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ACTR10 Overexpression Facilitates the Progression
and Tyrosine Kinase Inhibitor Resistance in
Hepatocellular Carcinoma
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Abstract

Background: In the present day, hepatocellular carcinoma (HCC)
remains a formidable threat to human health. Actin-related protein
10 (ACTR10) is related to tyrosine kinase inhibitor (TKI) resistance.
A comprehensive analysis of ACTR10 in HCC will further our un-
derstanding of the molecular mechanisms underlying this resistance
phenomenon, shedding light on potential therapeutic strategies for
combating TKI resistance in HCC.

Methods: We conducted an integration of high-throughput datasets
across various centers, analyzing ACTR10 expression using the Can-
cer Cell Line Encyclopedia (CCLE) and assessing its implications
through clustered regularly interspaced short palindromic repeats
(CRISPR) knockout screen. Pathogenic mechanisms were elucidated
through enrichment analysis. Prognostic assessment utilized Kaplan-
Meier survival and univariate Cox analyses. An integrated analysis of
gene expression profiles related to TKI in HCC was conducted, and
TKI resistance mechanisms were explored through enrichment analy-
sis. Potential therapeutic drugs were identified using the Drug Gene
Budger database and molecular docking techniques.

Results: The standardized mean difference (SMD) of 0.34 (95% con-
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fidence interval (CI): 0.22 - 0.45, P < 0.05) and ACTR10-dependent
growth in HCC cells confirm its upregulation in HCC. The area un-
der the summary receiver operating characteristic (SROC) curve was
0.69, indicating moderate discriminative ability of ACTRI0 in HCC
patients. ACTRI0 exerts its pro-cancer effect by influencing RNA
splicing, mRNA processing and nucleocytoplasmic transport. A haz-
ard ratio 0 2.19 (95% CI: 1.56 - 3.08, P < 0.05) identifies ACTR10 as
an independent prognostic risk factor. Additionally, the SMD of 0.88
(95% CI: 0.01 - 0.76, P < 0.05) validates ACTR 10 as a TKI-resistance
gene, mediating resistance via enhanced exocytosis, autophagy, and
apoptosis in HCC patients. Trichostatin A emerges as a prospective
targeted agent for HCC.

Conclusion: The upregulation of ACTR10 accelerates HCC progres-
sion, promotes TKI resistance, and emerges as a prospective target for
the treatment of HCC.

Keywords: Hepatocellular carcinoma; Actin-related protein 10; Risk
factor; Tyrosine kinase inhibitor resistance; Prospective therapeutic
target

Introduction

Nowadays, hepatocellular carcinoma (HCC) remains a signifi-
cant challenge [1]. Targeted therapy has emerged as a potential
therapeutic strategy in the treatment of HCC [2-5]. Tyrosine
kinase inhibitors (TKIs) are drugs that specifically inhibit en-
zymes involved in cell signaling pathways and thus can suppress
tumor growth and progression [6-9]. In cases of HCC, TKIs
have shown efficacy in inhibiting key proteins and receptors
involved in tumor angiogenesis, cell proliferation and survival,
such as vascular endothelial growth factor receptor (VEGFR),
platelet-derived growth factor receptor (PDGFR) and epidermal
growth factor receptor (EGFR) [10-12]. Several TKIs, includ-
ing sorafenib, lenvatinib and regorafenib, have been authorized
for the treatment of advanced HCC and have demonstrated en-
hanced overall survival and progression-free survival in clinical
trials, making them important options in the current manage-
ment of HCC [5, 13-15]. Ongoing research continues to explore
the potential of TKIs in combination therapies and their effects
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in different patient populations for optimal treatment outcomes
in patients with HCC.

However, resistance to TKIs poses a significant challenge
in the treatment of HCC. Despite the initial effectiveness of
TKIs in targeting key signaling pathways, the development
of resistance limits their long-term therapeutic benefit. Sev-
eral mechanisms contribute to this acquired TKI resistance,
including the activation of alternate signaling pathways, gen-
eration of mutations in the target kinase domain, overexpres-
sion of drug efflux transporters and activation of pro-survival
signaling pathways. Additionally, the intricate interplay be-
tween HCC cells and the surrounding microenvironment can
promote resistance to TKIs [10, 15-18]. TKI resistance may
also be associated with numerous unknown molecular mecha-
nisms. Therefore, understanding these mechanisms and identi-
fying potential biomarkers are critical for devising strategies to
overcome or circumvent TKI resistance in HCC and ultimately
improve treatment outcomes for patients with this aggressive
type of liver cancer.

In the context of resistance to standard first-line TKIs
such as sorafenib, lenvatinib, regorafenib, and cabozantinib
for HCC, there appears to be a growing interest in exploring
novel systemic treatments. Emerging clinical trials are inves-
tigating the potential of combining TKIs with immune check-
point inhibitors. This approach is viewed as promising for po-
tentially addressing TKI resistance. A comprehensive review
suggested that these combined strategies may be associated
with favorable efficacy and safety profiles, potentially offer-
ing new avenues in the management of HCC [19]. To acquire
a comprehensive understanding of the expression profile of
genes related to TKI resistance in HCC, we initially collected
global datasets generated from high-throughput gene mi-
croarrays and RNA sequencing conducted in TKI resistance
experiments. We then performed data integration and analy-
sis, which revealed a set of potential TKI-resistance genes,
including actin-related protein 10 (ACTR10) gene, ACTRI0.
Also known as Arp10, Arpll, ACTRI11 and HARP11, ACTRI10
is located at 14q23.1 and has 13 exons. ACTRI0 is predicted
to involve in the retrograde axonal transport of mitochondria
and is suggested to be present in the cytosol, extracellular re-
gion and secretory granules. Furthermore, it is predicted to be
a component of the dynactin complex. Notably, ACTR0 lack-
ing the dynactin binding domain can still bind mitochondria,
suggesting its involvement in the dynactin-mitochondria in-
teraction [20]. However, limited research has been conducted
on ACTRI0, and there is no mention in the literature of its
relationship with TKIs. In terms of its prominence in tumor
research, one paper reported that high expression of ACTR10
has prognostic value in cases of primary central nervous sys-
tem lymphoma [21]; however, no studies on ACTRI0 in HCC
have been published to date.

Therefore, in this study, we comprehensively integrated
data from various sources to analyze the role of ACTRI0 in
HCC and investigated its clinical value in HCC development
and TKI resistance. Furthermore, we undertook a pathway
analysis to explore our preliminary interpretations of the
clinical significance of ACTR10. Additionally, we used drug
databases and molecular docking techniques to identify po-
tential drugs for the treatment of HCC.

Materials and Methods

Detection of the transcriptomic and cellular expressions of
ACTR10 in HCC

Global HCC microarrays and sequencing datasets from public
databases

To understand the expression of ACTR /0 in HCC and non-HCC
liver tissue, ACTR 10 expression profiles were retrieved from the
Gene Expression Omnibus (GEO), The Cancer Genome Atlas
(TCGA), the International Cancer Genome Consortium (ICGC),
the Genotype-Tissue Expression (GTEXx) project, ArrayExpress,
the Sequence Read Archive (SRA) and scientific literature data-
bases. The search terms were as follows: “hepatocellular carci-
noma” OR HCC OR “hepatic carcinoma”. The inclusion criteria
were as follows: 1) the sample type was human primary HCC
tissue; 2) the experimental group comprised samples from pa-
tients with HCC samples, while the control group included sam-
ples from non-cancerous liver samples; and 3) the sample size
of each group was no less than 3. The exclusion criteria were as
follows: 1) the sample size was less than 3; 2) ACTRI0 expres-
sion was absent; and 3) the sample was metastatic or recurrent
HCC. The mRNA expression matrices were normalized and
log,(x + 1) transformed. Datasets from the same GEO platform
were merged to form a larger matrix, and the limma and sva
packages of R was used to remove batch effects.

ACTRI10 mRNA expression in HCC cell lines

To validate the expression of ACTRI0, the mRNA expression
matrix of HCC cell lines was acquired from the Cancer Cell
Line Encyclopedia (CCLE) dataset. The mRNA expression
analysis was conducted using R v4.0.3 and ggplot2 (v3.3.3),
and the results were visualized using a horizontal bar chart [22].

Effect of ACTRI10 on HCC cell growth

A clustered regularly interspaced short palindromic repeats
(CRISPR) knockout screen was used to clarify the role of
the ACTRI0 gene in HCC cells. Dependency scores for the
ACTRI0 gene in different HCC cell lines were calculated us-
ing the CERES algorithm. A negative score indicates that the
cell lines would grow at a slower rate if the specific gene was
knocked out. In our study, if the score was less than -1 in more
than 75% of the HCC cell lines, we considered the gene essen-
tial to the survival of HCC [23].

The potential pathogenic molecular mechanisms of ACTR10
in HCC

To investigate the pathogenic molecular mechanisms of
ACTRI10 in HCC, the meta package (version 4.18-2) was used to
determine the standardized mean difference (SMD) for 61,521

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™ |  https://wjon.elmerpub.com 883



ACTR10 Overexpression in HCC

World ] Oncol. 2024;15(6):882-901

genes in HCC tissue and non-HCC liver tissue samples. The
overexpressed genes (OEGs) in the HCC samples were filtered
using the following criteria: 1) gene expressed in no less than
three studies; 2) SMD > 0; and 3) 95% confidence interval (CI)
did not overlap with zero. Spearman correlation analysis was
performed to determine the genes co-expressed with ACTRI0.
These co-expressed genes (CEGs) were filtered using the fol-
lowing criteria: 1) gene co-expressed with ACTRI0 in no less
than 10 studies; 2) Spearman correlation coefficient > 0.30; and
3) P < 0.05. After the filtering was performed, the HCC OEGs
were intersected with the ACTRI0 CEGs. The overlapping
genes were annotated using clusterProfiler, and the potential
pathogenic molecular mechanisms of ACTRI0 were explored
using the Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Reactome platforms.

Clinical value of ACTR10 in HCC
Prognostic value of ACTR10 in HCC

The prognostic information was derived from high-throughput
datasets. The high-risk group consisted of patients with higher
ACTRI10 expression, and all other patients were categorized
into the low-risk group. Kaplan-Meier (K-M) survival analysis
was used to evaluate the prognostic value of ACTR10, and uni-
variate Cox analysis was used to measure the hazard risk be-
tween the high- and low-risk groups. The results are presented
in a forest plot. A hazard ratio (HR) and lower CI greater than
1 indicated that ACTR10 was a risk factor in HCC patients.

ACTRI10 expression profiles in HCC with TKI resistance

To reveal the effect of ACTR10 on TKI resistance, TKI-resistant
HCC microarrays and high-throughput sequencing datasets
were searched and downloaded from the GEO, the SRA and Ar-
rayExpress. The search terms were as follows: (“hepatocellular
carcinoma” OR HCC OR “hepatic carcinoma”) AND (“Tyros-
ine Kinase Inhibitor” OR TKI OR Sorafenib OR Nexavar OR
Regorafenib OR Stivarga OR Lenvatinib OR Lenvima OR
Cabozantinib OR Cabometyx OR Ramucirumab OR Cyramza
OR Axitinib OR Tivantinib OR Cabozantinib OR Ruxolitinib
OR Imatinib OR Pazopanib OR Sunitinib OR Nintedanib OR
Apatinib OR Dovitinib). The inclusion criteria were as follows:
1) the sample type was HCC tissue or an HCC cell line; 2) the
control group consisted of TKI-sensitive HCC samples and the
experimental group consisted of TKI-resistant HCC samples;
and 3) the sample size of each group was no less than 3. The ex-
clusion criteria were as follows: 1) the sample size was less than
3 and 2) ACTRI0 expression was absent. The included datasets
were normalized and log,(x + 1) transformed.

The potential mechanisms used by ACTR10 to mediate TKI re-
sistance in HCC

Batch computation of SMDs was used to identify differentially

expressed genes in drug-resistant HCC and thus determine the
functional role of ACTRI0 in TKI resistance. Highly expressed
genes were defined as having a positive SMD, and poorly ex-
pressed genes were defined as having a negative SMD, with the
95% CI not including zero. Genes found to be highly expressed
after TKI treatment were considered to be potentially involved
in TKI resistance. This set of potential TKI resistance-related
genes, which included ACTRI0, was subjected to subsequent
enrichment analysis. The enrichment analysis of the upregulated
genes was performed using R package clusterProfiler.

Prediction of a targeted drug for HCC patients and mo-
lecular docking experiments

Drug candidates known to significantly downregulate ACTR10
were screened using the Drug Gene Budger (DGB) database
[24]. The prediction was conducted using the combat package,
which removed the batch effects of the original CMap data-
sets. The limma package was utilized for calculating P values,
and the Benjamini-Hochberg procedure was used to evaluate
q values [25]. In this study, P and q values < 0.05 and a log-
FoldChange value < -1 were used as the screening conditions
to obtain target-specific drugs. Finally, molecular docking ex-
periments were performed to explore the relationship between
ACTRI0 and the target-specific drugs. The crystal structure of
ACTRI10 (AlphaFold DB:AF-Q9NZ32-F1) was downloaded
from the RCSB PDB database. PyMOL 2.4 was applied to
remove the solvent molecules and co-crystallized ligands of
ACTRI10, and POCASA 1.1 was used to predict the active site
of ACTRI0. The targeted drug structures were downloaded
from the PubChem database, and the AutoDockTools appli-
cation was used to process ACTRI0 and the drug structure.
Molecular docking was performed using AutoDock Vina 1.5.7.
In the docking results, a lower affinity energy value indicated
a more stable docking of the drug to the active site of ACTRI0.
The docking results were visualized using PyMOL 2.4.

Statistical analysis

A non-parametric test was employed to assess the expression
differences of ACTRI0 between HCC and non-cancerous liver
controls. A two-sided P-value < 0.05 indicated that the differ-
ence was statistically significant. Receiver operating characteris-
tic (ROC) curves were constructed using the pPROC package in R
software. STATA 12.0 (College Station, TX, USA) was applied
to calculate the SMD and to fit the summary ROC (sROC) curve.
The heterogeneity was evaluated using the Q-test and I statisti-
cal value. In the Q-test, if P < 0.05 and 12 > 50%, a random-ef-
fects model was applied to calculate the SMD; otherwise, a fixed
model was used. The area under the curve (AUC) of the SROC
curve was used to indicate the discriminatory ability of ACTR10
in HCC. Sensitivity, specificity and diagnostic likelihood ra-
tio (DLR) were utilized to evaluate the diagnostic potential of
ACTRI0. Prognostic and TKI-resistance data were analyzed in
the same way. Publication bias was assessed using Egger’s and
Begg’s tests, and a P-value > 0.05 implied no publication bias.
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Figure 1. Flow chart of ACTR70 mRNA dataset screening. GEO: Gene Expression Omnibus; GTEx: Genotype-Tissue Expression;
ICGC: International Cancer Genome Consortium; SRA: Sequence Read Archive; TCGA: The Cancer Genome Atlas.

Ethical approval

The study was conducted in accordance with the Declara-
tion of Helsinki. Our study is based on open-access databases
TCGA, GEO, ArrayExpress, ICGC, GTEx, and SRA, which
were reviewed and approved by the Ethics Committee of The
First Affiliated Hospital of Guangxi Medical University and
The Second Affiliated Hospital of Guangxi Medical Univer-
sity. Users can download relevant data for free for research and
publish relevant articles.

Results
Upregulation of ACTRI10 expression in HCC

Analysis of global microarrays and sequencing data

A flow chart of the ACTR10 mRNA dataset screening process
is shown in Figure 1. A total of 112 datasets from 40 different
platforms were screened for subsequent analysis, and detailed
information on each screened dataset is shown in Table 1, in-
cluding the number, mean and standard deviation. The 5,098

HCC cases and 3,742 non-HCC cases enrolled in this study
were sufficient for examining ACTR0 expression in HCC.

High expression of ACTR10 mRNA in HCC

We used a non-parametric text to compare the expression of
ACTRI0 in the HCC and non-HCC samples. In Supplemen-
tary Material 1 (wjon.elmerpub.com), it can be observed that
ACTRI10 was highly expressed in HCC tissue compared with
non-HCC tissue in 19 datasets and that there was a statistically
significant difference in the expression (P < 0.05). However,
the trend of ACTRI0 expression was not completely consist-
ent; the remaining datasets did not reveal statistically significant
differences. The results of an integrated analysis of all datasets
corroborated the finding of upregulated ACTRI0 expression in
HCC with a random effect (SMD = 0.34, 95% CI: 0.22 - 0.45,
I2=79%, P < 0.05) (Fig. 2a). Moreover, the Begg’s and Egger’s
analyses implied that there was no publication bias (P = 0.650
and 0.368) (Fig. 2b, c).

Moderate discriminatory ability of ACTRI0 in HCC

An sROC curve was employed to evaluate the capacity of
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Table 1. Information on the ACTR70 mRNA Datasets

Study Nhcc Mycce SDycc Nion-HCC tiver M, on-nCC tiver SDgn-tCC tiver
E MTAB 8887 23 341 0.77 17 3.48 0.99
GPL10558 523 6.35 0.33 403 6.23 0.31
GPL11154 245 3.10 0.99 168 2.90 0.89
GPL13667 338 6.64 0.44 342 6.53 0.34
GPL14951 93 8.25 0.45 18 7.80 0.59
GPL16043 25 1.27 0.64 25 1.31 0.57
GPL16791 209 5.03 1.19 114 4.56 0.94
GPL17586 101 6.53 0.24 89 6.30 0.14
GPL18573 215 2.74 2.55 13 1.59 1.56
GPL20301 48 3.09 1.74 30 2.41 1.21
GPL20795 38 4.66 0.96 38 4.17 0.56
GPL21047 10 3.38 0.11 10 3.35 0.07
GPL24676 406 4.01 1.52 135 3.32 1.30
GPL4133 18 11.71 0.91 18 10.89 0.76
GPL5175 48 3.11 0.06 48 3.06 0.04
GPL570 844 5.31 0.26 528 5.30 0.21
GPL571 96 3.28 0.05 131 3.27 0.04
GPL6244 66 3.83 0.12 75 3.80 0.10
GPL6480 83 3.57 0.04 82 3.56 0.03
GPL6947 104 3.29 0.09 97 3.30 0.06
GPL9052 60 4.43 0.55 60 4.29 0.49
GSE114783 10 7.84 1.72 26 8.80 1.48
GSE115018 12 -1.85 0.48 12 -1.86 0.16
GSE14520 225 3.27 0.08 220 3.18 0.09
GSE166163 3 5.96 0.42 3 6.44 1.69
GSE20140 35 8.95 0.27 34 8.85 0.15
GSE22058 100 10.88 0.34 97 10.81 0.19
GSE22405 24 3.25 0.17 24 3.15 0.15
GSE25097 268 3.03 0.16 289 3.01 0.09
GSE33294 3 343 0.25 3 3.08 0.11
GSE46444 88 6.90 1.03 48 7.31 0.91
GSE50579 67 2.90 0.13 10 2.81 0.11
GSES5048 4 3.02 0.39 4 2.60 0.26
GSE56545 21 3.31 0.07 21 3.32 0.03
GSES57555 5 -0.18 0.02 5 -0.15 0.03
GSE59259 8 10.84 0.54 8 10.97 0.22
GSE60502 18 10.73 0.45 18 10.37 0.30
GSE67764 3 -1.16 0.20 6 -1.36 0.12
ICGC _LIRI JP 240 3.16 2.43 197 2.93 2.21
TCGA_GTEx HCC 371 4.06 0.56 276 3.92 0.58

Nycc: the number of HCC samples; M,,.: the mean expression level of ACTR10 in HCC samples; SD,,..: the standard deviation of ACTR70 ex-
pression in HCC samples; N, 1icc iiver- the number of non-HCC liver samples; M, 1cc iver- the mean expression level of ACTR70 in non-HCC liver

samples; SD,, 1icc iver- the standard deviation of ACTR10 expression in non-HCC liver samples; HCC: hepatocellular carcinoma.
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6.64 0.4351 342
8.25 0.4490 18
1.27 06378 25
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3.29 0.0882 97
4.43 0.5548 60
7.84 1.7209 26

-1.85 04759 12
3.27 0.0776 220
5.96 0.4173 3
8.95 0.2722 34

10.88 0.3385 97
3.25 01702 24
3.03 0.1589 289
3.43 0.2502 3
6.90 1.0312 48
290 0.1333 10
3.02 0.3944 4
3.31 0.0724 21

-0.18 0.0231 5

10.84 0.5399 8

10.73 0.4505 18

-1.16 0.1969 6
3.16 24261 197
4.06 0.5648 276

3742

Control
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4.56 0.9411
6.30 0.1368
1.59 1.5564
2.41 1.2052
4.17 0.5646
3.35 0.0673
3.32 1.2967
10.89 0.7564
3.06 0.0394
5.30 0.2086
3.27 0.0391
3.80 0.1000
3.56 0.0338
3.30 0.0615
4.29 0.4868
8.80 1.4842
-1.86 0.1645
3.18 0.0899
6.44 1.6943
8.85 0.1516
10.81 0.1853
3.15 0.1512
3.01 0.0923
3.08 0.1121
7.31 0.9080
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2.93 2.2085
3.92 0.5781
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there was no publication bias. HCC: hepatocellular carcinoma; SMD: standardized mean difference.
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Figure 2. Integrated analysis of the expression of ACTR70 in HCC. (a) Forest plot showing the high expression of ACTR10 in
HCC tissues compared to non-HCC liver tissues. (b, ¢) Plots showing the results of Egger’s and Begg’s tests, which showed that
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Figure 3. Integrated analysis of the diagnostic performance of ACTR710 in HCC. (a) The AUC of the sROC curve was 0.69 (95%
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Figure 4. The distribution of ACTR10 mRNA expression in different HCC cell lines. The abscissa represents the distribution
of ACTR10 mRNA expression (TPM) and the ordinate represents the different HCC cell lines. HCC: hepatocellular carcinoma.

ACTRI0 to distinguish HCC samples from non-HCC samples.
The AUCs of the combined SROC curves, sensitivities and
specificities were 0.69 (95% CI: 0.65 - 0.73), 0.52 (95% CI:

0.44 - 0.61) and 0.78 (95% CI: 0.69 - 0.85), respectively (Fig.
3a-c). The positive DLR was 2.37 (95% CI: 1.85 - 3.05, I =
87.55%), and the negative DLR was 0.61 (95% CI: 0.54 - 0.69,
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IZ = 89.5%) (Fig. 3d, €). Both the sSROC curve and forest plot
affirmed the moderate capability of 4CTRI0 to distinguish
HCC from non-HCC tissues.

ACTRI10 mRNA expression profile in HCC cell lines

Figure 4 shows the relative ACTR10 expression levels in 21
HCC cell lines from the CCLE dataset. It can be seen from the
results that ACTR10 was expressed to varying degrees in the
different HCC cell lines. Among these cell lines, the JHH-2
and SNU-449 cell lines had the highest expression levels.

Knocking out ACTR10 inhibited HCC cell proliferation

To observe the effect of ACTRI0 on the growth of HCC cells,
we examined the gene effect scores of ACTRI0 in HCC cell
lines using CRISPR knockout screen technology. As depict-
ed in Figure 5, 19 HCC cell lines were found to have lower
growth and proliferation rates after the ACTRI0 gene was
knocked out. Among these cell lines, 15 cell lines had a score
< -1, which indicated that the ACTRI0 gene was an essential
gene (15/19, 78.9%).

The potential pathogenic molecular mechanisms of ACTR10
in HCC

The SMD and Pearson correlation coefficients were calcu-
lated to explore potential mechanistic genes associated with
ACTRI0. There were 9,248 OEGs identified in the HCC sam-
ples, and 1,578 ACTR10 CEGs were identified. In total, there
were 1,237 intersecting genes, and these were used in subse-
quent GO, KEGG and Reactome enrichment analyses (Fig.
6a). The GO analysis showed that the significantly enriched
pathways were mRNA processing, RNA splicing, ribonucleo-
protein complex biogenesis, RNA splicing via transesterifi-
cation reactions with bulged adenosine as nucleophile, RNA
splicing via transesterification reactions and mRNA splicing
via spliceosome. In the KEGG analysis, the top enrichment
item was nucleocytoplasmic transport, and in the Reactome
analysis, the top three items were processing of capped intron-
containing pre-mRNA, mRNA splicing-major pathway and
mitotic anaphase (Fig. 6b-d).

High expression of ACTRI10 indicated poor prognosis in
HCC and TKI resistance

The impact of ACTR10 on the prognosis of HCC patients

As shown in Figure 7, three datasets were selected for use in
the survival analysis, and Table 2 provides information on the
sample size of each dataset and the platform used to collate
each dataset. The prognostic data of the HCC patients were re-
corded for K-M survival and univariate Cox regression analy-
ses. The K-M survival analysis results across the three datasets

consistently indicated that the high expression of ACTR/0 was
tied to a poorer prognosis. Subsequently, pooled HRs, which
incorporated the Cox regression analyses results from the three
datasets, implicated ACTR10 as a hazardous factor for HCC
(HR =2.19, 95% CI = 1.56 - 3.08, 1> = 0%, P = 0.48) (Fig. 8).

The expression of ACTR10 in HCC with TKI resistance

Figure 9 shows the process used to select the 12 datasets in-
cluded in the transcriptome-level TKI resistance analysis. De-
tailed information on the selected datasets is presented in Table
3. Among the 12 datasets, only GSE158458 1, GSE158458 2
and GSE94550 showed high expression of ACTR0 in the ex-
perimental group (P < 0.05, Supplementary Material 2, wjon.
elmerpub.com). ACTRI10 expression was found to be signifi-
cantly higher in the TKI-resistant HCC samples compared to
that in the TKI-sensitive HCC samples, as determined by a
random-effects model (Fig. 10a; SMD = 0.88, 95% CI: 0.01 -
1.76, 12 = 54%, P = 0.01). Moreover, the results of the Begg’s
and Egger’s tests implied that there was no publication bias,
with P=0.193 and 0.630 (Fig. 10b, c).

Predictive ability of upregulated ACTRI10 in HCC with TKI
resistance

To assess the discriminatory capacity of ACTR/( in patients
with TKI-resistant and TKI-sensitive HCC, the ROC curves
of the RNA sequencing datasets listed in Figure 11 were gen-
erated. The GSE158458 1, GSE158458 2, GSE186191 and
GSE94550 datasets indicated that ACTRI0 had excellent
discriminatory capacity, and the GSE121153, GSE176151
and GSE189711 datasets showed that ACTRI0 had moderate
predictive ability (P < 0.05, Supplementary Material 3, wjon.
elmerpub.com). The AUCs of the combined sROC curves,
sensitivities and specificities were 0.99 (95% CI: 0.98 - 1.00),
0.99 (95% CI: 0.61 - 1.00) and 0.73 (95% CI: 0.23 - 0.96),
respectively (Fig. 11a-c). The positive DLR was 3.71 (95%
CI: 0.74 - 18.58, I? = 72.25%) and the negative DLR was 0.01
(95% CI: 0.00 - 0.80, I* = 81.29%) (Fig. 11d, e).

The potential molecular mechanisms used by ACTR10 in HCC
to mediate TKI resistance

We used GO, KEGG and Reactome analyses to investigate the
role(s) that ACTR10 plays in the mechanism(s) underlying TKI
resistance. The top three items identified in the GO analysis
were positive regulation of exocytosis, membrane docking and
the execution phase of apoptosis in the biological process (BP)
category. In terms of the cellular component (CC) category, the
top three items were early endosome membrane, early endosome
and late endosome. In the molecular function (MF) category, the
most significant items were SNARE binding, protease binding
and phosphatidylinositol phosphate binding (Supplementary
Material 4A, wjon.elmerpub.com). In the KEGG pathway anal-
ysis, the only pathway found to be enriched was the autophagy-
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Figure 5. The gene effect scores for the ACTR10 gene in the 19 HCC cell lines. The abscissa represents the gene effect score
of ACTR10 in each HCC cell line and the ordinate represents the 19 HCC cell lines. HCC: hepatocellular carcinoma.

animal pathway (Supplementary Material 4B, wjon.elmerpub. enriched pathway. Additionally, there was a notable enrichment
com). In the Reactome analysis, caspase activation via death in the suppression of phagosomal maturation and the insertion
receptors in the presence of ligand was the most significantly of tail-anchored proteins into the endoplasmic reticulum mem-
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Figure 6. Analyses of the potential pathogenic molecular mechanisms of ACTR70 in HCC. (a) Intersecting genes were identified
by overlapping the HCC OEGs and ACTR10 CEGs. (b) The intersecting genes were subjected to GO functional enrichment. (c)
The intersecting genes were subjected to KEGG signal pathway analysis. (d) The intersecting genes were subjected to Reac-
tome signal pathway analysis. CEGs: co-expressed genes; GO: Gene Ontology; HCC: hepatocellular carcinoma; KEGG: Kyoto
Encyclopedia of Genes and Genomes; OEGs: overexpressed genes.
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Figure 7. Flow chart showing the process used to screen and select the datasets for the survival analysis. GEO: Gene Expres-
sion Omnibus; GTEx: Genotype-Tissue Expression; ICGC: International Cancer Genome Consortium; SRA: Sequence Read

Archive; TCGA: The Cancer Genome Atlas.

brane (Supplementary Material 4C, wjon.elmerpub.com ).
Trichostatin A specifically targets ACTR10 in HCC

In the final part of this study, we predicted drugs that likely tar-
get ACTR10 and performed molecular docking experiments to
investigate the relationships between ACTR10 and the predict-
ed drugs. Trichostatin A was identified as an ACTR0-specific
drug, and basic information on trichostatin A is shown in Table
4. In the docking experiments, hydrogen bonds were observed
between trichostatin A and the residues THR-309 and PHE-24
of ACTRI10 (Fig. 12).

Discussion

Table 2. Information on the Datasets Used for the Survival
Analysis

Study HCC Platform

E-TABM-36 41 Aftymetrix HG-U133A GeneChips arrays
GSE76427 90 GPL10558

TCGA-LIHC 321  RNA-seq

HCC: hepatocellular carcinoma.

To date, the association between ACTRI(0 and HCC has been
underexplored. Here, for the first time, we conducted a multi-
center study to investigate the differences in ACTR10 expres-
sion between 5,098 HCC samples and 3,742 non-cancerous
samples and to clucidate the pathological molecular mecha-
nisms involving ACTR10 in HCC. We comprehensively eval-
uated the clinical value of ACTRI0 in HCC by examining
prognostic and TKI-resistant transcriptome datasets and have
shown that ACTR10 expression significantly varies between
HCC and non-HCC liver tissues in many ways. We also exam-
ined the value of ACTR 10 expression in early disease detection
and its associated regulatory pathways and genes. In addition,
we conducted drug prediction and molecular docking experi-
ments to identify and analyze therapeutic drugs that could be
used to target ACTR10 and counter TKI resistance in HCC.

In recent years, it has been reported that ACTRI0 is as-
sociated primarily with the development of specific diseases.
Xu et al reported that ACTR10 is a hub gene with low expres-
sion in Alzheimer’s disease [26]. Takashima et al found that
low expression of ACTRI0 in primary central nervous sys-
tem lymphoma may serve as an independent prognostic fac-
tor and tends to indicate a poor prognosis [21]. In our study,
we comprehensively evaluated 112 datasets and found that
ACTRI10 expression was high in HCC tissues. The results of
our ACTRI10 mRNA expression and CRISPR knockout screen-
ing data analyses confirmed this cellular-level observation and

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™ |  https://wjon.elmerpub.com 893



ACTR10 Overexpression in HCC

World ] Oncol. 2024;15(6):882-901

Study TE seTE
E-TABM-36 OS Cox  1.21 0.5771
GSE76427 OS Cox  1.17 0.4905
TCGA-LIHC OS Cox  0.68 0.1961

Fixed effect model

Hazard Ratio HR

95%-Cl Weight

———+— 3.36 [1.08; 10.40] 9.1%

———— 3.21 [1.23; 8.40] 12.5%

[
0.1

Heterogeneity: I?= 0%, = 0,p =048

= 1.97 [1.34; 2.89] 78.4%
< 2.19 [1.56; 3.08] 100.0%
| I ]
1 2 10

Figure 8. The resultant forest plot showed that ACTR70 was a risk factor for HCC patients. HCC: hepatocellular carcinoma; HR:

hazard ratio.

provided specific guidance on the most appropriate cell lines
to use in our future experiments.

ACTRI0 and its gene showed high expression at the cellu-
lar and genomic levels, respectively, which further stimulated
us to explore its role in the pathogenesis of HCC. GO, KEGG
and Reactome analyses revealed that ACTRI/0 may mediate
the pathogenesis of HCC by effecting various cellular func-
tions, such as mRNA processing, RNA splicing, nucleocyto-
plasmic transport and processing of capped intron-containing
pre-mRNA. mRNA processing and RNA splicing are basic
cellular functions that result in a single gene being transcribed
and translated into multiple proteins, and the ribonucleoprotein

complex is necessary for RNA splicing [27, 28]. Aberrant gene
splicing can facilitate the development of diseases, especially
carcinogenesis and tumor progression [28-30]. The nuclear
transport system (NTS) mediates nucleocytoplasmic transport,
and all the signal transduction cascades that involve molecules
that cross the nuclear membrane rely on the NTS. Pathways
that have been found to exert influence on the occurrence and
development of HCC, such as the WNT/B-catenin, IL6-JAK/
STAT, MAPK, PI3K-AKT/mTOR, TGF-f and p53 pathways,
are closely related to NTS [31]. Furthermore, nuclear transport
factors are also being investigated as drug targets for the treat-
ment of HCC [31]. Hence, our results suggest that ACTRI10

N
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5 TCGA(n=1) Irrelevant records removed
G SRA (n = 332) (n=8471)
= GTEx (n=1)
ICGC (n=3)
— \4
o
£
— Reports assessed for eligibility >
i (n=14) !
7] Reports excluded:
2 Lacking ACTR10 (n = 2)
—
P \ 4
® Studies included in SMD
3 calculation
§ (n=12)
—

Figure 9. Flow chart showing the process used to screen and select the datasets for the transcriptome-level TKl-resistance
analysis. GEO: Gene Expression Omnibus; GTEx: Genotype-Tissue Expression; ICGC: International Cancer Genome Consor-
tium; SRA: Sequence Read Archive; TCGA: The Cancer Genome Atlas; TKI: tyrosine kinase inhibitor.
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Table 3. Information on the Datasets Used in the Transcriptome-Level TKI-Resistance Analysis

Study Nikis Mygs SDykis Nikir Mgk SDkir
GSE121153 5 10.16 0.14 3 10.06 0.03
GSE129071 3 3.71 0.66 3 4.55 1.03
GSE143233 3 4.94 0.18 3 4.67 0.64
GSE158458 1 4 6.31 0.13 4 5.50 0.26
GSE158458 2 4 7.10 0.24 4 6.55 0.10
GSE176151 3 5.37 0.25 3 5.14 0.29
GSE186191 3 5.62 0.10 3 5.27 0.08
GSE189711 3 9.78 0.19 3 9.38 0.20
GSE234647 3 3.44 2.02 3 4.47 1.70
GSE73571 1 4 9.88 0.07 3 10.24 0.04
GSE73571 2 3 9.60 0.07 3 9.53 0.10
GSE94550 6 10.39 0.05 3 10.25 0.05

TKI: tyrosine kinase inhibitor; TKI-S: TKl-sensitive; TKI-R: TKl-resistant.

may promote HCC development and progression by effecting
various cellular functions, including mRNA processing, RNA
splicing and nucleocytoplasmic transport.

To examine the clinical value of ACTRI0 in HCC, K-M

and univariate Cox regression analyses were performed. The
results unequivocally confirmed that ACTRI0 was an inde-
pendent risk factor for prognosis, indicating that HCC patients
with high ACTRI10 expression had shorter overall survival

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
GSE121153 5 10.16 0.1412 3 10.06 0.0315 -+ 0.74 [-0.78; 2.26] 11.0%
GSE129071 3 3.71 0.6592 3 4.55 1.0325 — -0.78 [-2.55; 0.99] 9.8%
GSE143233 3 49401778 3 4.67 0.6400 - 047 [-1.20; 2.13] 10.3%
GSE158458_1 4 6.31 0.1340 4 5.50 0.2554 . 3.45 [0.70; 6.19] 6.3%
GSE158458_2 4 7.10 0.2421 4 6.550.1014 —— 258 [0.33; 483] 7.9%
GSE176151 3 56.37 0.2519 3 5.14 0.2879 - 0.66 [-1.06; 2.39] 10.0%
GSE186191 3 5.62 0.0977 3 5.27 0.0756 = 3.20 [-0.28; 6.68] 4.6%
GSE189711 3 9.78 0.1894 3 9.38 0.1988 e 1.63 [-0.62; 3.87] 7.9%
GSE234647 3 3.44 20216 3 4.47 1.7024 —- -0.44 [-2.10; 1.22] 10.3%
GSE73571_1 4 9.88 0.0724 3 10.24 0.0449 —=— | ¢ -4.85 [-8.97; -0.73] 3.5%
GSE73571_2 3 9.60 0.0745 3 9.53 0.0968 —f=— 0.67 [-1.05; 2.40] 10.0%
GSE94550 6 10.39 0.0480 3 10.25 0.0510 i 264 [0.50; 478] 8.3%
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Figure 10. Integrated analysis of the expression of ACTR10 in TKl-resistant HCC. (a) Forest plot showing the high expression
of ACTR10 in TKl-resistant HCC samples compared to TKIl-sensitive samples. (b, c) The results of Egger’s and Begg’s tests
showed that there was no publication bias. HCC: hepatocellular carcinoma; TKI: tyrosine kinase inhibitor.
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Figure 11. Integrated analysis of the diagnostic performance of ACTR10 in TKl-resistant HCC. (a) The AUC of the sROC curve
was 0.99 (95% CI: 0.98 - 1.00), with a sensitivity of 0.99 (95% CI: 0.61 - 1.00) and a specificity of 0.73 (95% CI: 0.23 - 0.96). (b)
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area under the curve; Cl: confidence interval; DLR: diagnostic likelihood ratio; HCC: hepatocellular carcinoma; sROC: summary
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Table 4. Potential Drugs Targeting ACTR70 in DGB Database

Cell line Time Dose P-value q-value logFoldChange Specificity
Trichostatin A MCF7 6h 0.1 uM 0 0 -1.35095 0.000249563
Trichostatin A HL60 6h 0.1 uM 5.33468 x 1038 5.22588x1073¢  -1.07017 0.000342466
Trichostatin A HL60 6h 1.0 uM 1.35366 x 10°13 1.00243x10-11 -1.74451 0.000390778

DGB: Drug Gene Budger.

times. In addition, we found that ACTRI0 was significantly
highly expressed in TKI-resistant HCC samples, and this led
us to comprehensively evaluate ACTRI0 expression in TKI-
resistant HCC samples collected from multiple platforms.
The Wilcoxon test results demonstrated that the expression of
ACTR10 was upregulated in most TKI-resistant HCC samples
compared to the TKI-sensitive HCC samples. Subsequent in-
tegration analysis further validated this observation. Moreo-
ver, the AUC analysis demonstrated that ACTR 10 exhibited an
outstanding ability to distinguish between HCC patients with
TKI resistance and those with TKI sensitivity. Notably, con-
sidering the robust negative-positive likelihood ratio, ACTR10
showed an enhanced proficiency in the assessment of nega-
tive outcomes. In light of recent findings, an important avenue
for future research involves the therapeutic implications of
capecitabine in conjunction with ACTR0 expression in HCC.
Previous studies have highlighted that HCC patients who do
not respond to first-line therapy with sorafenib may benefit
from second-line treatment with capecitabine, demonstrat-
ing favorable efficacy and safety profiles [32-34]. Integrat-
ing ACTRI10 as a biomarker could potentially refine patient
selection for this treatment, enhancing personalized therapy
approaches and improving clinical outcomes. Future studies
should focus on the mechanistic pathways involved and assess
the predictive value of ACTRI0 in determining response to
capecitabine, thereby optimizing treatment regimens for HCC.

To explore the molecular mechanisms and functions in-
volving ACTRI0 that lead to TKI resistance in HCC, genes

found to be highly expressed in TKI-resistant samples were
subjected to separate GO, KEGG and Reactome enrichment
analyses. The GO analysis suggested that ACTRI0 may pro-
mote resistance to TKI in HCC patients through positive regu-
lation of exocytosis, early endosome membrane and SNARE
binding. The intricate process of exocytosis constitutes a sig-
nificant aspect contributing to the development of TKI resist-
ance. Hu et al revealed that activation of the EGFR-STAT3-
ABCBI pathway led to acquired lenvatinib resistance in HCC
patients by significantly enhancing exocytosis [35]. In their
experiments with oral squamous cell carcinoma samples,
Kim et al found that ABCA2 drove lysosomal exocytosis that
enhanced tolerance to multiple TKIs and that the key was to
regulate lysosomal transport [36]. The endosome is the sort-
ing station for different internalized proteins, it is where they
select their transport routes, and it plays a critical role in the
initial stages of exocytosis [37]. SNAREs have been shown
to be highly conserved membrane proteins that mediate mem-
brane fusion in trafficking pathways and play key roles in en-
dosomal sorting, homotypic fusion and exocytosis [38]. The
KEGG analysis indicated that autophagy may play a crucial
role in TKI resistance in HCC patients. Autophagy is consid-
ered to be a protective mechanism that cancer cells use against
anti-cancer drugs, and inhibition of autophagy has been shown
to reduce resistance to some anti-cancer drugs, such as TKIs
and 5-fluorouracil [39, 40]. The Reactome analysis implied
that ACTR 10 may contribute to TKI resistance in HCC patients
by effecting caspase activation via death receptors in the pres-
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Figure 12. Molecular docking model of trichostatin A and ACTR10 (affinity energy = -8.1 kcal/mol).
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ence of ligands. Others have shown that elevated expression of
death receptors induces apoptosis in tumor cells, which allevi-
ates resistance to TKI [41, 42]. However, our results were not
consistent with the findings of those studies. This might be at-
tributed to ACTR10 inducing apoptosis in TKI-sensitive cells,
resulting in an increased proportion of TKI-resistant cells. In
brief, these results led us to propose that ACTRI0 might be
directly or indirectly involved in the regulation of exocytosis,
thus playing a role in TKI resistance.

To identify drugs that can be used to treat HCC and coun-
teract TKI resistance, we screened for drugs using the DGB
database and utilized molecular docking techniques. Our find-
ings substantiated the notion that trichostatin A could serve as
a targeted therapeutic agent. Zhao et al discovered that trichos-
tatin A may attenuate TKI resistance in non-small cell lung
cancer by inhibiting histone deacetylation and thereby par-
ticipating in the epigenetic activation of Bcl-2-like protein 11
[43]. In summary, trichostatin A may play a pivotal role in the
treatment of HCC by targeting ACTRI0.

However, there were several limitations of this study. First,
the included datasets had high heterogeneity during the integrat-
ed statistical analysis. This might have been a result of the dif-
ferent methods and platforms used to generate the datasets. To
manage the significant heterogeneity, we utilized a random-ef-
fects model in our analysis. Second, compared to the large num-
ber of HCC samples utilized, the number of TKI-resistant HCC
samples was relatively limited. Thus, future research should
include larger sample sizes and comprehensive information on
clinical features. Third, the methodologies utilized in this study
did not allow us to identify the mechanism of ACTRI0 in HCC;
therefore, further in vivo or in vitro studies should be conducted
to identify the regulatory axis of ACTR10 in HCC. Fourth, fu-
ture research should explore integrating artificial intelligence
with the ACTR10 biomarker to expand therapeutic strategies for
HCC, enhancing precision medicine approaches [44].

Conclusion

This is the first study to evaluate the clinical significance of
ACTRI0 in HCC. ACTRI10 was found to be significantly up-
regulated in patients with HCC compared with non-tumor pa-
tients. It potentially exerts a pro-cancer effect by influencing
RNA splicing, mRNA processing and/or nucleocytoplasmic
transport. It was also found that ACTR/0 is a potential inde-
pendent prognostic risk factor, with significant overexpression
in TKI-resistant HCC cases. ACTR10 emerged as an excellent
biomarker, effectively distinguishing TKI-resistant HCC sam-
ples from TKI-sensitive HCC samples. Furthermore, ACTR10
may mediate TKI resistance in HCC, possibly through mecha-
nisms involving heightened exocytosis, autophagy and apop-
tosis. Additionally, trichostatin A was identified as a prospec-
tive targeted drug for the treatment of HCC.

Supplementary Material

Suppl 1. Expression of ACTRI0 in HCC samples. A statisti-

cally significant trend of high expression of ACTR1(0 was ob-
served in the presented 19 datasets. The red violin plots show
the HCC samples and the blue violin plots show the non-HCC
samples.

Suppl 2. ACTRI10 was highly expressed in the TKI-resistant
HCC samples, as shown by the violin plots. TKI-S: tyrosine
kinase inhibitor-sensitive; TKI-R: tyrosine kinase inhibitor-
resistant.

Suppl 3. The discriminative ability of ACTRI0 in TKI-sen-
sitive and TKI-resistant samples. AUC: area under the curve.

Suppl 4. Analysis of the TKl-resistance mechanisms of
ACTRI0 in HCC. (A) GO functional enrichment analysis of
differentially expressed genes in TKI-resistant samples. (B)
KEGG signal pathway enrichment analysis of differentially
expressed genes in TKI-resistant samples. (C) Reactome sig-
nal pathway enrichment analysis of differentially expressed
genes in TKI-resistant samples. GO: Gene Ontology; KEGG:
Kyoto Encyclopedia of Genes and Genomes.
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