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Systematic Analysis of Disulfidptosis-Related IncRNAs in
Hepatocellular Carcinoma with Vascular Invasion Revealed That
AC131009.1 Can Promote HCC Invasion and Metastasis through
Epithelial-Mesenchymal Transition
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ABSTRACT: Disulfidptosis, a recently identified pathway of cellular demise, served as the focal point of this research, aiming to
pinpoint relevant IncRNAs that differentiate between hepatocellular carcinoma (HCC) with and without vascular invasion while also
forecasting survival rates and responses to immunotherapy in patients with vascular invasion (VI+). First, we identified 300 DRLRs
in the TCGA database. Subsequently, utilizing univariate analysis, LASSO-Cox proportional hazards modeling, and multivariate
analytical approaches, we selected three DRLRs (AC009779.2, AC131009.1, and LUCAT1) with the highest prognostic value to
construct a prognostic risk model for VI+ HCC patients. Multivariate Cox regression analysis revealed that this model is an
independent prognostic factor for predicting overall survival that outperforms traditional clinicopathological factors. Pathway
analysis demonstrated the enrichment of tumor and immune-related pathways in the high-risk group. Immune landscape analysis
revealed that immune cell infiltration degrees and immune functions had significant differences. Additionally, we identified valuable
chemical drugs (AZD4547, BMS-536924, BPD-00008900, dasatinib, and YK-4-279) for high-risk VI+ HCC patients. In-depth
bioinformatics analysis was subsequently conducted to assess immune characteristics, drug susceptibility, and potential biological
pathways involving the three hub DRLRs. Furthermore, the abnormally elevated transcriptional levels of the three DRLRs in HCC
cell lines were validated through qRT-PCR. Functional cell assays revealed that silencing the expression of IncRNA AC131009.1 can
inhibit the migratory and invasive capabilities of HCC cells, a finding further corroborated by the chorioallantoic membrane (CAM)
assay. Immunohistochemical analysis and hematoxylin—eosin staining (HE) staining provided preliminary evidence that
AC131009.1 may promote the invasion and metastasis of HCC cells by inducing epithelial—mesenchymal transition (EMT) in
both subcutaneous xenograft models and orthotopic HCC models within nude mice. To summarize, we developed a risk assessment
model founded on DRLRs and explored the potential mechanisms by which hub DRLRs promote HCC invasion and metastasis.
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1. INTRODUCTION ments, the prognosis for HCC patients remains poor, with a $-
In 2020, hepatocellular carcinoma (HCC) ranked sixth in year relative survival rate of only 20%."
terms of incidence and the third leading cause of death among Vascular invasion (VI) is characterized by the infiltration of

the top ten most common cancers." Projections suggest that by
2025, the incidence of HCC may rise to one million cases.”
There are many treatment modalities for HCC including
surgical interventions, techniques for ablation, radioemboliza-
tion via transarterial routes, chemoembolization administered
transarterially, and systemic treatment approaches.’
Additionally, advancements in molecular targeted therapies
and immunotherapies are showing significant promise in the
management of HCC.*”” However, despite these advance-

neoplastic cells into the branches of the portal vein or hepatic
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Figure 1. Construction of the prognostic disulfidptosis-related IncRNA (DRLR) risk model for hepatocellular carcinoma (HCC).} (A) Sankey
diagram showing the coexpression patterns of disulfidptosis-associated genes with DRLRs in VI HCC. (B) coexpression between 10 disulfidptosis-
related genes and three prognostic IncRNAs independent of disulfidptosis. (C, D) Prognostic prediction model using the least absolute shrinkage
and selection operator (LASSO)-Cox regression analysis. (E) Multivariable Cox regression analysis determined 3 hub DRLRs. (F) Kaplan—Meier
survival curves for risk cohorts in both validation and training data sets. (G) distribution of risk scores and survival status within HCC cohorts. (H)
Heatmap representing the expression of the three prognostic DRLRs in the examined cohorts.

vein within the liver. An increasing body of literature indicates
that VI serves as a negative prognostic marker in HCcC ™!

Clinicians can make informed decisions regarding appro-
priate surgical strategies for patients by considering the
presence of preoperative VI. In recent years, researchers have
been investigating the risk and prognostic factors associated
with intrahepatic vascular invasion (IVI) in HCC. Zeng et al.’?
developed a nomogram utilizing the SEER database to predict
VI in HCC patients, providing valuable guidance for clinical
decision-making. Peng et al."” constructed a nomogram
utilizing radiomic characteristics, which exhibited high
predictive accuracy for VI status in HBV-related HCC patients.
Furthermore, Wang et al'™ highlighted that both the maximum
microvascular invasion (MVI) stage and its corresponding area
could serve as independent prognostic indicators, effectively
forecasting long-term overall survival rates in individuals
exhibiting MVI post-RO hepatic resection. Consequently, it is
essential to investigate specific genetic biomarkers that can aid
in the identification of vascular invasive behavior and the
prognosis of HCC.

Liu et al." recently identified disulfidptosis as a novel cell
death form, distinct from other programmed cell death
processes, characterized by Rac-WRC promoted actin
polymerization and lamellipodia formation. In SLC7A11-
overexpressing cells exposed to glucose deprivation, cystine
intake rises, causing NADPH depletion, which disrupts normal
disulfide bonding in actin cytoskeleton proteins, leading to
network collapse and cell death.
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Additionally, the researchers observed that supplying
additional cystine to glucose-starved, SLC7A11-deficient 786-
O cells reduces cellular NADPH levels, induces actin protein
disulfide bonding and F-actin contraction, and triggers robust
cell death. This discovery of disulfidptosis opens avenues for
developing novel therapeutic strategies and identifying
potential disease targets.

Long noncoding RNAs (IncRNAs) are RNA molecules
primarily found in the cell nucleus or cytoplasm.'® They have a
length exceeding 200 nucleotides and do not possess the ability
to encode proteins. Extensive research has demonstrated the
substantial involvement of IncRNAs in the initiation and
progression of HCC, making them valuable prognostic
markers.'” ™"

Although the role of disulfidptosis and related IncRNAs in
HCC remains ambiguous, the pathways contributing to HCC
invasion and metastasis are yet to be fully understood. There is
also a lack of predictive models developed for disulfidptosis-
related IncRNAs (DRLRs) in tumor development. In
particular, disulfidptosis and DRLRs may play a more
significant role in HCC patients with VI than in those without
VI. However, the mechanisms by which they promote HCC
invasion and metastasis remain to be explored. Therefore, in
the context of our research, we aimed to establish a predictive
characteristic framework utilizing DRLRs to distinguish HCC
patients with VI from those without VI utilizing the Cancer
Genome Atlas (TCGA) database. Furthermore, we conducted
comprehensive comparative analyses of the immune status,

https://doi.org/10.1021/acsomega.4c09411
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Figure 2. Independent prognostic factor analysis based on VI+ HCC patient overall survival (OS).} (A) In the univariate Cox analysis, notable
differences were observed in pathological characteristics and risk scores, which were statistically significant. (B) Multivariate Cox analysis also
revealed significant statistical disparities in pathological characteristics and risk computations. (C) The time receiver operating characteristic
(timeROC) curve predicts the 1-, 3-, and S-year OS among patients with VI+ HCC. (D) The MultiROC assessment demonstrated that the
predictive accuracy of the proposed risk model surpasses other clinical parameters. (E) According to the C-index, the prognostic precision of the
risk model outperforms other clinical measures. (F) A nomogram constructed from the 3-DRLR signature score provides a prognostic prediction.
(G) The calibration curve assists in forecasting overall survival (OS) at 1-year, 3-year, and S-years. (H) Principal component analysis (PCA) was
conducted to differentiate between high-risk and low-risk groupings across (Ia) all genes, (Ib) disulfidoptosis-related genes, (Ic) DRLRs, and (Id)

prognostic markers associated with 3-DRLRs.

gene set enrichment, tumor microenvironment features, and
chemotherapy drug response among different risk groups.
Additionally, we experimentally validated the expression of
three independent prognostic DRLRs at the cellular level.
Finally, functional validation of the prognostic IncRNA
AC131009.1 in HCC was performed through knockdown
experiments. Preliminary findings suggest that AC131009.1
may promote the spread and metastatic progression of HCC
by triggering epithelial-mesenchymal transition (EMT), thus
providing a potential target for HCC treatment. In conclusion,
our study provides an effective prognostic model based on
DRLRs and offers preliminary insights into the potential
mechanisms by which AC131009.1 promotes HCC invasion
and metastasis. These findings have the potential to facilitate
personalized treatment for individuals diagnosed with HCC.

2. RESULTS

2.1. Identification of Hub DRLRs and Construction of
the DRLR-Based Model. After the initial screening, a total of
300 IncRNAs were found to have coexpression relationships
with disulfidptosis-related genes (Figure 1A). An initial
univariate Cox regression analysis uncovered 25 DRLRs.
These 25 IncRNAs were further selected using least absolute
shrinkage and selection operator (LASSO) regression, leading
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to the identification of 5 DRLRs: AC009779.2, AC131009.1,
LUCAT]I, AL359313.1, and AC011416.3 (Figure 1C and D).

Subsequently, a multivariate Cox regression analysis was
conducted to establish a risk model, ultimately identifying 3
DRLRs for inclusion: AC009779.2, AC131009.1, and
LUCAT]I (Figure 1E). The risk score formula was calculated
using the coefficients of these DRLRs: Risk Score = (0.06049
X AC009779.2 expression) + (0.14195 X AC131009.1
expression) + (0.19371 X LUCAT1 expression). Figure 1B
displays the correlation heatmap between the 3 selected hub
DRLRs and disulfidptosis-related genes. Following a resam-
pling procedure with replacement, the clinical data from both
the internal validation cohort and the training cohort exhibited
comparability in terms of their clinical features (P > 0.0S,
Table S1). In the training data set, patients were stratified into
high-risk and low-risk categories according to the median value
of their risk scores. Kaplan—Meier survival analysis indicated a
worse prognosis for VI+ HCC patients in the high-risk
category compared to the low-risk group, both in training and
validation data sets (Figure 1F). Figure 1G illustrates the risk
score distribution and survival outcome, highlighting the
increased mortality rate among high-risk VI+ HCC patients.
The heatmap represents the expression levels of the three hub
DRLRs in both the testing and training cohorts (Figure 1H).
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Figure 3. Elucidates the outcomes of Gene Ontology (GO) and Gene Set Enrichment Analysis (GSEA). (A) Displaying a bar chart representing
the ten GO terms with the highest significance in enrichment. (B) Showing a circle diagram derived from GO enrichment analysis results. GSEA
showed substantial discrepancies in the enrichment of the TCGA VI+ HCC cohort for the c2.all.v2022.1.Hs.symbols.gmt gene set between high-
risk (C) and low-risk cohorts (D), as determined by the 3-DRLR signature. Similarly, the cS.all.v2022.1.Hs.symbols.gmt gene set showed
differences between the high-risk (E) and low-risk cohorts (F). (G) Highlights significant enrichment of the h.all.v2022.1.Hs.symbols.gmt gene set
in the high-risk cohort. (H) presents the percentages of 22 immune cell types in both the high- and low-risk groups as computed by the
CIBERSORT methodology. (I) Comparison of immune function scores between patients categorized into low-risk and high-risk cohorts.

2.2. The Prognostic Significance of the Risk Score as
an Independent Factor. In terms of the prognostic
significance of the risk score as an independent factor, Figures
2A and 2B indicate that the risk score yielded p-values below
0.001, highlighting its potential as a standalone prognostic
marker for patients with VI+ HCC. The area under the curve
(AUC) for predicting survival outcomes at 1, 3, and S years
were 0.727, 0.667, and 0.601, respectively (Figure 2C). These
findings indicate that our 3-DRLR model exhibited the best
short-term prognostic predictive efficacy for VI+ HCC patients
at 1 year. Furthermore, the multi-receiver operating character-
istic (ROC) curve in Figure 2D demonstrated that the risk
score’s AUC of 0.727 surpassed those of clinical factors such as
age, sex, pathological characteristics, and TNM stage,
indicating its superior capability in prognosticating overall
survival for VI+ HCC patients. The C-index analysis
corroborated the superior predictive accuracy of the risk
score compared to the stated clinical features (Figure 2E). A
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prognostic nomogram was developed using the patient risk
score, along with sex, age, TNM tumor stage, and pathological
characteristics. As shown in Figure 2F, for the 20th patient, the
score was calculated at 103. The AUCs of this model for
estimating survival probabilities at 1, 3, and S years were 0.880,
0.722, and 0.663, respectively. Furthermore, the calibration
curve in Figure 2G demonstrated strong concordance between
the predicted outcomes generated by the model and the actual
results that were observed. Principal Component Analysis
(PCA) was conducted to explore the expression profiles
concerning all genes (Figure 2Ha), disulfidptosis-related genes
(Figure 2Hb), and DRLRs (Figure 2Hc). However, these
analyses proved inadequate in effectively distinguishing high-
risk cohorts from low-risk ones. Conversely, the key DRLRs
identified in the 3-DRLR model demonstrated a superior
capability to differentiate between high-risk and low-risk
groups among patients with vascular invasion-positive
hepatocellular carcinoma (VI+ HCC) (Figure 2Hd).
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Figure 5. Risk hub prognostic IncRNAs analysis in the 3-DRLR signature. Pancancer analysis showed differential expression of AC009779.2 (A),
AC131009.1 (B), and LUCAT1 (C) in tumor and paracancerous tissues. Coexpression of the top SO genes and 3 disulfidptosis-independent
prognostic hub IncRNAs. The correlation heatmap shows the top S0 gene significantly coexpressed with AC009779.2 (D), AC131009.1 (E), and
LUCATI (F). The relationship between the relative quantities of 22 immune cell types and the expression levels of IncRNA AC009779.2 (G),
AC131009.1 (H), and LUCAT1 (I).
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Figure 6. Validation of expression levels for prognostic hub IncRNAs within the context of the 3-DRLR model across different HCC cell lines.
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and contrasted against the normal liver cell line, L02. Data are presented as the mean + standard deviation (SD) with n = S. Statistically significant

differences are indicated by **P < 0.01.

2.3. Gene Ontology (GO) Pathway Enrichment Study
and Gene Set Enrichment Analysis (GSEA). A compre-
hensive analysis identified a total of 1,637 genes exhibiting
differential expression when comparing groups at high risk with
those at low risk. Findings from the GO enrichment analysis
(Figure 3A and B) reveal that these DEGs are largely linked
with biological processes such as mitotic nuclear division,
organelle fission, nuclear division, chromosome segregation,
and nuclear chromosome segregation. Principal cellular
components enriched include regions of chromosomes, the
spindle apparatus, compacted chromosomes, centromeric
regions of chromosomes, and centromeres of condensed
chromosomes. Enriched molecular functions primarily relate
to ATPase activity on DNA, tubulin and microtubule binding,
DNA catalytic activity, and single-stranded helicase pathways.
Gene Set Enrichment Analysis (GSEA) of the risk cohorts
demonstrated that within the c2.all.v2022.1.Hs.symbols.gmt
gene set, pathways including andersen cholangiocarcinoma
class2, blanco melo bronchial epithelial cells influenza a del ns1
infection dn, and burton adipogenesis 3 show notable
activation in the high-risk cohort (Figure 3C). On the
contrary, the low-risk cohort is significantly enriched in
pathways such as boyault liver cancer subclass g123 dn,
boyault liver cancer subclass g3 dn, and kegg fatty acid
metabolism (Figure 3D). In the context of the
cS.all.v2022.1.Hs.symbols.gmt data set, high-risk patients are
involved in cellular pathways and immune responses, including
antigen receptor-mediated signaling, B cell-mediated immun-
ity, and B cell activation (Figure 3E). Meanwhile, the low-risk
cohort’s pathways comprise mitochondrial electron transport
from cytochrome ¢ to oxygen, ATP production driven by
proton motive force, and the cytosolic small ribosomal subunit
(Figure 3F). Regarding the h.all.v2022.1.Hs.symbols.gmt set,
high-risk patients primarily participated in pathways like
hallmark allograft rejection, hallmark E2F targets, and hallmark
G2M checkpoint (Figure 3G). Notably, there was no
significant enrichment observed with in the low-risk cohort.

2.4. Exploration of the Immune Landscape in VI+
HCC Patients Based on the 3-DRLR Model. The
examination of immune infiltration via the CIBERSORT
platform and the single sample gene set enrichment analysis
(ssGSEA) methodology divulged a notably elevated presence
of follicular helper T cells and activated memory CD4 T cells
within the high-risk cohort in comparison to the low-risk

cohort. Conversely, monocytes were found to be markedly
more prevalent in the low-risk cohort than their high-risk
counterparts (Figure 3H). The immune function scoring
results indicated that B cells and mast cells were significantly
less abundant in the high-risk cohort, whereas immune-related
MHC class I molecules were more pronounced in this group
(Figure 3I). These observations suggest that the prognostic
risk score based on DRLRs proficiently mirrors the
immunological landscape of VI+ HCC patients, offering
critical insights for predicting both the response to
immunotherapy and the prognosis for VI+ HCC patients.

2.5. Drug Sensitivity Analysis of VI+ HCC Based on
the 3-DRLR Model. To explore potential chemotherapeutic
and targeted drugs that may exhibit sensitivity in VI+ HCC
patients in the high-risk cohort, this study conducted drug
sensitivity analysis using oncoPredict to determine the ICS0
concentrations of various drugs. The findings revealed that
AZD4547, BMS-536924, BPD-00008900, dasatinib, and YK-
4—279 were the five most sensitively responded drugs within
the high-risk patient cohort (Figure 4A-E). Conversely, the
drugs that exhibited the greatest resistance in this group
included gemcitabine, irinotecan, mirin, nutlin-3a (—), and
PLX-4720 (Figure 4F-J). Our study provides valuable
references for clinical drug selection.

2.6. Bioinformatics Examination of Prognostic Hub
DRLRs within the Framework. We further conducted a
pancancer analysis (including 32 other cancer types as
documented within the TCGA repository) to examine the
differential expression patterns of the three hub IncRNAs
identified in our study. The pan-cancer analysis revealed
differential expression of three hub IncRNAs, AC009779.2,
AC131009.1, and LUCAT]! in different tumors (Figures SA-
C). To gain insights into the genes potentially regulated by
these three high-risk hub IncRNAs, we performed coexpression
analysis to identify genes coexpressed with these three
IncRNAs. The correlation heatmaps of the top SO genes are
presented in Figure SD-F. Additionally, we conducted GO
analyses and GSEA to explore the biological pathways linked
to these three high-risk hub IncRNAs, and the results are
presented in Figure S1-3. Furthermore, we employed the
Spearman method to further investigate the correlations
between the three prognostic hub DRLRs and the infiltration
levels of 22 immune cells. The results revealed that, except for
AC009779.2 levels (Figure SG), AC131009.1 (Figure SH) and
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Figure 7. Impacts of IncRNA AC131009.1 on HCC cell migration and invasion. (A) The knockdown efficiency of sh-AC131009.1 compared with
the negative control (NC) in HCC-LM3 and HepG2 cells was measured by qRT-PCR. (B) Wound healing assays of HepG2 and HCC-LM3 cells
transfected with sh-AC131009.1 and sh-NC. (C) Transwell assays of HepG2 and HCC-LM3 cells transfected with sh-NC and sh-AC131009.1.
Data are presented as mean + SD (n = 3). Significant differences are denoted by **P < 0.01.

LUCAT1 (Figure SI) levels exhibited significant correlations
with the levels of different types of immune cells. Specifically,
AC131009.1 levels correlated positively with MO macrophages
(P = 0.001) and negatively with both monocytes (P = 0.002)
and activated NK cells (P < 0.001). For LUCAT]1, a significant
positive correlation was identified with follicular helper T cells
(P = 0.014) and activated memory CD4 T cells (P < 0.001),
whereas naive B cells were negatively correlated (P = 0.014).
Finally, we presented patients’ drug sensitivity in relation to the
expression profiles of the three hub IncRNAs (Figures S4—6).

2.7. Elucidating the Expression Levels of the
Prognostic Hub DRLRs within HCC Cell Lines through
the Application of Quantitative Real-Time PCR (qRT-
PCR). Furthermore, we explored the expression levels of the
prognostic hub DRLRs within HCC cell lines using
quantitative real-time PCR (qRT-PCR). Our analysis,
illustrated in Figure 6, demonstrated a notable upregulation
of the three hub DRLRs in HCC cell lines when compared to
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the normal liver cell line, L02. This observation suggests a
crucial role for these hub DRLRs in HCC pathology.
Specifically, in the highly metastatic HCC-LM3 cell line, the
expression levels of AC131009.1 and LUCAT1 were
significantly higher than those observed in the less invasive
cell lines, Hep3B2.1-7 and HepG2. Despite the limited
existing literature on the role of AC131009.1 in HCC, to
enhance our understanding of the influence of DRLRs on the
invasive and metastatic characteristics of HCC cells, we
selected AC131009.1 for subsequent cellular functional
experiments and conducted preliminary studies on its potential
mechanisms.

2.8. The Influence of LncRNA AC131009.1 on the
Biological Activities of HCC Cells In Vitro. shRNA was
used to knock down AC131009.1 expression, and the
AC131009.1 expression levels in HepG2 and HCC-LM3
cells was assessed through qRT-PCR, as shown in Figure 7A.
We found an effect of IncRNA AC131009.1 on cell metastasis
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Figure 8. Impact of IncRNA AC131009.1 on HCC Cell Proliferation and Metastasis. Tumour dimensions and masses for the sh-AC131009.1 and
sh-NC cohorts are depicted in panels A, B, and C. (D) The protein expression levels of E-cadherin, N-cadherin, vimentin and slug were detected in
the tumor tissues in each group by IHC. (E) Chicken embryos were exposed to conditioned media (CM) for 4 days, photographed, and their
vascular growth was quantified. (F) H&E staining is used to assess the tumor burden in the livers of mice in each group (magnified 40 times and
400 times, respectively). (G) IHC staining is used to measure the expression of E-cadherin, N-cadherin, vimentin, and slug in liver tumors of mice
in each group. Data represented as mean + SD for n = 5. Significant difference is indicated by *P < 0.0S and **P < 0.01.

in HCC. As shown in Figure 7B, the knockdown of IncRNA
AC131009.1 inhibited the migration of both HCC-LM3 and
HepG2 cells in the wound healing assay. Additionally,
Transwell assays demonstrated a marked decrease in the
migratory and invasive capabilities of cells in the sh-
AC131009.1 group relative to the sh-NC control group
(Figure 7C).
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2.9. The Silencing of LncRNA AC131009.1 Sup-
pressed the Advancement and Growth of HCC In
Vivo. To investigate the role of AC131009.1 in vivo, male
nude mice of 5 weeks old were inoculated with 1 X 10" HepG2
cells that had been stably transfected (either with
shAC131009.1 or sh-NC) into their left flank. The results
showed that AC131009.1 knockdown reduced tumor size and
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weight (Figure 8A-C). Moreover, the effect of AC131009.1 on
EMT-related markers was also detected by Immunohistochem-
istry (IHC). In the group with reduced AC131009.1
expression, there was an upregulation of the epithelial marker
E-cadherin, whereas in the sh-NC group, markers associated
with mesenchymal cells (N-cadherin, vimentin, and slug) were
more prominently expressed (Figure 8D). Then, the CAM
experiment was used to further examine the effect of
AC131009.1 on HCC angiogenesis, and the number of new
blood vessel formations in the sh-AC131009.1 group was
markedly diminished in contrast to the control group (Figure
8E).

To further validate our findings, we conducted an orthotopic
HCC model experiment. HE staining of the orthotopic HCC
tissues revealed that, at 40X magnification, the HCC in the sh-
NC control group were noticeably larger compared to those in
the sh-AC131009.1 group. At 400X magnification, tumor cells
in the sh-NC group displayed irregular, spindle-shaped
morphology with significant pleomorphism, alongside charac-
teristics indicative of stromal transformation. In contrast,
tumor cells in the sh-AC131009.1 group exhibited relatively
regular morphology with reduced pleomorphism compared to
the control group (Figure 8F). Additionally, IHC staining
analysis revealed an increase in the expression of the epithelial
marker E-cadherin in the sh-AC131009.1 group, while
mesenchymal markers such as N-cadherin, vimentin, and slug
were expressed at higher levels in the sh-NC group (Figure
8G). Collectively, these findings suggest that the knockdown of
AC131009.1 inhibits the proliferation and metastatic potential
of HCC cells, leading to a decreased capacity for EMT.

3. MATERIALS AND METHODS

3.1. Data Sources. RNA sequencing data for HCC
patients were acquired from the TCGA-LIHC data set,
accessible via the GDC portal (https:/ /portal.gdc.cancer.gov/
). Complementary clinical information was sourced through
the cBioPortal platform (http://www.cbioportal.org/). Study
participants met predefined inclusion criteria: (1) clear
classification of VI status in HCC specimens and (2)
availability of complete RNA-Seq data for both IncRNAs and
mRNA. Patients with a survival period of 0 or missing survival
information were excluded. Ultimately, this study included 106
HCC patients with VI and 206 HCC patients without VI. Ten
disulfidptosis-related genes, namely, SLC7A11,GYS1, RPN1,
OXSM, LRPPRC, NUBPL, NCKAP1, NDUFS1, SLC3A2, and
NDUFAIL1, were identified from prior research. The
association between IncRNAs and the expression levels of
these ten genes related to disulfidptosis was calculated using
the wilcox.test() function in R software for rank analysis.
DRLRs were identified according to the standards of having a
correlation coefficient greater than 0.4 and a p-value of less
than 0.001. Given that patient data were extracted from the
TCGA database, compliance with TCGA’s publication guide-
lines was ensured, eliminating the necessity for ethical
clearance.

3.2. Development and Verification of a Predictive
Risk Assessment Model. First, a univariate Cox regression
analysis was conducted to identify DRLRs that exhibit a
significant correlation with OS in HCC patients with vascular
invasion (VI+) (P < 0.0S). The selection of pertinent DRLRs
was further refined employing the LASSO regression analysis
to control for overfitting in the modeling process effectively.
Subsequently, a multivariate Cox regression analysis was

conducted to establish the optimal prognostic risk model
using the DRLRs with the lowest akaike information criterion
(AIC) value. The risk score for each VI+ HCC patient was
computed with the following equation: Risk score =
(Expression level of IncRNA A * Coefficient of IncRNA A)
+ (Expression level of IncRNA B * Coefficient of IncRNA B) +
... To validate the prognostic model, we created a new internal
validation cohort comprising 106 VI+ HCC patients, using the
bootstrap resampling technique, which is strongly advocated
for the internal validation of prognostic models.”"”**
Subsequently, the participants in the training cohort were
classified into low-risk and high-risk categories based on their
median risk scores. Kaplan—Meier survival curves were
generated using the ‘Survival’ and ‘Survminer’ R packages,
while time-dependent ROC (timeROC) curves were plotted
with the ‘timeROC’ package to assess the prediction model’s
effectiveness. Multiple ROC analyses were executed to contrast
the prognostic utility of the risk model against individual
clinical variables. The model’s predictive accuracy was
evaluated through C-index analysis using R packages like
‘dplyr’, ‘rms’, and ‘pec’. Risk score distribution for DRLRs,
survival status of each patient, and the expression risk heatmap
corresponding to each DRLR in the samples were constructed
using the pheatmap package. Finally, three-dimensional PCA
plots were created via the R packages limma and scatterplot3d
to visualize the differentiation value of all genes, disulfidptosis-
related mRNA, DRLRs, and the prognostic signature model in
distinguishing among VI+ HCC patients classified into low-risk
and high-risk categories.

3.3. Construction of a Prognosis Nomogram. To assess
the prognostic significance of the risk model in combination
with clinical characteristics and to determine its independent
prognostic value for patients with VI+ HCC, both univariate
and multivariate Cox regression analyses were performed. The
R package ‘rms’ was employed to develop a nomogram for
predicting OS at 1, 3, and 5 years in patients with VI+ HCC.
The predictive accuracy of this nomogram was assessed using
calibration curves.

3.4. Analysis of Pathway Enrichment and Gene Set
Enrichment. Differential expression evaluation to determine
significantly DEGs between low-risk and high-risk cohort, as
defined by the risk model, was performed using the ‘limma’
package in R. Genes were selected based on a log2 fold change
exceeding 1 and an FDR below 0.05. These DEGs underwent
functional enrichment analysis leveraging the GO database,
which provides annotations and classifications for genes
according to biological processes (BP), molecular functions
(MF), and cellular components (CC). Furthermore, GSEA
was performed to identify crucial biological functions and
pathways significantly linked with VI+ HCC in both risk
groups. GSEA employed three gene sets, namely,
cS.all.v2022.1.Hs.symbols.gmt, ¢2.all.v2022.1.Hs.symbols.gmt,
and h.all.v2022.1.Hs.symbols.gmt, considering terms signifi-
cantly enriched with a P value and FDR both under 0.05. The
R packages’org.Hs.eg.db’, ‘clusterProfiler’,and ‘enrichplot’
facilitated the aforementioned enrichment analyses.

3.5. Immunity Landscape Assessment. The CIBER-
SORT methodology was employed to estimate the proportions
of immune cells infiltrating tumors within every specimen from
VI+ HCC patients. Postanalysis, results were filtered using a
statistical significance threshold of P < 0.0S. To analyze
differences in immune cell quantities and functions, the ssgsea
computational method was utilized alongside R packages such

https://doi.org/10.1021/acsomega.4c09411
ACS Omega 2024, 9, 49986—49999


https://portal.gdc.cancer.gov/
http://www.cbioportal.org/
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

as limma, reshape2, ggpubr, GSVA, and GSEABase. Box plots
were generated to depict the proportions of immune cells in VI
+ HCC samples, facilitating a comparative evaluation of
immune cell content and function between groups at varying
risks.

3.6. Selecting Suitable Drugs for VI+ HCC Patients via
OncoPredict. Maeser et al.*® developed an R package called
oncopredict to predict drug responses in tumor patients. First,
the oncopredict package was utilized to evaluate the drug
sensitivity scores for each sample. Subsequently, the ggpubr
and limma packages were employed to predict the variation in
drug responsiveness between the low-risk and high-risk
cohorts. The filtering criterion was set at P < 0.0S. A reduced
half maximal inhibitory concentration (ICS0) value signifies
greater sensitivity to the drug, which can guide the clinical
selection of drugs for patients.

3.7. Bioinformatic Assessment of Prognostic hub
DRLRs in the Model. The hub DRLRs integral to the risk
prognosis model underwent an exhaustive bioinformatics
scrutiny. Wilcox tests were conducted on these DRLRs with
R packages ggpubr, plyr, and reshape2 to ascertain pancancer
variances between tumor tissues and adjacent normal tissues
across 32 cancer types within the TCGA database. Pearson
correlation analysis identified mRNA genes that are signifi-
cantly correlated with prognosis DRLRs. applying a filtering
criterion of correlation coeflicient exceeding 0.4 along with a p-
value below 0.001. The visualization of results was achieved
using the R package ComplexHeatmap. GO analysis was
executed on genes that are coexpressed with the hub DRLRs.
Additionally, all sample was grouped according to hub DRLR
expression (high vs low based on the median expression level).
This was followed by GSEA. Furthermore, an assessment of
drug sensitivity and an analysis of immune cell infiltration were
performed for each distinct hub DRLR.

3.8. Cell Culture and Transfection. HCC cell lines,
namely HCC-LM3, Hep3B2.1-7, and HepG2, along with the
L02 cell line, were procured from the Cell Bank of the Chinese
Academy of Medical Sciences located in Shanghai, China.
These cells were cultured using DMEM, which was
supplemented with 10% fetal bovine serum (FBS, Gibco), as
well as 100 U/mL penicillin (Gibco) and 100 pg/mL
streptomycin, maintaining an environment of 37 °C in 5%
CO2. GenePharma constructed the shRNA targeted against
AC131009.1 (sh-AC131009.1) and a negative control shRNA
(sh-NC). Cell transfections were performed utilizing Lipofect-
amine 3000 (Invitrogen) reagent.

3.9. QRT-PCR to Determine Prognostic Hub DRLRs
Expression in Different HCC Cell Lines in the Model.
Expression levels of pivotal prognostic DRLRs were assessed
across various HCC cell lines, such as Hep3B2.1-7, HepG2,
and HCC-LM3. The LO02 cell line was employed as a normal
control for comparison purposes. These cell lines were
procured from the Chinese Academy of Sciences Cell Bank
situated in Shanghai. Total RNA extraction was conducted
using TRIzol reagent as per the manufacturer’s instructions,
followed by c¢DNA synthesis. Subsequently, we conducted
experiments using qRT-PCR technology with cDNA as the
template. GAPDH, the human housekeeping gene, was
selected as the internal control for normalizing relative
expression levels, using the 2—AACt method. Detailed primer
sequences can be found in Table S2.

3.10. Wound Healing Assay. Various groups of HCC
cells were cultured in six-well plates to achieve over 90%

confluence, at which point a scratch was made across the
center of each well using a pipet tip. The cells were then
washed twice with PBS, and medium devoid of FBS was
introduced into each well. Photographs were captured using an
inverted microscope, measuring the mean gap width with a
caliper. After 48 h, additional images were taken to assess
changes.

3.11. Cell Migration and Invasion Assays. For the
Transwell analysis, HCC cells were introduced into Transwell
chambers, which were either covered with Matrigel Basement
Membrane (BD Biosciences) or left uncoated. A total of 4 X
10* HCC cells suspended in 200 uL of serum-free medium
were placed in the upper chamber of the Transwell A
suspension comprising 40,000 HCC cells in 200 L of medium
devoid of serum was introduced into the upper compartment
of the Transwell setup. For the invasion assay, Matrigel was
applied to the upper chamber in a S0 pL coating. After
incubation for 24 h in 5% CO2 at 37 °C, the cells were
preserved with 4% paraformaldehyde and subsequently stained
with 0.1% crystal violet. Observations and imaging were
conducted by selecting five random fields under an inverted
microscope.

3.12. A Model Using the Chorioallantoic Membrane
(CAM) of Chick Embryos. Fresh fertilized White Laihang
chicken eggs were sourced from Shanghai Huguang Poultry
Breeding Co., Ltd. After disinfecting the eggs with 70%
ethanol, they were cultured at 37 °C and 65% humidity,
marking embryo development day 1 (EDD-1). A minor
aperture was created on EDD-3 on the egg’s apex and sealed
with cellophane to prevent dehydration and contamination,
and incubation proceeded with the eggs in a static, upright
position until EDD-10. At EDD-10, the embryos’ viability and
the vascular system of CAM are visually examined before
addition processing.”* Intra egg studies adhered to ethical
constraints, not extending beyond EDD-17.”> The stable
transfected HCC-LM3 cell suspension (sh-AC131009.1 or sh-
NC) was mixed with growth factor reduced Matrigel (1:1).
Then load the mixture onto the top of CAM at a density of S X
105 cells per embryo. After implantation, the eggs were
protected with tape and then returned to the incubator. The
eggs were observed daily after transplantation until EDD-14.
On EDD-14, macroscopic observation of vascular growth was
conducted using a stereomicroscope, and the angiogenic effect
was quantified by calculating the number of vascular branches
for each ovum.

3.13. Tumour Formation In Vivo. Specific pathogen-free
(SPF) grade male BALB/c nude mice, aged S weeks, procured
from Shanghai SLAC Laboratory Animal Co. Ltd., were
randomly assigned into experimental groups. Each mouse was
inoculated at the left flank with 1 X 107 stable transfected
HepG2 cells (sh-AC131009.1 or sh-NC). Tumor volume (V)
evaluations were conducted every S days, calculated using the
formula: V = length X width®/2. Twenty-5S days post-
inoculation, the mice were euthanized, and subcutaneous
tumors were excised and imaged. Then, the weight of the
tumor tissues was detected. Subsequently, the tumor tissues
were stored in liquid nitrogen for subsequent experiments.
Handling was performed in accordance with the guidelines
outlined in the “Guide for the Care and Use of Laboratory
Animals” by the National Institutes of Health. All animal
experimental work received approval (JRSRMYY-2023—042)
from the Medical Ethics Committee of Jurong Hospital
Affiliated to Jiangsu University. All the experiments were
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performed in accordance with all national or local guidelines
and regulations.

3.14. The Orthotopic HCC Model Induced by HCC-
LM3 Cells in Nude Mice. We employed BALB/c nude mice
of SPF grade, obtained from the Shanghai SLAC Laboratory
Animal Co. Ltd. (Shanghai, China). The allocation of these
mice into two groups was performed in a random manner.
HCC-LM3 cells (either sh-AC131009.1 or sh-NC) were
expanded in culture. When the HCC cells reached 70% to
80% confluence, they were subcultured at a 1:3 ratio into three
75 cm? culture flasks and supplemented with an appropriate
volume of culture medium to maintain optimal cell conditions.
Upon reaching the logarithmic phase of growth, the cells were
collected for the purpose of inoculation. Six-week-old male
nude mice were inoculated with 1 X 106 of these stably
transfected HCC-LM3 cells (either sh-AC131009.1 or sh-NC)
directly into the capsule of the left liver lobe. After 8 weeks, the
nude mice were euthanized, and their liver and lung tissues
were removed. Subsequently, the tumor tissues were stored in
liquid nitrogen for subsequent experiments.

3.15. Immunohistochemistry. To elucidate the role of
AC131009.1 in HCC cell proliferation and invasion, alongside
epithelial-mesenchymal transition (EMT) involvement, tissue
obtained from mice underwent fixation in 4% paraformalde-
hyde for 48 h and subsequent sectioning into S ym slices. After
sections were initially treated with 5% goat serum to block
nonspecific binding, they were subsequently incubated with
primary antibodies: E-cadherin (1:500; Abcam), N-cadherin
(1:500; Abcam), Vimentin (1:250; Abcam), and Slug (1:100;
Cell Signaling). Secondary antibody incubation (1:500; Santa
Cruz) was conducted for 2 h at 37 °C. The immunohis-
tochemistry scoring criteria, adopted from previous stand-
ards,”® were as follows: immunostaining intensity was classified
into four levels: 0 (negative), 1 (weak), 2 (moderate), and 3
(strong). The staining percentage was classified as follows: 1
(0%~$10%), 2 (11%~50%), 3 (51%~80%), and 4
(81%~100%), with the intensity and percentage summations
providing the final immunohistochemistry score (IHS). Two
independent pathologists blindly assessed all immunostained
sections.

3.16. Hematoxylin—Eosin Staining (HE). Tumor speci-
mens were preserved using a 4% paraformaldehyde solution for
a 24-h period, subsequently undergoing dehydration and
embedding in paraffin. These samples were then sectioned into
continuous slices of 4 um thickness. Hematoxylin and eosin
(H&E) staining was performed using a kit from Beyotime
(Shanghai, China, C0105S). The stained samples were
examined under a microscope (OLYMPUS BXS3, Tokyo,
Japan).

3.17. Statistics. In this study, we conducted data
processing and graphical plotting using software version 4.1.3
(http://www.R-project) and SPSS statistical software version
19.0 (SPSS Inc., Chicago, IL, USA). statistical significance is
established when the p-value falls below the threshold of 0.0S.

4. DISCUSSION

HCC continues to pose a major worldwide public health
challenge, with its precise treatment being significantly
impeded by tumor heterogeneity. The capacity of cancer
cells to evade physiological cell death mechanisms serves as a
fundamental basis for the onset and advancement of malignant
disease. Cancer cells are commonly perceived as lacking the
ability to undergo self-destruction, a phenomenon closely

intertwined with the processes of tumor growth and meta-
stasis.”” VI has been identified as a prominent risk factor for
recurrence in HCC, affecting approximately 25—50% of
patients.zg_30 It is an essential prerequisite for tumor growth,
as vascular invasion facilitates the dissemination of invasive
tumor cells from the primary tumor site and their subsequent
metastasis.””** VI can be classified into micro and macro types,
both of which are closely linked to tumor recurrence and
survival rates.'”*® In liver transplant recipients, the diagnosis of
vascular invasion is crucial in determining the recurrence
frequency and OS. Compared to liver transplant patients
without vascular invasion, those with vascular invasion
experience a 50% higher mortality rate.”** Therefore, the
creation of novel predictive models for evaluating the
prognosis of VI in HCC patients may provide crucial insights
for diagnosis and therapeutic strategies. Recently, a newly
identified mechanism of cellular demise, known as disul-
fidptosis, has emerged. It is triggered by disulfide stress and
differs significantly from previously studied forms of pro-
grammed cellular demise, including mechanisms like cuprop-
tosis, apoptosis, ferroptosis, necrotic apoptosis, and pyropto-
sis."*° Disulfidptosis is identified by an excessive intracellular
accumulation of disulfide bond molecules and a reduction in
NADPH levels.”” Disulfides also play a critical role as
regulators of oxidative metabolism, influencing the survival of
tumor cells and the process of tumor metastasis.”” Research
has indicated that abnormal disulfidptosis has profound
implications for tumor progression and drug resistance.’®
Undoubtedly, this innovative concept of disulfidptosis as a
programmed cell death mechanism will contribute to further
exploration and a more comprehensive understanding of cell
death mechanisms. It holds the potential to provide a new
therapeutic aopproach for targeting disulfidptosis in cancer
treatment.””*’ LncRNAs have been recognized as potential
diagnostic, prognostic, and therapeutic targets for HCC.*"*"**
Therefore, we believe that DRLRs have significant value in
facilitating the understanding of the occurrence and prognostic
evaluation of HCC. As of the present moment, the role of
DRLRs in HCC, especially regarding the more aggressive VI+
type, remains undocumented. Consequently, our objective was
to construct a predictive framework for patients with VI+ HCC
predicated on DRLRs and examine the expression profiles of
hub DRLRs in VI+ HCC and their correlations with immune
cell infiltration, their enrichment in biological pathways, and
their value in drug sensitivity analysis. Our research has
demonstrated that the expression of AC131009.1 is markedly
higher in highly invasive human HCC-LM3 cells than in less
invasive human HCC Hep3B2.1-7 cells and in HepG2 cells
with low invasion potential. This expression pattern across cell
types with different invasive abilities suggests that AC131009.1
may be a crucial IncRNA influencing HCC invasion and
metastasis. Consequently, we conducted further studies by
suppressing AC131009.1 expression.

We identified IncRNAs associated with VI in HCC patients,
distinguishing them from those without VI. We constructed a
prognostic model comprising AC009779.2, AC131009.1, and
LUCATI. Cox regression analysis confirmed its independent
prognostic value, while Kaplan—Meier survival analysis
revealed that individuals classified with elevated risk scores
exhibited significantly diminished overall survival rates. Multi-
ple ROC, C-index, and PCA analyses confirmed the precision
and efficacy of the model. Additionally, we developed a
nomogram for clinical prognosis assessment. The high-risk
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patient group primarily participated in various biological
pathways related to cell signaling, tumor progression, and
cellular immunity. Notably, follicular helper T cells and
activated memory T cells were found to be more prevalent
in the high-risk group, whereas monocytes were predominantly
present in the low-risk cohort. Furthermore, the immuno-
logical functionalities of mast cells and B cells were markedly
diminished in the high-risk category, while the immune-related
activities of MHC class I were enhanced. Sensitivity to
pharmacological agents was evaluated, revealing that the high-
risk group may demonstrate heightened responsiveness to
certain drugs, including AZD4547, BMS-536924, BPD-
00008900, dasatinib, and YK-4—279. Conversely, this cohort
exhibited a greater propensity to develop resistance to agents
such as gemcitabine, irinotecan, mirin, nutlin-3a (—), and PLX-
4720.

Among the hallmark hub IncRNAs in our model, LUCAT1
has been identified as an angiogenesis-related IncRNA highly
associated with liver cancer prognosis”™ and serves as a
prognostic methylation-driven gene.”* In vitro experiments
conducted by Gramantieri et al.*’ revealed that silencing
LUCATI increased the motility and invasive capabilities of
HCC cells, thereby affecting the EMT phenotype. Limited
research has been conducted on AC009779.2 and
AC131009.1. AC009779.2 has been confirmed as a metabo-
lism-related IncRNA closely linked to the development and
clinical outcomes of osteosarcoma.*® Conversely, AC131009.1
is considered a IncRNA linked to lactate metabolism*” and
necroptosis.”> However, the specific role and oncogenic
mechanisms of AC131009.1 in HCC remain unknown. In
our bioinformatics analysis of IncRNA AC131009.1, we
observed differential expression in various tumors and
enrichment in biological pathways related to tumor develop-
ment, immunity, and the response to multiple metal ions.
AC131009.1 exhibited correlations with different types of
immune cells, displaying a notable positive association with MO
macrophages and a marked inverse relationship with
monocytes and activated NK cells. displaying a significant
positive correlation with MO macrophages and a significant
negative correlation with monocytes and activated NK cells.
The group with high expression of AC131009.1 demonstrated
greater sensitivity to drugs such as BDP-00009066, BPD-
00008900, docetaxel, GDCO0810, and ipatasertib. Moreover,
knockdown of AC131009.1 and subsequent experiments
revealed changes in the motility and invasion of HCC cells,
as demonstrated by scratch and Transwell assays. Con-
currently, the CAM assay confirmed that the suppression of
AC131009.1 reduces the impact of HCC cells on the
proliferation and movement of vascular endothelial cells.
Additionally, a nude mouse xenograft model and an in vivo
orthotopic HCC model were established, and preliminary
findings from HE staining and IHC staining of the xenografts
indicated a correlation between AC131009.1 and EMT, thus
validating its role in promoting EMT in HCC cells. EMT
serves as an essential cellular mechanism in tumor progression,
contributing to the increased tumorigenicity and metastatic
potential of cancer cells.”” Dysregulated expression of various
biomarkers in HCC patients is closely associated with VI.
Targeting these biomarkers has the potential to impact HCC
cell invasion, metastasis, and EMT through the regulation of
intricate mechanisms, making them promising targets for
intervention in HCC.”” Further research is warranted to
investigate the specific processes through which disulfidptosis-
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related AC131009.1 promotes HCC invasion and metastasis
through EMT, which could potentially enable targeted therapy
for VI+ HCC by specifically targeting disulfidptosis-related
AC131009.1.

While this study advances our understanding of the link
between IncRNA AC131009.1 and HCC, further mechanistic
exploration of its role in cancer progression remains in its
infancy. There are certain limitations to our study, including
discrepancies among databases, a restricted number of clinical
samples, and the retrospective design of sample collection, all
of which underscore the necessity for prospective studies to
assess and validate the clinical applicability of our model
Moreover, additional molecular studies are essential to verify
our results and elucidate the mechanisms through which
disulfidptosis-related IncRNA AC131009.1 enhances invasion
and metastasis via EMT in HCC.

5. CONCLUSIONS

In conclusion, this is the first study analyzing differentially
regulated disulfidptosis-related long noncoding RNAs associ-
ated with vascular invasion in HCC. We developed and
validated a risk model for vascular invasion in HCC patients,
distinguishing them from those without vascular invasion.
Additionally, we have preliminary evidence suggesting that
downregulation of IncRNA AC131009.1 expression restricts
the migratory and invasive capabilities of HCC cells,
potentially exerting a malignant biological effect through
EMT to promote HCC cell invasion and metastasis. Based
on this research model, personalized immunotherapy response
prediction and treatment selection may be possible for HCC
patients. LncRNA AC131009.1 holds promise as a novel target
for therapeutic intervention in patients exhibiting vascular
invasion in HCC.
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