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ABSTRACT

Alternative splicing(AS)enablesa pre-mRNAto generatedifferent functional protein variants. Thechangein AS
has been reported as an emerging contributor to cellular senescenceand aging. However, it remainsto be
elucidated which senescentAS variants are generated in and regulate senescence.Here, we observec
commonlydown-regulated SRSFih senescentells,usingpublicly availableRNAseqdatasetsof severalin vitro
senescencenodels. We further confirmed SRSFderegulationfrom our previous microarray datasetsof time-
seriesreplicative senescencgRS)and oxidative stressinduced senescencdOSISpf human diploid fibroblast
(HDF).We validated the time-coursechangesof SRSEnRNAand protein levels, developingboth RSand OSIs
SRSHKnockdown in HDFwas enough to induce senescenceaccompaniedby p53 protein stabilization and
MDM2 variants formation. Interestingly, expression of MDM2 variants showed similar patterns of p53
expressionin both RSand OSIS.Next, we identified MDM2-C as a key functional AS variant generatec
specificallyby SRSFdepletion. Finally,we validated that MDM2-C overexpressioninducedsenescenc®f HDF
Theseresultsindicate that SRSFdown-regulation playsa keyrole in p53-mediated senescencdy regulating AS
of MDM2, a key negativeregulator of p53,implyingits critical involvementin the entry into cell senescence

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 diversjti 3]. The AS
process takes multiple roles in the regulation of various
biological processes, including cell and tissue
homeostasig4] and organ developmerib]. It has
further emerged as an important contributor to aging
and cellular senescencfsi 8], as well as aging
associated disease$9], including cardiovascular
disease$7] and cancefl0i 12]. Particularly, it has been
suggested that splicing deregulation caused by changes

in the expression of splicing factors (SFs) may be
involved in aging and senescerd&i 15]. The altered
expression of SFs might lead to increased AS variants
of their target genes, including senesceaies

genes. For example, the depletion of splicing factor
PRPF19 induced senescenc@ 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 senescamck
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, alternativeNgplice sites, alternativeNp
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splice sites, mutually exclusive exons and intron
retention. Among these different types, exon skipping is
the most common type ofsenescencassociated
differential splicing eventd15]. Splicing process is
regulated by various splicing regulators, including SFs,
which interact with spliceosome and help to recognize
splice sites in prenRNA [17]. There are two major SF
families, ®rine and arginine rich splicing fac(8RSF)
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 inclusiofi8, 19] Considering that the
exon skipping is the most common type of seneseence
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 agiagsociated phenotypgg 20 23].

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
juvenileexpressed SRSF7 may mediate the -age
dependent AS and its depletion may lead to growth
cessation in micg22]. 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 (MDMZ2) [26i 28]. MDM2 binds to p53 and
ubiquitinates it, leading to the proteasomal degradation
of p53. The disruption of the MDM@53 interaction
leads to the accumulation of p53 in cellg9],
suggesting that the maintenance of balanced regulation
between MDM2 and p53 is important to prevent 53
mediated senescence. Interestingly, MDM2 has various
splice isoformg30]. Many MDM2 splice isoforms lack
functional domains, including p53 binding dom§sd],
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 fullength (MDM2FL)

and inhibit its function in p53 degradatidB2i 35],
thereby inducing p53 activation and subsequent cell
cycle arres{36i 38]. 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.
Downregulation 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 i8 are skipped,
lacks p53 binding domain butetains 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 dowsregulated in senescent cells

To investigatehow splicing deegulationis involved in
cellular senescence, we performed gene set enrichment
analysis (GSEA) usingublicly availableRNA-seqdata
derived from RS model of human fibroblastgsee
Methodg. Compared to proliferative fibroblasts, in
senescent fibroblastsNA_ REPL | CA TahdON 6
6 CELL _ CYénk Esdwere most dowanegulated
(Figure 1A, 1B). Interestingly,6 SPL | CE O&EME 6
set was also significantly downegulated in senescent
sampleqFigurelA, 1B). Through AltAnalyzeanalyses

(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 8lpr SNgplice sites, alternative C terminal
exons, alternative promotefthis result implies that the
senescent spliceosomalregulation 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
set (Figure 1B). Given that theSRSF proteins are
known to promote exorecognitionfor exon inclusion
during splicing procesgl8], our findings suggest that
SRSFderegulatiormediated AS events mayoselybe
related to cellular senescencelndividual expression
profiles of the four SRSK showed clear down-
expressionin senescent samplesf the RS model
accompaniedwith induction of cell cycle inhibitor,
CDKN1A, known as a senescence marker g&igure

1D). Among the four dowsregulated SRSF family
genes, we focused on SRSF1 and SRSF7, which have
previously been suggested to be key splicing regulatory
RNA binding proteins in cellula senescencg15].
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Unlike SRSF7, however, SRSF1 did not exhibit employing the RS dataset (GSE41714), we also
consistent dowsexpression in RS of MRG and BJ identified downregulation of SRSF7 from the early time
cells FigurelE). These observations altogether suggest point (DT3), as shown irFigure 2A. By developing
that SRSF7 dowsexpression plays a role in AS RSmodel of HDFs, we further validated SRSF7 mRNA

modulated cellular senescence. andprotein levels, together with CDKN1A (p21)
expressiorand gain of senescenessociated beta
SRSF7 depletion induces cellular senescence galactosidase activity (SB-gal) (Figure 2Bi2D).

Interestingly, SRSF7 dowexpression preceded the
We previously reported the tirsries gene expression acquisition of SAb-gal, the typical senescence

profiles of RS and OSIS of HDF§39, 40] By phenotype. In the OSIS data set (GSE80322), SRSF7
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Figure 1.Down-regulation of SRSF7 is commonly observed in multiple Rig4 datasets of cellulasenescence(AcD) RNA

seq analysis of \AB8 cells during RS (GSE130308&).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) andpadiiistefad]) of three gene sets

(DNA REPLICATION, CELL_ CYCLE and SPLICEOSOME) in senescent cells. Bar plots showing the log2 fold change (M@FC) were dis
i23SGKSEN® ¢2L) GSy €SFRAy3 SR3IS 3ISySa Ay W Stagkedbarpigt havéing tharBnfér & S G

of differential splicing event types in senescent (S) cells compared to proliferative (P) cells. AbbrevtmssY £ G SNy G A 3S o
atpY 4SSNy (A @ SCtepnQalteinaiivel ©trmidak ekdhs; AltPronfotér: alternative promoters; cassette: alternative
exoncassettesD0 DSy S SELINBaaizy KSFGYFLI 2F /5Ybm! |yR {w{C 3ISySa AyOof

The values are scaled inteszore. E) Gene expression heatmaps of CDKN1A and SRSF genes from RNA seq data (@ $H8E553) and
BJ (GSE63577) during RS. The values are scaleesaurez
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Figure 2. SRSF7 depletion is involved in diverse models of cellular senescgAgB) Expression of SRSF7 and senescence
markers (CDKN1A, or p21 as its protein name, and SAA I Ol A @A & 0 A Expressipn haagmaiiom gubliclyl asalabled 6
microarray data (GSE41714). The values are scaled-sttore. B) mMRNA level of SRSF7 using gPUis 0.01 vsDT2 by student-test).

(© Western blot analysisDj The percentage of SAgal positive (+) cells along with pictures of stained cetits)) Expression of SRSF7 and

the same senescence markers in OSIS modelDfs. ) Expression heatmap from publicly available microarray data580322 The

values are scaled intoscore. ) mRNA level of SRSF7 in ddspendent OSIS using gPCRp € 0.01 vsCon by student-test). G
Western blot analysis in dosiependent OSISH] The quantification of SiA-gal (+) cells along with pictures of stained celi@ € 0.01 vs

Con by student-test). () mRNA level of SRSF7 in tidependent OSIS using gPCRp € 0.01 vsCon by student-test). ) Western blot
analysis in timelependent OSISKcM) HDFs (DT2) were transfected with SiRNA against either negative control (NC) or SRSF7 for 4 days.
(K) Western blot analysisLY The quantification of SA-gal (+) cells along with pictures of stained celiq € 0.01 vs. NC by studentest).

(M) The quantification of cell growth activity:f§ < 0.01 vs. NC by studettest).
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downregulation was similarly observed (Figure 2E). In
addition, SRSF7protein and mRNA levels showed
obvious dowrexpression in dosdependent manner,
similarly to the gains of p21 and SAgal, in OSIS
model of HDFs(Figure 2Fi 2H). In timecourse OSIS
model, SRSF mRNA decreased from day 1, showing
initial response but its protein expression showed-time
dependent manneFigure2l, 2J). Next, to examinghe
direct link of SRSF7 depletiorio cellular senescence,
SRSF7 wasuppressed by siRNAediated knockdown
in primary HDF (Figure2K). Notably, SRSF7 depletion
significantly induced senescence, evidenced SA:b-
gal gain andcell growth inhibition (Figure 2L, 2M),
suggesting thaBRSF7 depletiorrould lead tocellular
senescence

SRSF7 depletioamediated senescence is related to
the formation of MDM2 splice variants

Next, to elucidate how SRSF7 depletioould leadto
cellular senescencewe examinedMDM2-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 pBbi 38]. When
SRSF7 was suppressed, TP53 mRNA level remained
unchanged Kigure 3A) while protein expressions of
p53 and p2l, the downstream target of p53, were
obviously increased F{gure 3B), suggeshg that
increase inp53 protein after SRSF7knockdown is
derived from increased p53 protein stability, regardless
of TP53 mRNA leve Interestingly, the p53 protein
induction was accompanied by total mRNA level of
MDM2 (Figure3A) and increased formation of MDM2
variants, along with slight increase of filéhgth 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 significantlyincreased but
TP53 mRNA unchanged(Figure 3C). At the protein
level, MDM2 variants increased, along wittnduction

of full-length MDM2 protein MDM2-FL), p53 and p21
(Figure 3D). Interestingly,the formation of MDM2
splice variant wasincreasingly observedvith H»O;
treatment(Figure 3D). The MDM2-FL was confirmed

by siRNA-mediated knockdown of MDM2. Similarly

in the RS model of HDRhe total MDM2 mRNA was
substantiallyincreasedKigure3E). Unlike OSISmodel,
however, TP53 did not show consistentmRNA level
during RS suggesting thathis long-term senescence
model might have diversecellular eventsregulating
TP53 mMRNA Figure 3E). Nevertheless, ti is
noteworthythat the formation ofMDM2 varians were
clearly observedh RS, accompanied with p53 and p21
induction Eigure 3F). These results show that SRSF7
depletionmediated senescenceay beclosely related

to the formation of MDM2 splice variants, which play a

key role in p53 stabilizatiorGiven that MDM2 protein

is a E3 ligase to promote ubiquimediated protein
degradation of p587, 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 MBM2
FL. Our resultssuggesthat MDM2 variants formed by
SRSF7 dowsregulation may block the action of
MDM2-FL, consequently stabilizingg53 protein and
inducing senescence

MDM2-C, a MDM2 AS variant, generatedby SRSF7
depletion induces senescence

To identify which MDM2 splice variant is involved in
SRSF7 depletiomediated senescence, werformed
RNA-seq analyss after SRSF7 knockdown The
experimental system was validated byinpipal
component plgt comparing with SRSF3 knockdown
which was used as a negative conti@ligure 4A).
Expression levels of SRSF7, SRSF3, MDM2 and TP53
were also confirmed as shownSupplementaryFigure

1A. Next, we examined MDM2 transcript expression
pattern in each grougS(pplementary Figur&B). We
identified four kinds of alternatively spliced MDM2
transcripts which were ugegulated only in SRSF7
depleted samples S@pplementary FigurelB and
Figure 4B). One was MDMZL transcript
(ENSTO0000539479 two of them showedexon
skipping (ENST00000299252nd ENST0000039341)0
and the last one included intron retention between exon
3 and 4 ENST00000393416 adding 31 amino acids
without frame shift Figure4B). In ENST00000299252
and ENST0000039341€franscriptsexon4i 8 andexon
47110 were skipped, respectively. Interestingly, both
transcripts lack p53 binding domain but retain RING
domain, which suggest thtitey canbind to MDM2-FL

and inhibit itsfunctionin p53 ubiquitinationGiven that
ENSTO00000299252 transcrjptwhich 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, weexamined its role in cellular
senescence.

To validate the formation of the ENST00000299252
transcriptin vitro, we designed two primer sets which
could detecttotal MDM2 transcripts (F1+R1dr only
MDM2-C isoformusinga primer forexon 39 junction
site (F1+R2) Figure 4C). In SRSFtlepleted HDF,
several MDM2 splicevariants were detecteoly using
primer set 1 aniDM2-C specificband waselectively
detectedby primer set AFigure 4D). Next, we eluted
cDNA fragments othe bands of MDM2 variantsom
the agarose gel (indicated by red rectangld-igure
4D), subcloned intgpGEM®-T Vector and performed
DNA sequencing to identify the variantGotal seven
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splice variants were identifie@®(pplementary Figurg) 547 bp, one for 497 bp, and one for 336 bp (indicated by
and the schematics of each variant are showkigare red triangle and red lettergjigure4D, 4E). The density

4E. Three bands observed clearly on the agarose gel per base pair of each band showed that the 336 bp
(Figure4D) were probably a mixed one for 551 bp and  fragment, which is MDMZC isoform,was expresseith
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Figure3. SRSF7 knockdowmediated senescence is accompanied by the generation of MDM2 splice varight8) HDFs
(DT2) were transfected with siRNA against either negative control (NC) or SRSF7 for A) daRRNA level of SRSHR53, MDM2 using
gPCR."{p < 0.01 vs. NC by studentest). B) Western blot analysis of MDM2 splice variants, p53 and g3ImRNA level of MDM2 and
TP53 in doselependent OSIS using qPCRa € 0.01 vs. Con by studetitest). ©) 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 siRitAergains
NC or MDM2.B) mRNA level of MDM2 and TP53 in RS using qRGRO(05 and”p < 0.4l vs. DT2 by studertttest). () Western blot
analysis of MDM2 splice variants, p53 and p21 in RS.
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Figure4. SRSF7 depletion modulates MDMR expression via alternative splicingd, B) RNA seq analysis. HDFs (DT2) were
transfected with siRNA against either NC or SRSF3 or SRSF7 for Ad&rsc{pal component analysiB)(A heatmap of MDM2
transcripts, along with the schematic of each transcript. The values are scaled-$etirez Abbreviationsint: intron; NLS: nuclear
localization signalNES: nuclear export signaC) (A diagram of exon composition of MDNF2 with primer positions and exon numbers
according to the updated MDM2 gene information (NM_002392.6), along with diagrams of predicted PCR prbdHctdDEs (DT2) were
transfected with siRNA against either negative control (NC) or SRSF7 for 40)ag3PCR and western blot analysig) Diagrams of
MDM2 splice variants identified by DNA sequencing, along with a table showing density per base pair of each #aripaint(of
frameshift occurrence’ the position of stop codon)H G) HDFs (DT2) were transfected with SiRNA against either negative control (NC) or
each splicing factor for 3 day$) RFPCR analysis of MDM2 generation, along with mRNA level of each splicing factor using (RCR.
0.01 vs. NC by studetttest). (G) mRNA level of SRSF7 using qPUR< 0.01 vs. NC by studenitest). (H¢J) HDFs (DT2) were infected by
the lentiviruses expressing MDM2 for 3 days.H) Western blot analysisl)(The quantification of cell growth activity§ < 0.01 vs. GFP by
studentt-test). () The quantification of SiA-gal (+) cells along with pictures of stained cellp € 0.01 vs. GFP by studerest).
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