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Background: Targeting the mRNA splicing process has been identified as a therapeutic
strategy for human cancer. PRPF19 is an RNA binding protein that is involved in pre-mRNA
processing and repairing DNA damage; the aberrant expression of PRPF19 is potentially
associated with carcinogenesis. However, the biological role of PRPF19 in hepatocellular
carcinoma (HCC) is still elusive.

Methods: Data obtained from TCGA, Oncomine, and GEO were used to investigate the
PRPF19 expression level and its role in tumor immune infiltration, prognosis, and the tumor
progression of cohorts from HCC. Using various databases and tools (UALCAN, TIMER,
TISMO, and PathCards), we presented the potential mechanisms of PFPF19 upregulation,
PRPF19-related pathways, and its biological functions in liver cancer.

Results: For HCC, PRPF19 expression was found upregulated both in single tumor cells
and tissues. Furthermore, the increased expression of PRPF19 was significantly correlated
to clinical characteristics: advanced stage, vascular invasion, high AFP, and poor
prognosis of HCC. According to the tumor-immunological analysis, we found that
PRPF19 is positively correlated with infiltrating myeloid-derived suppressor cells
(MDSCs). Moreover, the microenvironment of HCC tissues with high expression of
PRPF19 is highly immunosuppressive (lower T-lymphocytes, multiple immune
checkpoints upregulated). Patients with high expression of PRPF19 and high MDSCs
had a worse survival prognosis as well. TP53 mutation may have a positive effect on
PRPF19 expression via decreased promoter methylation of PRPF19. By TF-mRNA
network analysis, key transcription factors (TFs) in TC-NER and PCS pathways
(PRPF19 involved) were identified.

Conclusion: This work implied that PRPF19 is associated with tumor immune evasion
and progression, and serves as a prognostic marker for worse clinical outcomes with
HCC. Thus, this critical regulator could serve as a potential therapeutic target of HCC.
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INTRODUCTION

Liver hepatocellular carcinoma (LIHC) is considered to be one of
the common solid cancers and ranks third in the list of causes of
cancer-related deaths worldwide on the basis of the International
Agency for Research on Cancer (IARC) statistics reported in 2021
(Siegel et al., 2021). LIHC is characterized by high malignancy,
poor prognosis, and high recurrence rates worldwide. The main
reasons for the high mortality of LIHC are difficulty in early
detection, lack of effective treatments, and extremely high rates of
intrahepatic metastasis (Villanueva, 2019). Molecularly targeted
therapy is an active area of drug development in cancer therapy.
However, existing targeted drugs typically induce an incomplete
tumor response that is followed by drug resistance in advanced-
stage LIHC patients (Bruix et al., 2019). Given the high mortality
and unsatisfactory treatment options in LIHC, identifying new
LIHC-characteristic markers for patient stratification and
therapeutic intervention is a key unmet medical need in this
disease.

Aside from acting as a messenger and translator of the genetic
information in the cell, mRNA itself also exerts roles in regulating
protein expression and modulating cellular physiology (Ju et al.,
2019). In eukaryotic cells, transforming the mRNA precursor
molecule (pre-mRNA) to mature mRNA is an essential step in
gene expression. Abnormal pre-mRNA splicing regulation has
been causally related to the development of tumors (Baralle and
Giudice, 2017). In acute myeloid leukemia (AML) patients with
IDH mutations, frequent mutations in splicing factor mutations
are shown including SRSF2 and SF3B1 (Ohgami et al., 2015). In
addition, antineoplastic biological agents targeting specific
spliceosomal molecular mechanisms are also currently in
development (Yoshimi and Abdel-Wahab, 2017). However,
few studies have reported on the splicing factors as a
prognostic marker or therapeutic target in LIHC.

Pre-mRNA processing factor 19 (PRPF19) is one of the altered
splicing factors, which are essential for cell survival and DNA
repair (Beck et al., 2008). PRPF19 is located between q12.1 and
q13.1 in chromosome 11. Indeed, PRPF19 aberrant expressed in
multiple human cancers has been previously reported in
literature. Yihong et al. explored a potential mechanism about
PRPF19 in tongue cancer growth and chemoradiotherapy
resistance (He et al., 2021). Huang et al. found that PRPF19
participated in mitotic progression and arrests cell cycle in
hepatocellular carcinoma (HCC) cells (Huang et al., 2017). Yin
et al. also discovered that aberrant PRPF19 is associated with the
event of vascular invasion in HCC patients (Yin et al., 2016). It
was reported recently by Yuanxia et al. (Cai et al., 2020) that high
expression of PRPF19 promotes invasion, migration, and EMT in
neuroblastoma. However, to our knowledge, the PRPF19 gene in
HCC has not been systematically evaluated and warrants further
research.

Here, intending to assess the clinical value of PRPF19 in liver
cancer, we performed a multi-dimensional analysis of integrated
tumor immunity, somatic mutation, and functional networks to
capture multiple aspects of information of PRPF19 in LIHC.
These findings reveal the potential of PRPF19 as a novel
therapeutic target for HCC treatment and prognosis assessment.

MATERIALS AND METHODS

PRPF19 Expression in Liver Cancer
The RNA high-throughput sequencing data of the hepatocellular
cancer cases used in this study were from the following three
databases: The Cancer Genome Atlas (TCGA) portal (https://
tcga-data.nci.nih.gov), NCBI’s Gene Expression Omnibus (GEO)
(Edgar et al., 2002), and the Oncomine website (http://www.
oncomine.com). PRPF19 expression data in all samples were
extracted for subsequent analysis and visualization using R
programming language version 4.1.0. The visualization of
PRPF19 differential expression in normal and tumor tissues
was completed and generated using the R library gglot2.

PRPF19 Clinical Correlations in Liver
Cancer
We downloaded the clinicopathological data of hepatocellular
cancer cases from the TCGA. Samples with full
clinicopathological data including age, sex, grade, TNM stage,
microvascular invasion, fibrosis Ishak score, and the alpha-
fetoprotein level were grouped based on the high and low
expression of PRPF19. Univariate logistic regression was
performed to analyze the correlations between PRPF19
expression and clinical variables with the binary outcome.

PRPF19 Prognosis Value in Liver Cancer
To assess the relationship between the PRPF19 expression and
survival of liver cancer, the Kaplan–Meier method was selected to
calculate the median for time-to-event endpoints, which reported
the corresponding 95% CIs. Clinical outcome metrics of overall
survival (OS), progression-free interval (PFI), disease-free
interval (DFI), and disease-specific survival (DSS) were derived
from the TCGA-LIHC cohort. The “surv-cutpoint” function of
the survminer R package was used to investigate the optimal
cutoff for dividing high and low expression samples (Lauria et al.,
2020). Subgroup analyses were also carried out to evaluate the
effect of PRPF19 prognosis on OS across various subgroups.
Patients were stratified into different subgroups according to the
tumor-node-metastasis (TNM) stage and microvascular invasion
status. Then, the prognostic value of PRPF19 expression was
estimated by Kaplan–Meier survival curves, and the log-rank test
was utilized to test the significance among different survival
curves.

Tumor Immunology Analysis of PRPF19
The correlation analysis of the 24 immune cell scores with
PRPF19 expression was first performed. Single-sample GSEA
(ssGSEA) was utilized for immune deconvolution analyses to
quantify the enrichment levels of immune cells (Sanchez et al.,
2020). TISMO (tismo.cistrome.org) database was used for
comparing the response to immune-checkpoint blockers
(ICBs) of syngeneic mouse models with different expression
levels of PRPF19. Analysis of the co-expression of immune-
related genes including the “ICs” and “immunosuppressive
molecules” and PRPF19 was also performed for the potential
role in the tumor microenvironment of PRPF19. Furthermore,
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the relationship between PRPF19 expression and infiltrate level of
MDSCs in LIHC tissues was evaluated including correlation and
survival analysis, based on the Tumor Immune Estimation
Resource (TIMER) online database (cistrome.shinyapps.io/
timer). Also, the marker genes of MDSCs and PRPF19
expression correlation analysis were conducted.

Potential Regulatory Mechanisms of
PRPF19
PathCards is an integrated database of human biological
pathways (Belinky et al., 2015). For analysis of the
intermolecular interaction, we extracted PRPF19-related gene
sets from the PathCards database. In this study, the top 100
genes in correlation with PRPF19 in LIHC were also extracted to
take the intersection with the aforementioned PRPF19-related
genes in humans. The miRNA–PRPF19–related protein and gene
network was generated from the JASPAR database via the
NetworkAnalyst website (Zhou et al., 2019).

Liver Tissue Specimen Collection and
qRT-PCR
LIHC tissues and adjacent normal liver tissues were collected
from surgical samples in West China Hospital, Sichuan
University, Chengdu, China. The protocol and sample size (30
pairs) of this study was approved by the Ethics Committee of
West China Hospital, Sichuan University. Total RNA of all
clinical samples was extracted using the TRIzol reagent
(BoMei Biotechnology Co. Ltd., HeFei, China). Then, we
conducted synthesizing of first-strand cDNA and real-time

PCR, respectively. The following primer sequences for this
assay were used: PRPF19 (forward): 5′-ATCTGCTCCATCTCT
AACGAAG-3′ and (reverse): 5′-TACCATTCTCCGCAATGT
ACTT-3′; ACTB (forward): 5′-CGATCCGCCGCCCGTCCA
CA-3′ and (reverse): 5′-ACGCAGCTCATTGTAGAAGGG
TGGTG-3′.

Statistical Analysis
All statistical analyses were performed using R software (version
4.1.0). Student’s t-test (two-tailed) was conducted in contrast
between two groups. Gene expression correlations were analyzed
by the Spearman correlation. Results with p < 0.05 were
considered statistically significant.

RESULTS

PRPF19 is Upregulated in Liver Cancer
The flow chart for this study is shown in Figure 1. To annotate the
expression of PRPF19 in normal liver tissues and liver cancer, we
integrated single-cell sequencing (scRNA-seq) data from the
Human Protein Atlas (HPA). First, PRPF19 expressed at a
lower level in normal hepatocytes c-0/2/5/7/11 was compared
with other marker genes of liver cells (Figure 2I). Given the
aforementioned observations, we then conducted a more
detailed analysis of PRPF19 involved in liver cancer using RNA
sequencing data. Figures 2A–E show the transcription levels of the
PRPF19 in hepatocellular carcinoma. Meta-analysis of four
datasets from Oncomine showed that the median rank was
2,609.0 (p = 0.001). Overexpression of PRPF19 was reported by
Roessler Liver 1 and 2, Wurmbach Liver except for the Mas liver.

FIGURE 1 | Flow diagram of data collection and method implementation in this work.
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Next, we observed that the expression level of PRPF19 was
significantly upregulated in patients with LIHC based on the
sequencing data of TCGA-LIHC, GSE76427, and GSE25097. A
higher protein level of PRPF19 was also detected in the tissue of
liver cancer compared to normal liver, as the
immunohistochemical sections were represented from HPA
datasets. (Figure 3H). Furthermore, setting the expression value
of PRPF19 as the variable, the ROC classifier shown in Figure 3F
had a high discrimination ability to identify LIHC (AUC = 0.908).
Finally, we validated the expression of PRPF19 using 30 paired
samples from liver cancer patients. The results revealed that
PRPF19 was highly expressed in liver cancer tissues (Figure 2G).

Clinical Phenotype of Liver Cancer With
High Expression PRPF19
The clinical features of PRPF19 are summarized in Figures
3A–H, including the PRPF19 expression analyses according to

different T stages, pathologic stages, histologic grade, AFP
level, vascular invasion, and weight. Increasing expressed
PRPF19 was observed in patients with high AFP levels
(>400 ng/ml) and vascular invasion. In addition, the
expression of PRPF19 had a negative association with body
mass index (BMI) and weight (those with BMI ≤25 and weight
≤70 expressed more than those with BMI>25 and weight>70).
When stratified by race, the PRPF19 expression level was
elevated across the Asian cases than white populations. We
also performed further logistic analyses to determine the
correlation between PRPF19 expression and
clinicopathological characteristics (Table 1). The results
demonstrated that the PRPF19 expression had prominently
positive correlations with T stages, pathologic stage, histologic
grade, AFP, fibrosis Ishak score, and vascular invasion (p <
0.005).

Next, the differences within survival in OS, DSS, and PFI
were determined by KM curves for investigating the prognostic

FIGURE 2 | The mRNA and protein expression of PRPF19 in liver cancer. (A–C) Overexpression of PRPF19 was found at the Oncomine database and the GEO
database series including GSE76427 and GSE25097. (D) PRPF19 expression in tumor and normal tissues in liver cancer (LIHC) from the TCGA database. (E) PRPF19
expression in indicated paired tumor and normal tissues in LIHC data of TCGA. Black lines connect paired tissues. (F) ROC analysis of PRPF19 shows promising
discrimination power between tumor and normal tissues. (G) PRPF19 expression levels were measured in humans through qRT-PCR. (H) Representative
immunohistochemistry images of PRPF19 protein expression levels in LIHC and non-cancerous liver tissues derived from the HPA database. (I) PRPF19 expression heat
map in each cell existed in normal liver tissues (HPA). Data shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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performance of the PRPF19 in LIHC. As shown in Figures
3I–P, overexpression of PRPF19 was significantly associated
with worse OS (HR = 2.94), PFI (HR = 1.79), and DSS (HR =

2.36). Moreover, patients with high expression of PRPF19 had
shorter median OS for the T stage, pathologic stage, and
vascular invasion subgroups. Together, these results

FIGURE 3 | Association of PRPF19 expression with clinicopathologic characteristics of LIHC (TCGA). (A) T stage. (B) Pathologic stage. (C) Histologic grade. (D)
AFP level. (E) Vascular invasion. (F) Patients’weight. (G) BMI. (H) Race. (I–K) LIHC patients with higher expressions of PRPF19 have shorter OS, PFI, DSS compared to
those with lower expressions of PRPF19. (L–P) Patients with higher PRPF19 have poor OS in T stage, pathologic stage, and vascular invasion subgroups. *p < 0.05,
**p < 0.01, ***p < 0.001.

TABLE 1 | Logistic regression analysis of association between clinicopathological characteristics and PRPF19 expression in LIHC patients.

Characteristics Odds ratio(OR) p Value

T stage (T1&T2 vs. T3&T4) 1.723 (1.073–2.793) 0.025
N stage (N0 vs. N1) 2.687 (0.339–54.709) 0.395
M stage (M0 vs. M1) 0.914 (0.108–7.710) 0.929
Pathologic stage (Stage I & Stage II vs. Stage IV & Stage III) 1.891 (1.164–3.104) 0.011
Histologic grade (G1&G2 vs. G4&G3) 2.111 (1.375–3.266) <0.001
AFP (ng/ml) (≤400 vs. >400) 2.396 (1.358–4.313) 0.003
Fibrosis Ishak score (1/2&0 vs. 5/6&3/4) 1.954 (1.136–3.388) 0.016
Vascular invasion (No vs. Yes) 1.931 (1.212–3.100) 0.006
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suggested that high expression of PRPF19 is a poor prognostic
factor in liver cancer (Figure 3I–P).

PRPF19 Presented as an Immune-Related
Gene in Liver Cancer
The infiltrating level of 24 immune cell types in LIHC including
12 T-lymphocyte subsets, 4 monocyte-derived DCs, 3 natural
killer cells, and 5 other immune cells (neutrophils, mast cell,
macrophages, eosinophils, and B cell) were calculated using
ssGSEA algorithm. As illustrated in Figure 5A, PRPF19 was
negatively correlated with CD8 T cells, cytotoxic cells, DC, mast
cells, neutrophils, NK cells, pDC, T cells, Tgd, Th17 cells, Th2
cells, and Treg, while it was positively related to the abundance of
NK CD56bright cells, T helper cells, and Th2 cells.

We hypothesized that elevated PRPF19 expressionmay influence
antitumor immunity by recruiting immunosuppressive cell
population in the tumor microenvironment. Myeloid-derived
suppressor cells (MDSCs) are highly immunosuppressive in the
tumor microenvironment and make tumor cells resistant to
immunotherapy (Sharma et al., 2017). Next, we further explored
the relationship between MDSCs and PRPF19 in liver cancer. The
tumor immune dysfunction and rejection (TIDE) algorithm can

comprehensively evaluate the infiltration of immunosuppressive
suppressor cells in the tumor microenvironment (Jiang et al.,
2018). The TIDE algorithm based on the TIMER database was
used to assess the MDSC abundance in LIHC. As expected, tumor
purity and the infiltration level of the MDSCs were accompanied by
elevated PRPF19. Interestingly, when the prognostic analysis was
focused on overexpression of PRPF19, those with high MDSC
tumors had the worst prognosis compared to those with low
MDSC tumors (HR = 2.29 p < 0.05) (Figures 4B,C).

To investigate whether the expression pattern of PRPF19 affects
immunotherapy, we first inquired TISMO (tismo.cistrome.org)
database which collected 1,518 syngeneic mouse model data
receiving ICB treatment. Analysis of two cell line data (BNL-
MEA) showed that the upregulated PRPF19 related to a poor
response for ICB, and the downregulated PRPF19 related to a
better response for ICB when compared with maintaining the
baseline expression level of PRPF19. The heat map depicts the
correlation between the 18 classical immune checkpoints and
PRPF19. Among them, PRPF19 was positively correlated with 17
ICIs except PDCD1LG2.Moreover, we observed that overexpression
of PRPF19 in LIHC is accompanied by a marked elevation of
VTCN1. This trend did not appear in the remaining ICIs. The
research showing that blockade of VTCN1 signaling pathway can

FIGURE 4 | Correlation analysis of PRPF19 level and immune microenvironment in LIHC. (A) PRPF19 expression in LIHC tissues negatively correlates with 17
immune cell types. (B)Correlation between PRPF19 and infiltrated myeloid-derived suppressor cells (MDSC) in LIHC. (C) KM curves according PRPF19 expression and
MDSC infiltrating level in LIHC. Data shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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inhibit theMDSC induces dysfunction of antitumor CD8+ T cells (Li
et al., 2018). These results identified that PRPF19 may be a possible
new target for HCC immunotherapy (Figure 5).

Construction of miRNA-PRPF19 and
Co-expression of Gene Network in Liver
Cancer
PRPF19 involved two key carcinogenic pathways, including
ubiquitin-mediated proteolysis (Martinez-Jiménez et al., 2020)
and the transcription-coupled nucleotide excision repair (TC-
NER) (Xu et al., 2007). We collected 112 genes and 140 genes
respectively at work in the aforementioned pathways from
PathCards (pathcards.genecards.org). By taking the intersection of
the top 100 PRPF19 expression–related genes and the 252 genes,
POLR2G, RUVBL1, POLD1, GTF2H1, SAE1, ANAPC7, DDB1
were selected (Figures 6A–C). Next, we predicted that 36
transcription factors (TFs) targeted the aforementioned seven
genes and PRPF19 using the Jaspar database data on the
NetworkAnalyst software, and the networks are presented in
Figure 6D. The analysis of 45 nodes consisting in this network

based on KEGG pathways identified several significant enrichments
such as the MAPK signaling pathway, Wnt signaling pathway,
apoptosis, cell cycle, Th17 cell differentiation, and T cell receptor
signaling pathway. The results showed that FOXC1, MEF2A, and
HINFP obtained the highest betweenness and degree score
(represented the number of links of a single node with its
binding genes) in this network. Thus, these three TFs may play a
more important role in participating in POLR2G, RUVBL1, POLD1,
GTF2H1, SAE1, ANAPC7, and DDB1 transcription.

The Expression of PRPF19 was Affected by
the Methylation Status and TP53 Mutation
To clarify underlying mechanisms of PRPF19 aberrant elevation in
LIHC tissues, the relationship between themethylation status and the
TP53 mutation was investigated. Considering the DNA methylation
can repress gene expression (The ENCODE Project Consortium
et al., 2012), we first analyzed the methylation status of PRPF19 in
LIHC using the DiseaseMeth version 2.0. A significant reduction of
mean methylation levels for PRPF19 was found in the tumor group
compared with normal tissues (Figure 7A). We then analyzed the
levels of methylation of the PRPF19 promoter using the UALCAN

FIGURE 5 | PRPF19 might has a significant effect on the efficacy of LIHC immunotherapy. (A) The same trend of PRPF19 expression pattern was seen with poor
ICB responsive cell lines base on syngeneic mouse model (TISMO). (B) Heat map of the correlation between PRPF19 expression and immune checkpoint genes. (C)
Volcano plot showing the significantly immunosuppressive gene, VTCN1, in patients with high PRPF19 expression compared with patients with low PRPF19 expression.
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dataset in liver cancer. Figure 7B shows a strong inverse correlation
between the PRPF19 gene expression and promoter methylation.
Compared with TP53 non-mutation LIHCs, TP53 mutant LIHC
demonstrated statistically significant hypomethylation in the sites of
PRPF19 gene promoter (Figure 7C). As shown in Figure 7D,
PRPF19 was upregulated apparently in TP53 mutant LIHC
compared with TP53 non-mutant LIHC and normal tissues.

Enrichment Analysis of Differentially
Expressed Genes in the High and Low
PRPF19 Groups
To further study themechanism of PRPF19-mediated progression in
liver cancer, we carried out an enrichment analysis of differential
genes elicited by PRPF19 from the expression profiling of LIHC-

TCGA. The top ten GO terms for biological processes (BP),
molecular function (MF), cell component (CC), and significantly
enriched pathways are shown in Figures 8A–D.

The main enriched terms of the BP ontology are all related
to cell-mediated immunity (immune response–activating cell
surface receptor signaling pathway, leukocyte migration, and
lymphocyte-mediated immunity). The highest-ranking CC
terms agreed well with the BP result since these genes were
required by the immunoglobulin complex. The MF terms
included intercellular signaling interactions and exchange of
materials (receptor–ligand activity, gated channel activity,
channel activity, and metal ion transmembrane transporter
activity) and endopeptidase activity. Moreover, pathways in
cancer/immune response were enriched in KEGG, such as the
PI3K-Akt signaling pathway, Ras signaling pathway, and

FIGURE 6 | Pathway network for PRPF19-related. (A) The interaction network of ubiquitin-mediated proteolysis. (B) The interaction network of transcription-
coupled nucleotide excision repair (TC-NER). (C) The interaction network of 100 positive correlated genes, 112 genes in ubiquitin-mediated proteolysis pathway, and
140 genes in TC-NER pathway. (D) TF–eight network generated by NetworkAnalyst software. The regulation network of 36 TFs and 8 mRNAs.
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chemokine signaling pathway. As PRPF19 was correlated with
pretreatment tumor staging and tumor biology, we then
performed gene set enrichment analysis (GSEA) using the
MSigDB hallmark gene sets, reactome, and C6 gene sets. By
GSEA, the hallmark and C6 gene sets related to cell cycle and
proliferation, EMT, and KRAS (G2M checkpoint, MYC
targets, E2F targets, and KRAS UP) were clearly
upregulated in the PRPF19-high group (Figures 8E–G).
Interestingly, tumors with high levels of PRPF19 have
identified an inverse correlation with antitumor immune
responses according to the reactome gene sets. Therefore,
the role of the oncogene of PRPF19 in liver cancer may
account for its ability to promote functions such as
angiogenesis, proliferation, and immune escape.

DISCUSSION

Alternative splicing of eukaryotic transcripts is a fundamental
mechanism that greatly expands the coding ability of a limited
number of genes to generate vastly diversified proteins (Baralle
and Giudice, 2017). Splicing pre-mRNA in the wrong ways is a
common reason why genetic variants and pathogenic somatic
mutations appear. Previous studies reported that correcting the
error splicing of BRD9 (a tumor suppressor) in cancer cells

bearing SF3B1 mutations effectively inhibited tumor growth
(Inoue et al., 2019). Thus, some crucial components in the
process of alternative splicing can be the basis for targeted
cancer therapy (Robinson et al., 2019). PRPF19 is the main
component of nineteen complexes (NTC) which follow the full
process of translation initiation. During splicing, NTC ensures
site-specific splicing for a correct balance between mRNA
translation and decay (de Almeida and O’Keefe, 2015). Given
the PRPF19 aberrant expression may abrogate the antitumor
mechanism in humans, we did a comprehensive analysis of the
clinical phenotypes and biological information relevant to this
molecule in liver cancer.

PRPF19 is located on chromosome 11 and clustered within the
nucleus. Until now, 117 pathogenic genes had been identified
from chromosome 11 (Taylor et al., 2006). Ras family, Myc
family, and other tumorigenesis genes are mainly detected at
high levels in the nucleus (Yang et al., 2016; Xu et al., 2019). These
findings led us to the following conjecture: for LIHC, whether the
malignancy of the tumor cells is affected by changes in PRPF19
expression.

The increased PRPF19 detected in tissues and cell lines of
hepatocellular carcinoma (HCC) have been reported (Yin et al.,
2016); the authors also found that HCC patients with high
expression of PRPF19 had a shorter OS than those with a
lower expression of PRPF19. Preliminary results in our study

FIGURE 7 | Analysis of the relationship between PRPF19 expression and promoter methylation level of PRPF19 and TP53 alteration statue. (A) Differential analysis
of methylation value between LIHC and Control via DiseaseMeth. (B) Differential analysis of between LIHC and Control via UALCAN. (C) Correlation between promoter
methylation level of PRPF19 between TP53 statue. (D) Differential analysis of PRPF19 expression between wild-type TP53 wild-type and mutated TP53.
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are consistent with the aforementioned literature reports that
suggest that PRPF19 expression was significantly upregulated in
LIHC and associated with increased mortality. Moreover, in
different subgroups, in both the advanced stage and the
vascular invasion group, the survival curves of OS diverged
further with the increasing length of follow-up, which suggests
that high PRPF19 expression is a marker of poor prognosis for
patients with liver cancer. Previous literature (Li et al., 2013) had
reported that underweight (BMI <18.5 kg/m2) and increased AFP
were associated with increased mortality from liver cancer. The
overexpression of cell cycle control genes may be a critical
molecular mechanism for re-activating AFP expression in liver
cancer (Chen et al., 2020). As the boxplot presented in Figure 3,
patients with high expression of PRPF19 also have characteristics
of high-level AFP and high body weight.

In addition, pre-mRNA splicing alterations play an important
role in tumor immunosuppressive microenvironment, such as
driving signaling pathways altered or genes mutated (Kahles et al.,
2018; Xu et al., 2021; Yu et al., 2021). In our study, a significant
positive correlation exists between PRPF19 expression and
several immune checkpoints as well. Furthermore, our results
reveal that the main infiltrating immune cells with tumor-killing
abilities were significantly reduced in the tumors with high
expression of PRPF19. Tumor patients with lower abundance
of MDSCs before treatment responded better to immunotherapy
agents that were reported in previous literature (Chiu et al., 2017).
In subsequent analysis, we found that a high expression of
PRPF19 combined with high-level MDSCs was a high-risk
factor for LIHC; patients harboring those traits had a poor
OS. Additionally, the elevated transcript level of PRPF19

FIGURE 8 | Functional enrichment analysis of PRPF19-related genes (TCGA-LIHC). (A–D) Gene ontology analyses, including biological process, molecular
function, and cellular component were performed by clusterProfiler R package. The size of each blue spot represents the gene number represented by this term, while
the red spot represents the PRPF19-related genes. Gene set enrichment analysis of PRPF19-related genes in oncology and immunology. Top 15 annotation entries of
three gene sets were drawn as wave graph. (E) Hallmarker results of PRPF19 GSEA in LIHC. (F) Oncogenic signature results of PRPF19 GSEA in LIHC. (G)
Reactome results of PRPF19 GSEA in LIHC. NES, normalized enrichment score. p.adj, adjusted p value.
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correlated with decreased response to antiPD1 treatment
according to the syngeneic liver cancer mouse model data.

PRPF19 can enhance the invasive ability of neuroblastoma
cells by regulated Hippo-YAP pathway, and this has been recently
proposed in literature (Cai et al., 2020). We thought that the
dysregulation of genes tightly related to PRPF19 may play an
important role in contributing to liver cancer progression. GO
and KEGG enrichment analysis showed that PRPF19-related
genes were mainly enriched in immune response–activating
cell terms. GSEA analysis results demonstrated that multiple
cancer-related pathways (such as G2M checkpoint, MYC
targets, E2F targets, and KRAS) were upregulated for LIHC
with high RPPF19 expression.

Genome-wide or oncogene promoter hypomethylation are
linked to tumorigenesis in multiple human malignancies
(Wang et al., 2019). TP53 was a significant gene in cancer,
and TP53 mutations can directly cause DNA demethylation
(Samuel et al., 2016). We found that PRPF19 promoter
methylation status was lower in LIHC than normal samples,
and was negatively related to TP53-mutant status. Conversely,
liver tumors with TP53-mutant had a higher level of PRPF19.
This is likely suggested that some indirect mechanisms contribute
to the aberrant PRPF19 expression in the G3-subtype of LIHC
(Chidambaranathan-Reghupaty et al., 2021) (characterized by
high expression of TP53 and cycle regulatory genes).

Transcription-coupled NER (TC-NER) is an RNA
surveillance mechanism patrol in the cytoplasm to repair the
template chain damage (Geng et al., 2020). It is well known that
oncoprotein degradation can be regulated by the ubiquitin-
mediated proteolysis system (UPS) (Martinez-Jiménez et al.,
2020). Critically, our network analysis also supported PRPF19
as a critical gene of these signaling pathways described previously.
Using networks analysis, we found that 36 TFs may be involved in
regulating the function of TC-NER and UPS (participated by
PRPF19).

Altogether, we provide multiple important pieces of evidence
for discovering the possible causes inducing PRPF19 aberrant
expressed in LIHC. These results indicated that PRPF19 would be
an excellent target for LIHC prevention or treatment.
Nevertheless, there are a few limitations to this research. First,
our conclusions were mainly summarized based on the public
datasets, and they have not yet been tested in clinical studies.
Second, human liver cancer is highly heterogeneous; we
performed this study without distinguishing the molecular
subtypes of LIHC. Third, the regulatory mechanism of the
signaling pathway involving the gene PRPF19 remains to be
explored.

CONCLUSION

In this study, through analysis of existing LIHC data, we proposed
PRPF19 as a potential biomarker that was associated with the
responses for immunotherapy, the regulation of
immunosuppressive microenvironment, and can also be
considered a prognostic indicator of clinical outcomes.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The studies involving human tissue samples were reviewed and
approved by the Ethics Committee of West China Hospital,
Sichuan University and the confidentiality of patient
information was maintained. Written informed consent for
participation was not required for this study in accordance
with the national legislation and the institutional
requirements.

AUTHOR CONTRIBUTIONS

MY designed the study and interpreted data, contributed to
manuscript writing, and approved the manuscript before
submission. WW collected and analyzed data and approved
the manuscript before submission. YQ and YY collected,
analyzed, and interpreted the data, and approved the
manuscript before submission.

FUNDING

This research was supported by the Science and Technology
Program of Sichuan Science and Technology Department
(Nos 2019YFS0029 and 2019YFS0529), the National
Natural Science Foundation of China (Nos 81770566 and
82000599), and the New Medical Technology Foundation
of West China Hospital of Sichuan University (No.
XJS2016004).

REFERENCES

Baralle, F. E., and Giudice, J. (2017). Alternative Splicing as a Regulator of
Development and Tissue Identity. Nat. Rev. Mol. Cel Biol 18 (7), 437–451.
doi:10.1038/nrm.2017.27

Beck, B. D., Park, S.-J., Lee, Y.-J., Roman, Y., Hromas, R. A., and Lee, S.-H. (2008).
Human Pso4 Is a Metnase (SETMAR)-binding Partner that Regulates Metnase

Function in DNA Repair. J. Biol. Chem. 283 (14), 9023–9030. doi:10.1074/jbc.
m800150200

Belinky, F., Nativ, N., Stelzer, G., Zimmerman, S., Iny Stein, T., Safran, M., et al.
(2015). PathCards: Multi-Source Consolidation of Human Biological Pathways.
Database (Oxford) 2015, bav006. doi:10.1093/database/bav006

Bruix, J., da Fonseca, L. G., and Reig, M. (2019). Insights into the success and
Failure of Systemic Therapy for Hepatocellular Carcinoma. Nat. Rev.
Gastroenterol. Hepatol. 16 (10), 617–630. doi:10.1038/s41575-019-0179-x

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 84001011

Yang et al. PRPF19 and Liver Cancer

https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1074/jbc.m800150200
https://doi.org/10.1074/jbc.m800150200
https://doi.org/10.1093/database/bav006
https://doi.org/10.1038/s41575-019-0179-x
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Cai, Y., Chen, K., Cheng, C., Xu, Y., Cheng, Q., Xu, G., et al. (2020). Prp19 Is an
Independent Prognostic Marker and Promotes Neuroblastoma Metastasis by
Regulating the Hippo-YAP Signaling Pathway. Front. Oncol. 10, 575366. doi:10.
3389/fonc.2020.575366

Chen, W., Peng, J., Ye, J., Dai, W., Li, G., and He, Y. (2020). Aberrant AFP
Expression Characterizes a Subset of Hepatocellular Carcinoma with Distinct
Gene Expression Patterns and Inferior Prognosis. J. Cancer 11 (2), 403–413.
doi:10.7150/jca.31435

Chidambaranathan-Reghupaty, S., Fisher, P. B., and Sarkar, D. (2021).
Hepatocellular Carcinoma (HCC): Epidemiology, Etiology and Molecular
Classification. Adv. Cancer Res. 149, 1–61. doi:10.1016/bs.acr.2020.10.001

Chiu, D. K.-C., Tse, A. P.-W., Xu, I. M.-J., Di Cui, J., Lai, R. K.-H., Li, L. L., et al.
(2017). Hypoxia Inducible Factor HIF-1 Promotes Myeloid-Derived
Suppressor Cells Accumulation through ENTPD2/CD39L1 in Hepatocellular
Carcinoma. Nat. Commun. 8 (1), 517. doi:10.1038/s41467-017-00530-7

de Almeida, R. A., and O’Keefe, R. T. (2015). The NineTeen Complex (NTC) and
NTC-Associated Proteins as Targets for Spliceosomal ATPase Action during Pre-
mRNA Splicing. RNA Biol. 12, 109–114. doi:10.1080/15476286.2015.1008926

Edgar, R., Domrachev, M., and Lash, A. E. (2002). Gene Expression Omnibus:
NCBI Gene Expression and Hybridization Array Data Repository.Nucleic Acids
Res. 30 (1), 207–210. doi:10.1093/nar/30.1.207

Geng, A., Tang, H., Huang, J., Qian, Z., Qin, N., Yao, Y., et al. (2020). The
Deacetylase SIRT6 Promotes the Repair of UV-Induced DNA Damage by
Targeting DDB2. Nucleic Acids Res. 48, 9181–9194. doi:10.1093/nar/gkaa661

He, Y., Huang, C., Cai, K., Liu, P., Chen, X., Xu, Y. i., et al. (2021). PRPF19
Promotes Tongue Cancer Growth and Chemoradiotherapy Resistance. Acta
Biochim. Biophys. Sinica 53 (7), 893–902. doi:10.1093/abbs/gmab059

Huang, R., Xue, R., Qu, D., Yin, J., and Shen, X. Z. (2017). Prp19 Arrests Cell Cycle
via Cdc5L in Hepatocellular Carcinoma Cells. Int. J. Mol. Sci. 18 (4). doi:10.
3390/ijms18040778

Inoue, D., Chew, G.-L., Liu, B., Michel, B. C., Pangallo, J., D’Avino, A. R., et al.
(2019). Spliceosomal Disruption of the Non-canonical BAF Complex in
Cancer. Nature 574 (7778), 432–436. doi:10.1038/s41586-019-1646-9

Jiang, P., Gu, S., Pan, D., Fu, J., Sahu, A., Hu, X., et al. (2018). Signatures of T Cell
Dysfunction and Exclusion Predict Cancer Immunotherapy Response. Nat.
Med. 24 (10), 1550–1558. doi:10.1038/s41591-018-0136-1

Ju, X., Li, D., and Liu, S. (2019). Full-length RNA Profiling Reveals Pervasive
Bidirectional Transcription Terminators in Bacteria. Nat. Microbiol. 4 (11),
1907–1918. doi:10.1038/s41564-019-0500-z

Kahles, A., Lehmann, K. V., Toussaint, N. C., Hüser, M., Stark, S. G., Sachsenberg,
T., et al. (2018). Comprehensive Analysis of Alternative Splicing across Tumors
from 8,705 Patients. Cancer Cell 34 (2), 211–e6. doi:10.1016/j.ccell.2018.07.001

Lauria, A., Peirone, S., Giudice, M. D., Priante, F., Rajan, P., Caselle, M., et al.
(2020). Identification of Altered Biological Processes in Heterogeneous RNA-
Sequencing Data by Discretization of Expression Profiles. Nucleic Acids Res. 48
(4), 1730–1747. doi:10.1093/nar/gkz1208

Li, J., Lee, Y., Li, Y., Jiang, Y., Lu, H., Zang,W., et al. (2018). Co-inhibitory Molecule
B7 Superfamily Member 1 Expressed by Tumor-Infiltrating Myeloid Cells
Induces Dysfunction of Anti-tumor CD8+ T Cells. Immunity 48 (4), 773–786.
doi:10.1016/j.immuni.2018.03.018

Li, Y., Yatsuya, H., Yamagishi, K., Wakai, K., Tamakoshi, A., and Iso, H. (2013).
Body Mass index and Weight Change during Adulthood Are Associated with
Increased Mortality from Liver Cancer: the JACC Study. J. Epidemiol. 23 (3),
219–226. doi:10.2188/jea.je20120199

Martinez-Jiménez, F., Muiños, F., López-Arribillaga, E., López-Bigas, N., and
Gonzalez-Perez, A. (2020). Systematic Analysis of Alterations in the
Ubiquitin Proteolysis System Reveals its Contribution to Driver Mutations
in Cancer. Nat. Cancer 1, 122. doi:10.1038/s43018-019-0001-2

Ohgami, R. S., Ma, L., Merker, J. D., Gotlib, J. R., Schrijver, I., Zehnder, J. L., et al.
(2015). Next-generation Sequencing of Acute Myeloid Leukemia Identifies the
Significance of TP53, U2AF1, ASXL1, and TET2 Mutations. Mod. Pathol. 28
(5), 706–714. doi:10.1038/modpathol.2014.160

Robinson, T. J., Freedman, J. A., Al Abo, M., Deveaux, A. E., LaCroix, B., Patierno,
B. M., et al. (2019). Alternative RNA Splicing as a Potential Major Source of
Untapped Molecular Targets in Precision Oncology and Cancer Disparities.
Clin. Cancer Res. 25, 2963–2968. doi:10.1158/1078-0432.CCR-18-2445

Samuel, N., Wilson, G., Lemire, M., Id Said, B., Lou, Y., Li, W., et al. (2016).
Genome-Wide DNAMethylation Analysis Reveals Epigenetic Dysregulation of

MicroRNA-34A in TP53-Associated Cancer Susceptibility. Jco 34 (30),
3697–3704. doi:10.1200/jco.2016.67.6940

Sanchez, A., Furberg, H., Kuo, F., Vuong, L., Ged, Y., Patil, S., et al. (2020).
Transcriptomic Signatures Related to the Obesity Paradox in Patients with clear
Cell Renal Cell Carcinoma: a Cohort Study. Lancet Oncol. 21 (2), 283–293.
doi:10.1016/s1470-2045(19)30797-1

Sharma, P., Hu-Lieskovan, S., Wargo, J. A., and Ribas, A. (2017). Primary,
Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell 168 (4),
707–723. doi:10.1016/j.cell.2017.01.017

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer Statistics,
2021. CA A. Cancer J. Clin. 71 (1), 7–33. doi:10.3322/caac.21654

Taylor, T. D., Totoki, Y., Toyoda, A., Noguchi, H., Fitzgerald, M. G., Sakaki, Y.,
et al. (2006). Human Chromosome 11 DNA Sequence and Analysis Including
Novel Gene Identification. Nature 440, 497. doi:10.1038/nature04632

The ENCODE Project Consortium (2012). An Integrated Encyclopedia of DNA
Elements in the Human Genome. Nature 489 (7414), 57–74. doi:10.1038/
nature11247

Villanueva, A. (2019). Hepatocellular Carcinoma. N. Engl. J. Med. 380 (15),
1450–1462. doi:10.1056/nejmra1713263

Wang, L., Lee, J. Y., Gao, L., Yin, J., Duan, Y., Jimenez, L. A., et al. (2019). A DNA
Aptamer for Binding and Inhibition of DNAMethyltransferase 1. Nucleic Acids
Res. 47 (22), 11527–11537. doi:10.1093/nar/gkz1083

Xu, Q., Xu, H., Deng, R., Li, N., Mu, R., Qi, Z., et al. (2021). Immunological
Significance of Prognostic Alternative Splicing Signature in Hepatocellular
Carcinoma. Cancer Cel Int 21 (1), 190. doi:10.1186/s12935-021-01894-z

Xu, X., Liu, D., Colton, S., and Wang, G. (2007). Silencing Transcription-Coupled
Nucleotide Excision Repair (TC-NER) Pathway Results in Increased Sensitivity
of Bladder Cancer Cells with Cisplatin Treatment. Cancer Res. 67 (9 Suppl.
ment), 1968.

Xu, Z., Xu, M., Liu, P., Zhang, S., Shang, R., Qiao, Y., et al. (2019). The mTORC2-
Akt1 Cascade Is Crucial for c-Myc to Promote Hepatocarcinogenesis in Mice
and Humans. Hepatology 70 (5), 1600–1613. doi:10.1002/hep.30697

Yang, T., Song, B., Zhang, J., Yang, G.-S., Zhang, H., Yu, W.-F., et al. (2016). STK33
Promotes Hepatocellular Carcinoma through Binding to C-Myc. Gut 65 (1),
124–133. doi:10.1136/gutjnl-2014-307545

Yin, J., Wang, L., Zhu, J.-M., Yu, Q., Xue, R.-Y., Fang, Y., et al. (2016). Prp19
Facilitates Invasion of Hepatocellular Carcinoma via P38 Mitogen-Activated
Protein Kinase/twist1 Pathway. Oncotarget 7 (16), 21939–21951. doi:10.18632/
oncotarget.7877

Yoshimi, A., and Abdel-Wahab, O. (2017). Molecular Pathways: Understanding
and Targeting Mutant Spliceosomal Proteins. Clin. Cancer Res. 23 (2), 336–341.
doi:10.1158/1078-0432.ccr-16-0131

Yu, M., Peng, Z., Qin, M., Liu, Y., Wang, J., Zhang, C., et al. (2021). Interferon-γ
Induces Tumor Resistance to Anti-PD-1 Immunotherapy by Promoting YAP
Phase Separation. Mol. Cel 81 (6), 1216–1230. doi:10.1016/j.molcel.2021.
01.010

Zhou, G., Soufan, O., Ewald, J., Hancock, R. E. W., Basu, N., and Xia, J. (2019).
NetworkAnalyst 3.0: a Visual Analytics Platform for Comprehensive Gene
Expression Profiling and Meta-Analysis. Nucleic Acids Res. 47 (W1),
W234–W241. doi:10.1093/nar/gkz240

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yang, Qiu, Yang and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 84001012

Yang et al. PRPF19 and Liver Cancer

https://doi.org/10.3389/fonc.2020.575366
https://doi.org/10.3389/fonc.2020.575366
https://doi.org/10.7150/jca.31435
https://doi.org/10.1016/bs.acr.2020.10.001
https://doi.org/10.1038/s41467-017-00530-7
https://doi.org/10.1080/15476286.2015.1008926
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1093/nar/gkaa661
https://doi.org/10.1093/abbs/gmab059
https://doi.org/10.3390/ijms18040778
https://doi.org/10.3390/ijms18040778
https://doi.org/10.1038/s41586-019-1646-9
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1038/s41564-019-0500-z
https://doi.org/10.1016/j.ccell.2018.07.001
https://doi.org/10.1093/nar/gkz1208
https://doi.org/10.1016/j.immuni.2018.03.018
https://doi.org/10.2188/jea.je20120199
https://doi.org/10.1038/s43018-019-0001-2
https://doi.org/10.1038/modpathol.2014.160
https://doi.org/10.1158/1078-0432.CCR-18-2445
https://doi.org/10.1200/jco.2016.67.6940
https://doi.org/10.1016/s1470-2045(19)30797-1
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.3322/caac.21654
https://doi.org/10.1038/nature04632
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
https://doi.org/10.1056/nejmra1713263
https://doi.org/10.1093/nar/gkz1083
https://doi.org/10.1186/s12935-021-01894-z
https://doi.org/10.1002/hep.30697
https://doi.org/10.1136/gutjnl-2014-307545
https://doi.org/10.18632/oncotarget.7877
https://doi.org/10.18632/oncotarget.7877
https://doi.org/10.1158/1078-0432.ccr-16-0131
https://doi.org/10.1016/j.molcel.2021.01.010
https://doi.org/10.1016/j.molcel.2021.01.010
https://doi.org/10.1093/nar/gkz240
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	An Integrated Analysis of the Identified PRPF19 as an Onco-immunological Biomarker Encompassing the Tumor Microenvironment, ...
	Introduction
	Materials and Methods
	PRPF19 Expression in Liver Cancer
	PRPF19 Clinical Correlations in Liver Cancer
	PRPF19 Prognosis Value in Liver Cancer
	Tumor Immunology Analysis of PRPF19
	Potential Regulatory Mechanisms of PRPF19
	Liver Tissue Specimen Collection and qRT-PCR
	Statistical Analysis

	Results
	PRPF19 is Upregulated in Liver Cancer
	Clinical Phenotype of Liver Cancer With High Expression PRPF19
	PRPF19 Presented as an Immune-Related Gene in Liver Cancer
	Construction of miRNA-PRPF19 and Co-expression of Gene Network in Liver Cancer
	The Expression of PRPF19 was Affected by the Methylation Status and TP53 Mutation
	Enrichment Analysis of Differentially Expressed Genes in the High and Low PRPF19 Groups

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


