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Purpose: DDX11 antisense RNA 1 (DDX11-AS1) has been recognized for its strong correlation with hepatocellular carcinoma
(HCC). Nevertheless, the exact biological functions and fundamental molecular processes of DDX11-AS1 in HCC require further in-
depth investigation.

Methods: A comprehensive bioinformatics analysis was carried out to explore the expression of DDX11-AS1 and its clinical
implication in HCC utilizing the TCGA data. qRT-PCR was employed to validate the expression of DDX11-AS1 in HCC tissues/
cell lines. RNA fluorescence in situ hybridization (RNA-FISH) was used to observe the subcellular localization of DDX11-AS1 in
HCC cells. Loss-of-function experiments, both in vitro and in vivo, were executed to elucidate the biological functions of DDX11-AS1
in HCC. RNA sequencing (RNA-seq) was employed to identify genes and signaling pathways potentially regulated by DDX11-ASI.
Rescue experiments were conducted to validate that carbonic anhydrase IX (CA9) mediates DDX11-AS1 promoting HCC progression.
The influence of nuclear respiratory factor 1 (NRF1) on the transcription of DDX11-AS1 was investigated through dual-luciferase
reporter assays and ChIP-qPCR.

Results: The increased expression of DDX11-AS1 is positively associated with several aggressive clinical characteristics (pathologic
T stage, histologic grade, AFP level, and vascular invasion), and is closely linked to unfavorable outcomes in HCC patients, acting as
a separate hazardous factor for overall survival. DDX11-AS1 is predominantly situated in the nucleus of HCC cells. DDX11-AS1
knockdown impeded the growth, migration, and invasion capabilities of HCC cells in vitro, and reduced the tumor enlargement in
a subcutaneous mouse model. RNA-Seq unveiled that silencing DDX11-AS1 lessened the expression of CA9 and suppressed the
activity of the MEK/ERK signaling cascade in HCC cells. Rescue experiments uncovered that CA9 acts as a downstream target
facilitating the cancer-causing roles of DDX11-AS1 in HCC. Furthermore, DDX11-AS1 was revealed to be transcriptionally regulated
by NRFI.

Conclusion: DDX11-AS1, a NRF1-induced IncRNA, facilitates HCC development by upregulating CA9 expression and activating
the MEK/ERK signaling cascade.
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Introduction
Hepatocellular carcinoma (HCC) represents the most prevalent form of primary liver cancer, holding the sixth position in

tumor prevalence and being the third leading global cause of cancer-associated mortality.! The etiology of HCC is
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multifaceted, encompassing viral infections like hepatitis B and C (HBV and HCV), deleterious lifestyle choices like
excessive alcohol consumption and smoking, exposure to environmental toxins like aflatoxin, non-alcoholic fatty liver
disease (NAFLD), and genetic mutations and the activation of critical signaling pathways.” Despite recent advancements
in diagnostic techniques and therapeutic approaches for HCC, notably through the implementation of targeted therapies
and immunotherapeutic agents, therapeutic outcomes remain suboptimal. This is largely attributable to the asymptomatic
nature of HCC in its early stages, challenges in early detection, and the fact that a significant proportion of patients are
already in the late stage when diagnosed, thereby restricting therapy options and leading to unsatisfactory clinical
outcomes.” Consequently, developing potent biomarkers and therapeutic targets is vital for enhancing the diagnosis and
treatment of HCC.

Long noncoding RNAs (IncRNAs) are a category of RNA molecules distinguished by their lengths surpassing 200
nucleotides and their inability to code for proteins, possessing dynamic regulatory roles.* Numerous studies over the past
decade indicate that IncRNAs exert pivotal functions in the advancement of different cancers by controlling gene
expression across multiple layers, involving transcriptional, post-transcriptional, and epigenetic regulation.” For HCC,
numerous IncRNAs have been disclosed to be misregulated, contributing to HCC development as oncogenes or tumor
suppressors by influencing cell proliferation, apoptosis, migration, invasion, and angiogenesis.’

DDXI11 antisense RNA 1 (DDX11-AS1), also referred to cohesion regulator noncoding RNA (CONCR), is a non-
coding transcript diverging from the DDX11 gene on human chromosome 12p11.21.” DDX11-AS1 was first discovered
as a cell cycle-regulated IncRNA, which can affect cell cycle process and DNA duplication through modulating sister
chromatid cohesion. Recent studies have unveiled that DDX11-AS1 is upregulated across multiple cancer types and
contributes to tumor progression by participating in various cancer-associated biological activities, including cell
proliferation, migration, invasion, and resistance to drugs. In breast cancer (BC), the elevated DDX11-AS1 expression
is linked to higher pathological grades and lymph node metastasis, facilitating cell growth, migration, and invasion
through the miR-30c-5p/MTDH pathway, and increasing adriamycin (ADR) resistance through LIN28A-mediated
stabilization of ATG12 mRNA.*® Regarding esophageal cancer (EC), DDX11-AS1 exhibits the ability to accelerate
EC cell propagation and migration via the miR-514b-3p/RBX1 pathway, and increases paclitaxel resistance through
activating the TAF1/TOP2A signaling axis.'™'" As for HCC, recent studies indicate that DDX11-AS1 significantly
contributes to HCC progression by enhancing cell proliferation via the PARP1/p53 and miR-34a-3p/TRAF5 axis and
inhibiting sorafenib-induced ferroptosis through the Nrf2-Keap1 pathway.'*> '* However, the exact biological functions
and underlying molecular mechanism of DDX11-AS1 in HCC need further in-depth investigation.

Carbonic anhydrase IX (CA9) is a transmembrane zinc metalloenzyme that regulate intracellular pH (pHi) and
extracellular pH (pHe), and has been proven to be widely implicated in cancer progression via its catalytic activity and/or
non-catalytic functions.'> For HCC, the elevation of CA9 was revealed to be linked to the unfavorable prognoses, and
can facilitate the HCC progression by influencing cell growth, apoptosis as well as epithelial-mesenchymal transition
(EMT).'*"'® Currently, it is unclear whether there is a regulatory relationship between CA9 and DDX11-AS1 in HCC.

The MEK/ERK pathway is the most classical and well-studied crucial signaling cascade among all MAPK signal
transduction pathways, and plays a pivotal role in tumor occurrence and development.'” In HCC, the MEK/ERK
signaling pathway is activated in more than 50% of human HCC cases.?® It has been discovered that many IncRNAs
can promote the progression of HCC via activating the MEK/ERK signaling pathways, such as HOXD-AS1 and HOXD-
AS2.2'2% However, the effect of DDX11-AS1 on the MEK/ERK signaling in HCC is still unclear.

This research conducted a comprehensive investigation into the expression patterns of DDX11-AS1 and its possible clinical
importance, biological roles, and molecular mechanisms in HCC. The findings deepen our understanding of how DDX11-AS1
contributes to HCC development, indicating its potential as a diagnostic biomarker and therapeutic target for HCC.

Materials and Methods

Bioinformatics Investigation Employing the TCGA Data
RNA-seq data and associated clinicopathological details were retrieved from The Cancer Genome Atlas (TCGA) (https://
portal.gdc.cancer.gov/) for a cohort consisting of 374 hCC patients and 50 non-tumorous tissue samples. The values of
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TPM (transcripts per million reads) were acquired through transforming and normalizing the HTSeq-FPKM data using
a log2 conversion. All bioinformatics processing based on TCGA data was executed with R (version 4.2.1). The
expression of DDX11-AS1 in HCC and its relevance with clinicopathological traits were assessed using the
R package “ggplot2”. The connection between the DDX11-AS1 expression and the prognosis of HCC patients was
evaluated utilizing the R packages “Survival” and “Survminer”. The Cox proportional hazards regression model was
employed to screen the hazardous factors influencing overall survival (OS), while the nomogram forecast model and
calibration plot were established utilizing the R packages “rms” and “survival” to estimate the 1-, 3-, and 5-year OS
chances according to identified hazards factors. Utilizing the “pROC” R package, the receiver operating characteristic
(ROC) curves were created to estimate diagnostic and prognostic performance. The IncATLAS online tool (https://
Incatlas.crg.eu/) was used to forecast the subcellular localization of DDX11-AS1.%

Collection of Human HCC Samples

Eighteen HCC tissue samples and their corresponding benign liver tissues were sourced from the biobank of the National
and Local Joint Engineering Research Center of Biodiagnostics and Biotherapy at the Second Affiliated Hospital of
Xi’an Jiaotong University, Xi’an, China. All specimens were pathologically verified and had not undergone radiotherapy
or chemotherapy before acquisition. Post-dissection, the specimens were promptly frozen using liquid nitrogen and
preserved at —80°C. Informed consent was acquired from each patient, and the study was approved by the Ethics
Committee of Xi’an Jiaotong University Health Science Center (No. 2020-738). All procedures were carefully handled
to meet the guidelines of the Declaration of Helsinki.

Cell Culture

Human HCC cell lines (Bel-7402, Bel-7404, SMMC-7721, Hep3B, Huh7) along with the normal hepatocyte cell line
L-O2 were acquired from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences located in
Shanghai, China. All cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Cytiva, USA) containing
10% fetal bovine serum (Corning, USA), 100 units/mL penicillin and 100 pg/mL streptomycin (Biosharp, China) in an
incubator with 5% CO, at 37°C.

Vector Construction, LncRNA Smart Silencer and Small Interfering RNA (siRNA)

Synthesis

Silencing of DDX11-AS1 was achieved using the LncRNA Smart Silencer purchased from RiboBio (Guangzhou, China),
which includes three siRNAs and three antisense oligonucleotides (ASOs) targeting the following sequences: 5°-
CUCAUUCCUCUGCCUACAA-3’; 5-GGAGAAUGAAUUCAUGCUA-3’; 5-CCUUAUCACUGUGGCAGAA-3’;
5’-UGUGACCAUCGUGGAAGCCC-3’; 5’-GCUGCUACUGUGGAGGACGU-3’; 5°-
AAUGAGAGAGCCAAGGCCUU-3". NRF1 knockdown was achieved using the siRNAs aimed at NRF1 (5°-
GAUGAAGACUCGCCUUCUU-3") and a negative control siRNA (5’-UUCUCCGAACGUGUCACGU-3’), both
obtained from RiboBio (Guangzhou, China). CA9 overexpression vector (EX-Z5727-Lv105-B) was purchased from
GeneCopoeia, USA. The open reading frame (ORF) of human NRF1 was amplified and cloned into the pPCDH-CMV-
MCS-EF1-CopGFP-T2A-Puro mammalian expression plasmid (#72263; Addgene, USA) for NRF1 overexpression. The
DDX11-AS1 promoter (the 2000 bp region upstream of the transcription start site) was amplified and inserted into the
pGL3-Basic vector (Promega, USA) to obtain the luciferase reporter vector for detecting the activity of the DDX11-AS1
promoter. The jetPRIME® Versatile DNA/siRNA Transfection Reagent (Polyplus, France) was employed to perform
transfection experiments. Supplementary Table S1 lists the primers utilized for vector construction.

Quantitative Real-Time PCR (qRT-PCR)

TRNzol Universal Reagent (Tiangen, China) and PARIS™ Kit (Thermo Fisher Scientific, USA) were used to extract
total RNA and to separate the nuclear and cytoplasmic RNA, respectively. cDNA for qRT-PCR was synthesized using
EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgene, China), followed by qRT-PCR with
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TransStart® Top Green qPCR SuperMix (Transgene, China). Samples underwent normalization against p-actin, and the

2*AACt

relative expression values were examined employing the method. All qRT-PCR primers employed in this research

are detailed in Supplementary Table S1.

RNA Fluorescent in Situ Hybridization (RNA-FISH)

The RNA-FISH was performed using the Ribo™™ Fluorescent in Situ Hybridization Kit (RiboBio, China) adhering to the
guidelines provided by the manufacturer. In summary, the cells were grown on glass coverslips within a 24-well plate.
Upon achieving 60% cell confluence, the cells were stabilized utilizing 4% paraformaldehyde and permeabilized with
0.5% Triton X-100. The cells subsequently underwent blocking with a prehybridization buffer maintained at 37°C for
30 minutes, followed by overnight incubation with 20 uM DDX11-AS1 FISH Probe Mix (Cy3) (RiboBio, China) at the
same temperature. After rinsing with Hybridization Wash Buffer, cell nuclei underwent counterstaining with
4’,6-Diamidino-2-Phenylindole (DAPI). Cells placed on glass coverslips were transferred to a glass slide for observation
under a fluorescence microscope. U6 and 18S rRNA served as indicators for distinguishing nuclear and cytoplasmic
positions, respectively. The FISH Probe Mixes aimed at U6 (Inc110101) and 18S (Inc110102) were purchased from
RiboBio, Guangzhou, China.

Cell Viability Assay

In each well, a total of 5x10> cells were cultured in 96-well plates and exposed to CCK-8 reagent (Yeasen, China) for
90 minutes at 37 °C, and the optical density (OD) at 450 nm was detected employing a multifunctional microplate reader.

Clonogenic Survival Assay

Cells were planted onto 6-well plates, maintaining a concentration of 800 cells/well, incubated in a full medium over
a period of 7 days. Upon the appearance of observable colonies, the cells were stabilized using 4% paraformaldehyde for
20 minutes. Colonies were imaged and counted following coloring with 0.1% crystal violet.

Cell Cycle and Apoptosis Assessment by Flow Cytometry

To analyze the cell cycle, cells underwent fixation in 70% chilled ethanol at 4 °C for overnight, followed by staining with
a Cell Cycle Assay Kit (Dojindo, Japan). To analyze apoptosis, newly harvested cells underwent staining with the
Annexin V-FITC/PI Apoptosis Detection Kit (Yeasen, China). FlowJo software (BD Biosciences, USA) was employed to
measure the distribution of cells across different cell cycle phases and the percentage of apoptotic cells.

Cell Migration and Invasion Examinations by Transwell

The capacities of cells to migrate and invade were assessed through the use of both Matrigel-uncoated and coated 24-well
transwell chambers, fitted with 8.0 um transparent PET membranes (353097/354480, Corning, USA). In total, 5x10*
cells were reconstituted in 200 pL of a serum-free solution and placed in the upper chamber. Culture medium, enriched
with 10% fetal bovine serum (FBS), filled the lower chamber to act as a chemical attractant. After a 24-hour period for
migration tests or 48 hours for invasion tests, the cells attached to the inside of the PET membrane were eliminated
through wiping, and external cells were stabilized using 4% paraformaldehyde. Cells that had migrated and invaded were
colored using crystal violet and examined employing a microscope (100%) to count.

Animal Experiments

Four-week-old female BALB/c nude mice were obtained and housed at the Laboratory Animal Center of Xi’an Jiaotong
University. The mice were arbitrarily split into two groups, each consisting of five individuals. Subcutaneous injections
of 0.1 mL DDX11-AS1-silenced or negative control Bel-7402 cells (2 x 10° cells) were administered into the right flank
of each nude mouse. The size of the tumors was gauged on a weekly basis using a vernier caliper, and their volumes were
determined by the formula: volume = (length x width®)/2. Upon completing the experiment, the mice were euthanized,
and their xenograft tumors were surgically removed and weighed. The animal experiments were carried out adhering to
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the procedures established by the Animal Experimentation Ethics Committee of Xi’an Jiaotong University and the
guidelines of the Declaration of Helsinki.

Western Blot

Total proteins isolated with WB Super RIPA Lysis Buffer (Haigene, Harbin, China) were resolved through SDS-PAGE
using the Precast Protein Improve Gels (4-20%; Yeasen, China), followed by their transfer onto 0.22 pm PVDF
membranes (Elabscience, USA). The transferred membranes were treated with Western Blot Rapid Blocking Buffer
(Biosharp, China) for blocking and then incubated with primary antibodies overnight at 4°C. After reacting with an HRP-
linked goat anti-rabbit IgG (H+L) secondary antibody (1:5000; AS028, ABclonal, China) at room temperature for
one hour, the luminescence signal was detected using the Sensitive ECL Detection Kit (Proteintech, USA) and recorded
with a chemiluminescence imager. B-Actin or GAPDH served as endogenous references. Supplementary Table S2 details

the primary antibodies utilized for Western blotting in this study.

Immunohistochemistry (IHC) Staining

4-um-thick sections were sliced from paraformaldehyde-fixed tissues, and used for IHC staining by employing an
Immunohistochemical Kit (Abs957, Absin, China) adhering to the manufacturer’s protocol. In brief, the dewaxed
sections were incubated with the primary antibody for 20 minutes at 37°C after antigen retrieval and blocking, and
then treated with an enzyme-labeled secondary antibody for 10 minutes. After diaminobenzidine (DAB) color develop-
ment and hematoxylin redyeing, the sections were sealed and then photographed with a microscope. The primary
antibodies used for IHC included Ki67 (1:100; PAC047Hu01, Cloud-Clone) and PCNA (1:2000; 10,205-2-AP,
Proteintech).

RNA-Sequencing (RNA-Seq) and Associated Bioinformatics Study

The total RNA was isolated utilizing the TRNzol Universal Reagent (Tiangen, China) and sent to the Biomarker
Biotechnology Corporation (Beijing, China) to perform RNA-seq. RNA integrity was examined by Agilent 2100 system
(Agilent Technologies, USA). The NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, USA) was employed to
create sequencing libraries, followed by sequencing on the Illumina HiSeq Xten platform (Illumina, USA). Using
TopHat2, the paired-end reads underwent filtration and alignment with the human reference genome (GRCh38/hg38).
The levels of transcript expression were measured by the ratio of fragments per kilobase of transcript to every million
fragments mapped (FPKM). The EBSeq algorithm was employed to pinpoint differentially expressed genes (DEGs)
(FDR < 0.05, [log2FC| > 0.6). The DAVID online tool (https://david.ncifcrf.gov/) was adopted to perform the enrichment
analysis of GO and KEGG pathways, and GO terms and KEGG pathways terms that were statistically significant were

selected based on a p-value criterion below 0.05.

Dual-Luciferase Reporter Examination

Bel-7402 cells were co-transfected with reporter vectors (pGL3-DDX11-AS1), pRL-TK, NRF1-targeting siRNA
(siNRF1), or the NRF1 expression vector (OE-NRF1) using jetPRIME® Versatile DNA/siRNA Transfection Reagent
(Polyplus, France) for 36 hours. The luciferase activity was subsequently assessed using the Dual Luciferase Reporter
Gene Assay Kit (Yeasen, China), while the relative promoter activity was ascertained by standardizing Firefly luciferase
activity against Renilla luciferase activity.

Chromatin Immunoprecipitation (ChlP)

Bel-7402 cells were cultured in 15 cm dishes and transfected with either NRF1 overexpression (OE-NRF1) or empty
vector (OE-NC). Forty-eight hours post-transfection, the cells underwent cross-linking with 1% formaldehyde, followed
by a ChIP assay utilizing the SimpleChIP® Enzymatic Chromatin IP Kit (9003, CST). In brief, chromatin was
fragmented using micrococcal nuclease, and 2% was retained as input. Using 5 pg of ChIP-grade NRF1 antibody
(A3252, Abclonal) and Rabbit IgG Isotype Control (ab171870, Abcam), 10 pg of fragmented chromatin underwent
immunoprecipitation. After inverting the cross-links, the DNA obtained through immunoprecipitation was purified and
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used to perform the qRT-PCR with the ChIP-qPCR primers detailed in Supplementary Table S1. To calculate the input

DNA percentage, the following formula was applied: Percent input = 2% x 2 (C[T1 2% input sample = C[T] IP sample)

Statistics

All statistical analyses were conducted employing GraphPad Prism version 10. The Student’s ¢-test and one-way ANOVA
methods were employed to evaluate the variances between two groups and across various groups, respectively. To
evaluate DDX11-AS1 expression in HCC tissues, the Mann-Whitney U test was applied to unpaired samples, and the

Wilcoxon signed-rank test was adopted for paired samples. Statistical significance was established by setting a p-value
threshold below 0.05.

Results
Bioinformatics Investigation of DDXI1 I-AS| Expression and Its Clinical Relevance in
HCC Based on TCGA Data

To elucidate the clinical importance of DDX11-AS1 in HCC, we thoroughly examined its expression and clinical
relevance using TCGA data, which includes RNA-seq and clinicopathological information. DDX11-AS1 was found to
be markedly elevated in both unpaired and paired HCC tissues as opposed to normal liver tissues (Figure 1A and B), and
its upregulation correlated strongly with pathologic T stage, histologic grade, vascular invasion, and AFP level
(Figure 1C—F). Survival analysis disclosed that higher DDX11-AS1 expression was significantly associated with poorer
overall survival (OS), disease-specific survival (DSS) and progression-free interval (PFI) (Figure 1G—I). Univariate Cox
regression analysis indicated significant associations between OS of HCC patients and DDX11-AS1 expression level (HR
=1.497, p = 0.022), T stage (HR =2.598, p < 0.001), and M stage (HR =4.077, p = 0.017) (Figure 1J). Multivariate Cox
regression assessment further uncovered that the DDX11-AS1 level (HR = 1.719, p = 0.017) was a separate hazards
factor influencing the OS of HCC patients (Figure 1K). The nomogram forecast model was developed using the
prognostic risk factors of DDX11-AS1 expression, T stage, and M stage to estimate 1-, 3-, and 5-year OS potential in
HCC patients (Figure 1L), which was highly accurate and stable during the calibration tests (Figure 1M). Additionally,
ROC curves demonstrated that DDX11-AS1 expression could effectively predict HCC (AUC = 0.969) and 1-, 3-, and
S-year outcomes for OS (AUC = 0.709, 0.653, 0.652), DSS (AUC = 0.781, 0.680, 0.637), and PFI (AUC = 0.671, 0.584,
0.804) (Figure 1N-Q).

Experimental Validation of DDXI |-ASI| Expression in HCC

To confirm the expression trends of DDX11-AS1 in HCC, we initially evaluated its expression in eighteen pairs of HCC
tissues and corresponding nearby non-cancerous tissues that we gathered. The findings exhibited that DDX11-AS1 was
markedly elevated in tumor specimens as opposed to nearby non-cancerous liver specimens (Figure 2A), corroborating
our previous bioinformatics analysis. Subsequently, we examined the expression of DDX11-AS1 in five HCC cell lines
(Bel-7402, Bel-7404, SMMC-7721, Hep3B, and Huh7) as well as in the human normal liver cell line L-O2, and the
results unveiled that DDX11-AS1 was elevated across multiple HCC cell lines (Figure 2B).

Furthermore, to elucidate the subcellular distribution of DDX11-AS1 in HCC cells and to shed light on its functional
and mechanistic studies, we initially investigated the subcellular positioning of DDX11-AS1 utilizing the LncATLAS
online tool. As illustrated in Figure 2C and D, DDX11-AS1 demonstrated a predominantly nuclear distribution across
multiple cell types, including the hepatoma cell line HepG2. Subsequently, the subcellular positioning of DDX11-AS1 in
Bel-7402 cells was examined by RNA-FISH, revealing that DDX11-AS1 could be observed in both the nuclear and
cytoplasmic areas of Bel-7402 cells (Figure 2E). To further validate this observation, we performed a fractionation
experiment to separate cytoplasmic and nuclear RNA from Bel-7402 cells, followed by quantification of DDX11-AS1
transcript levels by qRT-PCR, and the results displayed a significantly higher concentration of DDX11-AS1 in the nuclear
fraction compared to the cytoplasmic fraction (Figure 2F). To sum up, these findings suggest that DDX11-ASI is
localized in both the nuclear and cytoplasmic regions of HCC cells, with a higher abundance in the nucleus.
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Figure | Bioinformatics analysis of DDXI I-AS| expression and its clinical significance in HCC. The DDXI I-AS| expression in unpaired (A) and paired (B) HCC tissues
were analyzed using TCGA data. Correlation analysis of DDX| |-AS| expression with pathologic T stage (C), histological grade (D), vascular invasion (E) and AFP level (F).
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Downregulation of DDXI1 [-AS| Impairs the Capacities of Proliferation, Migration, and
Invasion of HCC Cells in Vitro

To illustrate the biological functions of DDX11-AS1 in HCC in vitro, we conducted loss-of-function experiments using
the Bel-7402 and SMMC-7721 cell lines, both of which exhibit elevated DDX11-AS1 expression. As illustrated in
Figure 3A, the LncRNA Smart Silencer was capable of successfully silencing DDX11-AS1. Following this, the impact of
DDX11-AS1 suppression on cell propagation was determined through CCK-8 and clonogenic survival assays, which
exhibited a significant inhibition of HCC cell proliferation upon DDX11-AS1 muting (Figure 3B and C). Flow
cytometric analysis was utilized to estimate the impact of DDX11-AS1 knockdown on cell cycle distribution and
apoptosis rates after staining with PI and/or annexin V, and the results uncovered that silencing DDX11-AS1 markedly
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Figure 3 Downregulation of DDXI1-ASI represses the HCC progression in vitro. (A) The knockdown efficiency of DDXI I-ASI in Bel-7402 and SMMC-7721 cells was
examined by qRT-PCR. The effect of DDXI I-AS| knockdown on the proliferation of HCC cells was evaluated by CCK-8 (B) and colony formation assays (C). The effect of
DDXI I-AS| knockdown on cell cycle (D) and apoptosis (E) was detected by flow cytometry. The effect of DDXI1-AS| knockdown on the migration (F) and invasion (G)
of HCC cells was assessed by transwell assay, scale bar =100 pm. siNC, negative control; siDDXI|1-ASI, DDXI I-AS| knockdown. **p < 0.01.

caused the halt of cells at the S and G2/M phases of the cell cycle and promoted apoptosis (Figure 3D and E). Moreover,
the transwell assay indicated that DDX11-AS1 knockdown notably impaired the migratory and invasive capabilities of
HCC cells (Figure 3F and G). In summary, our findings unveiled that reducing DDX11-AS1 levels can diminish the
cancerous biological characteristics in vitro.

The Suppression of DDXI |-AS| Leads to the Inhibition of HCC Cell Growth in the

Subcutaneous Xenograft Nude Mouse Model

To evaluate the influence of DDX11-AS1 knockdown on HCC tumor growth in vivo, subcutaneous xenograft models
were created using Bel-7402 cells in nude mice. As indicated in Figure 4A—C, DDX11-AS1 knockdown caused a marked
reduction in both the volume and mass of xenograft tumors, in contrast to the negative control group. Additionally, IHC
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Figure 4 Knockdown of DDXI |-AS| inhibits HCC growth in a subcutaneous xenograft nude mouse model. (A) Photograph of dissected subcutaneous tumors at sacrificed
time. (B) The volume of the subcutaneous tumors was measured every 7 days after implantation. (C) Tumor weight of dissected subcutaneous tumors at sacrificed time. (D)
The expression of proliferative markers Ki67 and PCNA in subcutaneous tumors were detected by IHC staining, scale bar = 50 um. siNC, negative control; siDDXI [-ASI,
DDXI I-AS| knockdown. *p < 0.05.

staining revealed a significant reduction in the expression of two cell proliferation indicators (Ki67 and PCNA) in the
xenograft tumor tissues following the knockdown of DDX11-AS1, as shown in Figure 4D. Collectively, above results
indicate that DDX11-AS1 knockdown can attenuate tumor growth in vivo.

Identification of DDXI [-AS|-Controlled Genes in HCC Cells Through RNA-Seq
Analysis

To resolve the genes controlled by DDX11-AS1 in HCC cells, RNA-seq was used to probe into transcriptome changes
in Bel-7402 cells following DDX11-AS1 knockdown. Under the criteria of |log2 (FC)| being equal to or greater than
0.6 and FDR less than 0.05, a total of 365 differentially expressed genes (DEGs) were pinpointed, involving 211 genes
with increased expression and 154 genes with decreased expression (Figure SA and Supplementary Table S3). Notably,

we found that the expression levels of some recognized genes linked to HCC altered following the knockdown of
DDX11-AS1, including CTH,** GADD45B,” PCK2,*° PHLDA1,”” TXNIP*® AKRIC3,” CA9,'° LRPPRC,*
MSI2,>' MTOR,** NDUFA4L2,>* and SMYD3** (Figure 5B). To understand the potential roles and signaling path-
ways influenced by DDX11-AS1 in HCC cells, the DAVID online tool was utilized to conduct the enrichment analysis
of GO and KEGG based on DEGs to identify the biological processes and signaling pathways involved in DEGs
(Supplementary Table S4 and Supplementary Table S5). As illustrated by Figure 5C, DEGs were significantly enriched
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Figure 5 The effect of DDXI I-AS| knockdown on the transcriptome of HCC cells is revealed by RNA-Seq. (A) Volcano plots displaying 365 differentially expressed genes
(DEGs) between DDX11-AS| knockdown and negative control Bel-7402 cells with |log2(FC)| = 0.6 and FDR < 0.05. The red and blue points represent genes that were
upregulated and downregulated after DDX1 I-AS| knockdown, respectively. (B) Validation of RNA-Seq results (left) through detecting twelve of known HCC-related genes
by qRT-PCR (right). (C) Representative GO terms for biological processes (BP) enriched by DEGs. (D) The impact of DDXI I-AS| knockdown on the expression of some
critical regulators that control cell cycle and apoptosis was examined by Western blotting. (E) Representative KEGG pathway terms that enriched by DEGs. (F) The impact
of DDXI I-AS| knockdown on the activity of MEK/ERK pathway was examined by Western blotting. siNC, negative control; siDDX|1-AS|, DDXI|-AS| knockdown. The
black triangles (A) represent genes whose expression changed when DDXI|[-AS| was knocked down. *p < 0.05, **p < 0.01.

in cell proliferation, apoptosis, and immune response. In combination with the cell phenotype, we additionally
explored the influence of DDX11-AS1 muting on the expression trends of several key regulators involved in the
cell cycle and apoptosis process through Western blot, the findings exhibited that silencing of DDX11-AS1 resulted in
markedly reduced levels of Cyclin A, Cyclin El, and the anti-apoptotic protein BCL-2, while also leading to
a significant rise in the pro-apoptotic protein BAX (Figure 5D). Furthermore, significant enrichment of DEGs was
observed in crucial cancer-associated pathways, including VEGF, MAPK, and p53 signaling (Figure 5E). The MAPK
pathway, particularly its central component, the MEK/ERK signaling cascade, has been extensively studied and is
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recognized for its crucial involvement in the growth and metastasis of HCC.?*** In our research, we disclosed that
silencing DDX11-AS1 could significantly reduce the phosphorylated MEK1/2 and ERK1/2 levels (Figure 5F),
suggesting that DDX11-AS1 might facilitate the HCC advancement through the activation of the MEK/ERK signaling
route.

Carbonic Anhydrase IX (CA9), a Downstream Gene of DDXI |-AS|, Mediates the

Carcinogenic Role of DDXI [-ASI in HCC Cells

As exhibited in Figure 5B, above RNA-seq and qRT-PCR verification data indicated that CA9 expression showed the
most substantial change after DDX11-AS1 knockdown. Further analysis of the TCGA data revealed a strong positive link
between the expression levels of DDX11-AS1 and CA9 in HCC (Figure 6A), suggesting that CA9 could be
a downstream target of DDX11-AS1. Then, the modulatory effect of DDX11-AS1 on CA9 expression was assessed
through both gqRT-PCR and Western blot analysis, and the findings uncovered that DDX11-AS1 silencing resulted in
a substantial decrease in both mRNA and protein levels of CA9 in HCC (Figure 6B and C). Multiple rescue tests were
carried out to clarify whether CA9 influenced the impact of DDX11-AS1 on the biological behaviors of HCC cells. The
CCK-8 results exhibited that overexpressing CA9 could counteract the prohibitive effect of DDX11-AS1 silencing on
cell propagation (Figure 6D). Colony formation assays uncovered that upregulation of CA9 could mitigate the reduction
in colony formation potential caused by DDX11-AS1 silencing (Figure 6E). Transwell assays disclosed that the
suppressive impact of DDX11-AS1 silencing on cell migration and invasion could be alleviated by increasing CA9
levels (Figure 6F and G). In general, above findings indicate that CA9, acting as a downstream target, plays a mediating
role in the carcinogenic effects of DDX11-AS1 in HCC.

DDXI11-AS| Is Activated by the Transcription Factor Nuclear Respiratory Factor |
(NRF1) in HCC Cells

Numerous researches have uncovered that transcription factors play vital functions in modulating the aberrant
expression of IncRNAs in various types of cancer.*®*” To illustrate the mechanism by which transcription factors
modulate the upregulation of DDX11-AS1 in HCC, we initially inquired the transcription factor binding sites within
the DDX11-AS1 promoter region using transcription factor ChIP-seq track of the UCSC Genome Browser Gateway
(https://genome.ucsc.edu/cgi-bin/hgGateway). As illustrated in Figure 7A, the promoter arca of DDX11-AS1 exhibits

strong ChIP-seq signals for several well-known oncogenic transcription factors, such as NRF1,*®* ZEB2*° and
c-MYC.* It is noteworthy that NRF1 exhibits the strongest binding signal and is also present in HepG2 cells,
indicating that NRF1 potentially has a vital role in managing the expression of DDXI11-AS1 in HCC cells.
Subsequently, we utilized TCGA data to investigate the expression link between DDX11-AS1 and NRF1 in HCC,
and we identified a substantial positive association between the expression levels of DDX11-AS1 and NRF1 in HCC
(Figure 7B). We further clarified the regulatory role of NRF1 on DDX11-AS1 by qRT-PCR. As indicated by Figure 7C
and D, the expression levels of NRF1 were effectively downregulated and upregulated in HCC cells, and silencing
NRF1 led to a reduction in DDX11-AS1 expression, whereas overexpressing NRF1 resulted in an elevated expression
of DDX11-AS1 in HCC cells. To find out whether NRF1 controls DDX11-AS1 expression at the transcriptional level,
we used dual-luciferase reporter assays to detect the modulatory impact of NRF1 on the promoter activity of DDX11-
AS1 in HCC cells, and the findings displayed that reducing NRF1 expression led to diminished promoter activity,
while increasing NRF1 expression boosted the promoter activity of DDX11-AS1 (Figure 7E). The NRF1 binding site
within the promoter area of DDX11-AS1 was predicted using the JASPAR online tool (https://jaspar.elixir.no/), and
a highly potential NRF1 binding motif, located between —325 to —257 bp (ACGCTGGCCCG; relative profile score >
0.85), was identified. According to the ChIP-qPCR results, DNA fragments containing NRF1-binding motifs were
notably enriched, whereas those lacking these motifs were not (Figure 7F and G), hinting that NRF1 is capable of
directly binding to the promoter of DDX11-AS1. Together, these findings indicate that DDX11-AS1 can be positively
controlled by NRF1 in HCC cells.
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Figure 6 CA9-mediated the oncogenic phenotypes of DDXI [-AS| in HCC cells was confirmed by rescue experiments. (A) Correlation analysis between the expression of
DDXI11-AS| and CA9 in HCC based on TCGA data. The regulatory effect of DDXI 1-AS| on CA9 was validated by qRT-PCR (B) and Western blotting (C). Overexpression
of CA9 attenuates the suppressive effects of DDXI [-AS| knockdown on the capacities of cell proliferation (D), colony formation (E), migration (F), and invasion (G). siNC,
negative control; siDDX11-AS|, DDXI I-AS| knockdown; OE-NC, empty overexpression vector; OE-CA9, CA9 overexpression. Scale bar = 00 pm. *p < 0.05, **p < 0.01.
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Figure 7 DDXI I-AS| can be positively regulated by the transcription factor NRFI in HCC cells. (A) The ChlP-seq data from the UCSC Genome Browser indicates
a strong ChlP-seq signal of NRFI within the promoter region of DDXI1-ASI (red arrow). (B) Correlation analysis between the expression of DDXI1-AS| and NRFI in
HCC based on TCGA data. (C) The knockdown and overexpression efficiency of NRFI in HCC cells was determined by qRT-PCR. (D) The effect of knockdown or
overexpression of NRFI on DDXI[-AS| expression was validated by qRT-PCR. (E) The effect of knockdown or overexpression of NRFI on the promoter activity of
DDXI [-AS| was evaluated by dual-luciferase reporter assay. (F) Schematic diagram of NRF| binding site within DDXI |-AS| promoter region and amplification position of
ChIP-qPCR primers. (G) The binding abundance of NRFI on the DDXI |-AS| promoter upon NRFI overexpression was detected by ChIP-qPCR. siNC, negative control;
siDDX11-AS|, DDXI1-AS| knockdown; OE-NC, empty vector; OE-NRFI, NRF| overexpression; pGL3-Basic, pGL3-Basic empty vector; pGL3-DDX| |-AS|, pGL3-Basic
vector inserting the DDX11-AS| promoter. TSS, transcription start site. *p < 0.01.

Discussion

DDX11-AS]1, a cell cycle-associated IncRNA, has been identified as a cancer-promoting molecule that contributes to the
advancement of multiple cancers, including HCC. In the current research, we thoroughly examined the clinical
importance of DDX11-AS1 in HCC, as well as its functional role and mechanisms in HCC progression.
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First, the expression pattern and clinical relevance of DDX11-AS1 in HCC were probed through comprehensive bioinfor-
matics study. We unveiled that high DDX11-AS1 expression correlates with adverse clinicopathological characteristics (T stage,
histologic grade, vascular invasion, and AFP level) and unfavorable prognosis (OS, DSS, PFI) in HCC patients. Furthermore,
DDX11-AS1 was identified as an independent factor that prognostically affecting OS, exhibiting significant predictive and
diagnostic potential for HCC and patient survival outcomes. Consistent with our findings, increased DDX11-AS1 expression is
positively linked to WHO grade, OS, and disease-free survival (DFS) in glioma (GM) patients, and it shows great precision in
forecasting the prognosis.*' As for HCC, interestingly, recent studies have found that cuproptosis and ferroptosis-related IncRNA
signatures, composed of DDX11-AS1 and other IncRNAs, can serve as effective predictors of prognosis and immune response in
HCC patients.**** Notably, a 2022 study revealed that DDX11-AS1 is a useful marker for discriminating HCC tissues from
normal nontumor specimens through detecting the expression of DDX11-AS1 in human HCC tissues and conducting the ROC
analysis,™* suggesting the potential of DDX11-AS1 used as a diagnostic biomarker for HCC patients. If DDX11-AS1 can be
detected in the serum or exosomes of peripheral blood and its expression level has a good diagnostic effect, the clinical
translational value of DDX11-AS1 as a diagnostic marker for HCC would be greatly enhanced.

Secondly, the subcellular localization study indicated that DDX11-ASI is chiefly situated in the nucleus of HCC cells,
although it is also present in the cytoplasm, implying that DDX11-AS1 potentially affects HCC by regulating transcrip-
tional or post-transcriptional processes. Consistent with these findings in HCC cells, DDX11-AS1 was also predomi-
nantly situated in the nucleus in lung cancer cells A549 as well as colon cancer cells HCT116.” However, in esophageal
squamous cell carcinoma (ESCC) cells, it is interesting to note that DDX11-AS1 was reported to be primarily located in
the cytoplasm instead of the nucleus,* indicating that the subcellular distribution of DDX11-AS1 varies across different
types of tumor cells, which may reflect distinct molecular mechanisms underlying its function in different cancers.

Third, loss-of-function assays unveiled that muting DDX11-AS1 could impede the activity of propagation, migration,
and invasion of HCC cells, hinting that DDX11-AS1 acts as a cancer promoter in HCC. Likewise, researches on BC and
ESCC demonstrated that DDX11-AS1 serves as an oncogene, promoting tumor development by facilitating cell
proliferation, migration, and invasion.®*> Moreover, our findings uncovered that reducing DDX11-AS1 levels could
stop the cell cycle of HCC cells at the S and G2/M stages, implying that DDX11-AS1 could control HCC cell growth by
managing the cell cycle. Interestingly, in A549 lung cancer cells, DDX11-AS1 was disclosed to impede cell growth by
inducing a G0/G1 cell cycle halt, suggesting that DDX11-AS]1 is capable of modulating the cell cycle process through
different mechanisms in various cancer cells. Furthermore, we observed that silencing DDX11-AS1 can boost the
apoptosis of HCC cells, suggesting that DDX11-AS1 facilitates HCC growth by inhibiting apoptosis. Recent research
suggests that DDX11-AS1 can enhance sorafenib resistance of HCC cells through suppressing ferroptosis,'® indicating
that DDX11-ASl1 is involved in controlling the multiple programmed cell death (PCD) pathway.

Fourth, the possible DDX11-AS1-modulated genes in HCC cells were identified through RNA-seq analysis, and 365 DEGs
were found to exhibit abnormal expression following DDX11-AS1 silencing in Bel-7402 cells. GO analysis disclosed DEGs
could be enriched in terms associated with immune response, in addition to those concerning cell proliferation and apoptosis,
suggesting that DDX11-AS1 might contribute to its oncogenic activity by influencing the immune response. A bioinformatics
analysis revealed that a ferroptosis-related nine-IncRNA signature which includes DDX11-AS1 is closely associated with
immune cell infiltration in HCC.* KEGG analysis identified DEGs linked to the MAPK, VEGF, and p53 signaling pathways.
In this study, the impact of DDX11-AS1 on the MAPK pathway in HCC cells was verified by observing alterations in the MEK/
ERK cascade, a crucial segment of the MAPK signaling. To date, numerous IncRNAs have been demonstrated to accelerate HCC
development through the activation of the MEK/ERK signaling route, especially some homeobox (HOX) cluster-embedded
IncRNAs, such as HOXD-AS1,?' HOXD-AS2,> HOXA-A3.* Interestingly, in ESCC, DDX11-AS1 was revealed to positively
regulate the Wnt/B-catenin signaling,*> while in non-small cell lung cancer (NSCLC), it was shown to activate PI3K/AKT
signaling,*” indicating that the signaling pathways influenced by DDX11-AS1 may differ across various types of tumors.

Fifth, previous studies have disclosed some downstream genes of DDX11-AS1 in HCC, such as p53,12 MACC1,*® and
LATS2.* In the current research, CA9 was identified as a novel downstream gene of DDX11-AS1, and its expression level is
positively regulated by DDX11-AS1, which can mediate the promotional influence of DDX11-AS1 on HCC progression. CA9,
a transmembrane dimeric metalloenzyme, belongs to the alpha-carbonic anhydrase family which responsible for the reversible
hydration of carbon dioxide to bicarbonate ions and protons to maintain intracellular pH homeostasis.”® As a well-characterized
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oncogene, CA9 contributes extensively to the pathogenesis and progression of various malignancies.'> For HCC, it has been
revealed that CA9 can be upregulated under hypoxic conditions and play a critical function in HCC development through
affecting cell propagation, apoptosis, and EMT.'®'® Recent studies found that CA9 can be regulated by other IncRNAs and
mediate tumor progression, such as LINC02086 in pancreatic cancer (PC) and ZNF674-AS1 in neuroblastoma (NB).’'~?
Noteworthily, the current study is the first to identify a IncRNA that can regulate CA9 expression in HCC.

Ultimately, we found that the transcription factor NRF1 can enhance the expression level of DDX11-AS1 by directly targeting
its promoter in HCC cells, thus revealing the mechanism responsible for the aberrant expression of DDX11-AS1 in HCC. NRF1,
a transcription factor that manages nuclear genes needed for respiration, heme biosynthesis, and mitochondrial DNA transcription
and replication,”® has been found to be critically involved in tumor development by functioning as a cancer-promoting
transcription factor. In HCC, for example, NRF1 has been identified as an oncogene that can promote the progression of HCC
by targeting LPCAT1 and E2F1.°*>* Here, we reveal that DDX11-AS]1 is a novel target gene of NRF1.

In this study, DDX11-AS1 was found to be a potential diagnostic marker and therapeutic target for HCC as an
oncogenic IncRNA. Subsequently, the expression of DDX11-AS1 in the peripheral blood serum or exosomes of HCC
patients and its diagnostic value for HCC should be further clarified, and the therapeutic effect of siRNAs specifically
targeting DDX11-AS1 in HCC should be evaluated by animal experiments, thereby significantly enhancing the
possibility of clinical application of DDX11-AS1.

Conclusion

In summary, this paper disclosed that NRF1 transcriptionally activates IncRNA DDX11-ASI1 to facilitate HCC progres-
sion via elevating CA9 expression and activating the MEK/ERK signaling cascade (Figure 8), implying that DDX11-AS1
holds promise as a potential diagnostic and prognostic biomarker and therapeutic target for HCC.
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