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Introduction: Hepatocellular carcinoma (HCC) is the most prevalent liver cancer
and a leading cause of cancer-related deaths worldwide. Heterogeneous nuclear
ribonucleoprotein Al (hnRNPA1) plays a critical role in RNA metabolism,
including alternative splicing, which is linked to cancer progression. Our study
investigated the role of hnRNPA1 in HCC and its potential as a therapeutic target.

Methods: We analyzed hnRNPA1 expression in HCC tissues compared to non-
tumor tissues using RNA-seq and immunohistochemistry. hnRNPA1 was
knocked down in Hep G2 cells to assess its impact on cell proliferation,
migration, and apoptosis using scratch assays, flow cytometry, gPCR, and
Western blot. We also explored the interaction between hnRNPA1 and ZNF207,
as well as its splicing effects and downstream signaling pathways by RIP assay,
bioinformatics, gPCR and Western blot.

Results: hnRNPA1 was significantly upregulated in HCC tissues compared to
normal tissues, correlating with poor patient survival. hnRNPA1 knockdown
reduced Hep G2 cell proliferation and migration while increasing apoptosis.
We identified that hnRNPA1 bound to ZNF207 and regulated its exon 9 skipping,
influencing ZNF207 splicing and the PI3K/Akt/mTOR pathway, key regulators of
cell growth and survival.

Conclusion: Our findings demonstrate that hnRNPA1 promotes HCC
progression by regulating ZNF207 splicing and the PIZK/Akt/mTOR pathway.
hnRNPA1-ZNF207 interaction represents a potential therapeutic target for HCC,
providing insights into the molecular mechanisms underlying HCC progression.
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GRAPHICAL ABSTRACT

1 Introduction

Liver cancer is a significant global health concern, ranking as the
sixth most commonly diagnosed cancer and the third leading cause of
cancer-related deaths worldwide (1). In 2020 alone, it accounted for
over 900,000 new cases and more than 830,000 fatalities.
Hepatocellular carcinoma (HCC), the most prevalent form,
constitutes over 80% of all liver cancer cases. HCC is notorious for
its high propensity for metastasis and postoperative recurrence,
which significantly challenge treatment outcomes and patient
survival (2). Metastasis often occurs when cancer cells from the
primary liver tumor spread to distant organs such as the lungs, bones,
or brain (3). This process involves complex interactions between
cancer cells and the surrounding microenvironment, enabling the
cells to invade adjacent tissues, enter the bloodstream, and establish
secondary tumors (4). Postoperative recurrence, where the cancer
returns after surgical removal of the primary liver tumor, is another
major hurdle. It can be due to microscopic cancerous cells that
remain undetected during surgery, microvascular invasion or the
presence of occult metastasis (5, 6). These factors contribute to the
aggressive nature of HCC and emphasize the need for advanced
treatment strategies and careful post-surgery monitoring to improve
patient outcomes. In recent years, plant-derived natural products and
their metabolites have gained attention for their potential to inhibit
HCC. Compounds such as polyphenols and flavonoids have
demonstrated antitumor effects by targeting key pathways involved
in HCC progression (7, 8).

RNA-binding proteins are critical trans-factors that specifically
bind to cis elements in mRNAs, exerting regulatory control over
mRNA stability and translation (9, 10). An essential process in RNA
regulation is alternative splicing (AS), which generates different
mRNA splicing isomers from pre-mRNA through diverse splicing
methods (11). Microarray analyses reveal that over 95% of human
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genes are subject to AS, leading to the generation of various
protein isoforms (12). The process includes several types of AS,
including exon skipping, mutually exclusive exons, alternative 3’
and 5" splice site selection, and intron retention (13). Growing
evidence has shown that cancer cells exploit this mechanism to
enhance their growth and metastatic potential by manipulating
splicing patterns. Among the key players in this regulation are
heterogeneous nuclear ribonucleoproteins (hnRNPs). These
proteins are crucial in regulating selective splicing of pre-mRNAs
and stabilizing mRNA translocations, thus influencing the gene
expression landscape in cancer cells (14, 15). hnRNP proteins
regulate all levels of expression of apoptotic genes, including
transcription initiation and elongation, alternative splicing,
mRNA stability, translation, and protein degradation (16). For
example, splicing to the Bcl-xS 5" splice site was also enforced by
heterogeneous nuclear ribonucleoprotein (hnRNP) F/H proteins
and by Samé8 in cooperation with hnRNPAI1. Overall several
reports suggest hnRNPA1 regulates the binding ability of genes
with RNA through post-transcriptional modifications such as
phosphorylation and ubiquitination, thereby affecting their roles
in cell proliferation and apoptosis (17-19).

Zinc finger protein 207 (ZNF207) is part of the zinc finger
family of transcription factors, which plays a crucial role in binding
to specific DNA sequences to regulate gene expression (20). Recent
study has identified ZNF207 as a putative immunosuppressive
target in HCC (21), which demonstrated that ZNF207 protein
levels are significantly elevated in HCC tissues, and its expression
is associated with several clinical parameters such as cirrhosis,
nodule number, tumor capsule presence, vascular invasion, and
TNM staging (tumor, Node, Metastasis staging system), all of which
are critical factors in the progression and prognosis of HCC (22).
The role of ZNF207 in cancer, particularly in HCC, underscores its
importance in the field of oncology, aligning with the broader
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research on zinc finger proteins in cancer. The connection between
high ZNF207 expression and key pathological features of HCC
suggests that ZNF207 could serve as a biomarker for HCC severity
and progression. Furthermore, its involvement in these crucial
aspects of HCC makes it a compelling candidate for precision
therapy, targeting specific molecular pathways to improve
treatment outcomes (23). Despite these insights, the exact
mechanisms through which ZNF207 contributes to HCC
progression remain unclear.

The phosphoinositide 3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/Akt/mTOR) is a well-established
signaling cascade critical for cell proliferation and differentiation
(24). This pathway is initiated when cell surface receptors respond
to external stimuli, activating PI3K. Subsequently, PI3K catalyzes the
conversion of phosphatidylinositol 4,5-bisphosphate into
phosphatidylinositol-3,4,5-trisphosphate, which in turn activates
Akt. And then Akt stimulates mTOR complex 1 (mTORCI),
enhancing the cellular synthesis of proteins, nucleotides, and lipids,
thus promoting cell proliferation. Dysregulation of this pathway can
lead to excessive cell proliferation, commonly associated with disease
states, including cancer (25). Rapamycin, an allosteric inhibitor of
mTOR, was initially approved as an immunosuppressant but has
since garnered attention for its potential as an anticancer agent (26).
Despite the broad implications of mTOR inhibitors in cancer therapy,
the link between aberrant alternative splicing, a process that can
influence cancer progression by generating diverse protein isoforms,
and mTOR activation in HCC remains unexplored.

In light of the intricate mechanisms that govern HCC
progression and the significant role of RNA-binding proteins in
regulating gene expression, this study focuses on hnRNPA1 and its
potential impact through the modulation of AS. Particularly, we
examine the splicing of exon 9 in the ZNF207 gene, hypothesizing
that hnRNPAT’s interaction with this process could crucially
influence the PI3K/Akt/mTOR signaling pathway, a key regulator
of cellular behaviors associated with cancer aggressiveness such as
proliferation and migration. By delineating how hnRNPA1 affects
this pathway via ZNF207, we aim to uncover novel therapeutic
targets and provide a more profound understanding of the
molecular underpinnings of HCC. This could pave the way for
developing strategies that inhibit HCC progression by targeting
specific components of its genetic regulation.

2 Materials and methods
2.1 Bioinformatics analysis

Gene expression data were sourced from GSM2343352 and
GSM2343354. The analysis and visualization of gene expression were
conducted using the GEPIA (Gene Expression Profiling Interactive
Analysis) online tool (http://gepia.cancer-pku.cn) and the ggplot2
package in R (https://www.r-project.org/). Survival analysis was
performed and visualized using the “survival” package (https://
cistrome.shinyapps.io/timer/). Raw data were compared and
quantified using RSEM 1.3.3 and Bowtie2 software (27, 28).
Alternative splicing was analyzed using rMATS 4.1.2 software,
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with visualization of these results facilitated by rmats2sashimiplot
(29). Differentially expressed genes (DEGs) was identified using the
“DESeq2” package (https://bioconductor.org/packages/release/
bioc/html/DESeq2.html), and Gene Ontology (GO) functional
enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were conducted using the
“cluster Profiler” package (https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html).

2.2 Cell culture and cell viability assay

Hep G2 cells and SMMC 7721 were obtained from the Cell Bank
of the Chinese Academy of Sciences and cultured according to the
study’s protocol. These cells were maintained in DMEM enriched
with 10% heat-inactivated FBS, penicillin (100 units/mL), and
streptomycin (100 pg/mL) in a 37°C incubator with a humidified
atmosphere of 5% CO,. Cell viability was assessed using the MTT
assay. For this assay, cells were seeded in 96-well plates and treated
with the appropriate reagents. After treatment, 100 pL of MTT
solution (5 mg/ml) was added to each well, and the plates were
incubated for 4 h at 37°C. Subsequently, 100 uL of DMSO (Sangong,
Shanghai) was used to dissolve the formazan crystals formed by the
cells. The optical density was then measured at 492 nm using a PL-
9602 Enzyme Labeling Instrument (Perlong Medical, Beijing, China).
Cell viability was calculated as a percentage relative to the control.

2.3 Construction of mutant plasmid

The hnRNPAI overexpression plasmid hnRNPA1 (NM_002136)
pcDNA3.1-3xFlag-C was purchased from Youbio (Changsha, Hunan).
For the construction of the pCMV-Myc-ZNF207 mutant plasmid,
primers ZNF207-Bal I, ZNF207-Kpn I, and ZNF207-OE-F/R were
designed (Supplementary Table S1). Overlapping PCR was performed
using ZNF207-Bal I and ZNF207-OE-R, as well as ZNF207-Kpn I and
ZNF207-OE-F, under the following conditions: 95°C for 3 min,
followed by 29 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for
10 s, with a final extension at 72°C for 5 min. The PCR products were
then combined and used as a template for a subsequent round of PCR
with ZNF207-Bal I-F and ZNF207-Kpn I-R. The pCMV-Myc plasmid
served as the template for these PCR amplifications. Next, 20 UL of the
PCR product was mixed with 1 uL of Bal I and 1 pL of Kpn I (Thermo
Fisher Scientific, USA), and the mixture was incubated at 37°C for 14 h.
Homologous recombination was then carried out at the mutant sites of
the overlapping products using reagents from T4 DNA Ligase (Thermo
Fisher Scientific, USA). Finally, 5 UL of the recombinant plasmid was
transformed into ToplO competent cells and cultured on plates
containing ampicillin overnight. The correctly constructed plasmid
was confirmed through nucleic acid sequencing.

2.4 Immunohistochemical (IHC) staining

We collected tumor samples from patients. Briefly, the
hnRNPA1 antibodies (1:100) were applied to stain each tissue
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sample. Subsequently, the indicated HRP-conjugated secondary
antibody was used in incubating the slice at 37 °C for 45 min. We
then used diaminobenzidine (DAB)solution (Immunoway, China)
to stain the slice, and we counterstained the nuclei with
Harris’hematoxylin. The percentage of specifically positive
staining of tumor cells was classified with the following grades: 0
(<5%), 1 (6%-25%), 2 (26%-50%), 3 (51%-75%), and 4 (>75%). The
final score was expressed by multiplying the staining intensity and
the percentage of specifically positive staining tumor cells.

2.5 RNA extraction and RT-qPCR

RNAiso easy (Takara, Japan) was used to extract total RNA
according to the manufacturer’ instructions. cDNA was synthesized
from 1 pg of total RNA using NovoScripts plus All-in-one 1Ist
Strand ¢cDNA Synthesis Super Mix (E401, Novoprotein, Suzhou,
China), following the manufacturer’s instructions. Real-time RT-
PCR analysis was performed on a CFX Connect PCR detection
system (Bio-Rad, Germany) using NovoStart Universal Fast SYBR
qPCR Super Mix (E047, Novoprotein, Suzhou, China), according to
the manufacturer’s instructions. The reaction was performed on
CFX Conect (Bio-Rad, Singapore) with conditions: 95°C for 2 min,
38 cycles of 95°C for 5 s, and 60°C for 15s. The mRNA expression

(folds) was calculated using the 278Ct method.

2.6 Cell transfection

The siRNAs of hnRNPAI and control were purchased from
Jikai Gene (Suzhou, China). Sequences are detailed in
Supplementary Table SI. Cells grown in 6-well plates were
transfected with a final concentration of 75 pmol. Lipofectamine
2000 (Invitrogen) was used for all transfection assays according to
the instructions. The efficiency of all transfections was examined by
RT-qPCR. Relative sequences are listed in Supplementary Table S1.

2.7 Flow cytometry analysis

SMMC 7721 or Hep G2 were seeded onto a 6-well plate at a
density of 5 x 10° per well 36 h before transfection with si-hnRNPAI.
To analyze apoptosis transfected si-hnRNPA1, cells were collected and
double-stained with annexin V and propidium iodide using the
Annexin V-PI apoptosis detect in Kit (Vazyme, Nanjing, China),
following the manufacturer’s instructions. The flow data were selected
using BD FACSDiva v.7 and analyzed using Flow]Jo v.7.6. The gating
strategies are shown in Supplementary Figure S5.

2.8 Cell clone formation and cell wound
healing assay

For the cell clone formation assay, 1,000 transfected cells were
seeded in 6-well plates. After four days, the cells were fixed with 4%
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paraformaldehyde (PFA) for 30 min. Following fixation, cells were
rinsed with tap water and stained with a 0.1% crystal violet solution
for 1 h. The plates were rinsed again, and photographs were taken
for documentation.

For the wound healing assay, cells were plated in 6-well plates and
allowed to grow until they reached 100% confluence. A scratch was
then made on the plate using a 10 pL pipette tip, and the cells were
subsequently cultured in serum-free DMEM medium. For each
sample, three random areas were selected and observed under 10 x
10 magnification at 0 and 24 h, respectively. The relative migration
distance of the cells was measured to assess their migration capability.

2.9 Western blot analysis

Treated cells were lysed with RIPA lysis buffer supplemented with
a protease inhibitor and phosphatase inhibitor (ABclonal, China) for
30 min on ice. The protein samples were collected after centrifugation
at 12,000 rpm at 4°C for 10 min. Equal amounts of protein were loaded
and separated on 6%~15% SDS-PAGE gels and transferred onto
polyvinylidene difluoride (PVDF) membranes (Merck Millipore Ltd.
IPVHO00010, Darmstadt, Germany). The membranes were blocked
with 5% milk blocking solution at room temperature for 1-2 h, washed
in TBST buffer, and incubated overnight at 4°C with primary
antibodies of p-mTOR, mTOR, p-PI3K and PI3K (1:1000, ZEN-
BIOSCIENCE, China), p-Akt, Akt, hnRNPA1 (1:1000, Immunoway,
China), B-actin, B-tubulin and GAPDH (1:2000, ABclonal, China),
Bax, Bcl2, Caspase 3 and cleaved Caspase3 (1:1000, HuaBio, China).
After washing with TBST 3 times, the membranes were incubated with
secondary antibodies conjugated with horseradish peroxidase (HRP)
(1:10000, Abbkine, China) at room temperature for 1 h. The
membrane blots were detected by using an enhanced
chemiluminescence (ECL) kit (NCM Biotech, China). All gray
analyses for protein blots were performed with Image] software.

2.10 TBE vertical gel electrophoresis

Gel electrophoresis at 5% concentration was performed using
the following components: 6.5 mL of ddH,O, 1.25 mL of 40%
acrylamide, 2 mL of 5 X TBE, 100 pL of 10% ammonium persulfate
(AP, Sangon, China), and 8 uL of TEMED. After the gel solidified,
DNA samples from the transfected cells were loaded, and the
electrophoresis was conducted at 125 V and 125 mA for 60
minutes. Subsequently, the gel was immersed in 4S Red stain
(Sangon, China) and allowed to develop under a UV lamp for
one hour.

2.11 RNA immunoprecipitation assays
Cells were lysed by multimeric lysate contained with 1 M KCI,

50 mM MgClz, 100 mM HEPEs-NaOH (PH 7), 5% NP-40, ImM
DTT, 200 units/mL RNase Inhibitor (Sangon Biotech, B600478),
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Protease Inhibitor Cocktail (MedChemExpress, HY-K0010). Then,
protein A/G magnetic beads (Selleck, B23201) preincubated with
IgG (negative control) or antibody specific for HNRNPA1
(Abclonal, A11564) were incubated with lysates at 4°C overnight.
After washing five times, Eluted RNAs were purified by Proteinase
K (Sangon Biotech, A610451) The enrichment of ZNF207 was
detected by qRT-PCR.

2.12 Statistical analysis

Data are presented as means + standard error (SD).
Comparisons among groups were performed using one-way
ANOVA followed by Dunnett’s test using GraphPad Prism 9.0
with different letters representing different significances: a: p< 0.05,
b: p< 0.01, c: p< 0.005, d: p< 0.001 (n = 3).

3 Results

3.1 Expression patterns of hnRNPA1 in HCC

Using bioinformation tool, we analyzed gene expression profiles
from 374 cancer tissue samples and 50 normal tissue samples
extracted from The Cancer Genome Atlas (TCGA) database. Our
study identified a significant elevation in hnRNPAI expression in
different cancers such as colorectal adenocarcinoma (COAD),
diffuse large B-cell lymphoma (DLBC), and liver hepatocellular
carcinoma (LIHC) (Figure 1A). Kaplan-Meier survival curves
further indicated a negative correlation between hnRNPAI
expression and survival rates in HCC patients (Figure 1B).
Specifically, the mRNA expression level of hnRNPAI was
increased in the HCC cell (SMMC 7721 and Hep G2) compared
with normal liver cells (L02 and LX-2), also the mRNA expression
level of hnRNPA1 was increased in other cancer cells (U251, Hela
and B16-F10) (p < 0.001) (Figure 1C). The result of western blot
analysis confirmed that hnRNPA1 expression was predominantly
elevated in HCC cells (SMMC 7721, MCHH 97H and Hep G2) in
comparison to non-HCC cells (Hela, B16-F10 and U251) and
normal liver cells (L-02 and LX-2) (p < 0.05) (Figure 1D;
Supplementary Figure SI). The size difference in hnRNPAI
protein originates from the alternative splicing in the C-terminus.
Immunohistochemistry performed on HCC patient tissues
validated the significant elevation of hnRNPA1 in tumor tissues
compared to adjacent non-tumor tissues (p < 0.001) (Figure 1E).

3.2 Knockdown of hnRNPA1 inhibited HCC
cells proliferation and migration

To elucidate the role of hnRNPAI in facilitating the progression of
HCC and its underlying molecular mechanisms, we engineered siRNAs
targeting hnRNPAI specifically (Supplementary Table SI,
Supplementary Figure S2A). MTT and clonogenic assays revealed that
silencing hnRNPAI significantly reduced the proliferation of Hep G2
cells (p < 0.05), (Supplementary Figures S2B, C). Additionally, wound
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healing assays demonstrated that hnRNPAI knockdown markedly
decreased the migration of Hep G2 cells (p < 0.05, Supplementary
Figure S2D). Previous research indicates that hinRNPAI suppresses pro-
apoptotic proteins, thereby influencing tumor growth (30). Western blot
analysis confirmed that hnRNPAI knockdown reduced Bcl2 levels and
enhanced the expression of the pro-apoptotic protein Bax and caspase-3
activation (Supplementary Figure S2E).

Subsequently, we assessed hnRNPAI expression in Hep G2 and
SMMC 7721 cells (Figure 2A; Supplementary Figure S3A). MTT
and clonogenic assays showed that overexpressing hnRNPAI
significantly increased cell proliferation in both Hep G2 and 7721
cells, significance is only evaluated between knockdown and
overexpressing cells (Figures 2B, C). The above results showed
that cell proliferation was no significant difference within 24h. The
result of wound healing assays showed that overexpression of
hnRNPAI led to a significantly higher migration rate compared to
the control within 24h (Figure 2D). CCND1 (Cyclin D1), MPP2
(Membrane palmitoylated protein 2), Bax, Bcl2, HIFIA and
VEGFA are transcriptionally regulated molecules that are related
to cell proliferation, apoptosis and cancer cell invasion and
metastasis processes. The results of qPCR showed that
knockdown-hnRNPA1 dramatically lowered mRNA levels of these
molecules in Hep G2 (Supplementary Figure S3B).

3.3 Knockdown of hnRNPA1 functional
enrichment analysis

To further explore the relationship between hnRNPAI and HCC,
we performed an in-depth RNA-seq analysis of hnRNPA I-knockdown
in Hep G2 cells using common data. The results identified 2,641 DEGS
from TCGA, GSM2343352 and GSM2343354, consisting of 1,312 up-
regulated genes and t. 1,329 down-regulated genes. Changes in down-
regulated genes were ETV4 (ETS Variant Transcription Factor 4) and
ETV5 (ETS Variant Transcription Factor 5) are related to
transcriptional regulation, EML4 (EMAP like 4), BCL2 and Myc are
related to cancer development. And changes in up-regulated genes
were CDHI1 (E-cadherin), NOTCHI1 and IL21R were related to the
normal morphology of cells (Figure 3A). The results of RT-qPCR were
consistent with the results of DEG analysis (Figure 3B). GO analysis of
the identified DEGs showed that several biological processes (BP)
related to tumorigenesis, the apoptosis signaling pathway, and the
negative regulation of cell proliferation were all affected after hnRNPA1
knockdown (Figure 3C). KEGG pathway analysis revealed significant
differences in the expression of protein processing in endoplasmic
reticulum, ubiquitin mediated proteolysis, and endocytosis (Figure 3D).

3.4 Alternative splicing events mediated by
hnRNPAL1 in Hep G2 cells

It has been reported that hnRNPA1 plays a crucial role in regulating
many cellular AS events. To explore the specific AS events influenced by
hnRNPAI that affect the proliferation of Hep G2 cells, we processed
enhanced ultraviolet cross-linking and immunoprecipitation (eCLIP)
and KD-RNA-Seq data from eight samples. We established a genome
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FIGURE 1

The expression levels of hnRNPAL in HCC. (A) hnRNPA1 expression profile across all tumor samples and paired normal tissues. Red letters indicate
high expression of hnRNPAL in this tissue. Green letters indicate low expression of hnRNPAL1 in this tissue. (B) Kaplan-Meier survival curves of HCC
patients. (C) Relative mRNA expression of hnRNPAL in different cells by quantitative real-time PCR (n = 3). Data are normalized to the Gapdh mRNA.
Different letters indicate statistical significance (ns: no significance, d: p < 0.001). (D) Western blot analysis of hnRNPAL in different cells. B-actin was
set as the control group. Original images are presented in Supplementary Figure S1. ns: no significance, a: p < 0.05, b: p < 0.01, c: p < 0.005, d: p <
0.001. (E) Representative immunohistochemistry images for nnRNPAL protein expression in peritumor and HCC tumor tissues. c: p < 0.005, d: p <

0.001. Scale bar, 200 um.

index with the human genome GRCh38 as the reference, setting the read
segment length at 99 for get bam files (31). The files on exon skipping
events calculated by rMATS software were analyzed using the maser
package in R software and rmats2sashimiplot software, and the
occurrence of ZNF207 exon skipping in the control group and the
knockdown hnRNPAI experimental group was compared to obtaining
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the regulatory information of hnRNPAI on alternative splicing of
ZNF207. This analysis identified 75,465 exon skipping (SE) events.
Among these, 22 were significantly noteworthy, with ZNF207
displaying the most pronounced change in Delta PSI, showing a
decrease of 0.278 (avg reads > 100, FDR > 0.05, Delta PSI = 0.1)
(Figure 4A). We also noted a substantially increased frequency of exon
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skipping in ZNF207. Initially, eCLIP data confirmed the binding of
hnRNPAI to ZNF207 mRNA (Figure 4B). RNA immunoprecipitation
(RIP) results also revealed that hnRNPA1 could bind to ZNF207 in Hep
G2(Figure 4C). Detailed examination indicated that skipping exon 9 in

FIGURE 2

Knockdown of hnRNPALI inhibits HCC cells proliferation and migration. (A) Western blot analysis of hnRNPAL in Hep G2 and 7721. B-tubulin was set
as the control group. Original blots are presented in Supplementary Figure S3A. (B) MTT assay showed that hnRNPA1 knockout inhibited cells

proliferation. ns, no significance, a: p < 0.05, b: p < 0.01. (C) Cell clone formation assay showed that hnRNPA1 knockout inhibited cells proliferation.
hnRNPA1 overexpression promoted the proliferation of Hep G2. i, NC, ii, si-hnRNPAL, iii, OE-hnRNPAL, iv, Rescue. (D) Wound healing assay showed
that hnRNPA1 knockout inhibited cells migration within 24 h. hnRNPA1 overexpression promoted cells migration. ns, no significance, a: p < 0.05, b:

A
Hep G2 >
? ¢ S

)
hoRNeA1 [ o L ]
B-tubulin |- L — |55kDa

A\ N
SMMC 7721 gﬁ’ @Q $
(o} . \&& QI\\(\ &
~ & J <

hnRNPA| | $= £2 s o

B-tubulin |_. -—— —— - - —| 55kDa
B Hep G2

- NC
* si-hnRNPA1

il * OE-hnRNPA1

& b - Rescue

23 &

a

e

2’ :

z

21

Sol ; ; ;

A O

C SMMC 7721

* NC

* si-hnRNPA1
-® OE-hnRNPA1
-® Rescue

a

= [ ©

Cell Viability ( OD 492nm)

o

& > > s
N A S o

NC si

SMMC 7721

p < 0.01, c: p < 0.005. Scale bar, 200 um.

Frontiers in Oncology

07

10.3389/fonc.2024.1517459

ZNF207 is a specific event, leading to the generation of transcript B
(NMO00103229.3) (Figure 4D). Alternative splicing involves the change of
isoforms. Visualization of this AS event revealed elevated IncLevel values
for the skipped exon which represented an increased expression of
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transcript B, which showed by yellow area (Figure 4E). The results of
TBE blot showed that ratios of transcript A/B were decreased, which
indicated the expression of transcript B was higher in Hep G2 (Figure 4F;
Supplementary Figure S4A). Additionally, the result of RT-qPCR showed
that the expression of ZNF207 transcript B was increased after inRNPA 1
knockdown (Figure 4G). This suggested that hnRNPAI regulate the
expression of exon-skipping transcripts of the ZNF207 gene in Hep G2.
Skipping of exon 9 in ZNF207 produced transcripts of varying lengths, so
the mRNA length changes after splicing.

1329 down-regulation genes 1312 up-regulation genes

Ajust p value (-log10)

10.3389/fonc.2024.1517459

3.5 ZNF207-short but not ZNF207-long
promoted cell proliferation and migration

The findings above demonstrated that hnRNPA1 knockdown
impacted AS in Hep G2 cells. To assess the influence of ZNF207
exon 9 splice isoforms on the proliferation and migration of HCC
cells, we synthesized mutant plasmids for ZNF207-short and
ZNF207-long using overlapping PCR and whole-genome
synthesis (Supplementary Figures S4B, C). We then evaluated
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Differentially expressed genes (DEGs) identification and functional enrichment analysis of hnRNPA1-knockdown cells. (A) Volcano plot of DEGs
identified in the comparison after h(nRNPA1 knockdown. (B) Relative mRNA expression of genes in Hep G2 cells by quantitative real-time PCR

(n = 3). Data are normalized to the Gapdh mRNA. Different letters indicate statistical significance. a: p<0.05, b: p<0.01. (C) GO enrichment analysis of
DEGs after hPnRNPA1 knockdown. (D) KEGG analysis of DEGs after hnRNPA1 knockdown.
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a: p < 0.05, b: p < 0.01. Scale bar, 200 um. (D) Flow cytometry experiments showed that ZNF207-short, inhibited apoptosis in HCC cells. (E) Western
blot analysis showed that ZNF207-short slowed down the process of apoptosis and original blots are presented in Supplementary Figure S5B.

the impact of these mutant plasmids on cell proliferation and
migration. Our results indicated that both h/nRNPAI knockdown
and ZNF207-long suppressed HCC cell proliferation whereas
ZNF207-short enhanced these processes (Figures 5A, B).
Wound healing assays further confirmed that knockdown of
hnRNPAI and ZNF207-long hindered HCC cell migration,
while ZNF207-short facilitated it (Figure 5C). Additionally,
flow cytometry analysis revealed that knockdown of hnRNPAI
and ZNF207-long increased apoptosis, while ZNF207-short
reduced it (Figure 5D; Supplementary Figure S5A). Western
blot analysis showed that knockdown of hnRNPAI and
ZNF207-long upregulated the pro-apoptotic protein Bax and
downregulated the anti-apoptotic protein Bcl2, thereby
activating caspase-3 and enhancing apoptosis (Figure 5E;
Supplementary Figure S5B).

3.6 mTOR-mediated aberrant alternative
splicing affected the PI3K/Akt signaling
pathway in HCC cells

Since excessive activation of the PI3K/Akt/mTOR pathway is
known to inhibit caspase family proteins, reducing apoptosis, we
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explored the impact of the ZNF207 splice isoform on this signaling
pathway in Hep G2 or SMMC 7721 cells using Western blot
analysis. Results indicated that ZNF207-short enhanced the
activation of PI3K, leading to its conversion to phosphorylated
3,4,5-phosphatidylinositol triphosphate, which subsequently
activated Akt and mTOR, fostering cell proliferation
(Supplementary Figures S6A, B). Conversely, the knockdown of
hnRNPA1 and ZNF207-long reduced the phosphorylation of PI3K,
Akt, and mTOR, with the changes in Akt and mTOR
phosphorylation being statistically significant (p < 0.05).

As mTOR is a key downstream effector of the PI3K/Akt
pathway and plays a crucial role in cell growth and
proliferation, its inhibition, such as by rapamycin, is often
targeted in cancer therapy due to the pathway’s frequent
dysregulation in tumors. After transfecting Hep G2 cells with
ZNF207-long and ZNF207-short for 36 h, the cells were treated
with 8 UM rapamycin for 24 h. Western blot analysis showed that
rapamycin effectively inhibited mTOR phosphorylation.
Following the rapamycin treatment, there was a slight decrease
in PI3K/Akt activity, but the difference in the PI3K/Akt signaling
pathway expression between cells transfected with ZNF207-short
and those with inhibited mTOR activity was not significant
(Figures 6A, B).
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mMTOR-mediated aberrant alternative splicing affects the PI3K/Akt signaling pathway in Hep G2. (A) Western blot analysis was used to assess the
phosphorylation levels of PI3K, Akt and mTOR in HCC cells. (B) The densiometric analysis for PI3K, Akt and mTOR expression in HCC cells. ns, no
significance, a: p<0.05, b: p<0.01. The original blots are presented in Supplementary Figure S6D.

4 Discussion

Aberrant alternative splicing (AS) profiles have been
increasingly recognized for adding significant complexity to the
oncogenic network and playing a pivotal role in the development
and progression of cancers, including hepatocellular carcinoma
(32-34). One potential explanation for the marked differences in
splicing patterns between normal liver tissues and HCC is the varied
expression of RNA-binding proteins and their splicing modalities.
It has been observed that different liver disease models in mice
display distinct profiles of trans-acting splicing factor 1 expression.
While these variations in expression profiles do not directly alter the
AS of genes, they are significantly associated with the survival
outcomes in human HCC patients (35). This linkage suggests that
changes in the expression levels of splicing factors (SFs) might be
crucially linked to patient prognosis and could thus serve as a focal
point for targeted therapeutic interventions (36). These findings
underscore the importance of understanding the interplay between
RNA-binding proteins and AS in modulating the oncogenic
landscape of HCC, providing a promising avenue for the
development of novel therapeutic strategies.

TCGA has revolutionized our comprehension of the genetic
foundations of cancer through its utilization of high-throughput
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genomic analysis techniques (37). In this investigation, we observed
a pronounced elevation of hnRNPAI expression in liver cancer
tissues using the TCGA public database. Moreover, hnRNPA1 was
found to be highly expressed in other cancer types, including
cervical cancer, where it plays a crucial role in cancer cell growth,
survival, and metabolic alterations, positioning it as an active driver
of cancer progression (38). Previous research has indicated that
hnRNPA1 can suppress the expression of the tumor suppressor
gene p53, thus fostering the proliferation and metastasis of liver
cancer cells (39). In contrast, long non-coding RNAs (IncRNAs) are
known to modulate tumor metastasis and epithelial-mesenchymal
transition (EMT) by interacting with hnRNPA1 and miRNAs (40).
Latest research has showed that hnRNPAI positively regulates
vaccinia-related kinase 1 (VRKI) translation via binding directly
to the 3’ untranslated region (UTR) of VRKI mRNA, thus
increasing cyclin D1 (CCNDI) expression by VRKI-mediated
phosphorylation of the cAMP response element-binding protein
(CREB) (41). This study’s findings reveal that hnRNPAI not only
directly modulates epithelial factors but also affects the alternative
splicing (AS) of the transcription factor ZNF207. This interaction
further influences tumor metastasis, providing fresh insights and a
theoretical framework for understanding the role of hnRNPAI in
the advancement of liver cancer. These observations highlight the
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complex interplay between hnRNPAI, its regulatory networks, and
their impact on liver cancer pathogenesis, underscoring the
potential of targeting hnRNPAI and its associated pathways in
therapeutic strategies.

In this study, we have shown that hnRNPA I plays a pivotal role in
enhancing cell proliferation and migration in HCC cells. Flow
cytometry analysis revealed a marked increase in apoptosis rates
following the downregulation of /nRNPA1. ZNF207, a member of
the zinc finger protein family, is integral to various biological
functions, including RNA splicing and protein translation. RIP
analysis revealed hnRNPAI can bind to ZNF207 in Hep G2. Then
software analysis enabled us to determine that the AS patterns of
ZNF207 are altered in liver cancer tissues when hnRNPA1 expression
is reduced. Recent advancements in understanding the cancer-
immune cycle have highlighted the anti-tumor immune responses,
offering more precise therapeutic targets for HCC patients (42).
Studies have explored immunosuppressive targets in HCC by
integrating cancer-immune cycle scores with bioinformatics,
identifying ZNF207 in this context. Nonetheless, the exact
mechanisms through which ZNF207 contribute to the acceleration
of HCC progression remain to be fully elucidated. Alternative splicing
is a critical post-transcriptional regulation mechanism occurring in
95% of human exons, significantly increasing the diversity and
complexity of the human proteome and complicating the disease
processes (43). Different transcript isoforms exert distinct functions
due to their varying exon-skipping patterns. In this study, we
investigated the effects of transcript isoforms by constructing
plasmids and transfecting them into HCC cells. Our findings
demonstrated that ZNF207 produces two transcript isoforms of
varying lengths by excluding exon 9. The shorter transcript
isoforms were shown to promote proliferation and migration while
inhibiting apoptosis in HCC cells. This observation is akin to findings
in lung cancer, where inactivation of the splicing factor RBM10 alters
the production of shorter transcript isoforms of the EGFR gene,
impacting normal alveolar epithelial cell function and contributing to
lung cancer progression (44). However, we were unable to detect the
expression of these two isoforms in HCC tissues and adjacent normal
tissues. Despite this limitation, our study demonstrated that reduced
hnRNPAI expression favors the production of the shorter ZNF207
transcript isoforms, thereby enhancing cell proliferation and
migration while suppressing apoptosis in HCC cells. In future
studies, we aim to further investigate the expression differences and
underlying mechanisms of these two transcript isoforms in normal
liver tissues and liver cancer, to better understand their roles in
HCC progression.

Previous results confirmed that hnRNPA1I affects the growth
and survival of cancer cells and becomes active proteins in cancer
cells. The PI3K/Akt/mTOR pathway is an intracellular pathway
directly associated with cell proliferation, growth, and cancer (45).
In this study, we found that /nRNPAI promotes the expression of
mTOR, which activates PI3K/Akt and affects cell proliferation and
migration. Concurrently, the shorter transcript isoforms of ZNF207
accelerate PI3K/Akt/mTOR pathway activation and increase
hnRNPA1 expression. Conversely, the longer transcripts of
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ZNF207 results in the opposite effect. Overall, the interaction
between alternative splicing and the PI3K/Akt/mTOR signaling
pathways is bidirectional, with each pathway influencing and
regulating the other. These processes play crucial roles in the
regulation of fundamental biological functions including cell
growth, metabolism, and survival. This interplay introduces a
novel layer of intricacy to intracellular signaling networks and
offers fresh perspectives for investigating the pathogenesis and
potential therapeutic targets of associated diseases.

In conclusion, our study elucidated the pivotal role of hnRNPA1
in regulating the progression of HCC through its influence on the
alternative splicing of ZNF207. Specifically, we demonstrated that
hnRNPA1 modulates the splicing of exon 9 in ZNF207, which in
turn affects key signaling pathways, notably the PI3K/Akt/mTOR
pathway, that governs cell proliferation and survival. The silencing
of hnRNPAI resulted in reduced proliferation and increased
apoptosis in Hep G2 cells, confirming its critical function in
cancer cell dynamics. These findings not only enhance our
understanding of the molecular mechanisms underlying HCC but
also highlight potential therapeutic targets for disrupting the
hnRNPA1-ZNF207 interaction. By targeting this pathway, future
therapies might better manage or even inhibit the aggressive nature
of HCC, offering hope for improved clinical outcomes.

5 Limitations of the study

We provide extensive evidence that hnRNPAI regulates the
progression of HCC by influencing the alternative splicing of
ZNF207. However, it should be noted that our assessment of
ZNF207’s alternative splicing may not be entirely accurate or fully
standardized. In this work, we have specifically analyzed gene
expression profiles from 424 tissue samples extracted from TCGA
database and concluded hnRNPAI was high expression in HCC.
However, the samples used for immunohistochemistry were relatively
small, which may limit to fully demonstrate the expression of hnRNPA1
in normal or tumor tissues. Although we examined the protein
expression of hnRNPA1 in different cells, we have also not tested the
protein expression of hnRNPALI in tumor tissue. Further studies will
provide larger samples to enhance the reliability of the findings.
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SUPPLEMENTARY FIGURE 1

The expression levels of hnRNPA1 in HCC. The original blots of Figure 1D
illustrate the following: the left membrane was stained with anti-B-actin
antibody, the right membrane was probed with anti-hnRNPAL antibody.

SUPPLEMENTARY FIGURE 2

Knockdown of hnRNPA1 influences Hep G2 cell growth. (A) The expression of
hnRNPAZL in Hep G2. b: p < 0.01(B) MTT assay showed that hnRNPA1
knockdown inhibited Hep G2 proliferation. a: p < 0.05. (C) Cell clone
formation assay showed that hnRNPA1 knockdown inhibited Hep G2
proliferation. a: p < 0.05. (D) Wound healing assay showed that hnRNPA1
knockdown inhibited Hep G2 migration. b: p < 0.01. Scale bar, 200 um. (E)
Western blot analysis showed that hnRNPA1 knockdown slowed down the
process of apoptosis. ns, no significance, a: p < 0.05, b: p < 0.01. (F) The
original blots of (E) illustrate the following: the top membrane was stained
with anti-GAPDH (top) and anti-B-tubulin (down) antibody, the second
membranes were probed with anti-Bcl2 (left) and anti-Bax antibody (right),
and the third membranes were probed with anti-Caspase3 (left) and anti-
cleaved Caspase3 antibody (right), the low membranes were probed with
anti-hnRNPAL (left) and anti-B-tubulin antibody (right).

SUPPLEMENTARY FIGURE 3

Knockdown of hnRNPAL inhibits HCC cells proliferation and migration. (A)
The original blots of Figure 3A illustrate the following: the top membrane was
stained with anti-B-tubulin antibody (left) and anti-hnRNPA1 antibody (right)
in Hep G2, the down membrane represents the top membrane was stained
with anti-B-tubulin antibody (left) and anti-hnRNPA1 antibody (right) in
SMMC7721. (B) Relative mRNA expression of genes involved in cell
proliferation, cell apoptosis and vascular endothelial growth. ns, no
significance, a: p < 0.05, b: p < 0.01, c: p < 0.005, d: p < 0.001.

SUPPLEMENTARY FIGURE 4

ZNF207-short but not ZNF207-long promoted cell proliferation and
migration. (A) The full gel electrophoresis shows ZNF207 transcription level
in knockdown of hnRNPA1 in Hep G2 cell lines. A representative assay
illustrated the change of alternative splicing, as determined by the TBE
analysis. The top gel was the B-actin PCR products (~139 bp) of control and
knockdown hnRNPA1 in Hep G2. The down gel was the ZNF207 transcripts
PCR products (~236bp) were digested into one fragment (~144bp), indicative
of skipped exons. (B) Overlapping PCR flowchart. (C) Mutant plasmids for
ZNF207-short and ZNF207-long.

SUPPLEMENTARY FIGURE 5

ZNF207-short but not ZNF207-long promotes proliferation and migration.
(A) Flow cytometry experiments showed that ZNF207-short, inhibited
apoptosis in HCC cells. (B) The original blots of Figure 5E illustrate the
following: the top membrane was stained with anti-Bax antibody (left) and
anti-Bcl2 antibody (right) in Hep G2, the middle membrane was probed with
anti-Caspase3 antibody (left) and anti-Cleaved Caspase3 antibody (right) in
Hep G2. The lower membrane was probed with anti-GAPDH antibody in Hep
G2. The rest membranes in SMMC 7721 were probed with antibody in
equal order.

SUPPLEMENTARY FIGURE 6

ZNF207 affects the PI3K/Akt signaling pathway in Hep G2. (A) Western blot
analysis of PI3K, Akt and mTOR in Hep G2. (B) The densiometric analysis for
PI3K, Akt and mTOR in Hep G2. ns, no significance, a: p < 0.05, b: p < 0.01. (C)
The original blots of (A) illustrate the following: the top membrane was
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stained with anti-mTOR & p-mTOR antibody (left) and anti-GAPDH antibody
(right) in Hep G2, the middle membrane was probed with anti-PI3K antibody
(left) and p-PI3K antibody (right) in Hep G2. The lower membrane was probed
with anti-Akt antibody (left) and p-Akt antibody (right) in Hep G2. (D) The
original blots of Figure 6A illustrate the following: the top membrane was
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