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Abstract

As a novel genetic biomarker, the potential role of SH3D217 in hepatocellular carcinoma
remains unclear. Here, we decipher the expression and function of SH3D27 in human
hepatocellular carcinoma. The expression level and clinical significance of SH3D21 in
hepatocellular carcinoma patients, the relationship between SH3D27 and the features of
tumor microenvironment (TME) and role of SH3D21 in promoting hepatocellular carcinoma
progression were analyzed based on the bulk samples obtained from The Cancer Genome
Atlas (TCGA) and International Cancer Genome Consortium (ICGC) databases. Single-cell
sequencing samples from Gene Expression Omnibus (GEO) database were employed

to verify the prediction mechanism. Additionally, different biological effects of SH3D27 on
hepatocellular carcinoma cells were investigated by qRT-PCR, CCK-8 assay, colony forming
assay and Western blot analysis. Bioinformatics analysis and in vitro experiments revealed
that the expression level of SH3D21 was up-regulated in hepatocellular carcinoma and
correlated with the poor prognosis in hepatocellular carcinoma patients. SH3D21 effectively
promoted the proliferation, invasion, and migration as well as the formation of immunosup-
pressive microenvironment of hepatocellular carcinoma. In addition, SH3D21 can activate
the PISK/AKT/mTOR signaling pathway. SH3D21 stimulates the progression of hepatocellu-
lar carcinoma by activating the PISK/AKT/mTOR signaling pathway, and SH3D217 can serve
as a prognostic biomarker and therapeutic target for hepatocellular carcinoma.

1. Introduction

Primary hepatoma is one of the most common malignant tumors, primarily hepatocellular
carcinoma (HCC). It is often characterized by a high degree of malignancy, with a propensity for
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metastasis and recurrence following the treatment [1,2]. Despite the availability of various treat-
ment modalities, including surgical resection, radiotherapy, and chemotherapy [2,3], the prog-
nosis for HCC patients remains significantly poor [4]. Recent advancements in targeted therapy
for HCC, such as application of vascular endothelial growth factor receptor (VEGFR) inhibitors
and programmed cell death 1 ligand 1(PD-L1) inhibitors, have sparked newfound hope [5,6].
However, the efficacy of targeted therapy is limited, thereby benefiting fewer than one-third of
patients and only marginally prolonging the median survival by a mere three months [7]. Hence,
identification of effective biomarker is urgently needed for targeted therapy of HCC.

The PI3K/Akt/mTOR pathway represents a crucial intracellular signaling cascade that can
regulate diverse cellular processes including proliferation, apoptosis, metabolism, and angio-
genesis, by functioning through intricate crosstalk with upstream or downstream molecules
[8,9]. Aberrant activation of the PI3K/Akt/mTOR pathway has been reported in approximately
50% of hepatoma cases [10], thereby exerting significant influence on the various facets of
hepatoma initiation as well as progression, including tumor cell proliferation, differentiation,
metabolism, autophagy, and immune regulation [11,12]. Although multi-targeted tyrosine
kinase inhibitors are being used as first-line therapeutic agents targeting the PI3K/Akt/mTOR
pathway, their efficacy in improving patient survival remains modest. Notably, patients often
develop acquired drug resistance during the treatment, thus limiting the therapeutic options
available [13,14]. This could be possibly attributed to the limited understanding of the intricate
interactions and metabolic roles of the PI3K/Akt/mTOR signaling axis in hepatoma.

SH3 domain-containing 21 (SH3D21I) is a SH3 domain containing protein that is local-
ized within the nucleus and plasma membrane. It functions by forming protein complexes
and thereby modulating intracellular signaling to regulate various key biological processes,
including cell division, differentiation, and growth and development [15]. Despite its biolog-
ical significance, the current understanding of the role of SH3D21 in human tumors remains
limited. Given the dearth of experimental studies related to the role of SH3D21 in tumorigen-
esis, this study was designed to elucidate its involvement in tumors and evaluate its potential
utility both as a novel biomarker and therapeutic target.

The association between SH3D21 and prognosis as well as clinical features in HCC patients
were analyzed in this study. The mechanisms through which SH3D21 can promote HCC and
its effect on PI3K/Akt/mTOR pathway activation were also investigated. The clinical samples
and cell experiments were employed to verify the experimental results.

2. Materials and methods
Data source

The transcriptome and clinical characteristics analysis data of SH3D21 in HCC were obtained
from TCGA database (https://portal.gdc.cancer.gov) and ICGC database (https://dcc.icge.
org/) (download time: 20221224). We have also incorporated the genetic variation informa-

tion obtained from the biological portal website (https://www.cbioportal.org/) [16]. Spe-
cifically, we have utilized a dataset comprising 442 liver samples obtained from TCGA and
Firhose Legacy. The data of human pan-cancer was retrieved from the UCSC Xena online
database (https://xena.ucsc.edu/) [17]. The downloaded data included mRNA expressions and
the clinical features of 33 different tumors.

Differentially expressed genes (DEGs) and analysis of characterization of
tumor microenvironment

The “Limma” software package in the R language was used to identify the various differen-
tially expressed genes (DEGs) and the expression levels of SH3D21 in both the tumor tissues
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and control tissues in the dataset. The differential gene screening was identified using the
criteria of log,FC>1.0 and FDR <0.05, thereby defining the genes exhibiting significant differ-
ential expression. We have stratified the tumor-derived samples into up- and down-regulation
groups based on the median SH3D21 expression level. The IOBR package in R language was
employed to analyze the potential relationship between SH3D21 expression level and the char-
acteristics of tumor microenvironment by ssGSEA algorithm.

GO (Gene Ontology), GSEA (Gene-set Enrichment Analysis) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) analyses of bulk samples

The tumor samples in TCGA data set were divided into up- and down-regulation groups
based on the median expression level of SH3D21 for the differential gene analysis. In addi-
tion, GO, KEGG and GSEA enrichment analysis of the differential genes were performed.
The tumor samples in ICGC data set were also divided into up- and down-regulation groups
according to the median expression level of SH3D21 for differential gene analysis. Thereafter,
the correlation between the expression level of SH3D21 and the differential genes was ana-
lyzed (CoR=0.4, P<0.05). Subsequently, the high and low expression differential genes were
fed into WebGestalt (www.WebGestalt.org), an online bioinformatics website that utilizes
the KEGG database [18]. P<0.05 was considered to be a statistically different enrichment
pathway.

Single-cell sequencing sample quality control and cell type identification

The quality control process of the single-cell sequencing samples was conducted using Seurat
(version 4.15) [19]. To ensure high-quality cells for the downstream analysis, the following
criteria were applied: The cells expressing fewer than 500 or more than 6000 total genes were
filtered out, cells with over 15% mitochondrial genes were excluded and the genes expressed
in fewer than three cells were removed. Overall, a total of 60,437 cells were detected and the
analysis incorporated 19,125 different genes. The batch effects were corrected using the Har-
mony R package, whereas the linear regression was employed to eliminate effects of the cell
cycle. To identify the principal clusters, the Seurat FindClusters function (resolution = 0.5)
was utilized and the top 30 principal component analysis (PCA) components were selected for
further analysis using the gravel plot. The resulting clusters were thereafter visualized using
“tSNE” and “UMAP” plots. The FindAllMarkers function of Seurat was employed to identify
cell markers for each cluster. To identify major cell types and provide annotations, the Cell-
Marker database (http://xteam.xbio.top) was combined with the data source of the cell surface
markers [20].

InferCNV

The R software copyKAT package was used for CNV analysis of the hepatocytes present in
the samples, and the T cells were used as normal reference cells. The normal hepatocytes and
HCC cells were distinguished according to the changes of CNV.

Differential gene identification and GSVA (Gene-set Variation Analysis)
enrichment analysis in the single-cell samples

A nonparametric and unsupervised algorithm for gene set variation analysis (GSVA) was uti-
lized to evaluate the pathway activity in normal hepatocytes, SH3D21-positive HCC cells, and
SH3D21-negative HCC cells. The geneset used for GSVA enrichment analysis was Hallmark
geneset.
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Pseudotime trajectory analysis

The Monocle2 package (v2.8.0) of R software was employed to perform the pseudo-time series
analysis of HCC cells [21]. The input for the analysis consisted of the original count matrix
obtained from the data processed by Seurat. The new Cell Data Set function was utilized to
create an expression family object, facilitating the specification of the lower detection limit as
0.5. An unsupervised analysis method was employed to explore the cell development trajec-
tory using the highly variable genes selected by Monocle. The dispersion empirical parame-
ter was set to 1, whereas the remaining data analysis parameters were selected as the default
settings.

Immunotherapy prediction and chemotherapy sensitivity analysis

Three distinct immunotherapy cohort studies GSE78220, GSE67501 and IMvigor210 were
collected from GEO database to examine the potential correlation between SH3D21 and
immunotherapy. The tumor immune atlas database (The Cancer Immunome Atlas, https://
tcia.at/) was also used to observe the treatment response of SH3D21 to PD1 and CTLA4. In
addition, based on Cancer Drug Sensitivity Genomics (GDSC), a public pharmacology portal,
the chemotherapeutic agents sensitive to SH3D21 were estimated and the top 10 drugs were
shortlisted for further analysis.

Test and verify

Cell lines and cell culture. 1.X-2, Huh-7, HepG2, SK-HEP-1 cell line was provided
by CTCC, Ltd (Wuxi, China). The frozen HepG2 (in Dulbecco’s modified Eagle medium
(DMEM, high glucose)), Huh-7 (in DMEM, high glucose, and SK-HEP-1 (MEM-EBSS) cells
were thawed at 37 °C and then resuspended into the corresponding complete culture media.
When the cells grew to approximately 80%, cell passage was executed. Additionally, the cells
were grouped and cultured in an incubator (Thermo, USA) at 37 °C. The cells were thereafter
collected and then stored for subsequent experiments.

Tissue source. The HCC tissues and normal hepatic tissue were procured from the
different individuals undergoing liver cancer resection or liver biopsy at the Department
of Hepatobiliary Surgery, Ruikang Hospital Affiliated to Guangxi University of Traditional
Chinese Medicine between December 2022 and October 2023.The studies were approved by
the Ethics Committees of Ruikang Hospital Affiliated to Guangxi University of Traditional
Chinese Medicine. The assigned ethical review approval number: KY2022-045.

Real-time, quantitative reverse transcription-polymerase chain reaction (qRT-
PCR). Total RNA was extracted by using Trizol reagent (Invitrogen, Grand Island, New
York, USA). Both the concentration and purity of RNA were measured using a Nanodrop
spectrophotometer (ThermoFisher Science, Waltham, Massachusetts, USA). RNA was
reverse transcribed into cDNA using a reverse transcription kit (Takara, Dalian, China) in
accordance with the manufacturer’s instructions. SYBR Select Master Mix (ThermoFisher
Science, Waltham, Massachusetts, USA) was used for qRT-PCR analysis. A QuantStudio™
6 Flex real-time quantitative PCR system was employed for the data collection. The
samples obtained amplified in accordance with the following protocol: 95 °C 5 mins, 95
°C 40 cycles 305, 60 °C 405, 72 °C 1 min. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an endogenous control. Each sample was prepared in triplicate.
The 2722¢T method was used to calculate the relative expression. The sequences of the gRT-
PCR primers used for SH3D21 were: forward: 5-AGCAAGGAGGGCAATGACTCT-3;
reverse: 5-ACGCAGTACTTGCCACTCT-3’; GAPDH: forward:
5-GCAGCGTGATCCCTGCAAAAT-3] reverse: 5-GCCTGTAGTCAGCAACTCATCG-3.
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Cell transfection. Huh-7 and HepG2 cells were seeded in six-well culture plate for
24h (1x10° cells/well). Thereafter, the cells were divided into the HepG2/Huh-7-Control
group, HepG2/Huh-7 + siRNA NC group and HepG2/Huh-7 +si-SH3D21-1, 2, 3 group. The
DNA sequence of SH3D21 gene was amplified by PCR, digested, and then cloned into the
expression vector (pcDNA3.1). The expression vector was then transfected into HepG2 and
Huh-7 cells to enable up-expression of the SH3D21 gene; the group was confirmed to be the
OE-SH3D21 if the up-expression was validated by RT-PCR. Additionally, Lipofectamine
2000 transfection reagent (1.5 uL/mL, ThermoFisher, USA) was used to transfect 50 nM
gene fragments or 1 pg of plasmid to HepG2 and Huh7 cells. After 48-hour transfection, the
samples were collected and stored.

Colony formation. The samples were divided into the control, si-NC, si-SH3D21-1, 2,
pcDNA3.1-NC and pcDNA3.1- SH3D21 group. After transfection, the cell suspension was
prepared once the cell growth was in the logarithmic phase. The cells were then seeded into
the six-well plates (Corning, USA) and incubated at 37 °C, 5% CO, and saturated humidity
for two weeks. The culture was terminated if the clones visible to the naked eyes appeared
in the dish. Afterward, the cells were rinsed with PBS twice and fixed with 5mL of pure
methanol (Beijing Dingguo Changsheng Biotechnology Co., Ltd., China) for 15 min. The
methanol was then removed, and Giemsa staining solution (Beyotime, China) was added
and incubated for 30 min. The staining solution was removed, and the sample was dried in
air. The cells were counted manually from obtained images. Alternatively, clones with more
than 10 cells were counted using a light microscope (Olympus, Japan). The colony formation
rate was calculated by using the formula (number of clones)/(number of inoculated cells) x
100%.

Determination of cell viability. Cell Counting Kit-8 (CCK-8) cell proliferation and
cytotoxicity assay kit (Sigma-Aldrich, Merck KGaA, Germany) was used to measure the
viability of transfected Huh-7 and HepG2 cells. The cells were seeded in the wells of a 96-
well plate and thereafter incubated for 24 h, 48h, 72h, respectively. CCK-8 solution (15 pL)
was added to each well at the designated time intervals and incubated at 37 °C for 4h. The
absorbance at 492 nm was measured using a microplate reader (Thermo Scientific, Waltham,
Massachusetts, USA). Each experiment was repeated independently in triplicate.

Western blot analysis. HCC cells and tissues were lysed in radioimmunoprecipitation
assay (RIPA) buffer (KeyGEN, Nanjing, China) containing protease suppressors for 30 min.
The protein concentration was quantified using a bicinchoninic acid (BCA) kit (KeyGEN,
Nanjing, China) in accordance with the manufacturer’s protocol. The total protein was
subjected to heating at 95 °C for 5 min. Thereafter, identical quantities of protein were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

The separated proteins were transferred to polyvinylidene fluoride (PVDF) membranes

after which electrometastasis was applied and then blocked with 5% skimmed milk at the
room temperature for 60 min. The membranes were then stored overnight at 4 °C with an
appropriate primary antibody. The panel of antibodies used was as follows: SH3D21(1:1000;
Proteintech No. 25767-1-AP, Chicago, USA), mTOR (1:1000; Proteintech No. 66888-1-

lg, Chicago, USA), p-AKT (1:1000; Proteintech No. 66444-1-1g, Chicago, USA), p-PI3K
(1:1000; Proteintech No. 4228, Chicago, USA), PI3K (1:1000; Proteintech No. 20584-1-

AP, Chicago, USA), AKT (1:4000; Proteintech No. 60203-2-Ig, Chicago, USA), and

GAPDH (1:5000; Proteintech No. 60004-1-Ig, Chicago, USA). After washing 3 times in
TBST buffer, the membranes were incubated at the room temperature for 1h with rabbit
horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000, Beyotime. No.
A0208, Shanghai, China) then washed with the blocking solution and visualized by enhanced
chemiluminescence (ECL, Thermo Fisher Scientific, Waltham, Massachusetts, USA). Finally,
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quantity One gel analysis software was used to detect the signal intensity of each membrane.
The intensity was measured relative to that of GAPDH.

Immunohistochemical staining. Following the dewaxing and antigen retrieval steps,
the tissue sections were subjected to additional treatments. First, incubation with 3%
H,0, (Beyotime, China) for 10min and 0.1% Triton X-100 (Beyotime, China) at the room
temperature for 10 min was conducted. Subsequently, 50 puL of 5% BSA (Wuxi Puhe, China)
was applied to the tissues and incubated at 37 °C for 1 hour to block non-specific binding
sites. The primary antibody, specifically SH3D21 (dilution: 1:1000; Proteintech No. 25767-1-
AP, Chicago, USA), was proportionally diluted and then applied to the tissues, followed by
incubation at 37 °C for 2h. After washing with PBS, a secondary antibody was added: Rabbit
secondary antibody (dilution: 1:200, Zhongshan Jingiao, China) or Murine dimab (dilution:
1:200, Zhongshanjingiao, China), depending on the species sources of the primary antibodies
used. Thereafter, incubation with the secondary antibody was performed at 37 °C for 1h.
For visualization, diaminobenzidine (DAB) (Nakasugi Kinbashi, China) color development
was employed. Hematoxylin restaining was then conducted, followed by sealing with the
neutral gum. Finally, the prepared tissue sections were observed and photographed under a
microscope (Olympus, Japan) to evaluate the target staining and overall tissue morphology.

Invasion and migration experiments. Matrigel matrix glue (BD Biosciences, USA) was
diluted in a serum-free medium at 1:6, and 50 ul was evenly spread into the upper chamber of
Transwell chamber (Corning, USA). The chamber was placed in a 24-wellplateandincubated
at 37 °C for 4h to allow it to gelatinize. The cell density was adjusted to 2 x 10° cells/mL, and
100 pL per well was inoculated into the upper chamber of transwell chamber. The cells in the
upper chamber were removed after 24 h, fixed with methanol and 0.1% crystal violet (Beijing
Dingguo Changsheng Biotechnology, CHN) for 20 min, stained for 10 min, and washed twice
with PBS. The cells were then counted under an inverted optical microscope (Olympus, JPN).

Scratch wound-healing assay. Huh-7 and HepG2 cells were seeded in 6-well culture
plates (Corning, USA) at 95-100% confluence. The cells were harvested 48 h after transfection.
The scratch was created using a 200 pL pipette tip. PBS was used to wash the plates thrice to
remove the cellular debris. The images for the wound closure were captured at the different
times (12, 24, 36 and 48 h) by microscope (Olympus, JPN).

Statistical analysis

The biological information analysis in this study was conducted by using R programming
(version 4.15, https://www.r-project.org/). Statistical analysis was performed by SPSS 27 and
GraphPad Prism V7.0 software. The data has been presented as mean + standard deviation
(SD). For comparison of means between the two groups, T-test was applied. Analysis of vari-
ance (ANOVA) was employed to compare multiple sets of values. The relationship between
the expression of SH3D21 and clinical features was assessed using the Chi-square test. Survival
analysis was performed using the Kaplan-Meier method, and the log-rank test was used for
the group comparisons. P<0.05 was considered statistically significant.

3. Results

SH3D21 was highly expressed in HCC and related to poor outcomes of
HCC patients

The differential analysis of HCC transcriptome data from TCGA database (https://portal.
gdc.cancer.gov) revealed that the mRNA expression of SH3D21 in HCC tissued was signifi-
cantly higher than that in normal hepatic tissue (logFC=1.937) (Fig 1A). Moreover, deter-
mination of the relationship between SH3D21 expression and clinical characteristics of HCC
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Fig 1. SH3D21 was highly expressed and associated with poor clinical outcomes in HCC patients. (A) Differential analysis of
mRNA expression of SH3D21 in normal control and HCC tissues obtained from TCGA database source samples. (B-D) Relation-
ship between the expression level of SH3D21 and T Stage (B), Grade (C), and stage (D) of HCC patients in TCGA database. (E)
Impact of high expression of SH3D21 on prognosis of HCC patients. (F) Differential analysis of mRNA expression of SH3D21 in
the normal control and HCC tissues from ICGC database source samples. (G, H) Correlation between SH3D21 expression level
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and Grade (G) and Stage (H) in ICGC database source samples. (I, J) Univariate and multifactorial analysis of the clinical charac-
teristics of HCC patients and correlation between SH3D21 gene expression and survival status of patients from TCGA database.
(K-M) The expression of SH3D21 protein in HCC and normal liver tissue samples was detected by immunohistochemical staining
and Western blotting. * p <0.05.

https://doi.org/10.1371/journal.pone.0302766.g001

patients revealed that SH3D21 was highly expressed in females (P=0.0099) and increased
with the elevation of tumor T-stage (Fig 1B), histological grading (Fig 1C) and clinical stage
(Fig 1D). High expression of SH3D21 resulted in shorter survival of HCC patients (Fig 1E).
However, no correlation was observed between Progression Free Survival (PES), Disease Free
Interval (DFI), and Disease-Specific Survival (DSS) (P>0.05). Univariate and multivariate
analyses were conducted to investigate the various clinical features and the possible rela-
tionship between SH3D21 expression and the survival status of patients. High expression of
SH3D21 remained a significant independent predictor for patients with HCC (Fig 11 and 1J).
In addition, HCC dataset (LIRI-JP) was downloaded for validation from the ICGC (https://
dcc.icge.org/) database. The results revealed that SH3D21 was highly expressed in HCC
(logFC = 1.442) (Fig 1F) and increased with both the elevated histological grading (Fig 1G)
and clinical stage of tumor tissues (Fig 1H). The above results illustrated that SH3D21I was
highly expressed in HCC and was associated with poor clinical outcomes in HCC patients.
To experimentally validate the predicted results, three HCC-derived samples and normal
liver tissue-derived samples were collected. Immunohistochemical staining and Western blot
analysis to determine the expression of SH3D21 protein in HCC and normal liver tissues was
performed. The results demonstrated that the level of SH3D21 protein was significantly higher
in the tumor samples compared to the normal liver tissues (Fig 1K-1M) (S1 Fig in S1 Data).
These results confirmed the prediction that the expression of SH3D21 was increased in HCC.

Determination of Mutation as well as methylation status of SH3D21 in
HCC and relationship between SH3D21 expression and TME

To investigate the impact of SH3D21 genetic variation on mRNA expression, the mutation of
SH3D21 in HCC samples was next analyzed using the online database ccBioPortal (https://
www.cbioportal.org/). As demonstrated, our analysis revealed that SH3D21 was genetically
altered in 6.88% (24/349) of the samples. Among these alterations, the highest frequency
was observed in cases of high mRNA expression (20/349, 5.73%), followed by mutations
(2/349, 0.57%), amplification, and deep deletion (1/349, 0.29%) (Fig 2A). The most common
mutation in the SH3D21I gene was the I428T missense mutation (0.07%), which was diploid
in nature. The second most frequent mutation was the M355Cfs*38 frameshift mutation
(0.06%), resulting in a mild copy number loss (Fig 2B). Further correlation analysis between
the mutation type and mRNA expression of SH3D21 revealed that the increase in mRNA
expression could be primarily attributed to gene expansion and significant amplification
events (Fig 2C). Therefore, mRNA expression of SH3D21 was negatively related to the meth-
ylation level (Fig 2D). Overall, these findings indicated that SH3D21 mRNA expression levels
were associated with gene amplification.

To explore the possible function of SH3D21 in promoting the clinical progression of HCC,
TCGA and ICGC datasets were employed to analyze the correlation between the expression of

SH3D21 and the microenvironment characteristics of HCC. The results revealed that increase
of SH3D21 expression was associated with EMT2, EMT3, cell cycle, DNA replication, TH1/
TH2 cell regulation, MDSC and TIP tumor immune cell infiltration. Therefore, we speculated
that there was a significant correlation between the above characteristics and the expression
level of SH3D21. In addition, the above characteristics displayed a consistent trend in TCGA
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characteristics in TCGA dataset. (G) Relationship between SH3D21 gene expression and TME characteristics in the ICGC dataset.(H) Correla-
tion analysis between SH3D21 gene expression and TME characteristics in ICGC dataset.

https://doi.org/10.1371/journal.pone.0302766.9002

(Fig 2E and 2F) and ICGC data sets (Fig 2G and 2H), thereby indicating that SH3D21 can play
a vital role in regulating the proliferation, invasion, migration, and formation of immunosup-
pressive microenvironment of HCC.

SH3D21 can promote the proliferation, invasion, and migration of HCC
cells as confirmed by in vitro experiments

Three distinct kinds of HCC cells, SK-HEP-1, Huh-7 and HepG2 were selected to observe the
mRNA and protein expression of SH3D21. The results revealed that the mRNA and protein
expression levels of SH3D21 were markedly higher in the three HCC cells in comparison to
the control LX-2 cells (Fig 3A and 3B) (S2 Fig in S1 Data). HepG2 and Huh-7 cell lines with
higher SH3D21 expression were selected for subsequent studies. The results of RT-PCR and
western blot showed that SH3D21 expression level in HepG2 and Huh-7 cells significantly
rose in pcDNA3.1-SH3D21 group compared with that in control and pcDNA3.1-NC group(-
Fig 3C and 3D), while it significantly declined in SH3D21 inhibitor (si-SH3D21-2,3) group
compared with that in control, si-NC and si-SH3D21-1 group, data were shown in Fig 3C and
3E (S3 Fig in S1 Data). HepG2/Huh-7 +si-SH3D21-2 and -3, which was validated by RT-PCR
to be the optimized knockdown target sequence, was selected for the subsequent experiments.
Interestingly, down-regulation and up- regulation of SH3D21 in HepG2 and Huh-7 cells
resulted in reduced and increased cell viability at 48 h and 72 h respectively (P<0.01) (Fig
3F). Down-regulation and up- regulation of SH3D21 in HepG2 and Huh-7 cells resulted in a
significant decrease and increase in the cell colony forming ability respectively (P<0.01) (Fig_
3G). Up-regulation of SH3D21 significantly stimulated the migration, invasion ability (Fig 4A
and 4B) and the wound healing ability of HCC cells (Fig 4C). Moreover, down-regulation of
SH3D21 significantly inhibited the migration, invasive ability (Fig 4A and 4B), and reduced
the wound healing ability of HCC cells. (Fig 4C). The above results confirmed that high
expression of SH3D21 can promote the proliferation, migration, and invasion of HCC cells.

Bulk sample analysis of TCGA and ICGC databases revealed that SH3D21
can cause activation of PI3K/AKT signaling pathway in HCC

HCC samples in the TCGA dataset were divided into high- and low- expression groups
according to the median value of SH3D21 expression for the differential analysis, as well as
GO (Fig 5A) and KEGG enrichment analysis (Fig 5B) were performed for the differential
genes. Biological process (BP) results of GO enrichment analysis revealed that SH3D21 was
mainly involved in organic acid metabolic process, carboxylic acid metabolic process and ion
transport. Cellular component (CC) results demonstrated that SH3D21 was located on the cell
surface, intrinsic component of plasma membrane and integral component of plasma mem-
brane. Molecular function (MF) of SH3D21 included transmembrane transporter activity,
oxidoreductase activity and transporter activity. KEGG enrichment analysis revealed that the
differential genes were mainly enriched in regulation of retinol metabolism, metabolism of
xenobiotics by cytochrome P450 and metabolic pathways. In addition, HCC samples in the
TCGA dataset were divided into high- and low- expression groups according to the median
value of SH3D21 expression for GSEA pathway enrichment analysis. GSEA enrichment analy-
sis further indicated that the differential genes associated with SH3D21 high-expression

group were enriched in cell cycle, DNA replication, mismatch repair, tight linking and
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48h and 72 h, respectively. (G) Effect of higher and lower expression of SH3D21on colony-forming ability of HepG2 and
Huh-7 cells. * p < 0.05, **p < 0.01 vs. Control group.

https://doi.org/10.1371/journal.pone.0302766.9003
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PI3K-AKT-mTOR pathway. All these pathways are primarily related to HCC cell prolifera-
tion and invasion. The differential genes associated with SH3D21 low-expression group were
found to be enriched in drug metabolism cytochrome P450, fatty acid metabolism, comple-
ment and coagulation cascades and PPAR signaling pathway (Fig 5C).

KEGG enrichment analysis of SH3D21I-associated differential genes was performed using
the ICGC dataset to validate GSEA results from the TCGA dataset. The results suggested
that the differential genes associated with SH3D21 high-expression group were mainly
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enriched in pathways related to the tumor proliferation and invasion, such as cell cycle,
PI3K-AKT signaling pathway, DNA replication, mismatch repair, gap linking, and VEGF
angiogenesis pathway. The differential genes associated with SH3D21 low-expression group
were enriched in complement and coagulation cascades, drug metabolism, arachidonic
acid metabolism and PPAR signaling pathway (Fig 5D). The above results were similar to
the GSEA enrichment analysis results of TCGA dataset. Among the pathways enriched by
the differential genes in SH3D21 high- expression group, PI3K-AKT signaling pathway

was identified. The PI3K-AKT signaling pathway can promote multiple signaling processes
and regulate a variety of cellular functions, such as metabolism, proliferation, cell survival,
growth, and angiogenesis. Activation of PI3K pathway can not only promote cell cycle
progression, migration, but also inhibit cellular inflammation and apoptosis. Therefore, the
above results indicated that the high expression of SH3D21 has a potential role in activating
PI3K signaling cascade.

Single-cell sequencing analysis and in vitro experiments revealed that
SH3D21 can activate PI3K/AKT signaling pathway in HCC cells

Following data acquisition from Lu et al. [22], which involved single-cell sequencing of
hepatoma from the GEO database, we focused on analyzing the single-cell sequencing
results obtained from 10 different HCC tissues and 8 para-cancerous control tissues in the
dataset. After the batch correction was performed using the harmony algorithm to elim-
inate its potential effect on the cell clustering (Fig 6B). This resulted in the formation of
distinct 18 cell groups (Fig 6A). We utilized marker genes provided in the source litera-
ture to perform the cell type annotation (Fig 6C). Subsequently, HCC cells, macrophages,
monocytes, B cells, T cells and NK cells were selected for further analysis (Fig 6D). Nota-
bly, our cell type annotation revealed that SH3D21 was expressed in all the above 6 cell
type (Fig 6E).

The hepatocyte subsets were further analyzed, and cellular CNV analysis was performed
on hepatocytes using Copykat (Fig 6F). After the diploid and heteroploidy of hepatocytes
were identified, normal hepatocytes and HCC cells were distinguished (Figs 6F-6H). The
differential analysis between the hepatocytes and HCC cells revealed that SH3D21 was highly
expressed in HCC cells (Fig 61). The hepatocyte subsets were further divided into SH3D21
positive HCC cells, SH3D21 negative HCC cells and normal hepatocytes, and GSVA enrich-
ment analysis was conducted on the above three groups. The results of GSVA enrichment
analysis revealed that SH3D21 positive HCC cells exhibited enrichment in the different
pathways associated with tumor proliferation, invasion, and immunosuppression, such as
PI3K/AKT/mTOR, angiogenesis, EMT, IL6-JAK-STATS3. Interestingly, SH3D21 negative
HCC cells exhibited enrichment in various pathways associated with hedgehog signaling,
apical junction, coagulation, and hypoxia. GSVA enrichment analysis revealed that normal
hepatocytes exhibited enrichment in various pathways associated with inflammation and
immune response, such as TNFA signaling via NFKB, inflammatory response, complement,
P53, apoptosis (Fig 6]). These results indicated that SH3D21 was highly expressed in HCC
cells and can potentially activate the PI3K/AKT/mTOR pathway, thus promoting the growth
of HCC.

Furthermore, in vitro experiments to examine above results. we observed that overexpres-
sion of SH3D21 led to increased protein levels of mTOR, p-PI3K/PI3K, and p-AKT/AKT in
HepG2 and Huh-7 cells. Conversely, when SH3D21 was knocked down, reverse effects on the
aforementioned proteins in HepG2 and Huh-7 cells were observed (Fig 7) (S4 Fig in S1 Data).
These findings indicated that SH3D21 could activate PI3K/AKT/ mTOR signaling pathway in
HCC cells.
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to perform the cellular CNV analysis on hepatocytes(G). Distribution of the normal hepatocytes and HCC cells (H). (I) Differ-
ence analysis of SH3D21 expression between hepatocytes and HCC cells. (J) GSVA enrichment analysis of SH3D21-positive,
SH3D21-negative HCC cells and the control hepatocytes.

https://doi.org/10.1371/journal.pone.0302766.g006
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Fig 7. In vitro experiments revealed that SH3D21 can activate the PI3K/AKT signaling pathway. Protein expres-
sion electrophoretograms and ratio of the gray value of key proteins in PI3K/AKT signaling pathway after SH3D21
silencing and overexpression in HepG2 and Huh-7 cells, respectively. * p < 0.05, *¥p < 0.01, **¥p < 0.001 vs. Control
group.

https://doi.org/10.1371/journal.pone.0302766.g007

Immune landscape of SH3D21 in HCC and its response to immunotherapy

The correlation analysis between SH3D21 expression and TME based on TCGA database
revealed that high expression group of SH3D21 possessed higher immune score than low
expression group of SH3D21I (P < 0.001) (Fig 8A). This result is also confirmed in ICGC data-
base analysis (Fig 8B). However, the analysis results of TCGA and ICGC databases revealed
that there was no statistically significant correlation observed between the expression level of
SH3D21 and immune scores (P>0.05). In addition, TCGA and ICGC datasets also revealed
that there was no statistical difference observed in tumor matrix score and tumor purity

score between high- and low- expression groups of SH3D21. The CIBERSORT method was
employed to analyze the possible relationship between expression of SH3D21 and immune cell
infiltration in TCGA data set. The results revealed that high expression of SH3D21 accom-
panied by MO immune cell infiltration (P <0.001) (Fig 8C). Moreover, the high expression

of SH3D21 was positively correlated with MO cell infiltration (R=0.5, P=7.1E-08) (Fig 8D).
This result was also confirmed in ICGC database analysis (Fig 8E). Based on analysis results
of the immune microenvironment characteristics before, it was suggested that SH3D21I could
regulate immunity through affecting macrophages, MDSC and Th2 cells.

The correlation analysis between SH3D21 and immune checkpoints in TCGA (Fig 8G)
and ICGC (Fig 8F) datasets demonstrated that high expression of SH3D21 was positively
correlated with the expression of immune checkpoint molecule. This observation indicated
that high expression of SH3D21 can affect immunosuppression microenvironment of HCC.
In addition, the correlation between SH3D21 and the expression level of tumor-related factors
MKI67, TP53, KRAS, CTNNBI and IDHI were also investigated. The analysis based on
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KRAS, CTNNBland IDH1, and correlation analysis between SH3D21 and DNAsi and RNAsi based on the TCGA
dataset. (I) The correlation analysis between SH3D21 and MIK67, TP53, KRAS, CTNNBland IDH1 based on ICGC
dataset.

https://doi.org/10.1371/journal.pone.0302766.9008

TCGA (Fig 8H) and ICGC (Fig 81) datasets revealed that the expression of SH3D21 was posi-
tively correlated with MIK67, TP53, KRAS as well as CTNNBI, and the expression of SH3D21
was negatively correlated with IDH1. In addition, the correlation analysis between SH3D21
and the stemness of HCC cells revealed that SH3D21 was negatively correlated with DNAsi of
HCC cells (Fig 8H), but there was no significant correlation between SH3D21 and RNAsi.

Immunotherapy data in GEO database was further analyzed to observe the intervention
effect of immunotherapy on SH3D21. These data included Melanoma Treatment study
GSE78220, Renal Cancer Treatment Study GSE67501, Urothelial Cancer Treatment Study
IMvigor, and immunotherapy data from TCIA database (https://tcia.at/patients). It was found
that none of the above immunotherapies had a statistically significant effect on SH3D21
(P>0.05), thus indicating that SH3D21 was not sensitive to immunotherapy. Thereafter,
cancer-related drug sensitivity genomics (GDSC, Genomics of Drug Sensitivity in Cancer)
were used to screen SH3D21 sensitive drugs. The top 10 sensitive drugs identified were
AMG-706, ATRA, CEP-701, GSK1904529A, JNK-9L, JQ12, LFM-A13, PFI-1, SB505124 and
YK4-279(Fig 9A).

A mimetic time-series analysis was performed to observe the potential changes in SH3D21
during the development of HCC cells. The results revealed that SH3D21 was at a relatively
stable level during the development of HCC cells and did not show any significant decrease
or increase with the progression of HCC (Fig 9B). To aid clinicians assess patients’ prognoses
based on the aforementioned parameters, we established a nomograph of different prognostic
factors including SH3D21 expression, patient age, gender, hepatocellular carcinoma stage,
grade, and several other variables to predict the OS of the patients (Fig 9C). The multivariate
ROC curve analysis demonstrated that SH3D21 expression possessed predictive value for one-
year (AUC=0.764), three-year (AUC=0.750) and five-year (AUC=0.752) survival rates in
HCC patients (Fig 9C), the fitting curve revealed that the model had good reliability.

4. Discussion

In this study, the role of SH3D21 in HCC was investigated in detail. The results revealed that
expression level of SH3D21 was increased in HCC and associated with poor prognosis of HCC
patients. SH3D21 was found to promote the proliferation, invasion, and migration of HCC
cells, and can activate PI3K/AKT/ mTOR signaling pathway.

SH3D21 gene is located at 1p34.3 locus and encodes a protein with a molecular weight
of 71kDa. In terms of subcellular localization, SH3D21 is found in both the nucleus and the
cytoplasmic membrane. Functionally, SH3D21 can function as a signaling molecule within the
cells by forming complexes with other proteins. For instance, in a previous study by Jacklyn
N. Hellwege et al., it was discovered that two single nucleotide polymorphisms within the
SH3D21 gene were associated with Resting Metabolic Rates (RMR) based on exome array
analysis [15]. Moreover, in another study, Mohammad Masoudi et al. utilized the Pickles data-
base and identified the requirement of SH3D21 gene for maintaining the survival of NCIH526
lung cancer cell line. Furthermore, in the context of pancreatic cancer research, SH3D21 has
been identified as a novel sensitizer to gemcitabine treatment [23]. Despite these findings, our
understanding of the exact role played by SH3D21 in tumorigenesis remains relatively limited.
Hence, further research is warranted to comprehensively elucidate the potential involvement
of SH3D21 in HCC.
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In the analysis of HCC samples from the TCGA database, SH3D21 was found to be highly
expressed in HCC, and the increased expression of SH3D21 was positively correlated with the
histological grade, clinical stage, and T stage of HCC, thereby suggesting that SH3D21 has a
key role in promoting the clinical progression of HCC. This conclusion was also confirmed
by the analysis of the HCC dataset from the ICGC database. The IOBR package was further
employed to analyze the correlation between SH3D21 and TME characteristics. TCGA and
ICGC database analysis consistently revealed that high-expression of SH3D21 was associated
with EMT, cell cycle, DNA replication, TH1, TH2 cell regulation, MDSC and TIP immune cell
infiltration. These results indicated that SH3D21 can effectively promote the clinical progres-
sion of HCC by stimulating the proliferation and invasion of HCC cells and generating tumor
immunosuppressive microenvironment. To further investigate the cell types that SH3D21
specifically acts on, HCC single-cell sequencing dataset from the GEO database was employed
and by analyzing the expression of SH3D21 in different types of cells, the primary cellular
role of SH3D21 was determined. The results revealed that SH3D21 was expressed on HCC
cells, macrophages, monocytes, B cells, T cells and NK cells. This indicated that SH3D21I had
important functional effects on all the above cells. In this study, only HCC cells were selected
for follow-up research.

A single-cell dataset from the GEO database revealed that SH3D21 was expressed at higher
levels in HCC samples in comparison to the normal hepatocytes. The role of SH3D21 in
promoting the proliferation and invasion of HCC cells was further verified by CCKS, cloning,
invasion, and migration experiments. In order to further explore the specific mechanism of
SH3D21 promoting the progression of HCC cells, GSEA analysis results of TCGA database,
KEGG analysis results of ICGC database and GSVA analysis results of single cell sequencing
dataset were used. The results of enrichment analysis revealed that cell cycle, PI3K-Akt, DNA
replication, mismatch repair, gap link, and VEGF angiogenesis pathways were significantly
enriched in all the above three datasets. However, the potential effect of SH3D21 on activation
of PI3K-Akt signaling pathway was the primary focus of this study. The PI3K-Akt signaling
pathway has been implicated in the regulation of cell proliferation, invasion, apoptosis signal-
ing processes. Activation of PI3K pathway can not only promote the cell cycle progression and
tumor cell migration, but also inhibit immune cells, thereby constructing a tumor immuno-
suppressive microenvironment.

Activation of the PI3K/AKT/mTOR signaling pathway can occur through diverse mech-
anisms, including AKT-induced phosphorylation of apoptosis and cell cycle blocking factors
such as BAD (BCL2-related cell death agonist), MDM2 (ubiquitin ligase of p53), FOXO
(apoptosis-inducing transcription factor), IKK (inhibitor of kappa B kinase), and IxB (IxkB
kinase, which acts as a inhibitor of the transcription factor NF-kB). Interestingly, targeted
inhibition of these factors can lead to enhanced activity of cell cycle, DNA replication, and
other associated signaling pathways [24,25]. In addition, due to metabolic reprogramming in
tumors, abnormal activation of PI3K/AKT/mTOR pathway can promote the immunosuppres-
sive response [26], which in turn can lead to the formation of the immunosuppressive net-
work of tumors [27]. PI3K/AKT/ mTOR signaling pathway also plays a role in regulating M1/
M2 polarization of macrophages [28], similar to the tumor-associated macrophage (TAM)
switch between immune stimulation and immune suppression [29]. In addition, PI3K/AKT/
mTOR signaling pathway also plays a significant role in promoting glycolytic metabolism in
HCC cells, which can cause the abnormal accumulation of lactic acid. As a product of glycoly-
sis, lactic acid produced by the tumor cells can promote M2-like polarization of tumor-
associated macrophages [30-32]. Moreover, M2-like polarization of tumor-associated
macrophages can inhibit anti-tumor immunity, stimulate tumor angiogenesis, enhance tumor
cell invasion as well as infiltration, and further promote the tumor growth [33-35], thus
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forming a vicious cycle. In this study, the activation of PI3K/AKT/ mTOR signaling pathway
by high expression of SH3D21 was confirmed by further experiments.

Considering that there are few studies reported on potential role of SH3D21 in tumorigen-
esis, the expression of SH3D21 in pan-cancer and its influence on pan-cancer were also ana-
lyzed. Among the 33 different tumor types investigated, SH3D21 exhibited altered expression
in 19 tumor tissues in comparison to the normal tissues. Specifically, SH3D21 expression was
increased in 17 tumors (P<0.05) and decreased in 2 tumors (P <0.05). Interestingly, although
SH3D21 expression was elevated in certain tumors such as BLCA, ESCA, and READ, it did
not significantly impact the overall patient survival (P>0.05). These observations indicate that
the influence of SH3D21 might significantly vary across different tumor types.

5. Conclusion

In summary, SH3D21 can display elevated expression levels in various tumor types, including
primary HCC. Notably, SH3D21 can promote the proliferation and invasion of HCC by acti-

vating PI3K/AKT/mTOR signaling pathway. Consequently, SH3D21 could serve as a promis-
ing candidate for targeted intervention in hepatoma treatment.
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