Molecular Genetics and Genomics (2020) 295:95-106
https://doi.org/10.1007/500438-019-01606-3

ORIGINAL ARTICLE q

Check for
updates

RBM4 modulates the proliferation and expression of inflammatory
factors via the alternative splicing of regulatory factors in Hela cells

Wei-Yang Wang' - Weili Quan?3 - Fan Yang" - Ya-Xun Wei? - Jia-Jun Chen' - Han Yu3 - Jie Xie' - Yi Zhang?3 - Zhan-Fei Li'

Received: 28 March 2019 / Accepted: 17 August 2019/ Published online: 5 September 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Regulatory factors function by modulating a variety of cascade mechanisms in cells. RBM4 is a multifunctional RNA-binding
protein in post-transcriptional gene regulation. Cytoplasmic RBM4 interacts with Ago2 to regulate inflammatory responses
by affecting mRNA decay and cap-dependent translation. However, it is unclear whether RBM4 functions in inflammation
regulation by its splicing factor role. Here, the cell biology, gene expression profile and alternative splicing pattern of HeL.a
cells with RBM4 overexpression (RBM-OE) were compared with the control. The results showed that RBM4-OE inhibited
proliferation. RBM4-OE extensively affects the transcriptional level of genes involved in cell surface receptor signalling
pathway, inflammatory responses and the response to lipopolysaccharide. RBM4 broadly regulated the alternative splic-
ing of hundreds of genes with functions of protein binding, helicase activity, DNA binding and transcription co-activator.
RBM4-regulated splicing of these genes plays an important role in apoptotic process and gene transcription regulation. As an
example, exon inclusion of TNIP1 mediated by RBM4 affects the expression of its targets in inflammatory pathways. These
results indicated that RBM4 can mediate the inflammatory response via splicing regulation, which adds to the understand-
ing of the critical role of RBM4 in cancer complicated by inflammation. In conclusion, this study indicated a mechanism in
which the dysregulation of alternative splicing can influence cellular biology and lead to various immune-related diseases.

Keywords RBM4 - Overexpression - Gene expression profile - Differentially expressed genes - Inflammatory response -
Alternative splicing

Introduction

How gene expression is regulated is one of the most impor-

tant problems in the field of biology research. Cellular gene
expression is generally regulated by post-transcriptional
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and Blackshear 2017; Turner and Diaz-Muiioz 2018). There-
fore, it is still meaningful to explore the post-transcriptional
regulatory role of RBPs in cell lines or tissue samples, which
will provide a basis to monitor and treat diseases involving
inflammatory responses.

Alternative splicing of precursor mRNA is often regu-
lated by serine/arginine-rich proteins (SR protein). RNA-
binding motif protein 4 (RBM4) was first identified as a
non-SR protein that modulates alternative pre-mRNA splic-
ing but acts opposite of some SR proteins in splice sites and
during exon selection (Lai et al. 2003). RBM4 is a multi-
functional RNA-binding protein involved in various post-
transcriptional regulation processes, including alternative
splicing and translation control (Lin and Tarn 2005, 2009;
Kar et al. 2006; Markus et al. 2006; Hock et al. 2007; Lin
et al. 2007; Brooks et al. 2009; Markus and Morris 2009).
RBM4 modulates the differentiation of various cell types
by regulating alternative splicing (Brooks et al. 2009; Lin
and Tarn 2009; Lin et al. 2013, 2016b; Lin 2015; Tarn et al.
2016; Su et al. 2017). For example, RBM4 functions by dif-
ferent splicing cascades to regulate adipogenesis (RBM4a-
SRSF3-MAP4K4), differentiation (RBM4-MEF2C) and
development (RBM4-Noval-SRSF6) in brown adipocytes
(Lin 2015; Lin et al. 20164, b; Chi and Lin 2018; Peng et al.
2018). Additionally, RBM4 suppresses the proliferation and
migration of various cancer cells by specifically controlling
cancer-related splicing (Lin et al. 2014, 2017, 2018; Wang
et al. 2014; Liang et al. 2015; Markus et al. 2016; Qi et al.
2016; Yong et al. 2016; Chen et al. 2017; Huang et al. 2017).
It is notable that RBM4 is also cytoplasmic and can shuttle
rapidly between the cytoplasm and the nucleus (Lai et al.
2003). Under stress conditions, RBM4 participates in the
formation of a translation initiation complex to promote the
expression of stress-response genes and evade stress-induced
repression of protein translation initiation (Lin et al. 2007;
Uniacke et al. 2012), which indicates an important role in
translation control. However, RBM4 was initially reported
as a tumour suppressor with a decreased expression levels
in breast and pancreatic carcinomas (Wang et al. 2014),
but was also reported to promote cancer progression with
increased overexpression in cervical, breast, lung, colon,
ovarian and rectal cancers (Lin et al. 2014; Markus et al.
2016). Therefore, RBM4 functions as a tumour suppressor
or promoter depending on variable expression in different
types of cancer.

In fact, there was an association between cancer and the
inflammatory response (Karin et al. 2006; Mantovani et al.
2008; Grivennikov et al. 2010; Jones and Jenkins 2018).
As previously reported, cancer chemotherapy will result in
the simultaneous onset of an acute inflammatory response
and sepsis-like symptoms (Tsuji et al. 2003). Infection is
an important complication in cancer patients, leading to
acute organ dysfunction (severe sepsis) and eventually
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death (Williams et al. 2004; Fox et al. 2010; Mokart et al.
2014; El Haddad et al. 2018; Liu et al. 2018b). Alteration
of immune surveillance is a common link between cancer
and sepsis (Nana-Sinkam and Crouser 2010). Therefore, it is
important to explore the mechanisms mediating the immune
response in cancers with sepsis. RBP will affect the expres-
sion of innate immune response genes by regulating splicing
and translation, which alert the immune system to danger
(Fu and Ares 2014; Gowen et al. 2015; Fu and Blackshear
2017; Pereira et al. 2017; Turner and Diaz-Muiioz 2018). As
reported, RBM4 plays a key role by interacting with Ago2
in the regulation of both mRNA decay and the translation
disruption of TNF-a during TLR4-induced gene repro-
gramming of acute systemic inflammatory responses in a
THP-1 sepsis cell model (El Gazzar et al. 2011; Brudecki
et al. 2013a, b; McClure et al. 2015). Therefore, we specu-
late that RBM4 also regulates inflammatory responses in
cancer patients with infection complications, which resulted
in inconsistent RBM4 expression detection in previous stud-
ies (Lin et al. 2014; Wang et al. 2014; Markus et al. 2016).
However, it is still unclear how RBM4 modulates the expres-
sion of immune response genes via the regulation of alterna-
tive splicing.

Here, to further explore the regulatory roles of RBM4,
this gene was overexpressed in HeLa cells, which are pri-
marily derived from cervical cancer tissue. Then, high-
throughput RNA sequencing (RNA-Seq) was performed
for overexpressed cells and controls to define comprehen-
sive gene expression profiles and to identify genome-wide
alternative splicing events regulated by RBM4. The results
showed clear changes in transcript profiles and splicing pat-
terns of specific subsets of genes after RBM4 overexpres-
sion in HeLa cells. Changes in alternative splicing of tran-
scription factors and transcription co-activators mediate the
differential expression of inflammatory factors. Our study
provides an important basis and data platform to clarify the
role of RBM4 in mediating the mechanisms for immune
responses linking cancer with inflammation.

Results

RBM4 overexpression inhibits proliferation in HelLa
cells

To explore the roles of RBM4 in cancer, RBM4 was over-
expressed in the HeLa cell line. HeLa cells were trans-
fected by vector expressing the RBM4 gene (RBM4-OE)
or empty vector (not expressing the RBM4 gene) (con-
trol). After transfecting the HeLa cells with the RBM4
expression vector, both the qPCR and Western blot results
showed that RBM4 was significantly overexpressed in HeLa
cells (Fig. 1a, b). We found that RBM4 overexpression
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Fig. 1 Effect of RBM4 overexpression on proliferation and apoptosis
in HeLa cells. a RBM4 was overexpressed and verified by qPCR. b
RBM4 was overexpressed and verified by Western blotting. ¢ RBM4
overexpression inhibits the proliferation of HeLa cells. d RBM4 over-

significantly inhibited the proliferation of HeLa cells
(Fig. 1c). Then, we detected cell apoptosis using Annexin
V in RBM4-OE and control HeLa cells. Although there was
no significant difference between RBM4-OE and the control,
the apoptosis level increased after RBM4 overexpression
in HeLa cells (Fig. 1d). These results indicated that RBM4
played an important role in the proliferation but not apopto-
sis regulation in HeLa cells.

RBM4 overexpression changes the gene expression
profiles of HelLa cells

To explore the molecular mechanisms by which RBM4
overexpression functions in HeLa cells, the gene expres-
sion profiles of RBM4-OE cells (transfected with vector
expressing the RBM4 gene) and control cells (transfected
with empty vector not expressing the RBM4 gene) were
detected by RNA-seq. A total of four RNA-seq libraries
were constructed and sequenced for RBM4-OE and control
HeLa cells, with two biological replicates for each group
(RBM4_1st, RBM4_2nd, Ctrl_1st, Ctrl_2nd). After remov-
ing sequence adaptors and low-quality reads, an average of
87.5 million clean pair-end reads per sample was obtained.
These reads were mapped to the human genome, which
resulted in an average of 65.8 million uniquely mapped read
pairs per sample (Table S1).

Then, these uniquely mapped reads were used to calculate
the gene expression. Fragments per kilobase of transcript
per million fragments mapped (FPKM) were calculated by
an in-house pipeline and used to represent the levels of gene
expression. The results showed 25, 167 genes expressed
(FPKM > 0) and 12,529 genes expressed at an expres-
sion level of FPKM > 1 in at least one sample (Table S2
and Table S3). FPKM values for RBM4 further supported
that this gene was effectively overexpressed in HeLa cells
(Fig. 2a). A correlation matrix was calculated based on the
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expression did not significantly affect the apoptosis level of HeLa
cells; data are represented as the mean +SD. Student’s ¢ test was per-
formed to compare control and RBM4-OE HeLa cells with signifi-
cance set at a P value of less than 0.05. *P <0.05, ***P <0.001

FPKM values of expressed genes in all four samples. There
was a high Pearson’s correlation value between RBM4-OE
and the control (more than 0.98), which indicated the similar
expression of most genes. However, unsupervised hierar-
chical clustering of the correlation matrix showed a clear
separation of RBM4-OE and control samples, with two bio-
logical replicates in a cluster (Fig. 2b). This result demon-
strated that RBM4 overexpression had an effect on the gene
expression profile in HeLa cells.

To further compare the gene expression profile, edgeR
was performed to identify the differentially expressed genes
(DEGs) between the RBM-OE and control cells (Robinson
et al. 2010), with a cut-off as fold change >2 or<0.5 and a
5% false discovery rate (FDR). There were 1027 upregulated
and 561 downregulated genes between RBM4-OE and con-
trol cells, indicating that RBM4 overexpression extensively
regulates gene expression in HeLa cells (Fig. 2c). Detailed
information for these DEGs, including FPKMs and fold
changes, is presented in Table S4. Moreover, hierarchical
clustering of normalized FPKM values of DEGs showed a
clear separation of the RBM4-OE and control samples and
a high consistency for the two replicate data sets (Fig. 2d).
These results indicated that RBM4 overexpression signifi-
cantly changed the transcript expression level of a set of
genes.

RBM4 overexpression affects the expression
of inflammatory factors in Hela cells

To reveal the potential roles of DEGs, GO function analy-
sis was performed to annotate all 1588 DEGs. The results
revealed 301 upregulated and 202 downregulated genes
annotated with GO categories biological process terms,
respectively. The upregulated DEGs were enriched in 51
GO terms and the downregulated DEGs in 39 GO terms
(Table S5). Both the upregulated and downregulated genes
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Fig.2 Analysis of the change in gene expression in response to
RBM4 overexpression. a RBM4 expression was quantified by RNA
sequencing data. b Heat map shows the hierarchically clustered
Pearson’s correlation matrix resulting from comparing the transcript
expression values for control and RBM4 overexpression samples.

were enriched in terms related to proliferation and apoptosis.
These results supported RBM4 overexpression affecting the
proliferation of HeLa cells.

It is notable that both the upregulated and down-regu-
lated genes in RBM4-OE cells were significantly enriched
in the inflammatory response, which belongs to the top 10
terms (Fig. 3a, b). To further reveal the functional roles
of these DEGs, KEGG pathway analysis was performed
for the 1588 DEGs. The results showed that DEGs were
enriched in ECM-receptor interaction, peroxisome, legionel-
losis, rheumatoid arthritis and cytokine—cytokine recep-
tor interaction (Fig. 3c, d). These results indicated that
RBM4 also plays an important role in many immune- and
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¢ Identification of RBM4-regulated genes. Upregulated genes are
labelled in red, whereas downregulated genes are labelled in blue in
the volcano plot. d Hierarchical clustering of DEGs in control and
RBM4 overexpression samples. FPKM values are log2-transformed
and then median-centred by each gene (color figure online)

inflammatory-associated diseases by affecting the expression
of inflammatory factors.

To verify the effect of RBM4-OE on the expression of
these DEGs, qPCR was conducted to quantify the changes
in mRNA levels of these genes. Sixteen upregulated
DEGs were randomly selected for qPCR analysis, includ-
ing JMJD6, RRPS, HSPA1B, HSPAG6, ITGA6, ITGA2,
HSPA1L, CSF2, HMGA2, AOC2, F2RL1, GAST, CD101,
MATN3, APLN and AOC3. All selected DEGs were anno-
tated in the GO or KEGG analysis, and the FPKM of these
genes was higher than one in at least one sample. The
results showed that 15 of the 16 selected DEGs showed a
significant increase after RBM4 overexpression in HeLa
cells, which was in agreement with the RNA-seq analysis
(Fig. 3e; Fig S1).
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Fig.3 Functional analysis of DEGs after RBM4 overexpression in
HeLa cells. The top 10 GO biological processes of RBM4-upregu-
lated (a) and downregulated genes (b). The top 10 KEGG pathways
of RBM4-upregulated (c) and downregulated genes (d). e Relative
expression levels of selected DEGs measured by RNA-seq (FPKM)

RBM4 overexpression regulated the alternative
splicing of transcription factor in Hela cells

As reported, RBM4 plays an important role in regulating
alternative splicing (AS). Therefore, we explored whether
RBM4 affects the expression of DEGs at the mRNA level via
RBM4-dependent AS regulation in HeLa cells. The splice
reads from RBM4-OE and control HeLa cells (Table S1)
were mapped to the reference genome, and 233,418 anno-
tated exons (63.5% of total annotated ones) were detected.

(left) and qPCR (right). For qPCR, GAPDH was used as the refer-
ence gene. Student’s ¢ test was performed to compare RBM-OE and
control cells with significance set at a P value of less than 0.05.
*P<0.05, **P<0.01

Then, a total of 159,184 known and 179,084 novel splice
junctions were detected using TopHat2. AS events were
identified from the splice junctions by the ABLAS pipeline
(Xia et al. 2017), which resulted in 19,223 known alternative
splicing events (ASEs) and 59,855 novel ASEs (Table S6).

To identify the high-confidence RBM4-regulated alterna-
tive splicing events (RASEs), a custom pipeline was used to
compare the changes the AS ratio between RBM4-OE and
control cells at a cut-off of P value <0.05 and changes in the
AS ratio >0.15. Under this condition, a total of 606 RASEs
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were identified (Table S7), including 122 intron-retention
(IR) and 484 non-IR (NIR) RASEs. Among these RASEs,
the number of alternative 3’ splice sites (A3SS), alternative
5" splice sites (A5SS), exon skipping (ES) and cassette exons
was relatively high (Fig. 4a). After mapping and counting, a
total of 531 genes contributed to these RASEs were defined
as RBM4-regulated alternative splicing genes (RASGs).
However, there were nine genes overlapping between DEGs
and RASGs (Fig. 4b). In particular, the alternative splicing
of DEGs enriched in the inflammatory response was not
affected by RBM4 overexpression. These results indicated
that RBM4-OE did not simultaneously affect the expression
at the transcript level or alternative splicing of most DEGs
or RASGs in HeLa cells.

To explore the potential function of RASGs, GO terms
analysis was conducted. The results showed that RASGs
were highly enriched in GO molecular functional terms,
including protein binding, helicase activity, RNA-binding,
nucleotide binding, DNA binding and transcription coacti-
vator activity (Fig. 4b; Table S8). There were 207 RASEs
annotated with protein binding and 53 RASEs with DNA
binding. Moreover, GO biological process annotation
showed that RASGs were enriched in chromatin modifi-
cation, mitotic cell cycle, apoptotic process, translational

initiation, regulation of translational initiation and positive
regulation of apoptotic process (Fig. 4c, Table S8). These
results indicated that RBM4 overexpression affected the
expression of DEGs enriched in pathways, including the
inflammatory response, by regulating the alternative splic-
ing of transcription factors and co-activators.

To validate the effects of RBM4 overexpression on alter-
native splicing, qPCR was conducted to quantify the ratios
of 14 RASEs in RBM4-OE and control cells. The results
showed that changes in the ratio of 13 detected RASEs in
gPCR were in agreement with the results of the transcrip-
tome analysis (Fig. 5; Fig. S2). These RASEs occurred in
MORF4L2, EIF4A2, SAP130, MAFG, UBE2I, RBM4,
PLEC, TNIP1, NSL1, FBXWS5, SRA1 and ZNF213. These
genes were annotated with GO molecular functional terms,
including DNA binding and transcription coactivator activ-
ity and GO biological process terms, including apoptotic
process and negative regulation of transcription (Table S8).
In particular, RBM4 was spliced at an alternative 3’ splice
site after overexpression, which would affect its RNA-bind-
ing activity (Fig. 5a; Table S8). Exon exclusion of TNIP1
will affect the inflammatory response by changes in pro-
tein binding activity and ubiquitin-specific protease activity

(Fig. 5b; Table S8). The alternative 5’ splice site of MAFG
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by RBM4 protein. b The top 10 GO molecular function analyses c.
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The top 10 GO biological process analyses. d The overlap analysis
between RBM4-regulated differentially expressed genes (DEG) and
RBM4-regulated alternative splicing genes (RASGs)
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will change DNA binding and protein heterodimerization
activity, which affect transcription and cell proliferation
(Fig. 5c; Table S8).

Discussion

RBM4 plays important roles in post-transcriptional gene
regulation by regulating alternative splicing and transla-
tion, which affect the differentiation of adipocytes, the pro-
liferation and apoptosis of cancer cells and the inflamma-
tory response in immune cells (Lin and Tarn 2012; Brudecki
et al. 2013a; Lin et al. 2014, 2017; Wang et al. 2014; Markus
et al. 2016). In this study, we showed that RBM4 overex-
pression inhibits cell proliferation in HeLa cells. RBM4-
OE affects the expression of inflammatory response genes
at the transcript level, and the alternative splicing patterns
of genes that have RNA-binding, nucleotide binding, DNA
binding and transcription coactivator activities. Our results
suggested that RBM4 affects the proliferation and expression
of inflammatory factors by regulating the alternative splicing
of regulatory factors in HeLa cells.

In many previous studies, RBM4 has been reported to
affect the proliferation and apoptosis of various cancer cells
by specifically controlling cancer-related splicing (Wang
et al. 2014; Yong et al. 2016). Notably, there are inconsistent
results regarding the expression levels of RBM4 in cancer
cells and tissues (Lin et al. 2014; Wang et al. 2014; Markus
et al. 2016). Lin et al. and Markus et al. showed elevated
levels of RBM4 in breast cancer cells and tissue (Lin et al.
2014; Markus et al. 2016). However, Wang et al. reported
that RBM4 is a tumour suppressor and that its overexpres-
sion inhibits cancer cell growth (Wang et al. 2014). In our
study, we showed that RBM4 overexpression inhibits the
proliferation of HeLa cells, which is consistent with previ-
ous study (Wang et al. 2014). Moreover, our transcriptome
analysis showed that RBM4 affects the alternative splicing
of genes from pathways including the mitotic cell cycle.
These results suggest that RBM4 affects the proliferation in
HeLa cells by regulating splicing. In particular, we experi-
mentally validated that RBM4 regulates the alternative
splicing of SRA1. In fact, alternative splicing of the first
intron of SRA1 participates in the generation of coding and
noncoding RNA isoforms in cancer cells (Hube et al. 2006).
Decreased expression of SRA1 has clinical significance in
hepatocellular carcinoma (Luo et al. 2017). Thus, further
work could be conducted to explore how RBM4 regulates
the alternative splicing of SRA1.

RBM4 promotes the expression of stress-response genes
by forming a translation initiation complex with other pro-
teins (Lin et al. 2007; Uniacke et al. 2012). In fact, RBM4
regulates the acute systemic inflammatory response in
THP-1 sepsis cells by interacting with Ago2 to regulate

translation (Brudecki et al. 2013a). In this study, we explored
whether RBM4 affects the expression and alternative splic-
ing of immune response genes in cancer cell lines. In fact,
infection is an important complication in cancer patients,
leading to sepsis (Nana-Sinkam and Crouser 2010; Liu et al.
2018b). Therefore, it is meaningful to explore the mecha-
nisms underlying the alteration of immune surveillance,
which is a common link between cancer and sepsis. Our
results showed that RBM4-OE upregulated or downregu-
lated expression of many genes enriched in the inflamma-
tory response. Interestingly, we found that RBM4 upregu-
lated the expression of amine oxidase, copper containing 3
(AOC3) and coagulation factor II (thrombin) receptor-like 1
(F2RL1). F2RL1 and AOC3 have been reported to regulate
the inflammatory response in cancer and infection (Bettin
et al. 2016; Ward et al. 2016). Therefore, it is interesting to
explore whether RBM4 regulates the inflammatory response
by alternative splicing.

RBM4 is a multifunctional RNA-binding protein that
regulates both alternative splicing and translation (Lin and
Tarn 2009; Markus and Morris 2009). In our study, tran-
scriptome analysis showed that AS events occurred in genes
involved in the inflammatory response. We have observed
RBM4-dependent alternative splicing of transcription fac-
tors and splice factors. For example, TNIP1 has protein bind-
ing activity and is increasingly being recognized as a key
repressor of inflammatory signalling and a potential factor in
multiple autoimmune diseases (Shamilov and Aneskievich
2018). In fact, toll-like receptor signalling was considered
an important target of TNIP1 (Shamilov and Aneskiev-
ich 2018). These results suggest that RBM4 regulates the
inflammatory response via toll-like receptor signalling with
alternative splicing as well as translation control. In addition,
RBM4 controls the alternative splicing of MAFG, which
regulates liver cancer (Liu et al. 2018a). Antisense RNA
of MAFG facilitates the migration and invasion of non-
small-cell carcinoma cells via sponging miR-339-5p from
MMP15 (Cui et al. 2018). Notably, our results also showed
that RBM4 controls the expression of itself by alternative
splicing after overexpression in HeLa cells. In fact, a previ-
ous study reported that hnRNPDL regulates the alternative
splicing of cassette exons at their 3' UTRs, which mediates
the expression of this gene itself (Kemmerer et al. 2018).
Thus, RBM4 could broadly regulate the alternative splicing
of transcription factors and splicing factors, which further
affects the expression of their targets.

In summary, the RNA-binding properties of RBM4 sug-
gest that this protein could have multifunctional roles in
RNA processing and translation. In this study, we conducted
RNA-seq technology to study the role of RBM4 in HeLa
cells. We concluded that RBM4 regulates the expression of
genes involved in the inflammatory response by regulating
alternative splicing patterns of regulator factors, including
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transcription factors and co-activators. The dysregulated  the expression of downstream genes (Li et al. 2017). These
alternative splicing of transcription factors and co-activa-  results indicated that RBM4 regulates proliferation and
tors will result in functional loss or gain, which mediates =~ immune response via alternative splicing in HeLa cells,
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«Fig.5 Validation of RBM4-regulated alternative splicing events.
a Alternative 3’ splice site in RBM4. b Exon skipping of TNIPI. ¢
Alternative 5' splice site of MAFG. AIGV-sashimi plots show AS
changes in RBM4 overexpression cells and control cells (left panel),
and the transcripts for the gene are shown below. The schematic
diagrams depict the structures of ASEs, AS1 (purple line) and AS2
(green line). The exon sequences are denoted by boxes and intron
sequences by the horizontal line (right panel, top). RNA-seq quanti-
fication and qPCR validation of ASEs are shown in the bottom right
panel. The altered ratio of AS events in RNA-seq was calculated
using the formula: AS1 junction reads/(AS1 junction reads+ AS2
junction reads), while the altered ratio of AS events in qPCR was cal-
culated using the formula: AS1 transcript level/AS2 transcript level.
Student’s ¢ test was performed to compare RBM-OE and control
cells with significance set at a P value of less than 0.05. *P <0.05,
*#*P <0.01 (color figure online)

which provides a basis for exploring the role of RBM4 in
cancer complicated by inflammation.

Materials and methods
Cloning and plasmid construction

Primer pairs used for hot fusion were designed with CE
Design V1.04 (Vazyme). Each of the primers comprises
a fragment of RBM4-specific sequences and a 17-30 bp
sequence of the pIRES-hrGFP-1a vector (Stratagene).

The pIRES-hrGFP-1a vector was digested by EcoRI and
Xhol (NEB) at 37 °C for 2-3 h. Then, the enzyme-digested
vector was run on a 1.0% agarose gel and purified by a Qia-
gen column kit. Total RNA was isolated from HeLa cells
with Trizol. Purified RNA was transcribed for cDNA by
oligo dT primer. Then, the insert fragment of RBM4 was
synthesized by PCR amplification. A linearized vector
digested by EcoRI and Xhol (NEB) and PCR insert frag-
ment of RBM4 were added to a PCR microtube for ligation
with the ClonExpress® II One Step Cloning Kit (Vazyme).
Plasmids were introduced into Escherichia coli by chemical
transformation. The cells were plated onto LB agar plates
containing 1 pl/ml ampicillin and incubated overnight at
37 °C. Colonies were screened by colony PCR (28 cycles)
with universal primers (located on the backbone vector).
The insert sequence of RBM4 was verified by Sanger
sequencing.

Cell culture and transfection

HeLa cells were cultured under standard conditions with
Dulbecco’s modified Eagle’s medium (DMEM) with sup-
plemented 10% foetal bovine serum (FBS), 100 pg/ml strep-
tomycin and 100 U/ml penicillin. The transfection of the
pIRES-hrGFP-1a vector containing the RBM4 gene (RBM4-
OE) or not containing the RBM4 gene (control) into HeLa

cells was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. The transfected cells were harvested after 48 h for
gPCR analysis.

Assessment of gene overexpression

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
used as a control gene to assess the effects of RBM4 overex-
pression. cDNA synthesis was performed by standard proce-
dures, and gPCR was performed on a Bio-Rad S1000 with
Bestar SYBR Green RT-PCR Master Mix (DBI Bioscience,
Shanghai, China). The concentration of each transcript was
then normalized to the GAPDH mRNA level using 2744€T
method (Livak and Schmittgen 2001).

Apoptosis and proliferation analysis

HeLa cells were cultured to a confluence of 70-80% after
48 h post-transfection with the pIRES-hrGFP-1a vector
containing the RBM4 gene (RBM4) or not containing the
RBM4 gene (control) and were collected for apoptosis and
proliferation analysis.

For apoptosis analysis, the transfected HeLa cells were
collected and then stained with the Annexin V-PE/7-AAD
Apoptosis Detection kit (BD Pharmingen Biosciences, San
Diego, CA). Apoptotic cells were detected using the Beck-
man MoFlo XDP, and the data were analysed with Flowjo
(TreesStar) software.

A MTT assay was used to evaluate cell proliferation
according to a previous study (Wang et al. 2019). Cultured
cells were pretreated with 20 pl MTT solution. The treated
cells were cultured under the same conditions for 30 min.
Then, the medium was removed. Next, 0.15 ml dimethyl-
sulfoxide (DMSQO) was used to solubilize the resulting
formazan crystal. An ELISA reader was used to detect the
optical density at 490 nm.

Western blotting

Total protein lysate was extracted from RBM4 overex-
pression/control cells with RIPA buffer. Protein extracts
(40-60 pg) were separated by SDS-PAGE and transferred
to PVDF membranes (Bio-Rad, cat. 1620177, Foster, Cali-
fornia, USA). The membranes were blocked with 5% non-fat
milk, followed by overnight incubation with primary anti-
bodies against either RBM4 (CUSABIO, Shanghai) over-
night at RT. After incubation with rhodamine (TRITC), goat
anti-rabbit IgG (Abclonal, cat. A5040) (1:10,000) for 1 h at
room temperature, the signals were detected with Clarity
Max™ Western ECL Substrate (Bio-Rad, cat. 1705062).
B-actin was used as a loading control for the Western blot
analysis.
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RNA extraction and sequencing

The HeLa cells were ground into fine powder before RNA
extraction. Total RNA was extracted by the hot phenol
method. The RNA was further purified with two phe-
nol—chloroform treatments and then treated with RQ1 DNase
(Promega, Madison, WI, USA) to remove DNA. The quality
and quantity of the purified RNA were determined by meas-
uring the absorbance at 260 nm/280 nm (A260/A280) using
Smartspec Plus (Bio-Rad, USA). The integrity of RNA was
further verified by 1.5% agarose gel electrophoresis. For
each sample, 10 pg of total RNA was used for RNA-seq
library preparation. Polyadenylated mRNAs were purified
and concentrated with oligo(dT)-conjugated magnetic beads
(Invitrogen, Carlsbad, CA, USA) before directional RNA-
seq library preparation. The purified mRNAs were then iron
fragmented at 95 °C followed by end repair and 5" adaptor
ligation. Then, reverse transcription was performed with RT
primers harbouring a 3" adaptor sequence and a randomized
hexamer. The cDNAs were purified, amplified, and stored
at — 80 °C until sequencing. For high-throughput sequenc-
ing, the libraries were prepared following the manufacturer’s
instructions.

An Ilumina Nextseq 500 system was used to collect
data from 151 bp pair-end sequencing (ABlife Inc., Wuhan,
China).

Differentially expressed genes (DEG) analysis

FPKM (paired-end fragments per kilobase of exon per mil-
lion fragments mapped) was used to evaluate the expres-
sion level of genes. To screen for the differentially expressed
genes (DEGs), we applied the software edgeR, which was
specifically used to analyse the differential expression of
genes using raw RNA-Seq reads. To determine whether a
gene was differentially expressed, we analysed the results
based on the fold change (fold change >?2 or <0.5) and false
discovery rate (FDR <0.05).

To predict the gene function and calculate the functional
category distribution frequency, gene ontology (GO) anal-
yses and enriched KEGG pathways were identified using
KOBAS 2.0 server (Xie et al. 2011). The hypergeometric
test and Benjamini-Hochberg FDR controlling procedure
were used to define the enrichment of each pathway (cor-
rected P value <0.05).

Alternative splicing analysis

The alternative splicing events (ASEs) and regulated alter-
native splicing events (RASEs) between the samples were
defined and quantified by using the ABLas pipeline as
described previously (Xia et al. 2017). In brief, the detec-
tion of seven types of ASEs was based on splice junction
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reads. The eight types of ASE included cassette exon
(Cassette Exon), exon skipping (ES), mutually exclusive
exon skipping (MXE), A5SS, A3SS, the MXE combined
with an alternative 5’ promoter (SpMXE) and an alterna-
tive polyadenylation site (3pMXE). Intron retention was
calculated based on the average base in the intronic and
adjacent exonic regions.

After detecting the ASEs in each RNA-seq sample,
Fisher’s exact test was chosen to calculate the significant
P value, with alternative reads and model reads of samples
as input data. The changed ratio of alternatively spliced
reads and constitutively spliced reads between compared
samples was defined as the RASE ratio. The P value <0.05
and RASE ratio > 0.2 were set as the threshold for RASE
detection.

Real-time qPCR validation of DEGs and AS events

In this study, to elucidate the validity of the RNA-seq data,
quantitative real-time PCR (qPCR) was performed for some
selected DEGs, and normalized with the reference gene
GAPDH. The same RNA samples for RNA-seq were used
for qPCR. The PCR conditions consisted of denaturing at
95 °C for 10 min, 40 cycles of denaturing at 95 °C for 15 s,
and annealing and extension at 60 °C for 1 min. PCR ampli-
fications were performed in triplicate for each sample. The
primers for qPCR analysis are listed in Table S9.

Statistical analysis

An unpaired two-tailed 7 test (between two groups) was
performed for the cell biology and qPCR data. Probability
(P) values < 0.05 were considered statistically significant.
The data are presented as the mean + standard deviation
(SD). Each experiment was conducted in at least three
biological replicates, except for the RNA-seq.
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