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Abstract

Background Hepatocellular carcinoma (HCC), a prevalent primary malignant tumor, is notorious for its high mortality
rate. Despite advancements in HCC treatment, patient outcomes remain suboptimal. This study endeavors to assess
the potential prognostic significance of POLH-AST in HCC.

Methods In this research, we gathered RNA-Seq information from individuals with HCC in The Cancer Genome
Atlas (TCGA). We analyzed the levels of POLH-AST expression in both HCC cells and tissues using statistical tests.
Additionally, we examined various prognostic factors in HCC using advanced methodologies. Furthermore, we
employed Spearman’s rank correlation analysis to examine the association between POLH-AS1 expression and the
tumor’s immune microenvironment. Finally, the functional roles of POLH-AST in HCC were validated in two HCC cell
lines (HEP3B and HEPG2).

Results Our analysis revealed elevated POLH-AST expression across various cancers, including HCC, with heightened
expression correlating with HCC progression. Notably, POLH-AS1 expression emerged as a potential biomarker for
HCC patient survival and prognosis. Mechanistically, we identified the involvement of POLH-AS1 in tumorigenesis
pathways such as herpes simplex virus 1 infection, interactions with neuroactive receptors, and the cAMP signaling
pathway. Lastly, inhibition of POLH-AST was discovered to hinder the proliferation, invasion and migration of HEP3B
and HEPG2 HCC cells.

Conclusions POLH-AST emerges as a promising prognostic biomarker and therapeutic target for HCC, offering
potential avenues for enhanced patient management and treatment strategies.
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Background

Hepatocellular carcinoma (HCC) is a significant malig-
nant tumor originating from liver cells and ranks as one
of the most lethal cancers globally [1, 2]. In 2020, approx-
imately 906,000 individuals were diagnosed with HCC
worldwide, making it the third leading cause of cancer-
related deaths. The prognosis remains grim, with a five-
year relative survival rate of around 18% [3]. Currently,
early surgical resection remains the foremost therapeutic
strategy, aiming to curtail mortality rates associated with
HCC [4]. Despite advancements in medical science, the
anticipated therapeutic efficacy for patients with HCC
has not yet achieved optimal levels. The challenges are
attributed to the highly invasive, heterogeneous, and
drug-resistant nature of HCC, resulting in a poor prog-
nosis [4—6]. Understanding the molecular mechanisms
underlying HCC initiation and progression is crucial for
improving clinical interventions and patient outcomes.
Therefore, a deeper exploration of these molecular pro-
cesses is essential to develop more effective treatment
strategies and enhance survival rates in HCC patients.

Long non-coding RNAs (IncRNAs) have emerged as
critical players in cancer biology, influencing six key char-
acteristics: cell growth, motility, immortality, angiogene-
sis, and survival [7]. Various studies have highlighted the
dualistic role of IncRNAs, acting as either tumor promot-
ers or suppressors within the tumor microenvironment
[8]. Their significant role in cancer-related pathways sug-
gests their potential as biomarkers for tumor diagnosis,
treatment, and prognosis [9]. Consequently, the explora-
tion of IncRNAs as biomarkers has become a prominent
area of research in oncology.

POLH antisense RNA1 (POLH-AS1) is a long non-
coding RNA derived from the reverse transcription of the
POLH gene. Recent studies have illuminated its pivotal
role as a master regulator in HCC, significantly impact-
ing patient prognosis by modulating various emerging
cell death pathways, including necroptosis, ferroptosis,
and cuproptosis [10-12]. Furthermore, a set of necrosis-
associated IncRNAs, including POLH-AS1, has been
proposed to guide the prognosis of HCC and inform
immunotherapeutic approaches [13]. However, the pre-
cise regulatory mechanisms through which POLH-AS1
affects HCC progression remain largely unexplored.

In this study, we spotlight a promising IncRNA, POLH-
AS1, demonstrating its potential to forecast progno-
sis and guide the choice of immunotherapy for HCC
patients. Furthermore, we tentatively examined the
expression levels of POLH-AS1 across HCC cell lines
and human normal liver cell lines. Finally, we delved into
the functional relevance of POLH-AS]1 in HCC progres-
sion, unveiling that its inhibition resulted in attenuated
cell proliferation, migration, and invasion. In aggregate,
our findings underscore POLH-AS1 as a noteworthy
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prognostic biomarker and a viable target for tailored
HCC treatment.

Methods

Data acquisition and processing

Data on hepatocellular carcinoma and transcriptome
data obtained from RNA sequencing were extracted from
The Cancer Genome Atlas (TCGA) database. 374 HCC
samples and 50 samples of normal tissue were included
in the research after individuals with missing clinical data
were eliminated. Following this, research was carried out
to explore the relationship between the levels of POLH-
AS] expression and the survival rate of individuals diag-
nosed with HCC.

Tumor samples collection

Between Oct 2021 and Mar 2022, 8 HCC tissue samples
and 8 normal liver tissues were gathered from patients
at the First Affiliated Hospital of Zhengzhou University,
Henan, China. The clinicopathological characteristics of
the patients with HCC were summarized in supplemen-
tary table S1. HCC tissue samples were stored with liq-
uid nitrogen after resection, and mRNA expression levels
were evaluated using quantitative reverse transcription
polymerase chain reaction (RT-qPCR).

Prognostic model development and evaluation

Univariate and multivariate Cox regression analyses were
carried out to evaluate the potential of POLH-ASI as an
independent prognostic indicator at a significance level
of p<0.05. The analyses incorporated clinicopathologi-
cal variables such as age, gender, histologic grade, histo-
logic type, pathologic stage and alpha-fetoprotein (AFP).
Time-dependent receiver operating characteristic (ROC)
curve analysis was performed using the survivor ROC
software [14]. Further, we developed the nomogram for
the prediction of clinical outcomes for HCC patients [15].

Functional enrichment analysis

Functional enrichment analysis was performed as
described in our previous study [16, 17]. All HCC sam-
ples in the TCGA dataset were categorized into high and
low expression groups based on the median expression
level of POLH-ASI as the cutoff value. The ‘edgeR’ soft-
ware was utilized to detect differentially expressed genes
(DEGs) in HCC tissue with low and high POLH-AS1
expression levels, meeting the adjusted criteria (p<0.05
and |log2fold-change (FC)| > 1). Next, the DEGs under-
went Gene Ontology (GO) analyses to identify the most
significantly enriched biological functions. To determine
the enriched signaling pathways, the DEGs underwent
Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis [16].
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Immune infiltration and immune checkpoint analysis
Immune infiltration and immune checkpoint analysis
were conducted as described previously [16, 17]. The
Gene Set Enrichment Analysis (GSEA) was utilized to
evaluate the immune infiltration cells linked to POLH-
ASI. A study on immunity revealed marker genes for 24
distinct types of immune cells [18]. Using Spearman’s
rank correlation, the relationships between POLH-AS1
and these 24 cell types were investigated [17]. Subse-
quent analysis of the relationship between POLH-AS1
and immunological checkpoints produced a statistically
significant result (p<0.05).

Cell culture

For the cell culture, we used a previously published proto-
col [16, 17]. The Chinese Academy of Sciences (Shanghai,
China) provided the HEP3B and HEPG2 human HCC
cell lines, along with normal human liver cells (NCs).
These cells were maintained in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and 2 mM
L-glutamine at 37 °C in an incubator with 5% CO,,.

RNA extraction and RT-qPCR

The RNA extraction and RT-qPCR were administered
as described previously [16, 17]. RNA extraction from
the specified cell lines and tissue samples was conducted
using the RNA easy mini kit (QIAGEN, USA). GAPDH
mRNA levels were utilized for data normalization, and
the 27 (-AACT) method was employed for outcome quan-
tification. The primer sequences are shown in table S2.

Cell transfection

Small interfering RNA (siRNA) plasmid of POLH-AS1
and the negative control (si-NC) were packed from
GenePharma (Shanghai, China). The full length of
POLH-ASI1 synthesized by GenePharma was subcloned
into a lentivirus vector. HEP3B and HEPG2 cells were
transfected using Lipofectamine® 3000 (Invitrogen, USA)
according to our previously published article and the
manufacturer’s protocol [16]. The sequences of siRNA
are shown in table S3.

Cell counting kit-8 (CCK-8) assay

CCK-8 assay was performed to detect cell proliferation
as previously reported [16, 19]. In 96-well plates, the
HCC cells were planted at a density of 3x10? cells per
well. Next, 10 uL. of CCK-8 solution was applied to the
medium at 0, 24, 48, and 72 h, and it was then incubated
for two hours. At 450 nm in wavelength, the optical den-
sity (OD) was measured with a SpectraMax i3x device.
Then, a proliferation curve was produced using the
absorbance values that were discovered at the 72-hour
mark.
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Transwell migration and invasion assays

Transwell assays were used to evaluate the migratory and
invasive potential of HCC cells, as previously described
[16, 19]. The bottom chambers of the migration experi-
ment were filled with 500 pL of culture media that con-
tained 10% FBS. In the top chamber, 3x10* HCC cells
were seeded per well using 250 uL of serum-free media.
Swabs were used to extract the cells from the top com-
partment after 48 h. Using an Olympus microscope
(Tokyo, Japan), the remaining cells were preserved with
95% ethanol, dyed with a 0.5% crystal violet solution,
photographed, and the number of moving cells was
counted. Before cell seeding, the filter for the invasion
experiment was pre-coated with Matrigel (BD Biosci-
ences, San Jose, CA, USA). The next steps were the same
as for the migration test.

Wound healing assay

An assay of wound healing was conducted based on pre-
vious studies [16]. In 6-well plates, cells were seeded and
cultured until reaching confluence. A wound was then
made in the center of the plate using pipette tips, fol-
lowed by a switch to a serum-free medium. After 48 h,
images were captured, and the closure of the wound was
subsequently assessed.

Statistical analysis

Statistical data analysis was conducted using R software
version 3.6.3. A comparison of the variations in POLH-
AS1 levels among the two groups was performed utilizing
Fisher’s exact test, Mann-Whitney test, and Chi-square
test. The Wilcox or Kruskal test was utilized to evaluate
the relationship between POLH-AS1 levels in patients
with HCC and their clinical information. The Kaplan-
Meier technique was used to analyze survival. p<0.05
was deemed as the statistically significant threshold.

Results

Features of HCC patients

The TCGA databases provided 374 RNAseq data sets
of HCC patients with clinical resources including their
age, histologic grade, histological type, pathologic stage,
AFP, and vascular invasion. Clinical data is displayed in
Table 1.

The high expression level of POLH-AS1 in HCC tissues

Initially, we examined the expression levels of POLH-
ASI1 in various tumor tissues, utilizing data from TCGA.
The analysis revealed that POLH-AS1 expression was
elevated in several malignancies, with HCC showing par-
ticularly high levels compared to corresponding normal
tissues (Fig. 1A). As shown in Fig. 1B and C, the RNA
levels of POLH-AS1 in HCC tissues were consistently
higher than those in normal liver tissues. Furthermore,
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Table 1 Association between POLH-AST expression and clinicopathological features in the validation cohort

Characters Level Low expression High expression p
of POLH-AS1 of POLH-AS1

N 187 187

Age (%) <=60 85 (22.8%) 92 (24.7%) 0.438
>60 102 (27.3%) 94 (25.2%)

Histologic grade (%) Gl 34 (9.2%) 21 (5.7%) 0.002
G2 101 (27.4%) 77 (20.9%)
G3 47 (12.7%) 77 (20.9%)
G4 4(1.1%) 8(2.2%)

Histological type (%) Hepatocellular carcinoma 183 (48.9%) 181 (48.4%) 0.037
Hepatocholangiocarcinoma (mixed) 1(0.3%) 6 (1.6%)
Fibrolamellar carcinoma 3(0.8%) 0 (0%)

Pathologic stage (%) Stage | 102 (29.1%) 71 (20.3%) 0.002
Stage Il 43 (12.3%) 44 (12.6%)
Stage Ill 30 (8.6%) 55 (15.7%)
Stage IV 1(0.3%) 4(1.1%)

AFP (ng/ml) (%) <=400 129 (46.1%) 86 (30.7%) <0.001
>400 19 (6.8%) 46 (16.4%)

Vascular invasion (%) No 113 (35.5%) 95 (29.9%) 0.670
Yes 57 (17.9%) 53 (16.7%)
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we performed RT-qPCR on POLH-AS1 levels in eight
individual HCC cases and their corresponding normal
liver tissues. The qPCR results confirmed that POLH-
AS1 expression was significantly higher in HCC tissues
than in the matched normal tissues (Fig. 1D).

The expression of POLH-AS1 correlates with
clinicopathological characteristics of HCC

Utilizing data from the TCGA cohort, we explored the
association between POLH-AS] levels and various clini-
cal factors, including histologic grade, histologic type,
pathological stage, and AFP concentration. The analysis
revealed that POLH-AS1 expression was significantly
elevated in G3&G4 HCC compared to G1&G2 HCC
(Fig. 2A). Additionally, POLH-ASI expression was higher
in hepatocholangio carcinoma (mixed type) than in
fibrolamellar carcinoma and hepatocellular carcinoma
(Fig. 2B). Furthermore, elevated expression of POLH-
AS1 was observed in Stage III&IV compared to Stage
I&II (Fig. 2C). A positive correlation between POLH-AS1
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expression and AFP concentration was also established,
with higher POLH-ASI expression observed in patients
with elevated serum AFP levels (Fig. 2D).

Moreover, ROC curve analysis was performed to
evaluate the diagnostic potential of POLH-AS1 in HCC
patients. The findings demonstrated that POLH-AS1
possesses significant diagnostic value for HCC, as evi-
denced by an AUC value of 0.864 (95% CI=0.823-0.906)
(Fig. 2E). Additionally, time-dependent ROC curve
analysis revealed AUC values of 0.677, 0.624, and 0.608
for predicting 1-year, 3-year, and 5-year survival rates
in HCC patients, respectively (Fig. 2F), indicating that
POLH-AS1 serves as a reliable prognostic marker for
HCC survival.

High POLH-AS1 expression indicated poor prognosis in
HCC patients

The prognostic value of POLH-AS1 in HCC was assessed
using Kaplan-Meier survival analysis with RNA-seq data
from TCGA. The findings revealed a significant inverse
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correlation between POLH-AS1 expression levels and
overall survival (p=0.005), disease-specific survival (DSS,
p=0.011), and progression-free interval (PFI, p=0.015)
(Fig. 3A-C). Further univariate and multivariate analyses
confirmed that POLH-AS1 upregulation is an indepen-
dent prognostic factor in HCC (Fig. S1A-B and table S4).

A nomogram model incorporating clinical character-
istics was developed to predict overall survival rates for
HCC patients at 1, 3, and 5 years (Fig. 3D). Calibration
curves were then used to evaluate the accuracy of the
nomogram’s predictions, showing a strong concordance
between the predicted survival rates and actual outcomes
(Fig. 3E).

Identification of DEGs and functional enrichment analysis

To explore the potential mechanisms of POLH-AS1 in
HCC, we categorized HCC patients into high- and low-
POLH-AS1 expression groups based on the median
expression level of POLH-AS1. We identified 2,183

A
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upregulated and 682 downregulated genes, applying the
criteria of |log2FC| > 1 and adjusted p<0.05 (Fig. 4A).
The relative expression levels of the top 30 DEGs between
the two groups are depicted in Fig. 4B.

To assess the functional significance of these DEGs in
HCC, we conducted KEGG and GO enrichment analy-
ses. GO analysis highlighted significant enrichment in
processes such as organelle fission, ion channel complex
formation, and passive transmembrane transporter activ-
ity (Fig. 4C). KEGG analysis revealed enrichment in path-
ways linked to carcinogenesis, including herpes simplex
virus 1 infection, neuroactive ligand-receptor interaction,
cAMP signaling pathway, and proteoglycans in cancer
(Fig. 4D). These findings strongly suggest the involve-
ment of these DEGs in the development and progression
of HCC.
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Examination of the relationship between POLH-AS1 and
immune infiltration in HCC

Immune infiltration plays a crucial role in HCC progres-
sion and provides valuable insights for potential immu-
notherapies [20]. Utilizing the ssGSEA technique, we
explored the correlation between POLH-AS] levels and
the presence of 24 unique immune cell populations within
HCC. The results demonstrated that POLH-AS1 expres-
sion was significantly positively correlated with Th2
cells (R=0.276, p<0.001) and T helper cells (R=0.192,
p<0.001). Conversely, POLH-AS1 expression was nega-
tively associated with DCs (R=-0.383, p<0.001), neutro-
phils (R = -0.300, p<0.001), pDCs (R=-0.286, p<0.001),
and cytotoxic cells (R = -0.285, p<0.001) (Fig. 5A-B and
Fig. S2A-F). Additionally, we explored the relationship
between POLH-AS1 and immune checkpoints. The anal-
ysis revealed a significant positive correlation between
POLH-ASI expression and several immune checkpoint
molecules, including CD276 (R=0.4, p<0.001), TNESF4
(R=0.37, p<0.001), TNFSF15 (R=0.3, p<0.001), and
NRP1 (R=0.27, p<0.001) (Fig. 5C and Fig. S2G). Collec-
tively, these findings suggested that POLH-AS1 expres-
sion is closely related to the immune microenvironment

in HCC, potentially influencing tumor immune cell infil-
tration and the expression of immune checkpoints, which
could hold significant implications for immunotherapy
strategies in HCC.

Inhibition of POLH-AS1 impeded cell proliferation in HCC

To further investigate the role of POLH-ASL1 in the ini-
tiation and progression of HCC, we examined its expres-
sion in HEP3B and HEPG?2 cell lines. RT-qPCR analysis
revealed a significantly elevated expression of POLH-
AS1 in both HEP3B and HEPG2 cell lines compared to
the negative control (NC) cells (Fig. 6A). Subsequently,
POLH-AS1 expression in HEP3B and HEPG2 cells was
downregulated using small interfering RNA (siRNA),
effectively silencing POLH-AS1, as confirmed by RT-
qPCR analysis (Fig. 6B-C). The results of CCK8 assays
demonstrated that knockdown of POLH-AS1 signifi-
cantly inhibited the proliferation of HEP3B and HEPG2
cells (Fig. 6D-E), whereas overexpression of POLH-AS1
markedly promoted these cellular behaviors (Fig. S3A-C).
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Suppression of POLH-AS1 hindered migration and invasion
of HCC

Our study extended beyond the effects of POLH-AS1 on
HCC cell growth to examine its role in cell migration and
invasion. Transwell assays demonstrated that knockdown
of POLH-AS1 significantly impaired the migration and
invasion capabilities of HEP3B and HEPG2 cells (Fig. 7A-
D), while overexpression of POLH-AS1 markedly
enhanced these cellular behaviors (Fig. S3D-G). Addi-
tionally, wound healing assays revealed that knockdown
of POLH-ASI significantly reduced the wound closure
rate in HCC cells (Fig. 7E-H). Collectively, these findings
provide compelling evidence that suppression of POLH-
AS1 hinders the migration and invasion of HCC cells,

suggesting that targeting POLH-AS1 may offer therapeu-
tic benefits for HCC.

Discussion

HCC is a common yet highly aggressive malignant tumor,
often progressing silently and resulting in a grim progno-
sis for patients. Despite the availability of various treat-
ment modalities, including radiation, chemotherapy,
and surgery, each approach has its inherent limitations.
Although multiple therapeutic options exist for HCC,
the overall prognosis remains poor, with a 5-year survival
rate of just 18% [21]. The urgent need for novel therapeu-
tic strategies is underscored by the unfavorable progno-
sis, emerging drug resistance, and significant side effects
associated with current treatments.
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Recent research has revealed a significant correla-
tion between altered IncRNA expression levels and poor
prognosis in HCC, underscoring the potential of these
biomarkers in predicting both diagnosis and prognosis
[11]. These pioneering discoveries offer renewed hope
for advanced HCC patients by opening new avenues
for treatment. LncRNAs are crucial regulatory ele-
ments that influence cancer aggressiveness by modulat-
ing its progression, particularly in HCC. The depletion
of oncogenic IncRNAs has been shown to induce apop-
totic cell death and cause cell cycle arrest in HCC [22],
whereas their overexpression substantially increases the
proliferation of cancer cells [23]. For instance, research-
ers exploring immunotherapy for HCC have identified
several IncRNAs that can predict patient prognosis [24,
25]. From a selection of potentially significant IncRNAs,
we have focused on POLH-AS]1 to investigate its rela-
tionship with HCC and to assess its potential utility in

predicting outcomes and guiding treatment strategies for
HCC patients.

In our research, we found that POLH-AS1 was highly
expressed in HCC and that this elevated expression
was associated with more advanced clinicopathologi-
cal features. Further investigation into the relationship
between POLH-AS1 expression and the prognosis of
HCC patients revealed that increased POLH-AS]1 expres-
sion may be linked to poorer outcomes. Additionally, the
results from univariate and multivariate analyses, ROC
curve analysis, and Kaplan-Meier survival analysis all
support the notion that POLH-AS1 can serve as an inde-
pendent prognostic marker in HCC. Finally, we explored
the functional relevance of POLH-AS1 in HCC progres-
sion, unveiling that its inhibition resulted in attenuated
cell proliferation, migration, and invasion. In aggregate,
our finding suggested that POLH-AS1 might be used as
a potential prognostic factor that affected the prognosis
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of patients with HCC. However, the mechanism by which
POLH-ASI1 leads to poor prognosis of HCC is unclear
and needs further investigation.

To explore the role of POLH-AS] in the malignant
progression of HCC, we performed a GSEA using RNA-
Seq data from TCGA. GSEA is widely used to reliably
uncover potential molecular mechanisms underlying
specific genes involved in disease pathology [26]. Our
analysis revealed significant enrichment of POLH-AS]1 in
pathways related to herpes simplex virus 1 infection, neu-
roactive ligand-receptor interaction, and cAMP signal-
ing, all of which are known to impact the prognosis and
treatment of HCC patients. Emerging evidence suggests
that these pathways are critically involved in HCC tumor-
igenesis and progression [27-29]. For example, Lam et al.
identified an efficient and safe herpes simplex virus type
1 amplicon vector for transcriptionally targeted therapy
in human hepatocellular carcinomas [28]. Similarly, neu-
roactive ligand-receptor interaction has been shown to
play a pivotal role in HCC cell proliferation and invasion
[29]. Moreover, vasoactive intestinal peptide was found
to induce apoptosis in hepatocellular carcinoma by inhib-
iting the cAMP/Bcl-xL signaling pathway [27]. These
findings collectively indicate that POLH-AS1 may influ-
ence the prognosis of HCC through its involvement in
these cancer-related signaling pathways.

A growing body of research has highlighted that
immune infiltration, a key component of the tumor
microenvironment, plays a crucial role in oncogen-
esis and tumor progression, as well as influencing the
response to immunotherapy [30]. However, no studies
had previously reported a correlation between POLH-
AS1 and immune infiltration in HCC. In our study, we
identified a negative association between POLH-AS1
expression and dendritic cells (DCs) in HCC. Previous
research has shown that local ablation of hepatocellular
carcinoma can activate dendritic cells, thereby induc-
ing sustained anti-tumor immune responses and ulti-
mately reducing tumor progression and recurrence [31,
32]. This suggests that POLH-AS1 may promote HCC
progression by impairing DC function. Moreover, we
explored the relationship between POLH-AS1 expression
and immune checkpoints, including CD276, TNFSF4,
TNESF15, and NRP1, discovering a significant positive
co-expression correlation between POLH-AS1 and these
immune checkpoints. Immune checkpoints are known as
a class of immunosuppressive molecules that enhance the
immune response against HCC [30]. These findings sug-
gest that POLH-AS] plays a role in the tumor immune
microenvironment primarily by regulating DCs func-
tion and immune checkpoints, and that POLH-AS1 may
influence patient prognosis by modulating the immune
microenvironment in HCC.
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Nevertheless, our study has certain limitations. Firstly,
the sample data were exclusively sourced from TCGA
databases, with no clinical information from external
cohorts to validate the findings. Additionally, the molec-
ular mechanisms through which POLH-ASI1 affects HCC
growth, migration, and invasion remain inadequately elu-
cidated. Further investigation into the regulatory mecha-
nisms of POLH-AS1 will be pursued both in vivo and in
vitro.

Conclusion

Our investigation showcased the potential of POLH-AS1
as both a prognostic determinant and a viable target for
therapeutic intervention in HCC patients. A deeper com-
prehension of its impact on cell growth regulation could
pave the way for clinical innovations aimed at enhancing
the prognostic outlook for individuals with HCC.
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