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A B S T R A C T   

Aberrant alternative splicing is one of the important causes of cancer. Polypyrimidine tract 
binding protein 1 (PTBP1) has been found to be involved in splicing regulation in a variety of 
tumors. Here, we observed significant up-regulation of PTBP1 in primary hepatocellular carci-
noma (HCC) tissues. High levels of PTBP1 expression were associated with poor prognosis and 
increased metastatic potential in HCC. In vitro studies demonstrated that elevated PTBP1 pro-
moted both migration and invasion by HCC cells. In contrast, knockdown of PTBP1 significantly 
inhibited the migration and invasion of HCC cells in vitro. Further, up-regulation of PTBP1 
markedly accumulated the expression of oncogenic isoform of NUMB, NUMB-PRRL. We observed 
two isoforms of NUMB, NUMB-PRRL and NUMB-PRRS exhibit opposite function in HCC cells, 
which partially explain PTBP1 plays the tumor promoting roles in a NUMB splicing-dependent 
manner. In summary, our study indicates that PTBP1 may serve as an oncogene in HCC pa-
tients by regulating the alternative splicing of NUMB exon 9 and could potentially serve as a 
prognostic indicator.   

1. Introduction 

Hepatocellular carcinoma (HCC), one of the most common liver tumors, is expected to affect up to 1 million people globally by 
2025 [1], with Chinese patients accounting for about 53%. The worldwide 5-year survival rate for HCC patients is less than 20%, owing 
to delayed diagnosis and high recurrence/metastasis rates during treatments. It has been found that the interaction of multiple bio-
logical processes, such as chronic hepatitis B virus (HBV) infection, tumor microenvironment, intercellular signaling pathways, and 
cellular metabolic system, could accelerate the progress of HCC [2,3]. At present, several studies focus on the application of nano-
biotechnology in the precise theranostics of HCC, but the selection of therapy targets still deserves further exploration [4,5]. 

Alternative splicing is one of the critical mechanisms of eukaryotic gene expressions, which contributes to proteomic diversity [6]. 
And 95% of human genes have been spliced during transcription. Alternative splicing usually functions during post-transcriptional 
processing. During alternative splicing, a single sequence of precursor mRNA (pre-mRNA) is processed into multiple mature 
mRNAs, because of the different sequences of UTR regions or coding regions [7]. Polypyrimidine tract binding protein 1 (PTBP1), also 
known as hnRNP I, is a member of the non-homogeneous nuclear ribonucleoproteins (hnRNPs) family that can recognize 
pyrimidine-enriched regions in pre-mRNAs. As an RNA binding protein, PTBP1 was capable of directly bind the pre-mRNAs or through 
ligands, causing the bound RNA to become circular, wrapping the variable exons and ultimately affecting mRNA splicing [8,9]. 
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Increasing evidences suggested that PTBP1 is associated with tumor malignant progression. PTBP1 was participated in the 
metastasis of tumors by affecting alternative splicing of the related genes. For example, overexpression of PTBP1 in ovarian cancer cells 
could promote cell metastasis and colony formation due to the fact that PTBP1 could promote the exon 6B skipping of CDC42 [10]. It 
has been found that PTBP1 was correlated with poor prognosis in the patients with advanced colorectal cancer [11]. Additionally, 
knockdown of PTBP1 regulated the alternative splicing processing of several tumor metastasis-related genes (such as CTTN, PKM2, and 
EGFR), ultimately inhibiting the metastasis of colorectal cancer cells [12]. However, there are fewer studies on PTBP1 in HCC cells and 
whether there is regulation of alternative splicing. 

Our study revealed an upregulation of PTBP1 expression in HCC tissues. PTBP1 facilitated the proliferation, migration, and in-
vasion of HCC cells. Moreover, we observed that PTBP1 modulated the expressions of pro-oncogenic NUMB isoforms that respectively 
promote HCC cell proliferation and migration. 

2. Materials and methods 

2.1. Cell lines, RNA interference and plasmids 

We obtained the human normal liver cell line L-02 and five HCC cell lines (Huh7, SMMC7721, HepG2, PLC/PRF/5 and HCCLM3) 
from the China Center for Type Culture Collection (CCTCC) in Wuhan City. These cells were cultured in our laboratory under standard 
conditions of 37 ◦C with 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Australia) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Australia), as well as penicillin and streptomycin. The siRNAs targeting different isoforms of NUMB and the control 
siRNAs were synthesized by Ribobio (Guangzhou, China), and transfected using the RiboFECTTM CP transfection kit (Ribobio, China) 
according to the manufacturer’s instructions. To stably knock down the expression of PTBP1, the sequences of short hairpin RNAs 
(shRNAs) targeting PTBP1 were cloned into the pGreenPuro vector. Target sequences were used as follows: shPTBP1-1: GGACGG-
CATTGTCCCAGATAT; shPTBP1-2: GCGTGAAGATCCTGTTCAATA. The intact sequences of PTBP1 were synthesized by Biomed Co. 
(Beijing, China) and cloned into the pLVX-Puro vector (Clontech, USA) for overexpression of PTBP1. These vectors were then subject to 
lentiviral packaging to construct HCC cell lines with stable overexpression or knockdown of PTBP1. 

2.2. Cells proliferation, migration and invasion assays 

The CCK-8 kit (CK04, Dojindo, Japan) was used to measure the proliferation of HCC cells (9 × 103 cells per well), following the 
manufacturer’s instructions. A total of 5 × 104 cells (200 μL) were seeded on the top chamber of each insert (353097, BD Biosciences, 
USA) or matrigel invasion chamber (354480, BD Biosciences, USA). The lower chambers contained DMEM supplemented with 20% 
FBS. Cells adhering to the lower side of the inserts were stained with 0.1% crystal violet solution and counted using an IX71 inverted 
microscope (Olympus, Japan) after incubation at 37 ◦C for 24–48 h. 

2.3. RNA extraction and semi-quantitative PCR assays 

Total RNAs were extracted from cultured cells using RNApure tissue&cell kit (CW0584S, CWBIO, China) and cDNAs were syn-
thesized from 500 ng of total RNAs using the PrimeScript RT reagent kit (RR037A, Takara, Japan). The semi-quantitative PCR assays 
for NUMB and its spliced isoforms were conducted using KOD-Plus-Neo reagent (KOD401, TOYOBO, Japan) with gene-specific 
primers: NUMB forward 5′-GCATCAGCTCCCTGTGCTCAC-3′ and reverse 5′-GGTCGGCCTCAGAGGGAGTAC-3′; GAPDH forward 5′- 
CGGAGTCAACGGATTTGGTCGT-3′ and reverse 5′- TCTCAGCCTTGACGGTGCCA-3’. The quantification of PCR products was per-
formed using the Image J software (USA) after agarose gel electrophoresis. 

2.4. Immunoblotting assays 

For protein analysis, cells were lysed in RIPA buffer (CW2333S, CWBIO, China) with EDTA-free protease inhibitor cocktail (1:100; 
04693132001, Roche, Switzerland). Total proteins (10–20 μg) were electrophoresed on SDS-polyacrylamide gels and transferred to 
nitrocellulose filter membrane for incubation with primary and secondary antibodies. The immunoreactive bands were detected using 
the SuperSignal™ West Pico chemiluminescent substrate kit (34577, Thermo, USA) and immunoblotting detection system (BioRad, 
USA). The following primary antibodies were used: anti-GAPDH (1:1,000; ab9485, Abcam, USA) and anti-PTBP1 (1:1,000; 32–4800, 
Thermo, USA). 

2.5. Statistics and reproducibility 

The experiments, including Western blotting, were repeated at least twice with consistent results. Data is presented as means ±
standard deviation (s.d.). Student’s t-test was used to compare quantitative data between two groups assuming equal variances. If the 
measured values did not meet normality and homogeneity assumptions, log-transformation was applied before t-tests. Fisher’s exact 
test was used to analyze contingency tables based on sample sizes. Disease-free survival (DFS) was calculated from tumor resection 
until the first HCC recurrence, death, or last follow-up. Overall survival (OS) was defined as the time between the surgery and death or 
last follow-up. Patients lost to follow-up or who died from causes unrelated to HCC were considered censored events. Univariate and 
multivariate Cox regression analyses were used to assess the impact of variables on survival rates. Kaplan-Meier method was applied to 
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calculate survival curves, and log-rank test was conducted for significance determined (P < 0.05). Statistical analysis was performed 
using R software (version 3.5.2; www.rproject.org) or GraphPad Prism (version 8), unless otherwise specified. 

3. Result 

3.1. Overexpression of PTBP1 in HCC predicts poor outcomes of HCC patients 

Previous studies have found that PTBP1 usually plays the role of oncogene in tumors [13–15]. In this study, we were aimed to 

Fig. 1. Abnormal expression of PTBP1 in HCC. (A) mRNA expression levels of PTBP1 in 33 solid tumor samples (red) and the corresponding 
normal tissues (blue). (B) The protein expression level of PTBP1 in the TCGA-LIHC cohort identified by the UALCAN website. (C) Up-regulation of 
PTBP1 in 11 independent cohorts of HCC patients (including TCGA-LIHC, ICGC-LIRI-JP, GSE22058, GSE25097, GSE36376, GSE14520, GSE64041, 
GSE54236, GSE63898, GSE76427 and GSE46444). (D¸ E) Kaplan-Meier analyses of overall survival (D) and disease-free survival (E) in HCCs ac-
cording to the mRNA expression status of PTBP1. Data was obtained from the TCGA HCC dataset. HR, hazard ratio. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Over-expression of PTBP1 is required for HCC cell survival. (A) The mRNA levels of PTBP1 were determined in multiple human he-
patocyte cell lines utilizing real-time quantitative PCR (RT-qPCR) assays, including one immortalized hepatocyte cell line (L-02) and five HCC cell 
lines (Huh7, SMMC7721, HepG2, PLC/PRF/5 and HCCLM3). (B) Construction of Huh7 and HepG2 cells stably expressing exogenous PTBP1. (C) 
CCK-8 assays revealed that up-redulated of PTBP1 has pro-growth effect on Huh7 and HepG2 cells. (D) Transwell assays revealed that over-
expression of PTBP1 promotes migration and invasion of Huh7 and HepG2 cells. All quantification data are mean ± SD from three independent 
experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test). n.s., not significant. 
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elucidate the molecular mechanisms by which PTBP1 promotes HCC progression. First, we utilized the TIMER2 database [16] to 
analyze the mRNA expression status of PTBP1 across various cancer types of TCGA. As shown in Fig. 1A, PTBP1 was expressed at 
apparent higher levels in such kinds of solid tumor tissues than in the corresponding normal tissues, including in HCC. Then, we 
profiled the pattern of PTBP1 protein expression in the TCGA-LIHC cohort through the UALCAN website [17] (http://ualcan.path.uab. 
edu/index.html). Consistently, the protein expression level of PTBP1 was significantly elevated in HCC tissues (P < 0.0001; Fig. 1B). 
We next evaluated PTBP1 transcription levels in multiple HCC studies from HCCDB database [18] (http://lifeome.net/database/ 
hccdb/home.html; including 11 datasets: GSE22058, GSE25097, GSE36376, GSE14520, GSE64041, GSE54236, GSE63898, 
TCGA-LIHC, ICGC-LIRI-JP, GSE76427 and GSE46444). An analysis of 11 HCC cohorts revealed that PTBP1 mRNA expression 
significantly increased in HCC compared to adjacent non-carcinoma tissues in 9 HCC cohorts (Fig. 1C). We also examined the cor-
relation between PTBP1 expression and patient prognosis in the TCGA-LIHC cohort. The study showed that high PTBP1 expression was 
associated with worse overall survival (Log-rank P = 0.023, HR = 1.43; Fig. 1D) and progression-free survival in HCC patients 
compared to those with low PTBP1 expression (Log-rank P = 0.0075, HR = 1.7; Fig. 1E). These findings suggested that increased 
PTBP1 expression may serve as an oncogene in HCC and is linked to poor prognosis. 

3.2. PTBP1 enhances the abilities of proliferation and migration of HCC cells 

To better understand PTBP1’s biology in HCC, we examined its expression in five HCC cell lines and a control liver cell line. 
Endogenous PTBP1 mRNA levels were lower in L-02, Huh7, SMMC7721, and HepG2 compared to other HCC cell lines (Fig. 2A). We 
then created stable PTBP1-expressing Huh7 and HepG2 cells (Fig. 2B) and found that it promoted their proliferation using CCK-8 
assays (Fig. 2C). Previous studies had shown that HCC cell’s unlimited proliferation and strong invasive and metastatic abilities are 

Fig. 3. Knockdown of PTBP1 damages HCC cell survival. (A) Stable knockdown of PTBP1 by two independent shRNAs. (B) CCK-8 assays 
revealed that down-regulated of PTBP1 has a suppressive effect on HepG2 and HCCLM3 cells. (C) Transwell assays revealed that knockdown of 
PTBP1 decreases migration and invasion of HepG2 and HCCLM3 cells. All quantification data are mean ± SD from three independent experiments. 
*p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test). n.s., not significant. 

Z. He et al.                                                                                                                                                                                                              

http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
http://lifeome.net/database/hccdb/home.html
http://lifeome.net/database/hccdb/home.html


Heliyon 9 (2023) e17387

6

the main causes of high malignancy degree and worse overall survival [19]. As expected, PTBP1 overexpression accelerated HCC cell 
migration and invasion (Fig. 2D). 

3.3. Depletion of PTBP1 impaired the proliferation and migration of HCC cells 

We further utilized shRNAs targeting PTBP1 to stably weaken the endogenous expression of PTBP1 in HepG2 and HCCLM3 cell 

Fig. 4. NUMB isoforms exert different tumor biological functions. (A) Semi-quantitative PCR assays reveals that knockdown of PTBP1 pro-
moted the expression of the NUMB-PRRS and suppressed the expression of the NUMB-PRRL in HepG2 and HCCLM3 cells. (B) Semi-quantitative PCR 
assays reveals that up-regulated of PTBP1 promoted the expression of the NUMB-PRRL and suppressed the expression of the NUMB-PRRS in HepG2 
and Huh7 cells. (C) Instant knockdown of NUMB-PRRL and NUMB-PRRS by two independent siRNAs respectively. (D) CCK-8 assays revealed that 
down-regulated of NUMB isoforms have an opposite effect on HepG2 and Huh7 cells. (E) Transwell assays revealed that knockdown of NUMB 
isoforms decrease or increase migration and invasion of HepG2 and Huh7 cells. All quantification data are mean ± SD from three independent 
experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test). n.s., not significant. 
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lines (Fig. 3A). In contrast, the proliferation rates of HepG2 and HCCLM3 with knockdown of PTBP1 were significantly slower than that 
of the control group of corresponding cells (Fig. 3B). Knockdown of PTBP1 significantly reduced the migration and invasion of HCC 
cells (Fig. 3C), indicating its vital role in regulating their tumorigenicity through proliferation and migration. 

3.4. PTBP1 regulated the expressions of pro-oncogenic isoforms of NUMB 

As an oncogene, PTBP1 can promote tumorigenesis by playing the role of a splicing factor that regulates target genes, such as NUMB 
[20]. PTBP1, by regulating the splicing of NUMB exon 9, allows NUMB to produce both PRRL (proline-rich domain long) and PRRS 

(proline-rich domain short) isoforms. In particular, NUMB-PRRL expression is upregulated in a variety of tumor tissues and promotes 
tumor progression, while NUMB-PRRS can inhibit AKT signaling pathway activation, thereby suppressing cancer cell proliferation and 
survival [21–24]. To confirm whether PTBP1 regulates the splicing of NUMB in HCC, we examined the effect of PTBP1 expression on 
NUMB-PRRL and NUMB-PRRS by the semi-quantitative PCR assay. As shown in Fig. 4A, knockdown of PTBP1 significantly promoted 
the expression of the NUMB-PRRS, while suppressed the expression of the NUMB-PRRL. The opposite regulatory effect was observed in 
the assay which PTBP1 was overexpressed (Fig. 4B). This suggested that PTBP1 is involved in regulating NUMB alternative splicing in 
HCC cells. 

Further, in order to evaluate the tumorigenicity of NUMB-PRRL and NUMB-PRRS in HCC cells, we utilizing siRNAs respectively 
targeting two NUMB isoforms in HepG2 and HCCLM3 cell lines (Fig. 4C). The CCK-8 assays revealed that knockdown of NUMB-PRRS 

promoted HepG2 and HCCLM3 cell proliferation. In contrast, the proliferation rates of HepG2 and HCCLM3 with knockdown of NUMB- 
PRRL was significantly slower than that of the control group of corresponding cells (Fig. 4D). The results of Transwell and Invasion 
assays showed that knockdown of NUMB-PRRL significantly reduced the number of migrating and invading HCC cells, while 
knockdown of NUMB-PRRS increased the number of cells (Fig. 4E). Therefore, these results indicated that PTBP1 regulates the splicing 
of NUMB isoforms which benefit to the generation of NUMB-PRRL. Furthermore, NUMB-PRRL promotes HCC progression, meanwhile 
NUMB-PRRS inhibits HCC progression. 

3.5. Splicing of NUMB isoforms was required for PTBP1s tumor-promoting function 

We then investigated whether the oncogenic isoform of NUMB is necessary for PTBP1 to promote HCC cell proliferation, migration 
and invasion. To do so, we conducted a series of in vitro assays to determine if PTBP1 plays a role in tumor promotion through NUMB 
splicing. As expected, knockdown of NUMB-PRRL abolished PTBP1-induced promotion of cells proliferation, migration and invasion 
(Fig. 5A and B), while knockdown of NUMB-PRRS reversed the inhibitory effects caused by PTBP1 depletion on those malignant 
phenotypes (Fig. 5C and D). Furthermore, we confirmed in three HCC cohorts (GSE25097, GSE54263 and TCGA-LIHC) that NUMB 
exon9 expression is positively correlated with PTBP1 expression (Fig. 5E). These results suggest that PTBP1 promotes oncogenesis by 
facilitating the isoform switch from NUMB-PRRS to NUMB-PRRL. 

4. Discussion 

In this study, we demonstrated that the splicing factor PTBP1 in HCC acts as an oncogene by causing abnormal isoform switching of 
NUMB. We observed PTBP1 was increased in primary HCC tissues from the TCGA-LIHC cohort and higher levels of it were associated 
with worse OS and DFS rates in with HCC patients, indicating its potential as a valuable prognostic biomarker for further investigation. 
Additionally, our findings showed that overexpression of PTBP1 significantly enhances HCC proliferation and metastasis in vitro. Our 
findings also demonstrated that PTBP1 overexpression promotes HCC metastasis by upregulating NUMB-PRRL and downregulating 
NUMB-PRRS expression. 

Previous reports demonstrated that PTBP1 is often up-regulated in multi-types of cancer cells and reinforces the tumorigenicity of 
these cancer cells including colorectal cancer and breast cancer [25–27]. PTBP1 can serve as splicing factor to bind pre-mRNAs, such as 
PKM, regulating the expressions of their splicing isoforms [28,29]. However, less research has carried on in HCC. In this study, we 
found that PTBP1 is increased in HCC and predicts poor prognosis for patients with this disease, highlighting its clinical relevance. 
Additionally, PTBP1 promoted the malignant progression of HCC cells and regulates NUMB isoform splicing. 

NUMB is a membrane-associated protein, which encodes several mRNA transcripts via alternative splicing [30]. To our best 
knowledge, PTBP1 is responsible for the inclusion of NUMB exon 9 and the activation of the MAPK/ERK pathway is beneficial for 
NUMB exon 9 inclusion in cancer cells [31]. In our research, we preliminarily elucidated the regulation effect of PTBP1 on NUMB exon 
9 splicing, which further enriched the research on the splicing of NUMB. We further revealed that two transcripts of NUMB perform 
different tumorigenic functions in HCC. This could be due to exon 9 of NUMB, corresponding to a 49-amino-acid region, is located 
within the proline-rich region (PRR) of the protein [31]. Alternative splicing is achieved by regulating the inclusion or exclusion of 

Fig. 5. PTBP1 exerts its tumor-promoting role through splicing of the NUMB isoforms. (A) siNUMB-PRRL treatment abolishes the pro- 
proliferative effects of PTBP1 overexpression on HepG2 and Huh7 cells. (B) siNUMB-PRRL treatment eliminates the pro-migratory effects of 
PTBP1 overexpression on HepG2 and Huh7 cells. (C) siNUMB-PRRS treatment offsets the pro-proliferative effects of PTBP1 depletion on HepG2 and 
HCCLM3 cells. (D) siNUMB-PRRS treatment eliminates the pro-migratory effects of PTBP1 overexpression on HepG2 and HCCLM3 cells. All 
quantification data are mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test). n. s., not 
significant. (E) Pearson correlation analyses of the mRNA levels of PTBP1 and the exon 9 of NUMB in GSE25097, GSE54236 and the TCGA-LIHC 
cohort. TPM, transcripts per million. 
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exons, which are then translated into protein sequences that perform different functions [32]. For example, alternative splicing of 
FGFR2 generates two transcripts, IIIb and IIIc, which promote or inhibit the EMT process, respectively [33]. In addition, alternative 
splicing of Bcl-x exon 2 produces two isoforms with opposing effects on cell survival: the anti-apoptotic long isoform (Bcl-xL) and the 
pro-apoptotic short isoform (Bcl-xS) [34]. However, further evidence is needed to clarify NUMB’s mechanism in HCC, which could aid 
in developing a novel treatment strategy for this malignancy. 

5. Conclusions 

In conclusion, the research revealed that PTBP1 functions as an oncogene by promoting NUMB exon 9 inclusion and contributing to 
HCC development. High levels of PTBP1 expression indicate poor prognosis in HCC patients. The inclusion of NUMB exon 9 triggers 
malignant proliferation and metastasis in HCC cells (Fig. 6). However, further research is important to understand the mechanism 
behind NUMB splicing in HCC, which could be a potential therapeutic target for HCCs with NUMB exon 9 inclusion. 
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