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INTRODUCTION  
 

Alternative splicing (AS) is a process that enables a pre-

mRNA to synthesize different protein variants that  

may have different cellular functions or properties. 

Approximately 95% of human genes undergo 

alternative splicing, which results in the expansion of 

transcriptome and proteome diversity [1ï3]. The AS 

process takes multiple roles in the regulation of various 

biological processes, including cell and tissue 

homeostasis [4] and organ development [5]. It has 

further emerged as an important contributor to aging 

and cellular senescence [6ï8], as well as aging-

associated diseases [9], including cardiovascular 

diseases [7] and cancer [10ï12]. Particularly, it has been 

suggested that splicing deregulation caused by changes 

in the expression of splicing factors (SFs) may be 

involved in aging and senescence [13ï15]. The altered 

expression of SFs might lead to increased AS variants 

of their target genes, including senescence-associated 

genes. For example, the depletion of splicing factor 

PRPF19 induced senescence in human diploid 

fibroblasts by altering the splicing patterns of MDM4 

[16]. Altogether, these studies suggest that proper 

regulation of AS process accompanied by balanced 

expression of SFs is important to inhibit senescence and 

aging. Nevertheless, it remains to be elucidated how 

specific SFs could regulate the AS of target genes and 

how their depletion could induce cellular senescence. 
 

There are multiple types of AS. The major types include 

exon skipping, alternative 3ǋ splice sites, alternative 5ǋ 
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ABSTRACT 
 

Alternative splicing (AS) enables a pre-mRNA to generate different functional protein variants. The change in AS 
has been reported as an emerging contributor to cellular senescence and aging. However, it  remains to be 
elucidated which senescent AS variants are generated in and regulate senescence. Here, we observed 
commonly down-regulated SRSF7 in senescent cells, using publicly available RNA-seq datasets of several in vitro 
senescence models. We further confirmed SRSF7 deregulation from our previous microarray datasets of time-
series replicative senescence (RS) and oxidative stress-induced senescence (OSIS) of human diploid fibroblast 
(HDF). We validated the time-course changes of SRSF mRNA and protein levels, developing both RS and OSIS. 
SRSF knockdown in HDF was enough to induce senescence, accompanied by p53 protein stabilization and 
MDM2 variants formation. Interestingly, expression of MDM2 variants showed similar patterns of p53 
expression in both RS and OSIS. Next, we identified MDM2-C as a key functional AS variant generated 
specifically by SRSF7 depletion. Finally, we validated that MDM2-C overexpression induced senescence of HDF. 
These results indicate that SRSF7 down-regulation plays a key role in p53-mediated senescence by regulating AS 
of MDM2, a key negative regulator of p53, implying its critical involvement in the entry into cell senescence. 
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splice sites, mutually exclusive exons and intron 

retention. Among these different types, exon skipping is 

the most common type of senescence-associated 

differential splicing events [15]. Splicing process is 

regulated by various splicing regulators, including SFs, 

which interact with spliceosome and help to recognize 

splice sites in pre-mRNA [17]. There are two major SF 

families, serine and arginine rich splicing factor (SRSF) 

family and heterogeneous nuclear ribonucleoprotein 

(hnRNP) family. SRSF proteins mainly recognize 

exonic splicing enhancer sequences and promote the 

inclusion of those recognized exons, while hnRNPs 

mainly recognize exonic splicing silencer sequences and 

repress exon inclusion [18, 19]. Considering that the 

exon skipping is the most common type of senescence-

associated differential splicing events, the proper 

regulation in exon recognition and subsequent exon 

inclusion is critical to control senescence. In particular, 

SRSF proteins have been inextricably linked to cellular 

senescence and aging-associated phenotypes [7, 20ï23]. 

For example, SRSF1 and SRSF7 have been identified as 

key splicing regulatory RNA binding proteins in 

senescence through systemic analyses of transcriptomic 

data [15]. Moreover, it has been recently proposed that 

juvenile-expressed SRSF7 may mediate the age-

dependent AS and its depletion may lead to growth 

cessation in mice [22]. These findings suggest that 

SRSF7 is essential for cell growth and its depletion can 

lead to senescence. Despite its apparent relevance to the 

cell growth in cellular senescence, molecular basis of 

SRSF7 depletion mediating senescence remains unclear. 

 

Tumor suppressor p53 is known to regulate senescence, 

especially through the induction of its downstream 

effector p21 [24, 25]. The stability of p53 protein is 

negatively regulated by mouse double minute 2 

homolog (MDM2) [26ï28]. MDM2 binds to p53 and 

ubiquitinates it, leading to the proteasomal degradation 

of p53. The disruption of the MDM2-p53 interaction 

leads to the accumulation of p53 in cells [29], 

suggesting that the maintenance of balanced regulation 

between MDM2 and p53 is important to prevent p53-

mediated senescence. Interestingly, MDM2 has various 

splice isoforms [30]. Many MDM2 splice isoforms lack 

functional domains, including p53 binding domain [31], 

suggesting that they may lose the ability to bind and 

degrade p53. Several studies have provided molecular 

evidence that the presence of MDM2 splice isoforms, 

which lack p53 binding domain but retain RING 

domain, can bind to MDM2 full-length (MDM2-FL) 

and inhibit its function in p53 degradation [32ï35], 

thereby inducing p53 activation and subsequent cell 

cycle arrest [36ï38]. Despite the evident role of MDM2 

splice variants in senescence, however, it remains to be 

investigated how these variants are generated during 

senescence and contribute to senescence. 

Here, we investigated the role of SRSF7 in the 

regulation of AS of MDM2 during cellular senescence. 

Down-regulation of SRSF7 was observed during 

replicative senescence (RS) and oxidative stress-

induced senescence (OSIS) in human diploid fibroblasts 

(HDFs), accompanied with increased generation of 

MDM2 splice variants. SRSF7 depletion led to the 

formation of various MDM2 splice isoforms, including 

MDM2-C. MDM2-C, whose exon 4ï8 are skipped, 

lacks p53 binding domain but retains RING domain. 

MDM2-C expression in young fibroblasts was shown to 

induce cellular senescence. These results suggest that 

the proper splicing regulation of MDM2 by SRSF7 is 

crucial to prevent senescence, implying that balanced 

AS regulation may play an important role in 

senescence. 

 

RESULTS 
 

SRSF7 is commonly down-regulated in senescent cells 

 

To investigate how splicing deregulation is involved in 

cellular senescence, we performed gene set enrichment 

analysis (GSEA) using publicly available RNA-seq data 

derived from RS model of human fibroblasts (see 

Methods). Compared to proliferative fibroblasts, in 

senescent fibroblasts, óDNA_REPLICATIONô and 

óCELL_CYCLEô gene sets were most down-regulated 

(Figure 1A, 1B). Interestingly, óSPLICEOSOMEô gene 

set was also significantly down-regulated in senescent 

samples (Figure 1A, 1B). Through AltAnalyze analyses 

(see Methods), we found a total of 627 differential 

splicing events between proliferative and senescent 

fibroblasts (Figure 1C). Notably, most of them were 

exclusion and inclusion events of exons rather than of 

alternative 3ǋ or 5ǋ splice sites, alternative C terminal 

exons, alternative promoters. This result implies that the 

senescent spliceosomal deregulation generates diverse 

AS variants which were formed by exon exclusion and 

inclusion, thereby modulating senescence phenotypes. 

In addition, we identified that 4 SRSF family genes, 

SRSF1, SRSF2, SRSF7 and SRSF3, were among the 

top 10 óleading edgeô genes of óSPLICEOSOMEô gene 

set (Figure 1B). Given that the SRSF proteins are 

known to promote exon recognition for exon inclusion 

during splicing process [18], our findings suggest that 

SRSF deregulation-mediated AS events may closely be 

related to cellular senescence. Individual expression 

profiles of the four SRSFs showed clear down-

expression in senescent samples of the RS model, 

accompanied with induction of cell cycle inhibitor, 

CDKN1A, known as a senescence marker gene (Figure 

1D). Among the four down-regulated SRSF family 

genes, we focused on SRSF1 and SRSF7, which have 

previously been suggested to be key splicing regulatory 

RNA binding proteins in cellular senescence [15]. 
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Unlike SRSF7, however, SRSF1 did not exhibit 

consistent down-expression in RS of MRC-5 and BJ 

cells (Figure 1E). These observations altogether suggest 

that SRSF7 down-expression plays a role in AS-

modulated cellular senescence. 

 

SRSF7 depletion induces cellular senescence 

 

We previously reported the time-series gene expression 

profiles of RS and OSIS of HDFs [39, 40]. By 

employing the RS dataset (GSE41714), we also 

identified down-regulation of SRSF7 from the early time 

point (DT3), as shown in Figure 2A. By developing 

RS model of HDFs, we further validated SRSF7 mRNA 

and protein levels, together with CDKN1A (p21) 

expression and gain of senescence-associated beta 

galactosidase activity (SA-ɓ-gal) (Figure 2Bï2D). 

Interestingly, SRSF7 down-expression preceded the 

acquisition of SA-ɓ-gal, the typical senescence 

phenotype. In the OSIS data set (GSE80322), SRSF7 

 

 
 

Figure 1. Down-regulation of SRSF7 is commonly observed in multiple RNA-seq datasets of cellular senescence. (AςD) RNA 

seq analysis of Wi-38 cells during RS (GSE130306). (A) Bar plot showing the top gene sets which were downregulated in senescence cells. 
(B) GSEA plot showing the enrichment score (ES) and normalized enrichment score (NES) and adjusted p-value (Padj) of three gene sets 
(DNA_REPLICATION, CELL_CYCLE, and SPLICEOSOME) in senescent cells. Bar plots showing the log2 fold change (logFC) were displayed 
ǘƻƎŜǘƘŜǊΦ ¢ƻǇ ǘŜƴ ƭŜŀŘƛƴƎ ŜŘƎŜ ƎŜƴŜǎ ƛƴ Ψ{t[L/9h{ha9Ω ƎŜƴŜ ǎŜǘ ŀǊŜ ǎƘƻǿƴ ƴŜȄǘ ǘƻ ƛǘǎ D{9! ǇƭƻǘΦ όC) Stacked bar plot showing the number 
of differential splicing event types in senescent (S) cells compared to proliferative (P) cells. Abbreviations: alt-оΩΥ ŀƭǘŜǊƴŀǘƛǾŜ оΩ ǎǇƭƛŎŜ ǎƛǘŜǎΤ 
alt-рΥ ŀƭǘŜǊƴŀǘƛǾŜ рΩ ǎǇƭƛŎŜ ǎƛǘŜǎΤ ŀƭǘ-C-term: alternative C terminal exons; altPromoter: alternative promoters; cassette-exon: alternative 
exon-cassettes. (Dύ DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƘŜŀǘƳŀǇ ƻŦ /5Ybм! ŀƴŘ {w{C ƎŜƴŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ƭŜŀŘƛƴƎ ŜŘƎŜ ƎŜƴŜǎ ƻŦ Ψ{t[L/9h{ha9Ω ƎŜƴŜ ǎŜǘΦ 
The values are scaled into z-score. (E) Gene expression heatmaps of CDKN1A and SRSF genes from RNA seq data of MRC-5 (GSE64553) and 
BJ (GSE63577) during RS. The values are scaled into z-score. 
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Figure 2. SRSF7 depletion is involved in diverse models of cellular senescence. (AςD) Expression of SRSF7 and senescence 

markers (CDKN1A, or p21 as its protein name, and SA-ʲ Ǝŀƭ ŀŎǘƛǾƛǘȅύ ƛƴ w{ ƳƻŘŜƭ ƻŦ I5CǎΦ όA) Expression heatmap from publicly available 
microarray data (GSE41714). The values are scaled into z-score. (B) mRNA level of SRSF7 using qPCR. (** p < 0.01 vs. DT2 by student t-test). 
(C) Western blot analysis. (D) The percentage of SA- -̡gal positive (+) cells along with pictures of stained cells. (EςJ) Expression of SRSF7 and 
the same senescence markers in OSIS model of HDFs. (E) Expression heatmap from publicly available microarray data (GSE80322). The 
values are scaled into z-score. (F) mRNA level of SRSF7 in dose-dependent OSIS using qPCR. (** p < 0.01 vs. Con by student t-test). (G) 
Western blot analysis in dose-dependent OSIS. (H) The quantification of SA- -̡gal (+) cells along with pictures of stained cells. (** p < 0.01 vs. 
Con by student t-test). (I) mRNA level of SRSF7 in time-dependent OSIS using qPCR. (** p < 0.01 vs. Con by student t-test). (J) Western blot 
analysis in time-dependent OSIS. (KςM) HDFs (DT2) were transfected with siRNA against either negative control (NC) or SRSF7 for 4 days. 
(K) Western blot analysis. (L) The quantification of SA- -̡gal (+) cells along with pictures of stained cells. (** p < 0.01 vs. NC by student t-test). 
(M) The quantification of cell growth activity. (** p < 0.01 vs. NC by student t-test). 
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down-regulation was similarly observed (Figure 2E). In 

addition, SRSF7 protein and mRNA levels showed 

obvious down-expression in dose-dependent manner, 

similarly to the gains of p21 and SA-ɓ-gal, in OSIS 

model of HDFs (Figure 2Fï2H). In time-course OSIS 

model, SRSF mRNA decreased from day 1, showing 

initial response but its protein expression showed time-

dependent manner (Figure 2I, 2J). Next, to examine the 

direct link of SRSF7 depletion to cellular senescence, 

SRSF7 was suppressed by siRNA-mediated knockdown 

in primary HDF (Figure 2K). Notably, SRSF7 depletion 

significantly induced senescence, evidenced by SA-ɓ-

gal gain and cell growth inhibition (Figure 2L, 2M), 

suggesting that SRSF7 depletion could lead to cellular 

senescence. 

 

SRSF7 depletion-mediated senescence is related to 

the formation of MDM2 splice variants 

 

Next, to elucidate how SRSF7 depletion could lead to 

cellular senescence, we examined MDM2-p53 axis, 

because the alterations in AS of MDM2 have been 

reported in cell cycle arrest by accumulation of p53, a 

upstream transcription regulator of p21 [36ï38]. When 

SRSF7 was suppressed, TP53 mRNA level remained 

unchanged (Figure 3A) while protein expressions of 

p53 and p21, the downstream target of p53, were 

obviously increased (Figure 3B), suggesting that 

increase in p53 protein after SRSF7 knockdown is 

derived from increased p53 protein stability, regardless 

of TP53 mRNA level. Interestingly, the p53 protein 

induction was accompanied by total mRNA level of 

MDM2 (Figure 3A) and increased formation of MDM2 

variants, along with slight increase of full-length form 

of MDM2 (Figure 3B). We further examined the 

formation of MDM2 splice variants in the two 

senescence models, RS and OSIS of HDF. In OSIS, 

total MDM2 mRNA was significantly increased, but 

TP53 mRNA unchanged (Figure 3C). At the protein 

level, MDM2 variants increased, along with induction 

of full-length MDM2 protein (MDM2-FL), p53 and p21 

(Figure 3D). Interestingly, the formation of MDM2 

splice variant was increasingly observed with H2O2 

treatment (Figure 3D). The MDM2-FL was confirmed 

by siRNA-mediated knockdown of MDM2. Similarly, 

in the RS model of HDF, the total MDM2 mRNA was 

substantially increased (Figure 3E). Unlike OSIS model, 

however, TP53 did not show consistent mRNA level 

during RS, suggesting that this long-term senescence 

model might have diverse cellular events regulating 

TP53 mRNA (Figure 3E). Nevertheless, it is 

noteworthy that the formation of MDM2 variants were 

clearly observed in RS, accompanied with p53 and p21 
induction (Figure 3F). These results show that SRSF7 

depletion-mediated senescence may be closely related 

to the formation of MDM2 splice variants, which play a 

key role in p53 stabilization. Given that MDM2 protein 

is a E3 ligase to promote ubiquitin-mediated protein 

degradation of p53 [27, 28], high expression of MDM2 

and low level of p53 protein in young HDF (DT2) 

seemed appropriate. However, it is difficult to explain 

how p53 protein increases in the presence of MDM2-

FL. Our results suggest that MDM2 variants formed by 

SRSF7 down-regulation may block the action of 

MDM2-FL, consequently stabilizing p53 protein and 

inducing senescence. 

 

MDM2 -C, a MDM2 AS variant, generated by SRSF7 

depletion induces senescence 

 

To identify which MDM2 splice variant is involved in 

SRSF7 depletion-mediated senescence, we performed 

RNA-seq analyses after SRSF7 knockdown. The 

experimental system was validated by principal 

component plot, comparing with SRSF3 knockdown 

which was used as a negative control. (Figure 4A). 

Expression levels of SRSF7, SRSF3, MDM2 and TP53 

were also confirmed as shown in Supplementary Figure 

1A. Next, we examined MDM2 transcript expression 

pattern in each group (Supplementary Figure 1B). We 

identified four kinds of alternatively spliced MDM2 

transcripts which were up-regulated only in SRSF7-

depleted samples (Supplementary Figure 1B and  

Figure 4B). One was MDM2-FL transcript 

(ENST00000539479), two of them showed exon 

skipping (ENST00000299252 and ENST00000393410) 

and the last one included intron retention between exon 

3 and 4 (ENST00000393416), adding 31 amino acids 

without frame shift (Figure 4B). In ENST00000299252 

and ENST00000393410 transcripts, exon 4ï8 and exon 

4ï10 were skipped, respectively. Interestingly, both 

transcripts lack p53 binding domain but retain RING 

domain, which suggest that they can bind to MDM2-FL 

and inhibit its function in p53 ubiquitination. Given that 

ENST00000299252 transcript, which is a known 

MDM2-C isoform [31], is less spliced out, it could be 

assumed to represent the function of the two variants 

with deletion. So, we examined its role in cellular 

senescence. 

 

To validate the formation of the ENST00000299252 

transcript in vitro, we designed two primer sets which 

could detect total MDM2 transcripts (F1+R1) or only 

MDM2-C isoform using a primer for exon 3-9 junction 

site (F1+R2) (Figure 4C). In SRSF7-depleted HDF, 

several MDM2 splice variants were detected by using 

primer set 1 and MDM2-C specific band was selectively 

detected by primer set 2 (Figure 4D). Next, we eluted 

cDNA fragments of the bands of MDM2 variants from 
the agarose gel (indicated by red rectangle in Figure 

4D), subcloned into pGEM®-T Vector and performed 

DNA sequencing to identify the variants. Total seven 
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splice variants were identified (Supplementary Figure 2) 

and the schematics of each variant are shown in Figure 

4E. Three bands observed clearly on the agarose gel 

(Figure 4D) were probably a mixed one for 551 bp and 

547 bp, one for 497 bp, and one for 336 bp (indicated by 

red triangle and red letters) (Figure 4D, 4E). The density 

per base pair of each band showed that the 336 bp 

fragment, which is MDM2-C isoform, was expressed in 

 

 
 

Figure 3. SRSF7 knockdown-mediated senescence is accompanied by the generation of MDM2 splice variants. (A, B) HDFs 

(DT2) were transfected with siRNA against either negative control (NC) or SRSF7 for 4 days. (A) mRNA level of SRSF7, TP53, MDM2 using 
qPCR. (** p < 0.01 vs. NC by student t-test). (B) Western blot analysis of MDM2 splice variants, p53 and p21. (C) mRNA level of MDM2 and 
TP53 in dose-dependent OSIS using qPCR. (** p < 0.01 vs. Con by student t-test). (D) Western blot analysis of MDM2 splice variants, p53 and 
p21 in dose dependent OSIS, along with western blot analysis of MDM2 knockdown. HDFs (DT2) were transfected with siRNA against either 
NC or MDM2. (E) mRNA level of MDM2 and TP53 in RS using qPCR. (*p < 0.05 and ** p < 0.01 vs. DT2 by student t-test). (F) Western blot 
analysis of MDM2 splice variants, p53 and p21 in RS. 
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Figure 4. SRSF7 depletion modulates MDM2-C expression via alternative splicing. (A, B) RNA seq analysis. HDFs (DT2) were 

transfected with siRNA against either NC or SRSF3 or SRSF7 for 3 days. (A) Principal component analysis. (B) A heatmap of MDM2 
transcripts, along with the schematic of each transcript. The values are scaled into z-score. Abbreviations: int: intron; NLS: nuclear 
localization signal; NES: nuclear export signal. (C) A diagram of exon composition of MDM2-FL with primer positions and exon numbers 
according to the updated MDM2 gene information (NM_002392.6), along with diagrams of predicted PCR products. (D, E) HDFs (DT2) were 
transfected with siRNA against either negative control (NC) or SRSF7 for 4 days. (D) RT-PCR and western blot analysis. (E) Diagrams of 
MDM2 splice variants identified by DNA sequencing, along with a table showing density per base pair of each variant. (# a point of 
frameshift occurrence; * the position of stop codon). (F, G) HDFs (DT2) were transfected with siRNA against either negative control (NC) or 
each splicing factor for 3 days. (F) RT-PCR analysis of MDM2-C generation, along with mRNA level of each splicing factor using qPCR. (** p < 
0.01 vs. NC by student t-test). (G) mRNA level of SRSF7 using qPCR. (** p < 0.01 vs. NC by student t-test). (HςJ) HDFs (DT2) were infected by 
the lentiviruses expressing MDM2-C for 3 days. (H) Western blot analysis. (I) The quantification of cell growth activity (** p < 0.01 vs. GFP by 
student t-test). (J) The quantification of SA- -̡gal (+) cells along with pictures of stained cells. (** p < 0.01 vs. GFP by student t-test). 


