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Purpose: Accumulating evidence indicates that long non-coding RNAs (IncRNAs) play
critical roles in the development of many cancer types. However, the changes of IncRNAs
expression profiles in hepatocarcinogenesis remain largely unknown. Therefore, the purpose
of this study was to identify the clinical significance, oncogenic functions, and potential
mechanism of cancer-related IncRNAs in hepatocellular carcinoma (HCC).

Materials and Methods: An in vitro hepatocellular carcinoma model was established via
oncogene-mediated transformation with a combination of three genetic alterations, including
hTERT overexpression, inactivation of P53, and KRAS activation. Changes of biological
function and transcriptome profile in these cell lines were determined by colony formation
assay, MTT assay, wound-healing scratch assay, xenograft nude mice model, mass cytometry
and RNA sequencing (RNA-Seq). Furthermore, 116 HCC tissues and its corresponding
normal tumor-adjacent tissues were explored to validate the results of cell lines. Finally,
RNA sequencing, single-cell mass cytometry and fluorescence-activated cell sorter were
applied to evaluate the potential association between the expression of IncRNA and the
stemness of HCC.

Results: LncRNA HOXA-AS2 was aberrantly upregulated and it may be involved in the
regulation of cancer stem cells during oncogenic transformation. Consistently, IncRNA
HOXA-AS2 expression was significantly upregulated in HCC and its higher expression
positively correlated with poor prognosis and stem cell-related functions. Moreover,
a specific cancer stem cell subpopulation with EPCAM*, C-MYC" and CK19" may exist
in higher HOXA-AS2 expression HCC patients.

Conclusion: LncRNA HOXA-AS2 plays pivotal roles in the occurrence and progression of
HCC, which may act as a therapeutic target for prognostic biomarker in hepatocellular
carcinoma.

Keywords: diagnostic markers, hepatocellular carcinoma, IncRNA HOXA-AS2, multi-

omics analysis, oncogenic transformation, stemness

Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and is
the third leading cause of cancer-related deaths worldwide.! Almost half of the
global incidence of HCC occurs in China, thus, it is arguably one of the most
serious challenges in social health care as it imposes a heavy economic burden to
many HCC patients and their families.” The high mortality rate and poor prognosis

submit your manuscript

Dove n

http:

in 3

OncoTargets and Therapy 2020:13 10901-10916 10901
© 2020 Lu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6593-593X
mailto:qiuyanwang510@yahoo.com
mailto:tytxzxh@126.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com

Lu et al

Dove

of HCC are attributed to patients not displaying any clin-
ical symptoms at the initial stages. Over 60% of the HCC
patients are diagnosed with the late-stage disease after
metastasis has occurred.’ Therefore, there is an urgent
need to better understand the molecular mechanisms of
hepatocarcinogenesis and identify reliable molecular mar-
kers for the detection of HCC.

Emerging evidences indicate that aberrant activation of
oncogenes and the inactivation of tumor suppressor genes
are frequently observed events in hepatocarcinogenesis.*>
More importantly, defects in the transcriptional process
play a critical role in oncogenic transformation, and may
further lead to
progression.”” Non-coding RNAs (ncRNAs) are now

potential tumor initiation and
widely regarded as one of key regulatory elements
involved in the regulation of gene expression. Long non-
coding RNAs (IncRNAs) are a class of non-coding RNAs
and are commonly defined as transcripts of more than 200
nucleotides that are not translated into proteins.® Many
IncRNAs are reported to be dysregulated in HCC, where
they promote cell proliferation, migration, invasion,
metastasis, and stemness via multiple biological
processes.” Although significant research efforts have
been made to understand the functions of cancer-
associated IncRNAs, the mechanisms of HCC-related
IncRNAs remain largely unknown.

Studies have shown that oncogenic transformation gen-
erally implicates oncogenic reprogramming of human
somatic cells, and yields cells with the ability to self-
renew and along multiple lineages differentiate,
a property shared with cancer stem cells.'®'" Cancer
stem cells (CSCs; also known as tumor-initiating cells,
TICs) are a subpopulation of cancer cells with the ability
to self-renew and differentiate and are responsible for the
initiation and maintenance of tumor growth.'> CSCs play
critical roles in multiple stages of tumorigenesis, from the
initial cellular transformation to the hierarchical organiza-
tion of well-established malignancies. Furthermore,
IncRNAs have been reported to be involved in the regula-
tion of biological functions of cancer stem cells, where
they modulate stem cell-related pathways.'> However, lit-
tle is known about the association between aberrant
expression of IncRNAs and regulation of cancer cell stem-
ness in HCC, which is currently receiving significant
attention in theoretical research and clinical practice.

In the current study, a hepatocellular carcinoma model
was successfully developed via oncogene-mediated trans-

formation of primary cultured normal human liver

epithelial cells (THLE2), with a combination of three
genetic alterations, including hTERT overexpression, inac-
tivation of P53, and KRAS activation. Subsequently,
changes in the transcriptome profile and stem cell-related
markers in these cell lines were determined by high-
throughput RNA-sequencing (RNA-Seq) technology and
single-cell mass cytometry (CyTOF) technology. LncRNA
HOXA-AS2 is found to be significantly upregulated in
oncogenic transformation cell lines compared to normal
cell lines and further implicated in the regulation of cancer
stem cells. Therefore, the expression of IncRNA HOXA-
AS2 in normal liver cell lines and HCC cell lines, and 116
HCC tissues and its corresponding normal tumor-adjacent
tissues was explored to validate the results. In addition, the
potential association between the IncRNA HOXA-AS2
expression and cancer cell stemness and their functional
effects were elaborated for the first time through transcrip-
tome and high-dimensional single-cell proteome analysis.
These pioneering studies aimed at providing innovative
insights into considering IncRNA HOXA-AS2 as an
attractive and promising therapeutic target of HCC.

Materials and Methods
Cell Lines and Cell Culture

Normal human liver epithelial cell lines (THLE2) were
purchased from Cell Bank of Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
The cell lines were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, China) supplemented with peni-
cillin (Pen, 100 U/mL), streptomycin (Strep, 100mg/mL)
and 10% fetal bovine serum (FBS, Gibco, Australia). All
cell lines were maintained at 37°C in a humidified atmo-
sphere containing 5% CO,.

Lentiviral Transduction of THLE2 Cell

Lines

The pGMLV-hTERT-3xFlag and pGMLV-P53-shRNA lenti-
viral vectors were purchased from Genomeditech Co. Ltd
(Shanghai, China). The PCDH-mCherry-KRAS"'? lentiviral
vector was a gift from Prof. Pei Wang (UT Health San
Antonio, USA). Lentiviruses were produced with these lenti-
viral vectors, and then infected into THLE2 cells with the
Polybrene (8 pg/mL, Sigma, USA), according to the manu-
facturer’s instructions. The THLE2 cell lines were established
by stable overexpression of hTERT, knockdown of P53, and
overexpression of KRAS oncogene in sequential order. The
infected cells were selected with culture media containing
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puromycin (1 mg/mL), blasticidin (1 mg/mL) and neomycin
(1 mg/mL). After antibiotics selection, the infected cells were
harvested for RNA and protein extraction. The infection effi-
ciency was confirmed by Quantitative Polymerase Chain
Reaction (qQPCR) and Western blot (WB) analysis.

RNA Extraction and qRT-PCR

Total RNA was extracted from the cell lines using Trizol
Reagent (Invitrogen), and reverse-transcribed to cDNA
using PrimeSciptTM RT reagent Kit with gDNA Eraser
(Takara, China) following the manufacturer’s instructions.
Quantitative real-time Polymerase Chain Reaction (qRT-
PCR) was performed using FastStart Essential DNA Green
Master (Roche, USA) and LightCycle® 96 Instrument
(Roche, USA) following the manufacturer’s instructions.
Primer sequences were: 5-CTCCATCCTGGCCTCGC
TGT-3' (forward) and 5'-GCTGTCACCTTCACCGTTCC
-3’ (reverse) for Actin; 5'-GCGTTTGGTGGATGATTTCT
-3" (forward) and 5'-GCGGTTGAAGGTGAGACTG-3'
(reverse) for hTERT; 5-CCTCAGCATCTTATCCGAG
TGG-3" (forward), 5'-TGGATGGTGGTACAGTCAGAG
C-3' (reverse) for P53; 5'-GGCCTGCTGAAAATGACTG
-3’ (forward) and 5-GGTCCTGCACCAGTAATATG-3'
(reverse) for KRAS; 5-GTGAACCATGAGAAGTATG
ACAAC-3' (forward) and 5'-CATGAGTCCTTCCACGAT
ACC-3' (reverse) for GAPDH and 5-CCCGTAGGAA
GAACCGATGA-3' (forward) and 5'-TTTAGGCCTTCGC
AGACAGC-3' (reverse) for IncRNA HOXA-AS2. The
2724CT method was used to analyze relative changes in
gene expression by calculating the fold change. Three
replicate wells were prepared for each group, and the
experiment was repeated thrice.

Western Blot Assay

Cells were lysed using RIPA buffer, and proteins were col-
lected and preserved at —80°C. The BCA assay was used to
determine protein concentration. About 50 pg of the proteins
were loaded on 10% SDS-PAGE for separation and trans-
ferred onto PVDF membranes for 1.5 h. The membranes
were incubated with a primary antibody (1:1000) at 4°C over-
night. Subsequently, the membranes were incubated with
horseradish peroxidase (HRP) -conjugated secondary anti-
body (1:30,000) at 37°C for 1.5 h. EZ-ECL (Biological
Industries, Israel) was used to detect the proteins, according
to the manufacturer’s instructions. Anti-P53 (ab26), and anti-
TERT (ab181830) antibodies were obtained from Abcam
(Cambridge, UK), anti-a-TUBULIN (CST#138000) was
obtained from Invitrogen (California, USA), and anti-HRP

antibodies (7074S, 7076S) was purchased from Cell
Signaling Technology (Cambridge, USA).

Colony Formation Assay

Approximately 200 primary or transfected cells per well
were plated into six-well plates at 37°C in a humidified
incubator containing 5% CO,. After two weeks, the cells
were washed with PBS three times, fixed in 100% metha-
nol for 30 minutes, stained with 0.1% Giemsa Stain-
solution for 30 minutes at room temperature. The cells
were counted under a microscope, where more than
50 cells in a colony were identified as one positive colony
and photographed. Three replicate wells were prepared for
each group, and the experiment was repeated 3 times
independently.

Cell Proliferation Assay

Cell proliferation was evaluated by dimethylthiahiazo, di-
phenytetrazoliumromide (MTT) assay. Cells were adjusted
to 1.5x10° cells/mL, seeded into 96-well plates at 100uL
per well, and cultured for 14 days. At the indicated time,
10 uL MTT stock solution (5 mg/mL, Sigma) was added to
each well and incubated for 4 hours at 37°C. Then, 100uL
dimethyl sulfoxide (DMSQO) was added into each well to
dissolve formazan crystals. The absorbance was detected
at 490 nm using luminometer (FLUOstar Omega, USA).
Three replicate wells were prepared for each group, and
the experiment was repeated thrice.

Wound-Healing Scratch Assay

Cells were seeded into 6-well cell plates at a density of
8x10° cells per well and cultured with 2 mL of DMEM
medium supplemented with 10% FBS for 24 hours to form
a cell monolayer. A straight line was scratched into the
monolayer with a 200 pL pipette tip. The cells were
washed thrice with PBS, cultured with serum-free
DMEM medium, and observed for 0, 12, and 24 hours
under a reversed microscope with 200xmagnification.
Photographs were taken at each time point, and the images
were analyzed by Imagel software. Three duplicate wells
were prepared for each group, and the experiment was
repeated thrice.

Xenograft Nude Mice Model

Four-week female nude mice were purchased from
Laboratory Animal Center of Guangxi Medical University.
SPF-grade rodent feed was provided by Laboratory Animal
Center of Guangxi Medical University. The wild type and
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oncogene-transformed THLE2 cell lines were inoculated
subcutaneously in nude mice (approximately 5x10° cells
per animal, with 5 nude mice in each group). The tumor
tissues were dissected, and the tumor sizes were compared
in 15 days after cell inoculation. The maximum tumor dia-
meter was estimated every 2 days using an electronic vernier
caliper, and final tumor weight measurements were taken at
the termination of the experiments. This study was approved
by the Animal Ethics Committee of Guangxi Medical
University (Ethical Number: 202008001).

Tissue Samples and Patients

Paired HCC and normal tumor-adjacent tissues were freshly
collected from 116 HCC patients after surgical resection at
The Affiliated Cancer Hospital of Guangxi Medical
University. Informed consent was obtained from each patient
included in this study and the study was approved by the
Human Subject Research Ethics Committee of Guangxi
Medical University (Ethical Number: 20200137). Besides
the tissue samples, we also collected detailed clinical and
pathological data from the patients, including age, sex, tumor
numbers, tumor sizes, Barcelona Clinical Liver Cancer
System (BCLC), Edmondson grade, Microvascular invasion
(MVI), CK19, AST/ALT, AFP level, liver cirrhosis, recur-
rence status, and survival status (Table 1). The pathological
analysis was confirmed by at least two experienced patholo-
gists. All experimental methods were performed in accor-
dance with relevant guidelines and regulations.

RNA-Seq Library Preparation and

Sequencing

RNA-seq of THLE2 Wild-Type and hTERT P53 KRAS" cell
lines were performed. Besides, RNA-seq of 116 paired HCC
tissue samples and normal tumor-adjacent tissue samples was
performed. Total RNA was extracted from the primary or
transfected cells and frozen tissue samples, and a strand-
specific RNA-seq library prepared for each cell line or sample.
The integrity of the total RNA was determined using a 2100
Bioanalyser (Agilent) and quantified using the NanoDrop
(Thermo Scientific). RNA purification, reverse transcription,
library construction, and sequencing (2x150 paired-end) were
performed at WuXi NextCODE in Shanghai according to the
manufacturer’s instructions (Illumina). Quality control was
performed using Fast QC and clean reads were mapped onto
the human genome (hgl19) using HiSeq2 and StringTie before
bioinformatics analysis.

Table 1 Correlation Between HOXA-AS2 Expression and
Clinicopathological Characteristics in HCC Patients
Clinicopathological Case | HOXA-AS2 | y4Z P
Characteristics (n) Expression
Low | High

Age 0.035 0.852
<50 years 6l 30 31
>50 years 55 28 27

Sex 0.689 0.406
Male 101 49 52
Female 15 9 6

Tumor numbers 0.558 0.455
Single 64 34 30
Multiple 52 24 28

Tumor diameter 0.992 0.319
<5cm 37 16 21
>5 cm 79 42 37

BCLC —1.065 | 0.287
A 58 31 27
B 32 17 15
C 26 10 16

Edmondson grade 4.174 0.041*
[l 57 34 23
1 59 24 35

MVI —1.46 | 0.144
MO (no found) 44 25 19
MI(=5) 48 24 24
M2(>5) 24 9 15

CKI9 9.206 0.002%*
Negative 8l 48 33
Positive 35 10 25

AST/ALT 0.943 0.331
<l 41 18 23
>| 75 40 35

AFP level 4.328 0.037*
<400ng/mL 69 40 29
>400ng/mL 47 18 29

Cirrhosis Status 0.37 0.544
Cirrhosis 49 23 26
Non-cirrhosis 49 26 23

Recurrence status 2.275 0.132
No (>3years) 68 30 38
Yes 48 28 20

Notes: HCC patients were divided into high/low expression group based on
median value. *P<0.05, **P<0.01.

Abbreviations: BCLC, Barcelona clinical liver cancer system; MVI, microvascular
invasion; CK19, cytokeratin 19; AST, aspartate transaminase; ALT, alanine transa-
minase; AFP, alpha-fetoprotein.
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RNA-Seq for Differential Expression of

LncRNAs and mRNAs

The expression level of each IncRNA and mRNA was calcu-
lated, and the results were quantified using the FPKM
(Fragments Per Kilobase of exon model per Million reads
mapped) method. Differentially expressed IncRNAs and
mRNAs were identified using the DEseq2 package of
R/Bioconductor. The biological significance threshold was
set at a fold change of +2 (log,FC>1 and log,FC<-1), and the
statistical significance threshold was set at an adjusted p-value
(adj. p) <0.05. Only IncRNAs or mRNAs that achieved both
biological and statistical significance were considered as
DEGs. Differentially expressed IncRNAs and mRNAs were
identified through volcano plot filtering. One IncRNA
(HOXA-AS2) which was significantly up-regulated in both
oncogenic transformation cell line and HCC tissue samples
was selected and the expression of HOXA-AS?2 in liver hepa-
tocellular carcinoma in TCGA was further validated using
LncTarD online database (http://biocc.hrbmu.edu.cn/
LncTarD/or http:/biocc.hrbmu.edu.cn/LncTarD/).'* Based on
the median expression of IncRNA HOXA-AS2, the patient
samples were categorized into the high (n=58) and low (n=58)

expression groups and subsequently plotted into the heatmap
of differentially expressed mRNAs using the pheatmap.2
R package.

GO and Pathway Analysis

The gene ontology (GO) analysis is used as the functional
annotation of the differentially expressed mRNAs, including
Biological Process (BP), Cellular Component (CC) and
Molecular Function (MF). The GO annotations were per-
formed using DAVID 6.8 (https://david.ncifcrf.gov/). The
KEGG (Kyoto Encyclopedia of Genes and Genomes) path-

way analysis for differentially expressed mRNAs allowed
the determination of significantly enriched biological path-
ways using KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/).
P<0.05 was considered statistically significant.

Fluorescence-Activated Cell Sorting
(FACS) for CDI133+ and CD326+ Cell

Populations

The single-cell suspensions were incubated with phycoery-
thrin (PE) anti-human CD133 antibody (1:50, Cat. 372803,
BioLegend, USA) and fluorescein isothiocyanate (FITC) anti-
human CD326 antibody (1:50, Cat. 324203, BioLegend,
USA) in staining solution containing 3% bovine serum albu-
min (BSA) for 15 min at 4°C according to the manufacturer’s

instructions. Negative controls were stained with antibodies of
isotype control. The cells were then washed and resuspended
in pre-cooled PBS, and filtered through a 40 um cell strainer to
obtain single-cell suspension. Cell analysis was performed
using a BD Accuri C6 Plus (BD Biosciences, USA), and cell
sorting was performed using a BD FACS Aria m (BD
Bioscience, USA). Data were analyzed using FlowJo 10.5.3
software (FlowJo, LLC) and only living and single cells were
gated out for population analysis using a PI gate and side and
forward scatter gates. All experiments were repeated thrice.

Time-of-Flight Mass Cytometry (CyTOF)
In brief, a total of 30 HCC patients (15 HCC patients with
high HOXA-AS?2 expression and 15 HCC patients with low
HOXA-AS?2 expression) and 10,000 living cells per sample
were selected and analyzed. These 30 tumor tissues were
dissociated into single cells using DNAase [ (Sigma),
Collagenase II (Gibco) and Red Blood Cell Lysis Buffer
(Solarbio) as previously described,'” and single-cell sus-
pensions were cryopreserved in freezing media containing
10% dimethyl sulfoxide (DMSO, Sigma) and 90% fetal
bovine serum (FBS, Gibco) for CyTOF analysis. A panel
of 29 antibodies that included a broad number of stem cell
markers are listed in the Table 2. These antibodies were
subsequently conjugated with metal-loaded polymers for
antibody binding. A 20-well barcoding group comprising
of unique combinations of six barcoding metals (102 Pd,
104 Pd, 105 Pd, 106 Pd, 108 Pd, and 110 Pd, Fluidigm) were
used for this study. For viability staining, the cells were
stained with cisplatin (Fluidigm) at a final concentration of
5 mmol/L to identify living and dead cells. The cells were
then fixed with 1.6% paraformaldehyde at room tempera-
ture for 10 minutes, stained with DNA intercalator
(Fluidigm), and incubated at 4°C overnight. The cells
were then washed with Maxpar Cell Staining Buffer and
Milli-Q Water. Prepare 0.1XEQ beads to re-suspend all
samples, then filter through a 35-pm nylon mesh and then
analyzed on CyTOF 2 Mass Cytometer within the Fluidigm
CyTOF acquisition software.

CyTOF Data Analysis

All FCS files generated by CyTOF v6.7 were concatenated,
normalized, and manually debarcoded. Single living cells
for each file were manually gated using the online Cytobank
software (https://www.cytobank.org/). Single-cell data were

clustered by an unsupervised hierarchical clustering algo-
rithm (PhenoGraph)'® and dimensionality reduction per-
formed by at-distributed stochastic neighbor embedding
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Table 2 Purified Antibodies About the Stem-Like Cells Centric

Panel
Antibodies Metal Clone Source Identifier
CD326 141Pr 9C4 Fluidigm 3141006B
CKI9 162Dy A53-B/A2 | BioLegend | 628502
OoVvé 152Sm OV-6 R&D MAB2020
p53 143Nd 7F5 Fluidigm 3143018A
C-MYC 176Yb 9EIO Fluidigm 3176012B
MUCI 168Er SM3 abcam ab22711
Vimentin 156Gd RV202 Fluidigm 3156023A
Met 167Er DIC2 Fluidigm 3167017A
DNMT3B 164Dy 832121 Fluidigm 3164021B
CDI3 160Gd WMI5 Fluidigm 3160014B
CD24 166Er ML5 Fluidigm 3166007B
CD34 149Sm 58l Fluidigm 3149013B
CD44 171Yb IM7 Fluidigm 3171003B
CD45 89Y HI30 Fluidigm 3089003B
CD47 209Bi CC2C6 Fluidigm 3209004B
CD54 170Er HAS58 Fluidigm 3170014B
CD9%0 158Gd 5EIO BioLegend | 328102
CD104 173Yb 58XB4 Fluidigm 3173008B
CDI33 153Eu 170411 R&D MABI 1331
CDl66 145Nd 3A6 BioLegend | 343902
CD274 175Lu 29E.2A3 Fluidigm 3175017B
CD325 148Nd 8Cl | BioLegend | 350802
p2l 159Tb 12D1 Fluidigm 3159026A
AFP 150Nd 189506 Fluidigm 3150025B
ALDH 147Sm 44/ALDH Fluidigm 3147015B
H2AZ 165Ho EPR6171 abcam ab208691
HepPAR-| I51Eu EP-2 novus NBP1-42179
NANOG 169Tm | N31355 Fluidigm 3169014A
LGR5 155Gd SA222C5 BioLegend | 373802

algorithm (t-SNE).!” For Spanning Tree Progression of
Density Normalized Events (SPADE) analysis,'® 20-200
target nodes and 10% downsampled events were used. The
clustering channels were selected based on whether they
were lineage markers and which cell subpopulations were
to be clustered. The ratio of median intensity to plot heatmap
was transformed, showing the differential expression of
29 stem cell markers in different clusters. The colors in the
heatmap represented the measured average intensity value of
a given marker in each cluster.

Statistical Analysis

All assays were carried out in triplicates. Statistical analysis
was performed using SPSS 26.0, GraphPad Prism 8.3, and
R 3.6.1. The independent #-test was used to compare the
differences between the two groups, one-way ANOVA was
used for three or more groups, and repeated-measures

ANOVA was used for MTT assay and tumor growth curves.
The Chi-square test and Wilcoxon rank-sum test were used to
examine the correlations between clinicopathological char-
acteristics and HOXA-AS?2 expression. Data were expressed
as mean (M)+£standard deviation (SD). Survival analysis was
performed using the following steps: dividing the patients
into high and low HOXA-AS?2 level groups with the median
expression regarded as the cut-off value; Overall survival
curves plotted by Kaplan-Meier plotter and overall survival
analysis performed using the Log-rank test. Univariate and
multivariate Cox regression analysis was used to determine
hazard ratios and independent prognostic factors that influ-
enced survival, and relevant results were displayed on
a forest plot. P<0.05 was considered statistically significant
in all analyses (¥*P<0.05; **P<0.01; ***P<0.001).

Results

Establishment of Oncogene-Transformed
Cell Lines

THLE2 cell lines were derived from primary normal human
liver epithelial cells expressing SV40 LT. To engineer hepato-
cellular carcinoma models via oncogene-mediated transforma-
tion, according to previous studies,'® the oncogenic hTERT,
which is known as the most important oncogene in hepatocar-
cinogenesis was first overexpressed, creating the THLE2
hTERT" cell line. Based on hTERT overexpression, the P53
pathway was inactivated by transducing with P53-specific
shRNA (sh-P53), to construct the THLE2 hTERT P53~
cell line. Finally, an oncogene KRAS was introduced to
enhance malignant transformation, generating the THLE2
hTERT P53 KRAS" cell line. The overexpression efficiency
of hTERT and KRAS and knockdown efficiency of P53 in
THLE?2 cell lines were evaluated by qRT-PCR and Western
blot analysis, respectively (Figure 1A and B). All the above
experimental results supported that the oncogene-transformed
cell lines were established successfully.

Enhancement of Colony Formation,
Proliferation, Migration and Stem
Cell-Related Properties During
Oncogenic Transformation

In an attempt to determine the biological functions of the
constructed cell lines, the colony formation experiment was
first conducted, demonstrating that the number and size of
clones in the THLE2 hTERT'P53 KRAS'#2 cell line
increased significantly compared with the THLE2 Wild
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Figure | Characterization of THLE2 cell lines expressing oncogenes hTERT, P53 or KRAS.
Notes: **P<0.01, **P<0.001. (A) qRT-PCR analysis of hTERT, P53, or KRAS expression levels in THLE2 cell lines, in comparison with THLE2 Wild Type cell line. B-Actin
was used as the internal reference control. (B) Western blot analysis of the overexpression and knockout effect of hTERT, P53, or KRAS in THLE2 cell lines, in comparison

with THLE2 Wild Type cell line. a-Tubulin was used as a loading control.

Type cell line (P<0.001, Figure 2A). Moreover, MTT assay
revealed that the cell proliferation ability of THLE2
hTERT'P53 KRAS#2 cell line was also significantly
higher than that of the Wild Type cell line (P<0.01, Figure
2B). Given that cell migration is a vital step in cancer pro-
gression, a scratch wound-healing assay was performed to
evaluate the role of oncogenic transformation in cell migra-
tion. As shown in Figure 2C, the migration rate of THLE2
hTERT P53’ KRAS#2 cell line was significantly increased
after 24 h compared with the Wild Type cell line (P<0.001,
Figure 2C). The increased abilities of colony formation,

A

THLE2

proliferation and migration may indicate the enhancement
of stem cell characteristics. Because stem cell subpopulation
is extremely rare in all cell types, the single-cell mass cyto-
metry technology was innovatively adopted to reveal the
stem-cell properties of THLE2 cell lines. CD326, CK19,
and OV6 are some of the well-known stem cell markers in
HCC, which were significantly increased (Figure 3A). We
further developed a xenograft nude mice model to test the
self-renewal capacity of established cell line in vivo (Figure
3B). Oncogene-transformed cell line significantly acceler-
ated xenograft tumor growth in nude mice compared with
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Figure 2 The abilities of colony formation, proliferation and migration in THLE2 cell lines.
Notes: **P<0.01, ***P<0.001. (A) Colony formation assay of THLE2 cell lines, in comparison with THLE2 Wild Type cell line. Colony numbers comprising more than 50
cells were calculated. (B) MTT proliferation assay of THLE2 cell lines. (C) Wound-healing assay of THLE2 cell lines. 200xmagnification.
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median intensity of the stem cell markers. (B) The resected tumors from individual nude mice. (C) Growth curve of tumors in nude mice. (D) Diameter of tumors in nude

mice. (E) Weight of tumors in nude mice.

Wild Type cell line (P<0.05, Figure 3C). The diameter of the
subcutaneous tumors in nude mice formed by the THLE2
hTERT P53 KRAS" cell line was larger than that of THLE2
Wild Type cell line (P<0.05, Figure 3D). Tumor weight
of nude mice was measured at the termination of the experi-
ment and shown significantly higher in the THLE2
hTERT P53 KRAS" group compared with THLE2 Wild
Type group (P<0.05, Figure 3E). These results suggested
that oncogenic transformation might enhance the stem cell-

related properties.

Aberrant Upregulation of IncRNA
HOXA-AS2 in Oncogene-Transformed
Cell Lines, HCC Cell Lines and HCC

Patients

To gain further insights into transcriptional regulation
changes during malignant transformation, whole transcrip-
tome sequencing (RNA-seq) on THLE2 Wild Type and
THLE2 hTERT P53 KRAS'#2 cell lines were performed.
The volcano plot depicted 87 up-regulated IncRNAs and 101
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down-regulated IncRNAs which significantly changed more
than two-fold (P adj< 0.05, Figure 4A). Among the differen-
tially expressed IncRNAs, HOXA-AS2 is the top 5 signifi-
cantly up-regulated IncRNA, and little has been reported on
its role in tumorigenesis and cancer stemness. Meanwhile,
qPCR experiments in two normal liver cell lines (THLE2 and
LO2) and nine HCC cell lines (Huh-1, Li-7, SNU-398,
MHCC97L, HCCLM3, PLC/PRF/5, SNU-182, Huh-7,
HepG2) were performed to verify the upregulation of
HOXA-AS2 in HCC cell lines (P<0.001, Figure 4B). To
evaluate the expression levels of HOXA-AS2 in HCC
patients, HOXA-AS2 expression was detected in 116 pairs
of tumor and normal tumor-adjacent tissue samples.
Consistently, HOXA-AS2 expression was found to be sig-
nificantly upregulated in HCC tissues (P<0.001, Figure 4C).
The expression of HOXA-AS2 in TCGA was subsequently
examined using LncTarD online database. The results from
the TCGA database revealed that HOXA-AS2 expression
was significantly upregulated in HCC as well (Figure 4D).
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Together, these results elucidated the aberrant upregulation
of IncRNA HOXA-AS?2 in oncogene-transformed cell lines,
HCC cell lines and HCC Patients.

Higher HOXA-AS2 Expression Levels are
Positively Correlated with Poor

Progression, Survival, and Prognosis

To further investigate the clinical significance regarding
dysregulation of HOXA-AS2 in HCC, the correlation
between clinicopathological characteristics and HOXA-
AS2 expression was evaluated by dividing patients into
high (n=58) and low (n=58) expression groups, based on
the median expression value of HOXA-AS2 in tumor
tissues. Association analysis revealed that the HOXA-
AS2 expression was positively correlated with
Edmondson grade (P=0.041), CK19" (P=0.002) and AFP
level (P=0.037, Figure 5A), but not with age, gender,
tumor diameter, tumor numbers, Barcelona clinical stage
of liver cancer (BCLC), Microvascular invasion (MVI),
liver cirrhosis, and recurrence status (P>0.05, Table 1 and

aen
er
e
o
o mim 01

i |

—— Normal D
cancer

[C] normal

w

log2(TPM+1)

T
Tumor Normal Tumor

IncRNA HOXA-AS2

IncRNA HOXA-AS2

T
Normal

IncRNA HOXA-AS2(TCGA)
LIHC*

Figure 4 The expression of IncRNA HOXA-AS2 in oncogene-transformed cell lines, HCC cell lines and HCC Patients.

Notes: *P<0.05, ***P<0.001. (A) Volcano plot of differentially expressed IncRNAs in THLE2 Wild Type cell line and THLE2 hTERT+P53-KRAS+ cell line. (B) The relative
expression of HOXA-AS2 in normal liver cell lines and HCC cell lines, in comparison with THLE2 Wild Type cell line. (C) HOXA-AS2 expression is significantly increased in
tumor tissues compared with normal tumor-adjacent tissues in HCC patients. (D) HOXA-AS2 expression in tumor and normal tumor-adjacent tissues of HCC patients

from the TCGA database.
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Figure S1A). However, these indicators also showed
increasing trends in HCC patients with high HOXA-AS2
expression. Furthermore, Kaplan—-Meier survival analysis
suggested that the overall survival rate (OS) in HCC
patients with high HOXA-AS2 expression was signifi-
cantly lower compared with low HOXA-AS2 expression
group (P=0.0364, Figure 5B), while there was no signifi-
cant difference in the recurrence-free survival rate between
the two groups (P=0.904, Figure S1B). Besides, Univariate
Cox proportional hazard regression analysis revealed that
the HOXA-AS2 expression, as well as tumor numbers,
Edmondson grade, MVI, BCLC, and CK19", were signifi-
cantly correlated with overall survival in HCC patients
(Figure 5C). More importantly, multivariable Cox regres-
sion analysis predicted that HOXA-AS2 expression level
could serve as an independent prognostic factor for
poor overall survival (P=0.028, HR=2.764, 95%
CI=1.115-6.848). All the above clinical results suggested
that the upregulation of HOXA-AS2 may play a critical
role in poor progression, survival, and prognosis in HCC

patients.

Functional Annotations of Differentially
Expressed Genes in HCC Patients with

High and Low HOXA-AS2 Expression

In the preliminary study, HOXA-AS2 expression was
uncovered to be significantly increased in both oncogene-
transformed cell line and HCC tissues, and associated with
poor survival and prognosis, implying that HOXA-AS2
plays a pivotal role in hepatocarcinogenesis. It was there-
fore important to further explore the biological functions of
high HOXA-AS2 expression in HCC, through differentially
expressed genes analysis between high and low HOXA-
AS2 expression groups. A total of 260 up-regulated and
94 down-regulated genes were identified (Figure S2).
Subsequently, GO and KEGG pathway enrichment analysis
was performed and the top 10 GO terms and top 10 KEGG
pathways enriched in upregulated genes are shown in
Figure 6. GO annotation results indicated that the upregu-
lated genes were significantly enriched in anterior/posterior
pattern specification and extracellular space (Figure 6A).
Chord plot further revealed the expression profiles of these
GO Terms, which enriched many stem cell-related genes
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Figure 5 Higher HOXA-AS2 expression levels indicated poor survival and prognosis.
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Notes: *P<0.05, **P<0.01. (A) High HOXA-AS2 expression is positively associated with Edmondson grade, CK 19", and AFP levels in HCC patients. (B) Kaplan-Meier
survival curve assessing the overall survival (OS) of HCC patients with different HOXA-AS2 expression levels. (C) Forest plot depicting the risk factors evaluated by

univariate and multivariate Cox proportional hazard regression model.
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Figure 6 Functional annotations of differentially expressed genes in HCC patients with High/Low HOXA-AS2 expression. (A) GO analysis and annotation of upregulated
genes. (B) Chordal graph of certain functional enrichment. (C) KEGG pathways analysis of upregulated genes.

such as the HOX gene family, MMP gene family, and MUC
gene family (Figure 6B). Coincidentally, the functional
pathways enriched by some of the upregulated genes were
stem cell-related pathways, including the extracellular
matrix (ECM) receptor interaction pathway and the Wnt
signaling pathway (Figure 6C), suggesting a correlation
between high HOXA-AS2 expression and the stemness of
cancer cells.

Characterization of Differential
Distribution of CSCs Based on the
Analysis of Time-of-Flight Mass

Cytometry (CyTOF)

The enrichment of HOX, MMP, MUC family genes and
aberrant Wnt and ECM signaling have been described as
critical players in the initiation and maintenance of HCC,
via modulating the stemness of cancer cells and affecting
intercellular adhesion.”*?' A total of 30 HCC patients
(15 HCC patients with high HOXA-AS2 expression and 15
HCC patients with low HOXA-AS2 expression) and 10,000
living cells per sample were selected and analyzed, and
a single-cell mass cytometry experiment was performed for
their tumor tissues. The t-SNE maps were the sum of all
patients with high and low expression and applied to all
cancer stem cells and colored on a scale ranging from blue
to red, to indicate increasing expression of stem cell markers.
SPADE analysis was further performed to visualize the
annotated trees of stem cell markers in the sum of all HCC
patients with high and low expression. Based on the above
analysis, increased expression of CD326 (EPCAM), CK19,
OV6 and decreased expression of P53 were displayed in
HCC patients with high HOXA-AS2 expression compared
with those with low HOXA-AS2 expression (Figure 7A,
and7B). Moreover, the other CSCs markers such as CD133

and CD44 were also evaluated, the expression of CD133 was
a little increased trend in high HOXA-AS2 expression group
compared with low HOXA-AS2 expression group but no
significant difference in the expression of CD44 between
high and low HOXA-AS2 expression groups (Figure S3). It
should be noted that CD326 (EPCAM), CK19, OV6 are
some of the previously reported typical stem cell markers
and P53 is one of the best-characterized tumor suppressor
proteins in HCC. Accordingly, we hypothesized that the stem
cell characteristics in patients with higher HOXA-AS2
expression may highly modulate poor progression and devel-
opment of HCC.

The Landscape of
CSCs-Microenvironment and
Identification of Specific

CSCs-Subpopulations

To further visualize the CSCs phenotypic diversity of HCC
patients with high and low HOXA-AS2 expression, the
PhenoGraph and t-SNE dimensionality reduction algorithm
was adopted and eventually partitioned the high-
dimensional single-cell data into different clusters. The
expression profile of stem cell markers in each cluster
of CSCs-

microenvironment in HCC patients with high and low

was used to construct the landscape
HOXA-AS2 expression (Figure 8A). The expression pro-
file of stem cell markers can reliably assign these clusters
into 14 cell clusters (Figure 8B). Interestingly, cluster 7 was
first discovered to be significantly increased in the high
HOXA-AS2 expression group (P=0.0023, Figure 8C).
Differential expression of stem cell markers in this cluster
was further explored and to our surprise, some of the
canonical liver CSCs markers such as CD326 (EPCAM,

P=0.0047), C-MYC (P=0.014) and CK19 (P=0.03) were
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Figure 7 SPADE clustering and t-SNE maps analysis of the expression level of CSCs markers. (A) The integrative SPADE clustering plots of CD326 (EpCAM), CK19, OVé,
P53 in HCC with high and low HOXA-AS2 expression. The clustering was based on the stem cell panel and manually gated using the online Cytobank software. (B) The
integrative t-SNE maps of CD326 (EpCAM), CK19, OV6, P53 in HCC with high and low HOXA-AS2 expression.

significantly increased in the high HOXA-AS2 expression
group (Figure 8D). These findings provided insights into
the possibility of the existence of a specific CSCs-
subpopulation in HCC patients with higher HOXA-AS2
expression at the single-cell proteome level.

LncRNA HOXA-AS2 are Enriched in

CD326+ and CD133+ Cell Populations

To further confirm the role of IncRNA HOXA-AS2 in main-
taining stemness phenotype, fluorescence-activated cell sort-
ing (FACS) was first performed to isolate CD326" and
CD133" cell populations from Huh-7 cell line, which was
shown stem cell-related properties and higher HOXA-AS2
expression.”>>* The proportion of CD326" cells is 44.8%
(Figure 9A) and the proportion of CD133" cells is 26.6%
(Figure 9C). Subsequently, the relative expression levels of

HOXA-AS?2 were detected in CD326%, CD3267, CD133" and
CD133" populations using gPCR experiments, respectively.
To our surprise, the expression level of HOXA-AS2 was
significantly higher in CD326" cells compared with
CD326" cells (P<0.001, Figure 9B), More importantly, the
expression level of HOXA-AS2 was significantly higher in
CD133" cells compared with CD133 cells as well (P<0.01,
Figure 9D), These experimental results demonstrated that
IncRNA HOXA-AS2 may be enriched in some cancer stem
cell populations, further demonstrating the vital association
between IncRNA HOXA-AS2
properties.

and cancer stem cell

Discussion

Increasing research efforts report that the construction of
the oncogene-transformed experimental model in vitro is
becoming an important measure to observe the occurrence
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Figure 8 The landscape of CSCs-microenvironment and analysis of specific cancer stem cell subpopulations in HCC patients with high and low HOXA-AS2 expression. (A)
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cell clusters between high and low HOXA-AS2 expression. (D) The expression of cancer stem cell markers in cluster 7.

and development of HCC.** Nevertheless, significant char-
acterization of HCC at the molecular level shows that
more than 90% of HCC patients exhibit telomerase reacti-
vation, TP53 oncogenic mutations which affect 12-48% of
HCC patients, and over-activation of the RAS pathway
representing a dominant oncogenic event in almost every
HCC patient.> 27 Consequently, it has been conceived that
the transformations of these oncogenes and suppressor

genes play a fundamental role in the initiation and pro-
gression of HCC. In the present study, THLE2
hTERT P53 KRAS" cell line with oncogene-mediated
malignant transformation was successfully established,
and the abilities of colony formation, cell proliferation,
migration and tumorigenesis and the expression levels of
stem cell-related markers were found to be significantly
increased in THLE2 hTERT P53 KRAS" cell line. These
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results showed that increased stem cell-related features
may particularly occur during oncogenic transformation.
These changes in molecular biological function are usually
accompanied by several transcriptional regulation altera-
tions such as the dysregulation of IncRNAs, which could
serve as crucial biomarkers in oncogenesis.

Therefore, the whole transcriptome sequencing (RNA-
seq) on THLE2 Wild Type and THLE2
hTRET P53 KRAS" cell lines was performed to further
investigate changes at transcriptional level, and
a significantly up-regulated IncRNA HOXA-AS2 was
revealed. LncRNA HOXA Cluster Antisense RNA2
(HOXA-AS2) is an emerging cancer-related IncRNA,
located between the human genes of HOXA3 and
HOXA4.%® Previous studies have reported that HOXA-
AS2 can function as an oncogene in multiple cancer
types, including lung cancer, bladder cancer, colorectal
cancer, and many others, but rarely in HCC.*
Consistently, the up-regulation of HOXA-AS2 in HCC
cell lines and HCC patients was observed as well. More
importantly, higher HOXA-AS2 expression level predicted
poor prognosis and the expression levels of HOXA-AS2
could serve as an independent prognosis factor for overall
survival in HCC patients. However, how HOXA-AS2
expression is implicated in poor progression, survival,
and prognosis of HCC remains elusive.

Differentially expressed genes analysis between high
and low HOXA-AS2 expression groups was performed to
explore the biological functions of HOXA-AS2 in the
development and progression of HCC. The differentially
upregulated genes were found to be enriched in stem cell-
related function and included many stem cell-related genes
such as the HOX gene family, MMP gene family, and
MUC gene family. Emerging evidences confirm that the
abnormal expression of these gene families is involved in
the transformation of normal stem cells into cancer stem
cells.?*! Similarly, upregulated genes were enriched in
the stem cell-related signaling pathway, including ECM
and Wnt pathway. It’s noteworthy that ECM and Wnt are
some of the most important signaling pathways for main-
taining cancer growth by influencing the behavior of can-
cer stem cells.***® Transcriptome analysis supported the
notion that the aberrant expression of HOXA-AS2 expres-
sion promotes tumor initiation and accelerates tumor
development by regulating the stemness of cancer cells
in HCC patients.

Given that the relationship between IncRNA HOXA-
AS?2 and liver cancer stem cells remains largely unknown,
liver cancer stem cells are known to be the most important
trigger for the initiation and progression of HCC.**
Therefore, high-dimensional single-cell proteome analysis
based on advanced mass cytometry was conducted for the
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first time in this study, and displayed increased expression
of CD326 (EPCAM), CK19, OV6, together with decreased
expression of P53 in HCC patients with higher HOXA-
AS2 expression. Besides, EPCAM, OV6, and CK19 are
subsets of stem cell-related proteins and might acquire
more self-renewal ability, tumorigenicity, and invasive
characteristics in HCC.*-° Herein, we further emphasize
the fundamental role of higher HOXA-AS2 expression in
promoting stem cell-related features based on the perspec-
tives of single-cell proteome analysis.

Since higher HOXA-AS2 expression may enhance
stem cell-related features and poor progression in HCC,
the existence of specific cancer stem cell subpopulations
was of great concern. A specific CSCs-cluster was discov-
ered to be significantly increased in HCC patients with
high HOXA-AS2 expression, following the construction
of the landscape of CSCs-microenvironment. Most nota-
bly, the expression levels of some canonical markers of
liver CSCs including EPCAM, C-MYC, and CK19 were
also significantly increased in the high HOXA-AS2
expression group. These data suggested that this cluster
with EPCAM", C-MYC", and CK19" may be a specific
cancer stem cell subpopulation affecting the occurrence
and progression of HCC.

To further verify the association between IncRNA
HOXA-AS2 and cancer stemness, fluorescence-activated
cell sorting (FACS) was performed to isolate CD326" and
CD133" cell populations and the relative expression levels
of HOXA-AS2 were further detected in these cell popula-
tions. Intriguingly, the positive stem cell populations were
shown the higher HOXA-AS2 expression compared with
corresponding negative cell populations, suggesting the
enrichment of HOXA-AS2 in stem cell populations. It’s
innovatively revealed the potential role of IncRNA
HOXA-AS2 in maintaining stem cell-related properties.

Conclusion

In summary, this study provides innovative insights into the
oncogenesis of HCC. The expression of HOXA-AS2 was
found to be aberrantly expressed, and its higher expression
positively was correlated with poor prognosis and stem cell-
related functions. Furthermore, the landscape of CSCs-
microenvironment in HCC patients with high or low
HOXA-AS2 expression was elucidated in this study. The
presence of a specific cancer stem cell subpopulation with
EPCAM’, C-MYC", and CK19" in higher HOXA-AS2
expression HCC patients was first confirmed via high-
dimensional single-cell proteome analysis. These innovative

findings may present new targets for the diagnosis and
treatment of HCC. However, further investigations are
required to elucidate the underlying regulatory mechanism
of specific cancer stem cell subpopulation in HCC patients
with higher HOXA-AS2 expression.
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