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AC099850.3 promotes HBV‑HCC cell 
proliferation and invasion through regulating 
CD276: a novel strategy for sorafenib 
and immune checkpoint combination therapy
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Abstract 

Background  This study investigates the molecular mechanisms of CC@AC&SF@PP NPs loaded with AC099850.3 
siRNA and sorafenib (SF) for improving hepatitis B virus-related hepatocellular carcinoma (HBV-HCC).

Methods  A dataset of 44 HBV-HCC patients and their survival information was selected from the TCGA database. 
Immune genes related to survival status were identified using the ImmPort database and WGCNA analysis. A prognos-
tic risk model was constructed and analyzed using Lasso regression. Differential analysis was performed to screen key 
genes, and their significance and predictive accuracy for HBV-HCC were validated using Kaplan–Meier survival curves, 
ROC analysis, CIBERSORT analysis, and correlation analysis. The correlation between AC099850.3 and the gene expres-
sion matrix was calculated, followed by GO and KEGG enrichment analysis using AC099850.3 and its co-expressed 
genes. HepG2.2.15 cells were selected for in vitro validation, and lentivirus interference, cell cycle determination, 
CCK-8 experiments, colony formation assays, Transwell experiments, scratch experiments, and flow cytometry were 
performed to investigate the effects of key genes on HepG2.2.15 cells. A subcutaneous transplanted tumor model 
in mice was constructed to verify the inhibitory effect of key genes on HBV-HCC tumors. Subsequently, pH-triggered 
drug release NPs (CC@AC&SF@PP) were prepared, and their therapeutic effects on HBV-HCC in situ tumor mice were 
studied.

Results  A prognostic risk model (AC012313.9, MIR210HG, AC099850.3, AL645933.2, C6orf223, GDF10) was con-
structed through bioinformatics analysis, showing good sensitivity and specificity in diagnostic prediction. 
AC099850.3 was identified as a key gene, and enrichment analysis revealed its impact on cell cycle pathways. In vitro 
cell experiments demonstrated that AC099850.3 promotes HepG2.2.15 cell proliferation and invasion by regulating 
immune checkpoint CD276 expression and cell cycle progression. In vivo, subcutaneously transplanted tumor experi-
ments showed that AC099850.3 promotes the growth of HBV-HCC tumors in nude mice. Furthermore, pH-triggered 
drug release NPs (CC@AC&SF@PP) loaded with AC099850.3 siRNA and SF were successfully prepared and delivered 
to the in situ HBV-HCC, enhancing the effectiveness of combined therapy for HBV-HCC.
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Introduction
Hepatitis B virus-related hepatocellular carcinoma 
(HBV-HCC) is a serious disease that poses a significant 
threat to human health, with a high incidence and mor-
tality rate worldwide [1, 2]. Although there are currently 
some treatment methods available for managing HBV-
HCC, their effectiveness remains suboptimal [3]. There-
fore, further research on the molecular mechanisms of 
HBV-HCC and the development of new treatment strate-
gies are needed to improve therapeutic outcomes.

The long non-coding RNA (lncRNA) AC099850.3 
has attracted widespread attention in cancer research 
in recent years. AC099850.3 is involved in multiple bio-
logical processes such as cell proliferation, apoptosis, 
migration, and invasion by regulating the expression of 
target genes. Studies have shown that AC099850.3 exhib-
its abnormal expression in various cancers, particularly 
in lung cancer [4, 5]. High expression of AC099850.3 is 
associated with the aggressiveness of tumors and poor 
prognosis. For instance, AC099850.3 promotes cancer 
cell proliferation and migration by competitively binding 
to miRNA, thereby relieving its inhibitory effect on target 
genes. Therefore, AC099850.3 is considered a potential 
therapeutic target, and its role in cancer has become a 
research focus.

CD276, also known as B7-H3, is a type I transmem-
brane protein that belongs to the B7 family of immune 
regulatory molecules. Functioning as an immune check-
point molecule, CD276 plays a crucial role in immune 
evasion and the tumor immune microenvironment. 
By binding to its receptors, CD276 inhibits the activa-
tion and proliferation of T cells, thereby suppressing the 
immune system’s recognition and killing ability against 
tumor cells [6]. High expression of CD276 is associated 
with poor prognosis and increased tumor invasiveness 
in various cancers [7, 8]. Consequently, immunothera-
peutic strategies targeting CD276, such as anti-CD276 
antibodies and CD276-directed CAR-T cell therapy, have 
emerged as important directions in cancer research.

As a novel treatment strategy, nanomedicine deliv-
ery systems have shown tremendous potential in cancer 
treatment [9–12]. This system utilizes NPs as carriers 
to deliver drugs, enhancing their targeting specificity in 
tumor tissue and reducing side effects in non-tumor tis-
sue [9, 13–15]. The constrained and deactivated model 

(AC&SF) NPs represent a novel nanomedicine delivery 
carrier with biocompatibility and good in vitro regenera-
tive properties.

In the treatment of HBV-HCC, AC099850.3 is consid-
ered an important regulatory factor playing a crucial role 
in the cell cycle progression [16–18]. Recent studies have 
revealed that AC099850.3 promotes the occurrence and 
development of HBV-HCC by regulating the expression 
of immune checkpoint CD276 and facilitating cell cycle 
progression [19]. In order to gain a deeper understand-
ing of the functions and potential therapeutic value of 
AC099850.3, further research is required to investigate 
its mechanism of action in HBV-HCC [5, 20].

Sorafenib (SF) is the first drug approved by the Food 
and Drug Administration (FDA) for the treatment of 
advanced HCC and remains one of the most commonly 
used drugs in systemic therapy for hepatocellular carci-
noma. It is an effective targeted chemotherapy drug that 
can inhibit angiogenesis, proliferation, and invasion [21, 
22]. However, due to its poor solubility and potential for 
various adverse reactions such as hypertension, diarrhea, 
hand-foot syndrome, and rash/desquamation, the use of 
SF as a monotherapy is significantly restricted in clinical 
applications [23–25]. Therefore, there is an urgent need 
to develop new treatment strategies.

The occurrence and metastasis of HCC involve a com-
plex process characterized by multiple genes, factors, and 
steps [26]. Gene therapy holds promise for achieving pos-
itive treatment outcomes. Moreover, an increasing body 
of evidence supports the synergistic therapeutic effect 
of combining gene therapy with chemotherapy for HCC 
[27, 28]. The combination therapy of PD-1 or PD-L1 with 
SF has demonstrated significant synergistic therapeutic 
effects in treating HCC [29, 30], making it a promising 
and potent therapeutic approach.

The objective of this study was to investigate the effec-
tiveness of AC099850.3 siRNA and SF in combination 
therapy for HBV-HCC and elucidate its molecular mech-
anisms. We hypothesize that AC099850.3 may promote 
tumor proliferation and invasion by upregulating CD276, 
thus driving the progression of HBV-HCC. Furthermore, 
we propose that combining siRNA targeting AC099850.3 
with SF may offer a novel therapeutic strategy for the 
treatment of HBV-HCC. Initially, we screened a dataset 
and survival information of HBV-HCC patients from the 

Conclusions  AC099850.3 accelerates the cell cycle progression and promotes the occurrence and development 
of HBV-HCC by upregulating immune checkpoint CD276 expression. CC@AC&SF@PP NPs loaded with AC099850.3 
siRNA and SF improve the effectiveness of combined therapy for HBV-HCC.

Keywords  Hepatitis B virus-related hepatocellular carcinoma, AC099850.3, CD276, Cell cycle, Cell proliferation and 
invasion, Nanoparticles, Combined therapy, Sorafenib
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TCGA database. Through analysis using the ImmPort 
database and WGCNA, we identified immune gene mod-
ules associated with the survival status of HBV-HCC 
[31–33]. Subsequently, we employed differential analysis 
to further identify key genes related to HBV-HCC [34]. 
In  vitro experiments and a subcutaneous transplanted 
tumor model in mice were then used to study the role of 
AC099850.3 in HBV-HCC cell proliferation and invasion, 
as well as assess its impact on tumor growth [4, 35, 36].

The significance of this study lies in gaining a deeper 
understanding of the mechanisms by which AC099850.3 
functions in the occurrence and progression of HBV-
HCC, providing new targets and strategies for its treat-
ment. Moreover, we prepared pH-triggered drug-delivery 
NPs (CC@AC&SF@PP) and studied their therapeutic 
effects on HBV-HCC tumors. We believe that the results 
of this research will offer new insights and approaches for 
the clinical treatment of HBV-HCC, serving as a refer-
ence for further studies and translational applications in 
this field.

Results
Prognostic model based on immune‑related genes 
demonstrates good diagnostic predictive value 
in HBV‑HCC
Firstly, we obtained liver cancer RNA-Seq (TCGA-LIHC) 
data from the TCGA database. Based on the character-
istic of HBV positivity in clinical data of LIHC patients, 
we extracted HBV-HCC RNA-Seq data comprising 50 
normal samples and 44 tumor samples. The genes in the 
expression matrix were categorized into mRNA (19,574 
genes) and lncRNA (14,056 genes), and their expression 
matrix, survival information, and clinical information 
were merged. Clustering of all samples and selection of 
the optimal soft threshold was performed to construct 
gene modules based on the merged mRNA matrix (Fig-
ure S1A-B), resulting in the construction of the WGCNA 
co-expression network. Through the co-expression net-
work, all genes were divided into seven different gene 
modules (Figure S1C), and heat map results of dynamic 
splice variation analysis were obtained, showing cor-
relations with patient survival time, survival status, age, 
gender, grading, and staging (Fig.  1A). The MEbrown 
module, with the highest correlation with survival status, 
was selected for further analysis. This module consisted 
of 174 genes (Table  S1), with a correlation of r = 0.31 
(P = 0.04) to HBV-HCC. Subsequently, we downloaded 
immune-related gene sets from the ImmPort database 
(Table  S2) and extracted immune-related mRNAs from 
the MEbrown module. In addition, we screened lncRNAs 
that were correlated with immune-related mRNAs in the 
MEbrown module (Table S3).

Next, we performed a single-variable Cox regres-
sion analysis using the “survival” package to screen for 
immune-related mRNAs (22 genes) and lncRNAs (36 
genes) associated with prognosis (Table  S4). LASSO 
analysis was then conducted to draw Lasso regression 
coefficient plots and cross-validation plots (Fig. 1B, Fig-
ure S1D), further narrowing down the candidate gene 
list to select six model genes with the best lambda val-
ues: AC012313.9, MIR210HG, AC099850.3, AL645933.2, 
C6orf223, and GDF10. Patients were divided into low-
risk and high-risk subgroups based on the median risk 
score, and the differential expression of the six model 
genes between the high and low-risk groups was demon-
strated, showing significant differences for all six model 
genes (Fig. 1C). Univariate and multivariate Cox regres-
sion analyses were conducted to assess whether the risk 
score could serve as an independent prognostic factor. 
The results showed that the risk score was significantly 
associated with overall survival (OS) and could be an 
independent prognostic factor (Fig. 1D, E). KM survival 
analysis was performed on randomized subsets of the 
dataset (train), test subsets (test), and the entire data-
set (all), demonstrating that low-risk HBV-HCC had a 
significantly better prognosis than high-risk HBV-HCC 
(P < 0.001, P = 0.031, and P < 0.001) (Fig.  1F, Figure S1E-
F). ROC curve analysis showed that the model had a high 
diagnostic predictive value for HBV-HCC (AUC = 0.873, 
0.729, 0.984) (Fig. 1G, Figure S2A-B). Setting the median 
risk score as the threshold and plotting the survival sta-
tus graph demonstrated that the majority of high-risk 
HBV-HCC patients died, further proving the stability of 
the model (Fig.  1H, Figure S2C, E). Heat maps showed 
the expression patterns of the six model genes in low-
risk and high-risk HBV-HCC, and consistent trends were 
observed in the train and test subsets (Fig. 1I, Figure S2D, 
F).

In conclusion, the prognostic model constructed based 
on immune-related genes (AC012313.9, MIR210HG, 
AC850.3, AL645933.2, C6orf223, GDF10) demonstrated 
good sensitivity and specificity, with high diagnostic pre-
dictive value for HBV-HCC.

AC099850.3 is a key gene in HBV‑HCC and plays 
an important role in tumor immunotherapy
In order to further identify key genes in HBV-HCC, we 
conducted differential analysis on 50 normal samples 
and 44 tumor samples (Fig.  2A, B). We found signifi-
cant differences in the genes MIR210HG (logFC = 0.33), 
AC099850.3 (logFC = 1.33), AL645933.2 (logFC = 0.06), 
and C6orf223 (logFC = 0.78), while AC012313.9 and 
GDF10 showed no differences (Fig.  2C, Figure S3A-E). 
We selected AC099850.3, which had the highest expres-
sion level, as the key gene for further investigation in 
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HBV-HCC. Additionally, there was a significant dif-
ference in AC099850.3 expression in paired samples 
(Fig. 2D). Following this, we divided the 44 tumor sam-
ples into high and low-expression groups based on the 
median expression level of AC099850.3 and performed 
KM survival analysis, which revealed that the prognosis 
of HBV-HCC in the low-expression group was signifi-
cantly better than that in the high-risk group (P = 0.007) 

(Fig.  2E). ROC curve analysis showed that the AUC for 
1-year, 3-year, and 5-year survival was 0.836, 0.847, and 
0.826, respectively, indicating the stable predictive ability 
of AC099850.3 (Fig. 2F).

By using the CIBERSORT algorithm to analyze the 
differential composition of immune cells in HBV-HCC 
patient samples, we found significant differences in the 
immune cell components CD8 T cells and follicular 

Fig. 1  Construction and validation of the HBV-HCC prognostic model. A Heatmap depicting the correlation between gene modules 
and patient survival time, survival status, age, gender, grade, and stage; B Results of LASSO analysis, where the x-axis represents log(λ) values, 
the y-axis represents Partial Likelihood Deviance, the top portion represents the number of genes retained for a corresponding log(λ) value 
used in the calculation, the dashed line represents the log(λ) value and number of retained genes at the optimal Partial Likelihood Deviance; C 
Differential expression levels of the six model genes between high and low-risk groups; D Risk score evaluation using univariate Cox regression 
analysis; E Risk score evaluation using multivariate Cox regression analysis, with Hazard ratio indicating the risk rate, a Hazard ratio greater than 1 
signifies high risk, while a Hazard ratio less than 1 signifies low risk; F Kaplan–Meier survival curves for the high and low-risk groups; G ROC curve 
analysis indicating the predictive value of the high and low-risk groups in HBV-HCC diagnosis; H Risk curves and patient survival status graphs 
for the high and low-risk groups; I Heatmap displaying the expression levels of the six model genes in the high and low-risk groups; high-risk group: 
23 samples; low-risk group: 21 samples; * denotes comparison between high and low-risk groups, P < 0.05; ** denotes comparison between high 
and low-risk groups, P < 0.01; *** denotes comparison between high and low-risk groups, P < 0.001
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Fig. 2  Screening and validation of key genes in HBV-HCC. A, B Volcano plot and heatmap of differentially expressed genes between 50 normal 
samples and 44 HBV-HCC samples from the TCGA database (red dots represent upregulated genes, green dots represent downregulated genes, 
black dots represent genes with no significant difference in expression between the two groups); C Differential expression level of AC099850.3 
gene between 50 normal samples and 44 HBV-HCC samples; D Differential expression level of AC099850.3 gene between 8 HBV-HCC samples 
and their paired normal samples in the TCGA database; E Kaplan–Meier survival curve of AC099850.3 high and low expression groups; F ROC 
curve analysis of the predictive value of the AC099850.3 high and low expression groups in HBV-HCC diagnosis; G Analysis of the differences 
in immune cell composition between AC099850.3 high and low expression groups, where the x-axis represents immune cell types and the y-axis 
represents the proportion of immune cells in the samples, with blue representing the low expression group of AC099850.3 and red representing 
the high expression group of AC099850.3; H Lollipop plot illustrating the correlation between significantly different immune cell components 
and AC099850.3 expression levels; I Heatmap showing the correlation between AC099850.3 and immune checkpoints; * denotes comparison 
between the two groups, P < 0.05; ** denotes comparison between the two groups, P < 0.01; *** denotes comparison between the two groups, 
P < 0.001
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helper T cells (Fig. 2G). Furthermore, correlation analy-
sis between all immune cell components and AC099850.3 
expression revealed significant correlations between inac-
tive dendritic cells (R = 0.37, P = 0.033), follicular helper 
T cells (R = 0.58, P < 0.001), and T cells γδ (R = -0.36, 
P = 0.042) and the expression of AC099850.3 (Fig.  2H, 
Figure S3F-H). In addition, we investigated the correla-
tion between AC099850.3 and immune checkpoints and 
found significant correlations with CD200R1 (R = 0.52, 
P < 0.001) and CD276 (R = 0.53, P < 0.001) (Fig.  2I). The 
study on the correlation between AC099850.3 and tumor 
mutation burden showed a positive correlation between 
AC099850.3 expression and tumor mutation burden 
(R = 0.34, P = 0.026) (Figure S3I).

These results indicate that AC099850.3 is a key gene 
in HBV-HCC, which plays an important role in tumor 
immunotherapy by influencing immune cell infiltration 
and the expression of immune checkpoint factors.

Regulation of nuclear division and cell cycle by AC099850.3 
and its co‑expressed genes in HBV‑HCC
To explore the function of AC099850.3 in HBV-HCC, 
we selected 727 HBV-HCC genes that were co-expressed 
with AC099850.3, using a correlation threshold of greater 
than 0.7 and P < 0.001 (Table S5). The circle plot and cor-
relation scatter plot depicted the top-ranking genes cor-
related with AC099850.3 (Fig.  3A and Figure S4). We 
performed GO functional analysis and KEGG pathway 
analysis on AC099850.3 and its co-expressed genes.

GO functional analysis revealed that AC099850.3 and 
its co-expressed genes were primarily enriched in BP, 
such as mitotic nuclear division, positive regulation of 
cell cycle, chromosome segregation, DNA-templated 
DNA replication, and mitotic sister chromatid segre-
gation. In terms of CC, the enrichment was observed 
in microtubules, chromosomal regions, nuclear chro-
mosomes, condensed chromosomes, and centromeric 
regions. Moreover, in MF, enrichment was observed in 
ATP hydrolysis activity, catalytic activity acting on DNA, 
helicase activity, microtubule motor activity, and single-
stranded DNA binding (Fig. 3B, C). KEGG pathway anal-
ysis revealed that AC099850.3 and its co-expressed genes 
were mainly enriched in Motor proteins and Cell cycle 
pathways (Fig. 3D).

These functional enrichment results suggest that 
AC099850.3 and its co-expressed genes are primarily 
involved in the positive regulation of nuclear division 
and the cell cycle and chromosome separation and are 
enriched in structures such as microtubules, chromo-
somal regions, and centromeres. In terms of molecular 
functions, they are mainly involved in ATP hydrolysis 
activity, helicase activity, and microtubule motor activ-
ity. According to KEGG analysis, AC099850.3 and its 

co-expressed genes are enriched in the cell cycle path-
way (ID: hsa04110, P < 0.001). Previous studies have 
demonstrated that genes related to cell cycle regulation 
may be associated with tumor occurrence, development, 
and metastasis [37]. Additionally, the literature suggests 
a close association between LncRNA AC099850.3 and 
proliferation and invasion of HCC and its correlation 
with patient prognosis [20], which is consistent with our 
findings.

Based on the above results, we speculate that 
AC099850.3 promotes tumor cell proliferation and inva-
sion in HBV-HCC by influencing the cell cycle, thus 
participating in the occurrence and development of this 
cancer.

AC099850.3 regulates cell cycle progression 
and proliferation and invasion of HepG2.2.15 cells 
through modulation of CD276
Immunotherapy has emerged as a primary approach for 
cancer treatment. In investigating the proliferative effects 
of immune checkpoints in different tumors, the role of 
CD276 (B7-H3) in regulating cell cycle and tumor prolif-
eration has been identified [38, 39]. Through bioinformat-
ics analysis, a positive correlation between AC099850.3 
and immune checkpoint CD276 was observed (Fig.  2I). 
Therefore, we hypothesized that AC099850.3 may influ-
ence cell cycle progression and promote the prolifera-
tion and invasion of HepG2.2.15 cells by modulating the 
expression of immune checkpoint CD276.

To validate our hypothesis, we transfected HepG2.2.15 
cells with si-NC, si-AC099850.3, si-CD276 and con-
firmed transfection efficiency via qRT-PCR. We pro-
ceeded with subsequent experiments using the group 
exhibiting the most effective silencing efficiency 
(Fig.  4A). In the cell cycle experiment conducted after 
48 h (Fig. 4B), the proportion of HepG2.2.15 cells in the 
G2/M phase increased significantly in the si-AC099850.3 
and si-CD276 group, indicating a G2/M phase cell cycle 
arrest compared to the si-NC group. Furthermore, 
compared to the si-AC099850.3 + oe-NC group, the 
si-AC099850.3 + oe-CD276 group showed a decrease in 
the proportion of HepG2.2.15 cells in the G2/M phase, 
alleviating the G2/M phase cell cycle arrest.

Cell proliferation ability was assessed using CCK-8 and 
colony formation assay, and the results showed (Fig. 4C, 
D) a significant reduction in the proliferation ability of 
HepG2.2.15 cells in the si-AC099850.3 and si-CD276 
group when compared to the si-NC group. In contrast, 
the si-AC099850.3 + oe-CD276 group exhibited a signifi-
cant enhancement in cell proliferation ability compared 
to the si-AC099850.3 + oe-NC group. Flow cytometry 
analysis of cell apoptosis (Fig.  4E) revealed increased 
apoptosis in HepG2.2.15 cells in the si-AC099850.3 and 
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Fig. 3  Functional enrichment analysis of AC099850.3 and its co-expressed genes. A Circos plot displaying the top-ranked genes correlated 
with AC099850.3; B, C Circos plot and bubble plot, illustrating the GO functional analysis of AC099850.3 and its co-expressed genes at the BP, 
CC, and MF levels; D Bubble plot depicting the KEGG pathway enrichment analysis of AC099850.3 and its co-expressed genes, where the size 
of the dots represents the number of selected genes and the color represents the P-value of the enrichment analysis

Fig. 4  Impact of AC099850.3/CD276 expression on HepG2.2.15 cells. A qRT-PCR assessing the transfection efficiency of three AC099850.3 
siRNAs and three CD276 siRNAs in HepG2.2.15 cells; B Flow cytometry determining the cell cycle and presenting a bar graph of cell proportions 
in different phases of the cell cycle; C, D CCK-8 assay and colony formation assay evaluating the proliferation ability of the different cell groups; 
E Flow cytometry measuring the apoptosis of the different cell groups; F, G Scratch assay (Scale bar: 100 μm) and Transwell assay (Scale bar: 
50 μm) examining the migration and invasion capabilities of the different cell groups; H Western blot analysis assessing the expression levels 
of CD276, E-cadherin, N-cadherin, and Vimentin in HepG2.2.15 cells; * denotes comparison with the si-NC group, P < 0.05; ** denotes comparison 
with the si-NC group, P < 0.01; *** denotes comparison with the si-NC group, P < 0.001; # denotes comparison with the si-AC099850.3 + oe-NC 
group, P < 0.05; ## denotes comparison with the si-AC099850.3 + oe-NC group, P < 0.01; ### denotes comparison with the si-AC099850.3 + oe-NC 
group, P < 0.001; all cell experiments were repeated three times

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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si-CD276 groups compared to the si-NC group. Con-
versely, the si-AC099850.3 + oe-CD276 group dem-
onstrated a reduction in apoptosis compared to the 
si-AC099850.3 + oe-NC group.

Sc scratch experiments and Transwell assays were per-
formed to evaluate cell migration and invasion abilities. 
The results indicated (Fig. 4F, G) a significant decrease in 
the migration and invasion abilities of HepG2.2.15 cells in 
the si-AC099850.3 and si-CD276 group compared to the 
si-NC group. Conversely, the si-AC099850.3 + oe-CD276 
group exhibited a significant enhancement in cell 
migration and invasion abilities compared to the 
si-AC099850.3 + oe-NC group. Furthermore, Western 
blot analysis demonstrated (Fig. 4H) a significant increase 
in E-cadherin protein levels and a significant decrease 
in CD276, N-cadherin, and Vimentin protein levels in 
HepG2.2.15 cells in the si-AC099850.3 and si-CD276 
group compared to the si-NC group. Conversely, the 
si-AC099850.3 + oe-CD276 group showed a significant 
decrease in E-cadherin protein levels and a significant 
increase in CD276, N-cadherin, and Vimentin protein 
levels when compared to the si-AC099850.3 + oe-NC 
group.

In summary, AC099850.3 affects cell cycle progression 
and promotes the proliferation and invasion abilities of 
HepG2.2.15 cells by regulating the expression of immune 
checkpoint CD276.

Knocking down of AC099850.3 inhibits tumor growth 
in HBV‑HCC bearing nude mice
To investigate the impact of AC099850.3/CD276 
on HBV-HCC growth in nude mice, we estab-
lished an HBV-HCC nude mouse model and injected 
si-NC, si-AC099850.3, si-AC099850.3 + oe-NC, or 
si-AC099850.3 + oe-CD276 HepG2.2.15 cells. After 
euthanizing the mice three weeks later, tumor tissue was 
removed and weighed. The results revealed (Fig.  5A) 
a significant reduction in tumor weight and volume in 
the si-AC099850.3 group compared to the si-NC group. 
Additionally, compared to the si-AC099850.3 + oe-NC 
group, the si-AC099850.3 + oe-CD276 group exhib-
ited a significant increase in tumor weight and volume. 
qRT-PCR and Western blot analysis results (Fig.  5B, 
C) showed a significant decrease in AC099850.3 and 
CD276 mRNA and protein levels in tumor tissue of the 
si-AC099850.3 group compared to the si-NC group. 
Conversely, compared to the si-AC099850.3 + oe-NC 
group, the si-AC099850.3 + oe-CD276 group displayed 
a significant increase in CD276 mRNA and protein lev-
els in tumor tissue. Furthermore, results from HE stain-
ing and TUNEL staining (Fig.  5D) demonstrated that 
tumor tissue cells in the si-AC099850.3 group exhibited 
necrosis and apoptosis compared to the si-NC group, 

while the si-AC099850.3 + oe-CD276 group showed 
reduced levels of necrosis and apoptosis compared to the 
si-AC099850.3 + oe-NC group. Western blot analysis was 
used to evaluate the expression of proliferation-related 
proteins (Ki-67 and PCNA) (Fig. 5E), showing a decrease 
in Ki-67 and PCNA expression levels in tumor tissue of 
the si-AC099850.3 group compared to the si-NC group. 
On the other hand, the si-AC099850.3 + oe-CD276 
group displayed an upregulation of Ki-67 and PCNA 
expression levels in tumor tissue compared to the 
si-AC099850.3 + oe-NC group.

In conclusion, the low expression of AC099850.3 inhib-
its tumor growth, leading to an increase in apoptotic 
cells in tumor tissue, while overexpression of CD276 can 
reverse the effect of low expression of AC099850.3 in 
nude mice.

Preparation, characterization, and drug release of CC@
AC&SF@PP NPs nanocarriers
In this study, we discovered that AC099850.3 affects cell 
cycle progression by regulating the immune checkpoint 
CD276, promoting proliferation and invasion of HBV-
HCC tumor cells. Hence, we prepared pH-triggered 
drug-eluting NPs called CC@AC&SF@PP NPs (Fig. 6A), 
which were designed to co-deliver AC099850.3 siRNA 
and SF to the HBV-HCC site for combination therapy. SF 
was encapsulated within pH-triggered positively-charged 
mPEG5K-PAE10K (PP) NPs using a single emulsion 
method, and AC099850.3 siRNA with negatively-charged 
was condensed on the surface of the drug-loaded NPs 
via electrostatic interactions. Finally, carboxymethyl chi-
tosan (CMCS) was used to encapsulate the NPs. CMCS 
is negatively charged at physiological pH and positively 
charged in the tumor’s acidic environment, allowing for 
targeted drug release.

To confirm the successful preparation of CC@AC&SF@
PP NPs, we conducted comprehensive characterizations. 
TEM analysis showed that CC@AC&SF@PP NPs exhibited 
excellent dispersion and a uniform spherical appearance 
(Fig.  6B). Dynamic light scattering (DLS) measurements 
demonstrated a hydrodynamic diameter of CC@AC&SF@
PP NPs as 130 ± 1.82 nm (Fig. 6C) and a zeta potential of 
−  4.1 ± 0.13 mV (Fig. 6D). Additionally, by comparing the 
absorbance spectra of CC@AC&SF@PP NPs with SF@PP 
NPs, free AC099850.3 siRNA, and PP NPs, overlay fea-
tures were observed in terms of peak height, peak area, 
and peak shape (Fig. 6E). This indicates that both SF and 
AC099850.3 siRNA were successfully loaded onto PP 
NPs, with the characteristic overlapping absorbance peak 
of CC@AC&SF@PP NPs appearing at 271  nm. Moreo-
ver, pH-dependent drug release profiles of CC@AC&SF@
PP NPs were studied by dialysis and HPLC (Fig. 6F). The 
results showed that under acidic physiological conditions 
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Fig. 5  Impact of AC099850.3/CD276 expression on HepG2.2.15 cells. A Tumor images, as well as statistics of tumor weight and volume 
in the subcutaneous tumors of each group of nude mice; B, C RT-qPCR and Western blot analysis assessing the expression levels of AC099850.3 
and CD276; D HE staining to detect cell necrosis in tumor tissue, TUNEL staining to detect cell apoptosis in tumor tissue (Scale bar: 100 μm); 
E Western blot analysis measuring the expression levels of proliferation-related proteins (Ki-67 and PCNA) in tumor tissue; *** denotes 
comparison with the si-NC group, P < 0.001; ## denotes comparison with the si-AC099850.3 + oe-NC group, P < 0.01; ### denotes comparison 
with the si-AC099850.3 + oe-NC group, P < 0.001; N = 5
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(PBS, pH = 6.5), CC@AC&SF@PP NPs exhibited acceler-
ated release rates with a sustained release rate even after 
72 h, reaching a release rate of 88–94% for SF. Conversely, 
under normal physiological conditions (PBS, pH = 7.4), the 
release rate of CC@AC&SF@PP NPs was relatively low, 
ceasing after 48 h and achieving a maximum drug release 
rate of less than 40%. This demonstrates the ability of CC@
AC&SF@PP NPs to sustain release in the acidic tumor tis-
sue environment, making them a potential candidate for 
an ideal tumor microenvironment-triggered drug delivery 
system. Furthermore, stability analysis results (Fig.  6G) 

revealed that CC@AC&SF@PP NPs maintained high col-
loidal stability after 30 days of storage in sterile water with-
out DNA/RNA.

In conclusion, we successfully prepared CC@AC&SF@
PP NP nanocarriers with excellent monodispersity, sus-
tained release properties, and stability.

Fig. 6  Preparation, characterization, and drug release of CC@AC&SF@PP NPs. A Schematic representation of drug elution from the CC@AC&SF@PP 
NPs triggered by pH; B Representative TEM image of CC@AC&SF@PP (Scale bar: 100 nm); C Size distribution of CC@AC&SF@PP measured by DLS; 
D Zeta potential of CC@AC&SF@PP; E Ultraviolet–visible absorption spectra of PP NPs, AC099850.3 siRNA, SF@PP NPs, and CC@AC&SF@PP NPs; F 
In vitro SF release profile from CC@AC&SF@PP NPs in PBS buffer at pH 7.4 and 6.5; G Size of CC@AC&SF@PP on day 0 and day 30
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Downregulation of AC099850.3 and CD276 expression 
by CC@AC&SF@PP inhibited the proliferation and invasion 
abilities of HepG2 2.2.15 cells
In this study, we investigated the cellular uptake capacity 
of CC@AC&SF@PP NPs in HepG2 2.2.15 cells. HepG2 
2.2.15 cells were exposed to a culture medium containing 
Cy3-AC099850.3 siRNA or CC@AC&SF@PP NPs and 
incubated for 6 h at pH 7.4 or 6.5. The results (Fig. 7A) 
showed strong fluorescence intensity in the groups 
treated with CC@AC&SF@PP NPs at pH 6.5, as well as 
the siRNA&Lipo2000 complex, whereas only weak fluo-
rescence was observed in the Cy3-AC099850.3 siRNA 
group or the CC@AC&SF@PP NPs treated group at pH 
7.4. This indicates that CC@AC&SF@PP NPs were effec-
tively internalized by the cells. Furthermore, we inves-
tigated whether CC@AC&SF@PP NPs could reduce 
AC099850.3 expression and affect CD276 expression at 
the cellular level. The results of RT-qPCR and Western 
blot experiments (Fig.  7B, C) showed that compared to 
the Control group, there was no significant difference 
in the expression levels of AC099850.3 and CD276 in 
HepG2 2.2.15 cells treated with CC@PP, whereas a sig-
nificant decrease in expression levels was observed in 
the CC@AC&SF@PP group and the siRNA&Lipo2000 
group. Moreover, the expression levels of AC099850.3 
and CD276 in the CC@AC&SF@PP group were lower 
than those in the siRNA&Lipo2000 group.

The results of the cell cycle analysis (Fig.  7D) showed 
no significant difference in the G2/M phase cell pro-
portion of HepG2.2.15 cells between the Control group 
and the CC@PP group. However, a significant increase 
in the G2/M phase cell proportion was observed in the 
CC@AC&SF@PP group and the AC&SF group, indicat-
ing G2/M phase cell cycle arrest, with more pronounced 
arrest in the CC@AC&SF@PP group. The results of the 
CCK-8 assay and colony formation assay (Fig. 7E, F) dem-
onstrated that the proliferation ability of HepG2.2.15 cells 
in the CC@PP group showed no significant difference 
compared to the Control group, whereas the prolifera-
tion ability of HepG2.2.15 cells was significantly com-
promised in the CC@AC&SF@PP group and the AC&SF 
group, with more significant reduction in the CC@
AC&SF@PP group. Flow cytometry analysis (Fig.  7G) 
revealed enhanced apoptosis in HepG2.2.15 cells in the 
CC@AC&SF@PP group and the AC&SF group, with a 
more pronounced enhancement in the CC@AC&SF@PP 
group. Scratch and Transwell assays (Fig. 7H, I) demon-
strated that compared to the Control group, there was no 
significant difference in the migration and invasion abili-
ties of HepG2.2.15 cells in the CC@PP group, whereas a 
significant decrease was observed in the CC@AC&SF@
PP group and the AC&SF group, with more significant 
reduction in the CC@AC&SF@PP group. Furthermore, 

the results of Western blot analysis (Fig.  7J) showed no 
significant difference in the protein levels of E-cadherin, 
N-cadherin, and Vimentin in HepG2.2.15 cells between 
the Control group and the CC@PP group, whereas there 
was a significant increase in the E-cadherin protein level 
and a significant decrease in the N-cadherin and Vimen-
tin protein levels in the CC@AC&SF@PP group and the 
AC&SF group.

These results indicate that CC@AC&SF@PP NPs can 
be effectively internalized by HepG2 2.2.15 cells, leading 
to the downregulation of AC099850.3 and CD276 expres-
sion, which in turn affects cell cycle progression and 
promotes proliferation and invasion abilities in HepG2 
2.2.15 cells.

Enhancing the delivery of siRNA and SF in tumor tissue 
through CC@AC&SF@PP NPs
To further investigate the delivery efficacy of CC@
AC&SF@PP NPs loaded with Cy5-AC099850.3 siRNA 
and SF in tumor tissue, we performed an experiment 
as depicted in Figure S5A. Six hours after intraperi-
toneal injection, a noticeable fluorescence intensity 
was observed in the abdominal cavity, indicating the 
rapid clearance of free siRNA in vivo. In contrast, CC@
AC&SF@PP NPs containing the same concentration of 
Cy5-AC099850.3 siRNA exhibited bright fluorescence 
solely in the liver, with even more prominent fluores-
cence observed at the tumor site within the liver. This 
indicates the stability of the NPs in vivo and their success-
ful enhancement of siRNA delivery to the tumor region. 
Subsequently, we conducted ex  vivo imaging of vari-
ous tissues and organs in mice (Figure S5B), which fur-
ther confirmed the high accumulation of NPs in the liver 
tumor tissue, while free siRNA was rapidly metabolized 
through the liver and kidneys. To demonstrate the accu-
rate cellular delivery and release of CC@AC&SF@PP NPs 
in the tumor region, tumor tissue slices were obtained 
at the white dashed line in Figure S5B. As shown in Fig-
ure S5C, the tumor region treated with CC@AC&SF@
PP NPs exhibited an enhanced Cy5 fluorescence signal, 
primarily distributed around the hepatic lobes, corre-
sponding to the location of tumor growth in Figure S5B. 
This indicates that CC@AC&SF@PP NPs exhibit target-
ing and specificity, accurately releasing the drug in the 
slightly acidic microenvironment of tumor tissue. Con-
versely, due to its nonspecific nature, free siRNA dis-
played a uniform fluorescence distribution in the tumor 
slices. Additionally, in the toxicity assessment experiment 
of the NPs (Figure S5D), no tissue damage, necrosis, or 
inflammation were observed in the slices treated with 
CC@AC&SF@PP NPs, both in the short-term (1  day) 
and long-term (7  days), providing ample evidence for 
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Fig. 7  Effect of CC@AC&SF@PP NPs on HepG2.2.15 cells. A The cellular uptake capacity of CC@AC&SF@PP NPs in HepG2 2.2.15 cells at pH 6.5 
and 7.4. The strong fluorescence intensity observed at pH 6.5 indicates effective internalization by the cells; B, C Expression levels of AC099850.3 
and CD276 measured by RT-qPCR and Western blot; D Flow cytometry analysis of cell cycle and statistical histograms showing cell cycle 
phase distribution; E, F Cell proliferation measured by CCK-8 assay and colony formation experiment; G Apoptosis assay by flow cytometry; H, 
I Cell migration and invasion abilities evaluated by scratch assay (Scale bar: 100 μm) and Transwell assay (Scale bar: 50 μm); J Expression levels 
of E-cadherin, N-cadherin, and Vimentin in HepG2.2.15 cells determined by Western blot; NS represents no significant difference compared 
to the Control group; ** represents significant difference compared to the Control group, P < 0.01; *** represents significant difference compared 
to the Control group, P < 0.001; # represents significant difference compared to the AC&SF group, P < 0.05; ## represents significant difference 
compared to the AC&SF group, P < 0.01; all cellular experiments were repeated three times
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the excellent biocompatibility of CC@AC&SF@PP NPs 
in vivo.

Finally, we evaluated the in  vivo anti-tumor efficacy 
of CC@AC&SF@PP NPs in a mouse HBV-HCC in  situ 
tumor model. Mice were divided into PBS, CC@PP, 
CC@AC@PP, CC@NC&SF@PP, CC@AC&SF@PP, and 
AC&SF groups, administered via tail vein injection once 
every three days, and tumor growth was observed. The 
tumor size was measured by a small animal imaging sys-
tem based on the intensity of bioluminescence (Fig. 8A). 
Compared to the PBS group, the CC@PP group did not 
exhibit any inhibitory effect on tumor growth. The CC@
AC@PP and CC@NC&SF@PP groups showed subopti-
mal inhibition of tumor growth. The AC&SF group, using 
a combination therapy based on free diffusion, was able 
to partially suppress tumor growth. However, the CC@
AC&SF@PP group demonstrated a more pronounced 
inhibition of tumor growth. In comparison to the CC@
PP group, the CC@NC&SF@PP group exhibited a mod-
erate inhibitory effect on tumor growth. These results 
indicate that the synergistic enhancement of treatment 
effects between AC099850.3 siRNA gene therapy and SF 
in  vivo leads to significant inhibition of tumor growth. 
Subsequently, tumor growth curves were obtained by 
measuring the bioluminescence intensity of tumor tissue 
(Fig.  8B). On the 16th day after the first injection, mice 
were sacrificed, and the entire liver was collected. These 
results were consistent with the imaging system obser-
vations, with the lowest level of tumor growth observed 
in mice treated with CC@AC&SF@PP NPs (Fig.  8C). 
Results from the RT-qPCR and Western blot experi-
ments (Fig. 8D, E) indicated that the free siRNA exhibited 
instability and non-specific absorption in vivo, along with 
rapid clearance in the liver and kidneys. AC&SF only par-
tially inhibited the expression of AC099850.3 and CD276 
in  vivo, whereas CC@AC&SF@PP NPs and CC@AC@
PP NPs benefited from the protective effect of the CMCS 
shell and the pH-triggered delivery system, promoting 
the delivery of AC099850.3 siRNA to tumor tissue and 
enhancing its transfer to tumor cells, thus reducing the 
expression of AC099850.3 and CD276 in the tumor tis-
sue. Additionally, immunohistochemical results (Fig. 8F) 

demonstrated a significant decrease in CD276 expression 
levels in the AC&SF, CC@AC&SF@PP, and CC@AC@PP 
groups compared to the PBS and CC@PP groups, with 
CC@AC&SF@PP and CC@AC@PP groups showing a 
more significant decrease. Results from HE staining and 
TUNEL staining (Fig. 8G) revealed necrosis and apopto-
sis of tumor tissue cells in the PBS and CC@PP groups, 
partial alleviation of necrosis and apoptosis in the AC&SF 
and CC@AC@PP groups, and a significant alleviation of 
necrosis and apoptosis in the CC@AC&SF@PP group.

These findings suggest that the pH-sensitive CC@
AC&SF@PP can be an ideal platform in the acidic tumor 
environment for enhancing the delivery of siRNA and SF 
to tumor cells, thereby enhancing the tumor suppression 
effect.

Discussion
HBV-HCC is one of the most common types of liver 
cancer worldwide, and its treatment faces numerous 
challenges [1, 40]. The mechanism of HBV-HCC devel-
opment is complex, involving viral evasion mechanisms, 
immune tolerance, and the influence of the tumor micro-
environment [40, 41]. Currently, conventional treatment 
methods include chemotherapy and tumor resection, 
but drug resistance and high recurrence rates are often 
encountered [42, 43]. In recent years, immunotherapy 
has emerged as a promising new treatment strategy for 
HBV-HCC [44–46]. Current research primarily focuses 
on exploring new therapeutic targets and developing 
innovative treatment strategies to improve the efficacy of 
HBV-HCC treatment [47, 48].

In this study, it was found that the expression of 
AC099850.3 and the immune checkpoint CD276 is asso-
ciated with tumor growth and progression in HBV-HCC 
[19]. This is consistent with similar results observed in 
previous studies in other types of tumors [4, 36]. The 
immune checkpoint CD276 plays a key role in suppress-
ing the immune response and promoting tumor escape 
[19]. The findings of this study further deepen our under-
standing of the functions and regulatory mechanisms of 
AC099850.3 and CD276 in HBV-HCC.

Fig. 8  Effects of CC@AC&SF@PP NPs on HepG2.2.15 cells. A Real-time visualization of tumors in mice from different groups. Bioluminescent 
images were obtained by injecting 150 μL of a 15 mg/mL solution of d-luciferin potassium salt into the peritoneal cavity on days 2, 5, 8, 11, and 14 
after drug administration (day 1 post-injection); B Tumor volume growth curves of mice after different treatments. Tumor size was measured 
by bioluminescent intensity using the Xenogen IVIS SPECTRUM small animal imaging system; C Representative photographs of mouse livers on day 
16; D, E Expression levels of AC099850.3 and CD276 measured by RT-qPCR and Western blot; F Immunohistochemical staining and quantitative 
analysis of CD276 in tumor tissues from different groups (Scale bar: 25 μm); G Evaluation of tumor cell necrosis by H&E staining and apoptosis 
by TUNEL staining in tumor tissues (Scale bar: 100 μm); * represents significant difference compared to the PBS group, P < 0.05; ** represents 
significant difference compared to the PBS group, P < 0.01; *** represents significant difference compared to the PBS group, P < 0.001; ##Compared 
to the CC@PP group, P < 0.01; N = 5

(See figure on next page.)
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Fig. 8  (See legend on previous page.)
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AC099850.3 may regulate CD276 through several 
molecular mechanisms. Primarily, it could enhance 
CD276 transcription by interacting with specific tran-
scription factors or chromatin modifying factors. Addi-
tionally, AC099850.3 might stabilize CD276 mRNA, 
prolonging its half-life to ensure sustained expression. 
Furthermore, it could influence signaling pathways such 
as PI3K/AKT or MAPK/ERK, known to be associated 
with cell proliferation and immune checkpoint regula-
tion. These pathways could further impact the expression 
and functional activity of CD276.

This study reveals the mechanism by which 
AC099850.3 regulates the expression of the immune 
checkpoint CD276 in HBV-HCC, and this regulation 
affects tumor proliferation and invasion by influenc-
ing the progression of the cell cycle (Fig.  9). This is in 
line with the functions of AC099850.3 observed in pre-
vious studies in different types of tumors [49, 50]. The 
regulation of the cell cycle plays a crucial role in tumor 
development [51]. Therefore, this study is of significant 
importance for understanding the specific mechanisms 
of AC099850.3 in the progression of HBV-HCC.

The regulation of CD276 by AC099850.3 poten-
tially involves multiple pathways. Studies indicate that 
AC099850.3 can interact with key signaling molecules 
like STAT3, which is known for its role in immune 
checkpoint regulation. By modulating STAT3 activity, 
AC099850.3 may indirectly impact CD276 expression. 

Moreover, AC099850.3 could alter the epigenetic land-
scape of the CD276 promoter region, modifying chro-
matin accessibility to facilitate transcriptional activation. 
These interactions underscore the complexity of the reg-
ulatory network between AC099850.3 and CD276.

This study successfully prepared a novel nanoparticle 
carrier, CC@AC&SF@PP, and applied it to the combi-
nation therapy of HBV-HCC. The nanoparticle carrier 
successfully delivered AC099850.3 siRNA and SF to the 
HBV-HCC site and showed the potential to enhance 
the efficacy of combination therapy. The design of this 
nanoparticle enables precise drug delivery and sustained 
release, thereby increasing the local drug concentration 
and duration of action, improving the therapeutic effi-
cacy, and reducing side effects [52].

Based on the results, we can preliminarily draw the fol-
lowing conclusions: AC099850.3 accelerates the cell cycle 
progression and promotes the occurrence and develop-
ment of HBV-HCC by upregulating the expression of 
immune checkpoint CD276. CC@AC&SF@PP NPs are 
loaded with AC099850.3 siRNA and SF for the purpose 
of combined therapy in situ HBV-HCC.

Future research should focus on identifying the precise 
molecular interactions between AC099850.3 and CD276. 
Techniques such as immunoprecipitation and chromatin 
immunoprecipitation experiments can be employed to 
determine the binding partners of AC099850.3 and their 
impact on the CD276 promoter region. Furthermore, 

Fig. 9  AC099850.3 regulates immune checkpoint CD276 to modulate HBV-HCC cell proliferation and invasion: a novel strategy for SF and immune 
checkpoint combination therapy
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investigating the downstream signaling pathways acti-
vated by CD276 under high levels of AC099850.3 can 
provide deeper insights into the proliferation and inva-
sion mechanisms in HBV-HCC cells. Understanding 
these pathways is crucial for developing targeted thera-
pies to disrupt the AC099850.3-CD276 axis.

This study carries significant scientific and clinical 
value. Firstly, we constructed a prognostic risk model 
with good sensitivity and specificity, which can be used 
to predict the survival of HBV-HCC patients through 
screening and analysis of the TCGA database and sur-
vival information. Secondly, through differential analysis 
and validation experiments, we identified AC099850.3 as 
a key gene and discovered its promotion of cell cycle pro-
gression in HBV-HCC by regulating immune checkpoint 
CD276 expression. Furthermore, we successfully pre-
pared NPs loaded with AC099850.3 siRNA and SF, dem-
onstrating their potential advantages in treating in  situ 
HBV-HCC.

Despite the important findings of this study, there are 
still limitations. Firstly, the results of this study need fur-
ther validation and confirmation due to the limited sam-
ple size. Secondly, the research results in animal models 
may differ from the actual situation in human patients. 
Therefore, more preclinical studies are needed to verify 
the effectiveness and safety of AC099850.3 and CC@
AC&SF@PP NPs in HBV-HCC treatment further.

In future perspectives, further research can be con-
ducted in several aspects. Firstly, larger sample sizes and 
multicenter clinical studies can be combined to verify the 
effectiveness and clinical application value of the prog-
nostic risk model in different populations. Secondly, the 
role of AC099850.3 in HBV-HCC can be further studied 
to explore its interaction with other immune checkpoints 
and its potential in immune therapy. Lastly, clinical tri-
als can be carried out to further validate the therapeutic 
efficacy and safety of nanoparticle drug delivery systems 
in HBV-HCC patients, promoting the clinical translation 
of this technology.

Methods
Retrieval of transcriptome sequencing data
We obtained gene expression data and survival infor-
mation for liver cancer patients from the UCSC Xena 
database (https://​xena.​ucsc.​edu/). The downloaded data 
was in FPKM format. Additionally, we retrieved clini-
cal data for liver cancer patients from the TCGA data-
base, including HBV information, as described in [53]. 
From this data, we extracted the clinical data for HBV-
HCC patients (Table S6). Since these data were sourced 
from publicly available databases, no ethical approval or 
informed consent was required.

Construction of weighted gene co‑expression networks
We performed clustering analysis on the HBV-HCC sam-
ples using the "hclust" package in R software to establish 
a co-expression network. Subsequently, the "WGCNA" 
package in R was utilized to construct the gene co-
expression network. To build the weighted co-expression 
network, we selected the top 25% of genes ranked by 
variance and calculated the Pearson correlation coef-
ficients between them. We determined an appropriate 
soft thresholding power β to meet the criteria for a scale-
free network. The adjacency matrix was transformed 
into a topological overlap matrix (TOM), and hierarchi-
cal clustering was applied in the gene-level hierarchical 
clustering tree. The MEbrown module, which showed the 
highest correlation with survival status, was selected for 
further analysis. Next, we downloaded immune-related 
gene sets from the ImmPort database and extracted 
immune-related mRNA from the MEbrown module. 
Finally, we identified lncRNA with correlation to the 
immune-related mRNA in the MEbrown module [54].

Extraction of mRNA and lncRNA related to immunity
To extract genes related to immunity, we utilized the 
ImmPort database (https://​www.​immpo​rt.​org/​shared/​
home). The “UpSetR” package in R software was 
employed to intersect the MEbrown module genes from 
the co-expression network weighted by gene expression 
and the gene set associated with immunity. This inter-
section provided us with a collection of mRNA genes 
related to immunity. We then employed a matrix corre-
lation analysis tool to examine the correlation between 
mRNA and lncRNA. By setting the threshold at R = 0.4 
and P < 0.001, we obtained lncRNA data that were associ-
ated with immunity [55, 56].

Construction of prognostic risk model and prognostic 
correlation analysis
In this study, we divided a total of 44 HBV-HCC patient 
samples from the TCGA database into a training set 
(Train, including 24 patient samples) and a testing set 
(Test, including 20 patient samples) using a random 
method. We utilized the "survival" package in the R lan-
guage to perform univariate Cox regression analysis on 
genes related to overall survival, selecting genes with 
a significance level of P < 0.05 and hazard ratios (HR) 
as potential candidate biomarkers. Subsequently, we 
employed the LASSO Cox regression model to deter-
mine the optimal coefficients and calculate the penalized 
likelihood. Based on the highest lambda value (lambda.
min) obtained from 1000-fold cross-validation in the 
LASSO method, we identified a set of prognostic genes 
along with their corresponding LASSO coefficients and 

https://xena.ucsc.edu/
https://www.immport.org/shared/home
https://www.immport.org/shared/home
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ultimately constructed a prognostic risk model based 
on the expression levels of these genes. The calcula-
tion method for the prognostic model score is as fol-
lows: Prognostic score = (β1 × expression level of gene 
1) + (β2 × expression level of gene 2) + … + (βn × expres-
sion level of gene n).

Using the median score of the training set as the cut-
off, we divided the training set, testing set, and the entire 
sample set (All) into high-risk and low-risk groups. 
We evaluated whether the risk score could serve as an 
independent prognostic factor through univariate Cox 
analysis and multivariate Cox analysis. Additionally, we 
compared the overall survival difference between the 
high-risk and low-risk groups using Kaplan–Meier sur-
vival curves, using a significance level of P < 0.05. The 
“timeROC” package in R was employed to plot the ROC 
(receiver operating characteristic) curve of the prognostic 
risk model, and the accuracy of the prognostic risk model 
for HBV-HCC patient prognosis was assessed based on 
the area under the curve (AUC). Lastly, using the “sur-
vival” package and “survminer” package in R, we plotted 
the survival curves of the prognostic risk model and cal-
culated the corresponding P-values [57–59].

Differential gene analysis
We performed differential gene analysis using HBV-HCC 
RNA-Seq data, consisting of 50 normal samples and 44 
tumor samples. To identify differentially expressed genes, 
we applied filter conditions of |log2FC|> 1 and P < 0.05, 
using the limma package in R. Subsequently, we gener-
ated a heatmap and a volcano plot using the pheatmap 
and ggplot2 packages in R, respectively. Additionally, we 
employed the ggplot2 package to visualize gene expres-
sion patterns among the 50 normal and 44 tumor sam-
ples. Furthermore, we extracted 8 pairs of matched 
samples and illustrated the gene expression profiles of 
key genes in these paired samples. All analyses were per-
formed using R version 4.2.1 (R Foundation for Statistical 
Computing) [56].

Bioinformatics analysis of key genes in HBV‑HCC
Based on the median expression values of key genes, 
we divided the HBV-HCC tumor samples into high and 
low-expression groups. The overall survival difference 
between the high and low expression groups was com-
pared using Kaplan–Meier survival curve analysis, with a 
cutoff value of P < 0.05. We utilized the “timeROC” pack-
age in R language to draw time-related ROC curves and 
assess the accuracy of disease status prediction based on 
gene expression.

CIBERSORT is a gene expression-based deconvolu-
tion algorithm used to describe the cellular composi-
tion of complex tissues. We stratified the samples into 

high and low-expression groups based on the expres-
sion levels of key genes. By combining the “e1071” and 
“preprocessor” packages in R software with the CIBER-
SORT algorithm, immune cell composition analysis was 
performed on HBV-HCC tumor samples. The content of 
immune cells was calculated for each sample and simu-
lated 100 times, with results with P < 0.05 retained. Sub-
sequently, the “vioplot” package in R software was used 
for differential analysis of immune cells. The correlation 
between immune cells was evaluated using the “ggplot2,” 
“ggpubr,” and “ggExtra” packages in R software, employ-
ing Spearman’s correlation coefficient. To investigate the 
relationship between AC099850.3 and immune check-
point as well as AC099850.3 and tumor mutation bur-
den, the “ggplot2” and “ggpubr” packages in R software 
were employed, and results with P < 0.05 were retained 
[60–65].

Gene function enrichment analysis
A tool for calculating matrix correlation was used to ana-
lyze the correlation between AC099850.3 and the gene 
expression matrix. Based on the threshold of R = 0.7 and 
P < 0.001, the co-expressed genes of AC099850.3 were 
identified. The “clusterProfiler” package in R was utilized 
for Gene Ontology (GO) and KEGG enrichment analysis 
of AC099850.3 and its co-expressed genes. Subsequently, 
the “enrichplot” package was employed to generate bar 
plots and bubble plots for the enrichment results of three 
GO categories: biological process (BP), cellular compo-
nent (CC), and molecular function (MF). Furthermore, 
bar plots and bubble plots were produced for the KEGG 
enrichment analysis results [66].

In vitro cell culture
HepG2 2.2.15 (CL0549) human liver cancer cells 
infected with HBV were purchased from Fenghui Bio-
tech. The cells were cultured in a specific medium for 
HepG2/2.2.15 (CM-0594, Procell), which comprised 
MEM (containing NEAA) + 10% FBS + 380  μg/mL 
G418 + 1% P/S [67].

Cell treatment and grouping
When HepG2 2.2.15 cells were in the logarithmic growth 
phase, they were digested with trypsin and seeded at 
a density of 1 × 105 cells per well in a 6-well plate. After 
conventional incubation for 24  h, when the cell conflu-
ency reached approximately 75%, cell transfection was 
performed according to the transfection protocol of Lipo-
fectamine 2000 (11668-019, ThermoFisher). The plasmid 
concentration used was 50 ng/mL. The target sequences 
for siRNA were as follows: AC099850.3-siRNA1: CTG​
CTA​TGG​ACT​TCA​GAG​A; AC099850.3-siRNA2: CCA​
GGC​TGT​ATT​ACT​GTC​T; AC099850.3-siRNA3: GCG​



Page 19 of 26He et al. Journal of Translational Medicine          (2024) 22:809 	

TCA​CCA​TGC​CTG​GGT​A; CD276-siRNA1: CAA​CGA​
GCA​GGG​CTT​GTT​TGA; CD276-siRNA2: CTA​GCC​
TTA​ATA​CTG​GCC​TTT; CD276-siRNA3: GCT​TGT​
TTG​ATG​TGC​ACA​GCA. The overexpression vector 
pcDNA3.1 and siRNA sequences were designed and 
constructed by Gima Genes (Shanghai, China), and the 
knockout efficiency was validated using RT-qPCR.

HepG2 2.2.15 cells are seeded at a density of 5 × 105 
cells per well in a 6-well plate and incubated for 24 h in a 
fresh culture medium. After centrifugation to remove the 
culture medium, the cells are washed with PBS and resus-
pended in 1 mL of opti-MEM (31985070, ThermoFisher) 
medium. Then, 5 μL of CC@PP, CC@AC&SF@PP, and 
AC&SF (siRNA concentration of 20  μM, pH 6.5) are 
added, respectively. After 6  h, 1.5  mL of fresh culture 
medium is added. Cells are collected for subsequent anal-
ysis after 72 h.

The cells were divided into the following groups for 
the study: si-NC group (transfected with lentivirus 
si-NC), si-AC099850.3 group (transfected with lentivi-
rus AC099850.3-siRNA2), si-CD276 group (transfected 
with lentivirus CD276-siRNA2), si-AC099850.3 + oe-NC 
group (co-transfected with lentivirus AC099850.3-
siRNA2 and oe-NC transfected with empty vector), 
si-AC099850.3 + oe-CD276 group (co-transfected with 
lentivirus AC099850.3-siRNA2 and oe-CD276, where 
oe-CD276 denotes cells overexpressing the CD276 gene), 
Control group, CC@PP group (treated with CMCS-
coated mPEG5K-PAE10K NPs), CC@AC&SF@PP group 
(treated with a combination of AC099850.3 siRNA and 
SF co-loaded mPEG5K-PAE10K NPs), and AC&SF group 
(treated with free AC099850.3 siRNA and SF) [68].

Cell cycle analysis
HepG2 2.2.15 cells were collected and washed twice with 
PBS buffer. Subsequently, the cells were suspended in 
pre-chilled PBS containing 70% ethanol and incubated at 
4 ℃ for 4 h. Afterward, the cells were washed twice with 
pre-chilled PBS and incubated with PBS containing 0.2% 
Triton X-100 and 10 μg/mL RNase at 37 ℃ for 30 min. 
Following the incubation, the cells were stained with 400 
μL propidium iodide (PI) solution (50 g/mL, HY-D0815, 
MCE) in the dark at 4 ℃ for 30 min. Finally, the cell cycle 
distribution was analyzed using a flow cytometer (Cyto-
FLEX, Beckmancoulter) and the accompanying software 
[69].

CCK‑8 assay
Transfected HepG2.2.15 cells (100 μL) were seeded into 
a 96-well plate and incubated in a cell culture incubator 
for 0, 24, 48, 72, and 96  h. After the respective incuba-
tion periods, CCK-8 reagent (K1018, Apexbio) was added 
to each well, followed by a 2-h incubation period. The 

absorbance was measured at 450  nm [67]. Each experi-
ment was performed with 5 parallel wells and repeated 
independently three times.

Clone formation assay
After cell transfection, the cells were seeded at a density 
of 1 × 105 cells per well in a 6-well plate and incubated 
for 2–3 weeks until visible cell clones were formed. The 
culture medium was then aspirated, and the cells were 
washed with PBS. Next, 4% paraformaldehyde was added 
to each well for cell fixation, and the cells were incubated 
for 15 min. After removing the fixative, 1 mL of Giemsa 
staining solution (C0131, Beyotime) was slowly added 
along the walls of each well, and the cells were stained 
in the dark for 20 min. Subsequently, the Giemsa stain-
ing solution was washed away with running water. The 
6-well plate was inverted onto a clean paper towel, and 
the number of cell clones was calculated [67].

Transwell assay
Forty-eight hours after cell transfection, a Transwell 
invasion assay was performed. First, 50 μL of matrix 
gel (354234, BD Biosciences, USA) was coated in the 
Transwell chambers and allowed to solidify at 37 ℃ for 
30 min. After coating, the chambers were rinsed with an 
FBS-free medium. Cells were diluted to a concentration 
of 2.5 × 104 cells/mL, and 100 μL of cell suspension was 
added to each well of the upper chamber, while 500 μL of 
medium supplemented with 10% FBS was added to the 
lower chamber. After 24 h, the chambers were removed, 
and the cells in the upper chamber were gently removed 
using a cotton swab. The cells were fixed with 4% PFA for 
30 min at room temperature. Subsequently, the cells were 
stained with 0.1% crystal violet for 30 min. Five random 
areas were selected, and images were captured using an 
inverted microscope. The number of cells was then calcu-
lated [70, 71].

Scratch experiment
Logarithmic phase cells were harvested and prepared as a 
single-cell suspension at a concentration of 5 × 105 cells/
mL. The cells were then evenly seeded in a 6-well plate. 
After 24 h, the cells in each group were subjected to the 
corresponding treatments and incubated in a 37℃, 5% 
CO2 cell culture incubator for 24 h. A scratch was made 
on the surface of the cells in each well using a 100 μL 
sterile pipette tip. During scratching, the tip was kept 
vertical, and efforts were made to ensure that the width 
of scratches in each group was consistent. The culture 
medium in the 6-well plate was discarded, and the cells 
were washed twice with PBS. Serum-free medium was 
added for further incubation. The cells were observed 
and photographed, and the width of the scratch was 
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measured at 0 h as a control. The 6-well plate was placed 
in a 37℃, 5% CO2 cell culture incubator for 24 h to allow 
cell migration. The migrated cells were observed and 
photographed, and the migration rate was calculated as 
(width of scratch at 0 h—width of scratch at 24 h) / width 
of scratch at 0 h × 100% [67].

Flow cytometry
The Annexin V-FITC Apoptosis Staining/Detection Kit 
(ab14085, abcam) was used for cell analysis. The cell 
density was adjusted to 1 × 105 cells/mL for each group. 
Three milliliters of cell suspension were taken for each 
group and centrifuged at 500 rpm for 5 min in a 10 mL 
centrifuge tube. After removal of the culture medium, 
the cells were resuspended in 100 μL of binding buffer, 
followed by the addition of 5 μL Annexin V-FITC and 5 
μL PI. The mixture was gently mixed and incubated at 
room temperature in the dark for 15  min. Flow cytom-
etry was performed to detect FITC fluorescence and PI 
fluorescence. Q1: Upper left quadrant (UL) represented 
cell debris with no cell membrane or dead cells due to 
other causes; Q2: Upper right quadrant (UR) represented 
late apoptotic cells; Q3: Lower left quadrant (LL) repre-
sented viable (live) cells; Q4: Lower right quadrant (LR) 
represented early apoptotic cells. The apoptotic rate was 
analyzed by assessing the percentages of cells in the Q2 
and Q4 quadrants [67].

Subcutaneous transplanted tumor experiment in mice
All animal experiments in this study were conducted in 
accordance with the regulations and guidelines of our 
institutional animal ethics committee and approved by 
the committee. We made efforts to minimize animal 
pain and distress and to reduce the number of animals 
required for the experiments. Animal housing, handling, 
and experimental procedures were strictly performed 
according to internationally recognized animal welfare 
standards. Appropriate care was provided to all animals, 
and proper handling after the experiments was ensured. 
Male C57BL/6N nude mice (4–5  weeks old, weighing 
18–22 g) were purchased from Beijing Vital River Labo-
ratories. They were housed in SPF-grade animal facili-
ties with constant humidity (45–50%) and temperature 
(25–27  °C) for 1  week, with a 12-h light–dark cycle, to 
acclimatize to the experimental environment. The mice 
fasted for 12  h prior to drug administration and were 
allowed free access to food and water at other times 
[72, 73]. All our animal experimental procedures were 
approved by our institutional animal ethics committee. 
We randomly divided 20 nude mice into 4 groups: si-NC 
group, si-AC099850.3 group, si-AC099850.3 + oe-NC 
group, and si-AC099850.3 + oe-CD276 group, with 5 
mice in each group. HepG2.2.15 cells (5 × 106/0.2  mL) 

were injected subcutaneously into the back of the mice. 
After 3 weeks, we measured the width (W) and length (L) 
of the tumors in each group using a caliper to monitor 
tumor growth and calculated tumor volume (V) using the 
formula V = (W2 × L)/2. The mice were euthanized, and 
the tumor tissues were dissected and removed for weigh-
ing. The tumor tissues were divided into two parts, with 
one part used for TUNEL staining and H&E staining and 
the other part frozen and stored in liquid nitrogen for 
subsequent experimental analysis [74, 75].

Hematoxylin and Eosin (H&E) staining
The tumor tissue was fixed in a 4% formalin solution at 
4 °C for 8 h. Subsequently, it was soaked in a 70% ethanol 
solution for 5 min, followed by dehydration in a gradient 
of 80%, 90%, 95%, and absolute ethanol for 4 h. Then, the 
tissue was immersed in xylene for 30 min, embedded in 
paraffin, and cut into consecutive 3  μm-thick sections. 
A total of ten sections were taken from each sample for 
H&E staining. The sections were initially stained with 
hematoxylin (Sigma, H9627) for 5 min, followed by 5-min 
staining with 1% aqueous eosin (National Pharmaceutical 
Group, 71014544). Finally, the sections were soaked in 
water. After subsequent immersion in ethanol (National 
Pharmaceutical Group, 10009218) and xylene (National 
Pharmaceutical Group, 10023418), they were sealed with 
neutral gum (National Pharmaceutical Group, 10004160) 
and observed under an Olympus microscope (BX53) [69].

TUNEL assay
The tissue sections were incubated at room temperature 
for 20 min in a solution of 100 μL proteinase K (20 g/mL 
concentration) per section, ensuring complete coverage. 
After rinsing with deionized water, the sections were 
stained with a Cell Apoptosis Detection Kit (Solarbio, 
T2190) and DAPI (Beyotime, C1002). The stained sec-
tions were observed and photographed using an Olym-
pus microscope (BX53) [69].

Preparation of SF@PP NPs
Analytical-grade chloroform, methanol, polyoxym-
ethylene, triethylamine (TEA), and acetonitrile (ACN, 
HPLC) were obtained from the National Pharmaceuti-
cal Group. The biological materials and preparations 
used in this study were SF (HY-10201, 99.92%, MCE), 
mPEG5K-PAE10K (Q-0265422, Xi’an Qi Yue Biotechnol-
ogy Co., Ltd.), carboxymethyl chitosan (CMCS, C9400, 
MW = 20,000–50,000, degree of carboxylation 87–90%, 
Solarbio), D-Luciferin potassium salt (HY-12591B, 
MCE), and DEPC water (HY-156262, MCE).

SF@PP NPs loaded with SF were prepared using a sin-
gle emulsion method. 1 mg of SF was dissolved in 1 mL 
of chloroform/methanol (1:1, v/v) and dropped into a 
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stirring solution containing 10 mg of mPEG5K-PAE10K 
in 10  mL of chloroform/methanol (1:1, v/v). Then, the 
mixture was gently stirred for 1  h at room temperature 
before being dropped into 10  mL of pre-stirred DEPC 
water. The mixture was subjected to ultrasonication using 
an intelligent ultrasonic cell disruptor (SCIENTZ-950E, 
Ningbo Xinzhi Biotechnology Co., Ltd.) set at 275 W for 
4 min, with the pulse off for 1.5 s after every 8 s to prevent 
excessive heat generation. After evaporating the organic 
solvent using a rotary evaporator, excess SF was removed 
by centrifugation at 4000 rpm for 20 min using an Ami-
con Ultra-15 centrifugal filter unit (UFC900324, Sigma). 
The filtrate was collected, and the residual amount of SF 
was determined by high-performance liquid chromatog-
raphy. Finally, the synthesized SF@PP NPs solution was 
filtered through a syringe filter (0.45 μm, Millipore) and 
stored in DEPC water at 4 °C [28].

Preparation of AC&SF@PP NPs
A total of 5 μL of AC099850.3 siRNA was dissolved in 20 
μL of DEPC water and mixed with different volumes of 
1 mg/mL SF@PP NPs (containing SF). An excess amount 
of DEPC water was added to achieve a final reaction vol-
ume of 100 μL. The mixture was vortexed for 15  s and 
incubated at room temperature for 30 min. The optimal 
mass ratio of siRNA to SF@PP NPs (1:4) was determined 
using agarose gel electrophoresis. The original AC&SF@
PP NPs solution was stored in 4 ℃ DEPC water for fur-
ther use [28].

Preparation of CC@AC&SF@PP NPs
For the preparation of CC@AC&SF@PP NPs, the 
obtained AC&SF@PP NPs were added dropwise to 
CMCS solutions with different concentrations and stored 
at room temperature for 30 min. The optimal mass ratio 
of mPEG5K-PAE10K/SF/AC099850.3 siRNA/CMCS was 
determined to be 40:4:1:1. The solution of CC@AC&SF@
PP NPs was stored in 4 ℃ DEPC water for subsequent 
use [28].

Characterization of CC@AC&SF@PP NPs
NPs were negatively stained with 2% (w/v) uranyl acetate 
for characterization. The morphology of CC@AC&SF@
PP NPs was examined using JEM-2100F transmission 
electron microscopy (TEM) at Qingdao FeiYoute Labo-
ratory. The absorption spectra were recorded using a 
UV–Vis spectrophotometer from China AOE Instrumen-
tation. The average hydrodynamic diameter distribution 
and zeta potential were determined using a Zetasizer 
Nano ZS90 particle analyzer from Malvern [28].

In vitro drug release study
The release behavior of SF from CC@AC&SF@PP NPs 
was investigated in PBS at pH 7.4 and pH 6.5, respec-
tively, at 37 ℃. A 1  mL solution of CC@AC&SF@PP 
NPs (SF concentration: 0.1  mg/mL) was transferred to 
a 14  kDa MWCO dialysis bag (Shanghai Maokang Bio-
technology Co., Ltd., MP1719-5  M). The dialysis bag 
was securely tied with cotton thread and immersed in 
13  mL of pH 7.4 or pH 6.5 PBS (1% v/v Tween-80 was 
added to the PBS solution to enhance the dispersion of 
SF). The temperature was maintained at 37 ℃ with con-
tinuous shaking (150 rpm). At specific time intervals (i.e., 
0, 1, 2, 4, 8, 12, 24, 48, 60, 72  h), 500 μL of the release 
medium was withdrawn and replaced with an equal vol-
ume of fresh PBS. The drug release rate was determined 
using high-performance liquid chromatography [28]. The 
release experiments were conducted in triplicate, and the 
results were reported as the mean data.

In vitro drug release study
The release behavior of SF from CC@AC&SF@PP NPs 
was investigated in PBS at pH 7.4 and pH 6.5, respec-
tively, at 37 ℃. The pH 6.5 condition was chosen to mimic 
the slightly acidic environment of the tumor microenvi-
ronment, enhancing the relevance of the drug release and 
cellular uptake experiments.

In vitro cell uptake assay
HepG2 2.2.15 cells were seeded in a 6-well cell culture 
plate at a density of 1 × 106 cells/well and incubated over-
night in a fresh culture medium. The cells were washed 
three times with PBS buffer and resuspended in 1  mL 
of opti-MEM medium. Then, 10 μL of Cy3-AC099850.3 
siRNA (20  μM, complexed with Lipo2000) or CC@
AC&SF@PP NPs (equivalent amount of siRNA, incu-
bated at pH 6.5 or 7.4) were added to the cells, with each 
group performed in triplicate. The plates were incubated 
at 4 ℃ for 6 h to avoid nonspecific adsorption. The cells 
were washed three times with PBS and subjected to fluo-
rescence imaging analysis [28].

HBV‑HCC in situ tumor model
Male NOD-SCID mice (6 weeks old, weighing 18–22 g) 
were purchased from Spbf Biotechnology Co., Ltd. (Bei-
jing). All mice were housed in a controlled environment 
barrier facility with a 12-h light/dark cycle, temperature 
(24 ± 1 ℃), and humidity (50 ± 10%), and had ad  libitum 
access to food and water [76]. Male NOD-SCID mice 
were anesthetized by inhalation of isoflurane using a 
small animal anesthesia machine. After disinfection, the 
abdomen was opened at the midline, and the median 
lobe of the liver was exposed. Then, 1 × 106 HepG2 2.2.15 
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cells dissolved in 50 μL PBS were injected into the liver. 
The median lobe of the liver was gently reinserted into 
the abdominal cavity, and the incision was closed layer by 
layer, followed by disinfection with iodine tincture. After 
anesthesia recovery, the mice were returned to their 
original housing environment for approximately 1 week. 
Tumor-bearing mice were randomly divided into six 
groups: PBS group, CC@PP group, CC@AC@PP group, 
CC@NC&SF@PP group, CC@AC&SF@PP group, and 
AC&SF group (n = 5 per group). Different materials (100 
μL) were intravenously injected on days 1, 4, 7, 10, and 
13, with an siRNA dose of 2.5 mg/kg and an SF dose of 
10 mg/kg. One day after injection, a solution of D-lucif-
erin potassium salt (HY-12591B, MCE) at a concentra-
tion of 15 mg/mL was injected intraperitoneally (150 μL), 
and the anesthetized mice were placed in a biolumines-
cence imaging system. The imaging system detected the 
light signal produced by tumor cells and quantified the 
tumor size. Mice were euthanized 3  days after the last 
drug injection, and subsequent experiments were con-
ducted using whole liver samples [28].

In vivo tumor uptake assay
For in vivo fluorescence imaging, a partial volume of 100 
μL of Cy5-AC099850.3 siRNA or CC@AC&SF@PP NPs 
(siRNA concentration of 0.5  mg/mL) was intravenously 
injected into tumor-bearing BALB/c mice. Six hours 
after injection, we obtained fluorescence images using a 
small animal in  vivo imaging system (CLS136340, IVIS 
Lumina XRMS). Following anesthesia with isoflurane, 
we exposed the internal organs of the mice for contrast 
imaging. After imaging, we retrieved major organs such 
as lungs, hearts, kidneys, livers, and spleens and imaged 
them on the same imaging system.

To analyze the distribution of the drug in the tumor of 
the mice, we embedded the tumor tissue in an optimal 
cutting temperature compound (OCT). Tumor tissue 
sections were obtained using an RWD Minux FS800 and 
mounted on glass slides. Subsequently, the sections were 
fixed in 4% paraformaldehyde for 15  min and stained 
with a 10  μg/mL Hoechst 33,258 solution for nuclear 
staining for 10 min. The sections were then washed with 
PBS, and fluorescence images were acquired using a con-
focal microscopy system [28].

Immunohistochemical staining
Tumor tissues from mice were obtained and fixed, fol-
lowed by decalcification. The samples were then dehy-
drated using a graded ethanol series and embedded in 
paraffin. Subsequently, 5 μm thick sections were cut. The 
sections were baked at 60 °C for 20 min and then sequen-
tially immersed in xylene solution, with each immer-
sion lasting 15  min and xylene solution being replaced 

in between. After dehydration in anhydrous ethanol for 
5  min, further dehydration was performed in a graded 
ethanol series (70% and 95%) for 10 min each.

To block endogenous peroxidase activity, each sec-
tion was treated with 3% H2O2 at room temperature for 
10 min. Citrate buffer was added, and the sections were 
microwaved for 3 min. After that, the sections were incu-
bated at room temperature for 10  min with an antigen 
retrieval solution, followed by washing them with PBS 
three times. Normal goat serum-blocking solution was 
then applied to the tissue sections, which were subse-
quently incubated at room temperature for 20 min. A pri-
mary antibody, Anti-CD276 antibody (ab219648, 1:4000, 
Abcam, UK), was added to the sections and incubated 
overnight at 4 °C.

The next day, a goat anti-rabbit IgG secondary antibody 
(ab6721, 1:1000) was added and incubated for 30  min. 
SABC (SA0041, Solarbio) was then added and kept at 
37  °C for 30  min. DAB chromogenic reagent (DA1010, 
Solarbio) was added to the sections and incubated for 
6  min. Subsequently, the sections were counterstained 
with hematoxylin for 30  s. Dehydration was performed 
using graded ethanol series (70%, 80%, 90%, and 95%) and 
anhydrous ethanol for 2  min each. Finally, the sections 
were cleared twice with xylene for 5  min each before 
being mounted with neutral resin and observed under 
a light microscope (BX63, Olympus, Japan). The experi-
ment was performed in triplicate. PBS was used instead 
of the primary antibody as a negative control.

For quantitative analysis, five different fields of view 
containing immunohistochemistry (IHC) images were 
selected. The number of cells with brown staining sig-
nals in the cytoplasm was counted as positive stained 
cells, and the total number of cells in each field was also 
recorded. The percentage of positive cells was calculated 
as the number of positive stained cells divided by the 
total number of cells and multiplied by 100% [77].

RT‑qPCR
Total RNA was extracted from tissues and cells using 
Thermo Fisher’s Tissue RNA Extraction Kit (12183018A) 
and Cell RNA Extraction Kit (12183020), respectively, 
following the standard protocol provided. Subsequently, 
1  μg of total RNA was reverse transcribed into cDNA 
using Fermentas’ First Strand cDNA Synthesis Kit 
(K1622). The synthesized cDNA was then subjected to 
RT-qPCR analysis using Applied Biosystems’ Fast SYBR 
Green PCR Kit and ABI PRISM 7500 RT-PCR System, 
with three replicates per well. The relative expression lev-
els of mRNA were calculated using the 2−ΔΔCt method, 
where ΔΔCt = (average Ct value of target gene in experi-
mental group—average Ct value of reference gene in 
experimental group)—(average Ct value of target gene in 
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control group—average Ct value of reference gene in con-
trol group). GAPDH was used as the reference gene. The 
RT-qPCR reactions were performed in an Applied Bio-
systems StepOnePlus instrument, with reaction condi-
tions consisting of one cycle at 95 ℃ for 15 min, followed 
by 40 cycles, each comprising 10  s at 95 ℃ and 60  s at 
60 ℃ [68]. For primer sequences, please refer to Table S7. 
The required reagents and consumables for these experi-
ments were purchased from Wuhan Sibaire Biotechnol-
ogy Co., Ltd.

Western blot analysis
Proteins were extracted from mouse tumor tissue and 
HepG2.2.15 cells using the Solarbio Tissue Protein 
Extraction Kit (EX2171) and Cell Protein Extraction 
Kit (EX2170), respectively. The protein concentration 
was determined using the Sigma BCA Protein Assay Kit 
(BCA1-1KT). Equal amounts of protein (20 µg per lane) 
were subjected to 10–12% SDS-PAGE electrophoresis. 
Following electrophoresis, the proteins were transferred 
to polyvinylidene fluoride (PVDF) membranes from 
EMD Millipore. The membranes were then blocked with 
5% BSA for 2  h, washed with PBS, and incubated over-
night at 4℃ with primary antibodies (details of primary 
antibody manufacturers can be found in Table  S8). The 
primary antibodies used were anti-GAPDH antibody 
(ab9485, 1:2500) and anti-CD276 antibody (ab105922, 
1:1000) provided by Abcam. Subsequently, the mem-
brane was incubated with a secondary antibody, goat 
anti-rabbit horseradish peroxidase-conjugated antibody 
(ab6721, 1:2000), from Abcam at room temperature 
for 2  h after washing. Visualization was done using the 
enhanced chemiluminescence system (iBright FL1500) 
from Thermo Fisher. The experiment was repeated three 
times. The experiments were repeated three times.

Statistical analysis
Data were analyzed using SPSS 21.0 (SPSS, Inc., Chicago, 
IL, USA). Numerical data are presented as mean ± stand-
ard deviation. Independent sample t-tests were used for 
comparisons between two groups, while one-way analy-
sis of variance (ANOVA) was used for comparisons 
among multiple groups. Categorical data are presented as 
proportions or percentages, and comparisons were per-
formed using the Chi-square test. A significance level of 
P < 0.05 was considered statistically significant.
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Additional file 1: Figure S1. Construction process of HBV-HCC prog-
nostic model: WGCNA analysis, Lasso regression analysis, and survival 
analysis.Dendrogram of clustering analysis performed by WGCNA on 

all samples;Scale-free fitting index and average connectivity analysis for 
different soft thresholds;WGCNA analysis divides genes into different gene 
modules and provides clustering results;Cross-validation plot of Lasso 
regression analysis;Kaplan–Meier survival curve for high-risk and low-risk 
groups based on training set;Kaplan–Meier survival curve for high-risk and 
low-risk groups based on testing set.

Additional file 2: Figure S2. ROC curve analysis and survival status analysis 
during the construction process of the HBV-HCC prognostic model.
ROC curve analysis based on the training set to evaluate the predictive 
value of the high-risk and low-risk groups in HBV-HCC diagnosis;ROC 
curve analysis based on the testing set to evaluate the predictive value 
of the high-risk and low-risk groups in HBV-HCC diagnosis;Risk curve and 
patient survival status for the high-risk and low-risk groups based on the 
training set;Heatmap showing the expression of the six model genes in 
the high-risk and low-risk groups based on the training set;Risk curve and 
patient survival status for the high-risk and low-risk groups based on the 
testing set;Heatmap showing the expression of the six model genes in the 
high-risk and low-risk groups based on the testing set; High-risk group in 
the training set: 11 samples; Low-risk group in the training set: 9 samples; 
High-risk group in the testing set: 12 samples; Low-risk group in the test-
ing set: 12 samples.

Additional file 3: Figure S3. Analysis of the expression levels of model 
genes and their correlation with immune cells.Differential levels of gene 
AC012313.9 between 50 normal samples and 44 HBV-HCC samples, 
AC012313.9, MIR210HG, AL645933.2, C6orf223, GDF10;Correlation analysis 
between significantly different immune cell components and the expres-
sion levels of AC099850.3, with AC099850.3 expression on the x-axis and 
immune cell content on the y-axis, Dendritic cells resting, T cells follicular 
helper, and T cells gamma delta;Scatter plot showing the correlation 
between AC099850.3 and tumor mutation burden; "ns" indicates no sig-
nificant difference between the groups compared; ** indicates a compari-
son between the groups with a P value < 0.01; *** indicates a comparison 
between the groups with a P value < 0.001.

Additional file 4: Figure S4. A scatter plot shows the top 6 genes ranked by 
correlation with AC099850.3.

Additional file 5: Figure S5. In vivo tumor uptake test and toxicity evalu-
ation of NPs.Bioluminescence and Cy5 fluorescence images of mice in 
each group;Composite images of organs from mice in each group, with 
white dashed lines indicating the direction and approximate location 
of the slices;Fluorescence images of tumor slices from mice in each 
group;Histological analysis of heart, liver, spleen, lung, and kidney tissues 
from mice in each group; N = 5.
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