murine xenograft models.

Epigenetic regulation is crucial in controlling gene expression, and RNA methylation, a post-transcriptional modification, has
gained widespread attention. m®A modifications have been identified as the most prevalent internal modification and are involved in
multiple physiological processes and disease pathogenesis, including RNA stability, structure switching, and protein translation
[19,20]. IncRNAs, a sub-type of non-coding RNAs of >200 nucleotides in length, can be regulated by m®A modification in various
biological processes. IncRNA DANCR is reported to be instrumental in the onset and progression of a wide variety of cancers. IGF2BP2,
which is an m®A reader, contributes to the carcinogenicity of pancreatic cancer by modifying DANCR [25]. ALKBHS5, a key
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demethylase, which prompts the cell growth of glioblastoma stem-like cells (GSCs), is promoted by a IncRNA antisense to forkhead box
M1 (FOXM1-AS) to interact with FOXM1 nascent transcripts to enhance the expression of FOXM1 and proliferation of GSCs [26].
YTHDF2 recognizes m®A methylated sites of Inc-Dpf3 and strengthens the binding interaction between Inc-Dpf3 and HIF-1a, causing
the inhibition of the migration as well as the aerobic glycolysis of dendritic cells [27]. In this study, we explored a new regulatory
mechanism for LINC00294 in HCC. Given the significance of cellular localization in LINC00294 functions, we discovered that
LINC00294 was present in both the nuclei and cytoplasm of HCC cells, suggesting that the LINC00294 may be modulated by the
nucleus-located process and is implicated in post-transcriptional modulation via interactions with RNA-binding proteins. Furthermore,
using bioinformatic prediction, LINC00294 was shown to act as a prospective downstream target of METTL3-mediated m®A alteration
in HCC cells. Our results support the hypothesis that METTL3 directly interacts with LINC00294 to regulate m®A modification of
LINC00294. The m°A reader YTHDC is recruited by METTL3 and could bind to LINC00294 in a METTL3/m®A-dependent manner to
synergistically enhance the stability of LINC00294. Furthermore, we observed a significant positive correlation in TCGA data sets
between the expression of LINC00294 and METTL3 or YTHDCI.

Our data demonstrated that METTL3 and YTHDC1 could both accelerate HCC cell proliferation and reduce the apoptosis and
glycolysis process through regulating LINC00294 expression. These results illustrated that YTHDC1 and METTL3 may have an
oncogenic role in the onset and progression of HCC. METTL3 has been shown to regulate m®A modification of HDGF and recruit
IGF2BP3 as the m®A reader to bind the m®A site and promote RNA stability of HDGF, leading to the interaction between nuclear HDGF
and GLUT4 and ENO2 in HCC cells [28]. HBXIP-mediated METTL3 has been shown to increase the m®A modification of HIF-1a,
promoting the metabolic reprogramming and malignant biological behaviors of HCC cells [29]. METTL3 expression is also positively
correlated with glycolysis metabolism in HCC. YTHDCI is an m°A reader that nearly completely shares domains with m®A modifi-
cation in nuclear RNA molecules. miR-30d, which is a specific target for YTHDC1-mediated m®A modification can reportedly inhibit
pancreatic tumorigenesis via suppressing the RUNX1-SLC2A1/HK1 axis to block glycolysis [30]. The m®A-modified hsa_circ_0058493
can also bind to YTHDC1 to mediate the progression of HCC, thus promoting the intracellular localization of hsa_circ_0058493 from the
nucleus to the cytoplasm [31]. Interestingly, our findings agreed with these results, demonstrating the integral function of YTHDC1
and METTL3 in HCC tumorigenesis and the cancerous Warburg effect.

This study revealed a novel regulatory mechanism of HK2 and GLUT1 expression in HCC. HK2 [32-34] and GLUT1 [35-38] are the
crucial hub enzymes for aerobic glycolysis or the Warburg effect. Our results indicated a significantly higher enrichment of YTHDC1
with HK2 and GLUT1 mRNA, whereas these interactions were reversed by LINC00294 inhibition. Furthermore, YTHDCI silencing
decreased the RNA stability and expression levels of HK2 and GLUT1 mRNA, whereas the overexpression of LINC00294 reversed this
effect, suggesting that LINC00294 also plays an integral role in YTHDC1-HK2/GLUT1 axis regulation. Recent research into the pro-
cesses of IncRNA has illustrated the complex interactions between IncRNAs, RNA binding proteins, and the RNAs that they target [39].
Consequently, continued investigation into how the regulatory role of LINC00294 affects YTHDCI in the context of interacting with
HK2 and GLUT1 is warranted.

Overall, our study suggested that LINC00294 plays a significant carcinogenic role and may serve as a biological marker for HCC.
Our study proposed a new mechanism for METTL3/YTHDC]1-regulated m®A modification of LINC00294 and, as a feedback regulation,
LINC00294 was involved in the interaction between YTHDC1 and HK2 or GLUT1 mRNA in HCC cells (Fig. 8). Therefore, from the
diagnosis and treatment perspective, this study demonstrates that the expression of LINC00294 in HCC was related to the progression
of HCC. Thus, LINC00294 may be regarded as a judgment marker of malignant degree and prognosis of HCC, and more research is
required to validate this. Furthermore, the mechanism of LINC00294-induced tumor growth and glucose metabolism in cellular
regulation will enable the identification of new targets.
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