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Abstract

Understanding the splicing code can be challenging as several splicing factors bind

to many splicing‐regulatory elements. The SMN1 and SMN2 silencer element ISS‐N1

is the target of the antisense oligonucleotide drug, Spinraza, which is the treatment

against spinal muscular atrophy. However, limited knowledge about the nature of

the splicing factors that bind to ISS‐N1 and inhibit splicing exists. It is likely that the

effect of Spinraza comes from blocking binding of these factors, but so far, an

unbiased characterization has not been performed and only members of the hnRNP

A1/A2 family have been identified by Western blot analysis and nuclear magnetic

resonance to bind to this silencer. Employing an MS/MS‐based approach and surface

plasmon resonance imaging, we show for the first time that splicing factor SRSF10

binds to ISS‐N1. Furthermore, using splice‐switching oligonucleotides we modulated

the splicing of the SRSF10 isoforms generating either the long or the short protein

isoform of SRSF10 to regulate endogenous SMN2 exon 7 inclusion. We demonstrate

that the isoforms of SRSF10 regulate SMN1 and SMN2 splicing with different

strength correlating with the length of their RS domain. Our results suggest that the

ratio between the SRSF10 isoforms is important for splicing regulation.
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1 | INTRODUCTION

Spinal muscular atrophy (SMA) is a neurodegenerative disease that af-

fects motor neurons in the spinal cord and lower brain stem. SMA is

caused by homozygous loss of the SMN1 gene. Therefore, the produc-

tion of survival of motor neuron (SMN) protein in patients depends

solely on the disease‐modulating SMN2 gene (Clermont et al., 1995;

Lefebvre et al., 1995). A silent c.840C>T (position +6 in exon 7) variation

in SMN2 abolishes an SRSF1 binding exonic splicing enhancer (ESE) and

creates an hnRNP A1 binding exonic splicing silencer (ESS; Bruun

et al., 2016; Cartegni & Krainer, 2002; Kashima & Manley, 2003). The

SMN2 ESS acts in cooperation with other silencer motifs that bind

hnRNP A1 (Bruun et al., 2016; Doktor et al., 2011; Singh et al., 2006).

This cooperation between silencers inhibits the inclusion of exon 7,

thereby leading to the production of only a low amount of functional

SMN protein from SMN2. A potent silencer in intron 7 (ISS‐N1) is an

important regulator of SMN1 and SMN2 splicing (Beusch et al., 2017;

Hua et al., 2008; Singh et al., 2006). The ISS‐N1 silencer comprises two

hnRNP A1 motifs and binding of hnRNP A1 to ISS‐N1 has been

demonstrated byWestern blot analysis and nuclear magnetic resonance

(Hua et al., 2008). Importantly, the recently approved and very suc-

cessful antisense oligonucleotide drug, Spinraza, is used as a treatment

in SMA and binds to the ISS‐N1 silencer. It is believed that Spinraza

functions by blocking the binding of hnRNP A1 to ISS‐N1, thereby
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leading to increased inclusion of exon 7 from SMN2 and production of

full‐length SMN protein (Chiriboga et al., 2016; Hua et al., 2008).

Ubiquitously expressed splicing factors like hnRNP A1 are important

regulators of many splicing events both in constitutive and alternative

splicing. HnRNP A1 functions as a global regulator and is known to

regulate splicing across different tissues and cell types (Jean‐Philippe
et al., 2013; Kamma et al., 1995). In contrast to hnRNP A1, the splicing

factor SRSF10 (also known as neural salient serine/arginine‐rich [NSSR]

protein) exhibits a tissue‐specific expression profile that better matches

that of the affected tissues in SMA, with particularly high expression in

motor neurons (K. J. Liu & Harland, 2005; L. Liu et al., 2003). SRSF10 is a

member of the serine‐ and arginine‐rich (SR) family. The SRSF10 gene

produces several messenger RNA (mRNA) transcripts with the two main

protein isoforms as shown in Figure 1a: a short isoform of 183 aa

(ENST00000344989.10, NP_006616) and a long isoform of 262 aa

(ENST00000492112.3, NP_473357). The two SRSF10 isoforms share

100% identical RRM domains; however, they have distinct SR domains

(Komatsu et al., 1999; Yang et al., 1998). SRSF10 is an unusual SR protein

as it was initially characterized as a splicing repressor (Feng et al., 2008;

Shin & Manley, 2002). Furthermore, SRSF10 has been shown to act in a

similar way as the hnRNP A/B family of splicing regulatory proteins and

to antagonize the function of other SR proteins (Cowper et al., 2001).

We noticed that the proposed SELEX sequence for SRSF10

matches a portion of the ISS‐N1 silencer in the SMN1 and SMN2

genes and overlaps one of the hnRNP A1 motifs (Ray et al., 2009;

Shin & Manley, 2002; Xiao et al., 2016). Therefore, we hypothesized

that SRSF10 could play a role in the splicing of the SMN1 and SMN2

genes, and that SRSF10 can bind to an overlapping motif in the

ISS‐N1 silencer to suppress splicing of exon 7.

In this study, we used RNA affinity purification followed by

global isobaric tags for relative and absolute quantitation (iTRAQ)

MS/MS analysis to identify splicing factors that bind to the ISS‐N1

silencer. Next, we confirmed the binding of SRSF10 and hnRNP A1

binding to different variant ISS‐N1 RNA sequences by Western blot

analysis and analyzed binding kinetics by surface plasmon resonance

imaging (SPRi). We investigated the functional effects of the two

SRSF10 isoforms on SMN1 and SMN2 exon 7 splicing by over-

expression and by employing MS2 coat fusion proteins. Finally, we

show that we can efficiently redirect the endogenous splicing of the

two SRSF10 isoforms by employing splice‐switching oligonucleotides

(SSOs) and thereby affect SMN1 and SMN2 exon 7 splicing.

Our results demonstrate that the ISS‐N1 silencer is a direct

target for SRSF10 and that the long isoform of SRSF10 mediates the

strongest splicing‐regulatory effect.

2 | MATERIALS AND METHODS

2.1 | Affinity purification pull‐down assay

The RNA affinity purification was performed as previously described

(Nielsen et al., 2007). The following 3ʹ biotin‐labeled RNA oligonu-

cleotides were used: SMNiss wt (5ʹ‐CCAGCAUUAUGAAAGUGAAX‐3ʹ),

SMNiss mutant (5ʹ‐CCCGCAUUAUGAACGUGAAX‐3ʹ), SMNiss mutant

long (5ʹ‐CCCGCAUUAUGAACGUGAAUCUUX‐3ʹ), SMNiss SRSF10

(5ʹ‐CCAGCAUUAUGAAAGACAAX‐3ʹ), SMNiss SRSF10 long (5ʹ‐CCAG
CAUUAUGAAAGACAAUCUU‐3ʹ), SMNiss mutant SRSF10 (5ʹ‐CCCGC
AUUAUGAAAGACAAX‐3ʹ), SMNiss wt A1 (5ʹ‐CCAGCAUUAUAGG
GUUGAAX‐3ʹ), SMNiss mutant A1 (5ʹ‐CCCGCAUUAUAGGGUUGA
AX‐3ʹ), SMN1 (5ʹ‐GGUUUCAGACAAAAUCAAX‐3ʹ), SMN2 (5ʹ‐GGU
UUUAGACAAAAUCAAX‐3ʹ; DNA Technology). 100‐pmol RNA oligo-

nucleotides were mixed with streptavidin‐coupled magnetic beads

(Invitrogen Co.) and incubated with HeLa nuclear extract (Cilbiotech).

Eluted proteins were separated on a 4%–12% Bis–Tris Gel (Invitrogen)

and the proteins were transferred on a polyvinylidene fluoride mem-

brane and probed with the following antibodies: anti‐hnRNP A1

(sc‐10029), anti‐hnRNP K (sc‐28380), anti‐hnRNP H (sc‐10042), and
anti‐hnRNP A2/B1 (sc‐53531) all from Santa Cruz Biotechnology Inc.;

anti‐SRSF10 (FUSIP1ab77209; Abcam), anti‐SR‐proteins (sc‐53531;
Invitrogen), anti‐beta‐actin (ab8229; Abcam), anti‐HPRT (HPA006360;

Sigma‐Aldrich), anti‐TDP‐43 (10782‐2‐AP; ProteinTech Group Inc.)

and anti‐T7 (CSHL antibody facility #42 1‐87).

2.2 | SPRi

SPRi by IBIS MX‐96 was used to measure the kinetics of recom-

binant hnRNP A1 (ab224866; Abcam), recombinant SRSF10 long

(cat#OPCA02208; Aviva System Biology), and recombinant SRSF10

short (cat#TP321759; OriGene) binding to the immobilized RNA

oligonucleotides also used for affinity purification pull‐down assays,

as well as +100 3ʹ biotinylated oligonucleotides: SMN2 + 100G (5ʹ‐A
UGUUAGAAAGUUGAAAGGUUAA‐3ʹ) and SMN1 + 100A (5ʹ‐AU
GUUAAAAAGUUGAAAGGUUAA‐3ʹ). The oligonucleotides were im-

mobilized on a SensEye G strep (SSENS) sensor chip in a 2 × 4 × 12

array by continuous flow in a CFM 2.0 printer (Wasatch Micro-

fluidics). The oligonucleotides were diluted in 1× TBS to a con-

centration of 1 μM and spotted for 20min followed by 5‐min washing

with TBS + 0.05% Tween‐20. The sensor chip was inserted into the

MX96 instrument (IBIS Technologies A/S) and primed with surface

plasmon resonance (SPR) buffer (10‐mM HEPES/KOH, pH 7.9,

150‐mM KCl, 10‐mM MgCl2, and 0.075% Tween‐80). Real‐time

binding was measured by following changes of the SPR angles at all

printed positions of the array during 10‐min injections of hnRNP A1

protein over the entire surface, followed by 10‐min dissociation at

4 µl/s. Six injections of a twofold titration series from 6.25 to 200 nM

hnRNP A1 were carried out (lowest to highest). Regeneration after

each injection was carried out with 25‐mM H3PO4, to remove any

remaining protein before the next injection. Residual background

binding was blocked by injecting 1‐mg/ml bovine serum albumin in

SPR buffer onto the chip. To measure baseline and dissociation

kinetics, a continuous flow of SPR buffer flowed over the surface

before, between, and after the hnRNP A1 injections. Dissociation

was measured for 5min, by injecting SPR buffer over the chip at a

rate of 8 μl/s. Responses for a calibration curve were created after

the concentration series by measuring SPR responses from defined
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F IGURE 1 In vitro investigation of the ISS‐N1 element by tandem mass spectrometry (MS/MS) analysis and RNA affinity pulldown.
(a) List of SRSF10 transcripts with protein‐coding products. (b) The RNA oligonucleotides used for the affinity pull‐down assay and Western blot
analysis. The nucleotides marked in red are mutated, compared with the wild‐type (wt) sequence. Western blot analysis with antibodies
against hnRNP A1 and SRSF10. The displayed blots are representative results from at least three pull‐down experiments. Western blot analysis
for TDP‐43 is included as a control. (c) Graphical representation of proteins identified in all three replicates. The y axis represents the
ratio between the ISS‐N1 wt and ISS‐N1 mutant. Proteins that bind significantly more to the wt sequence display a negative log value on the y
axis and proteins found to bind more significantly to the mutant sequence display a positive log value on the y axis
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dilutions of glycerol in running buffer (ranging from 5% to 0% gly-

cerol) and of pure water, as defined by the automated calibration

routine of IBIS MX‐96.
For data analysis, the SPRi data were imported into SprintX

software (v. 2.1.1.0; IBIS Technologies). The data were calibrated,

reference subtracted, and the baselines of the responses before all

hnRNP A1 injections were zeroed. The starting time point was

aligned at the beginning of each new injection. Using Scrubber 2

(v. 2.1.1.0; Biologics Inc.) binding curves for all positions were

fitted globally to the integrated rate equation that describes

simple first‐order 1:1 binding kinetics to obtain kinetic association

rate (ka), dissociation rate (kd) and equilibrium dissociation (KD =

kd/ka) constants. To obtain a bimodal binding for 1:2 kinetics, the

simulations were calculated using ClampXP (version 3.50; Bio-

sensor Data Analysis) and using ggplot2 for plotting the resulting

binding curves.

2.3 | RNA affinity pulldown and iTRAQ labeling

The following 3ʹ biotin‐labeled RNA oligonucleotides were used:

SMNiss wt (5ʹ‐CCAGCAUUAUGAAAGUGAAX‐3ʹ), SMNiss mutant

(5ʹ‐CCCGCAUUAUGAACGUGAAX‐3ʹ), SMN1ese (5ʹ‐GGUUUCAGA
CAAAAUCAAX‐3ʹ), SMN2ese (5ʹ‐GGUUUUAGACAAAAUCAAX‐3ʹ).
An additional wash with 1× binding buffer ΔglycineΔKCL was per-

formed to make the samples compatible with iTRAQ labeling. The

samples for each run were mixed and an aliquot of 4 µl was with-

drawn, desalted on an R3 column, and dried down before analysis by

matrix‐assisted laser desorption/ionization (MALDI) MS to check the

labeling efficiency. The remaining sample was lyophilized and redis-

solved in 50‐µl 0.1% trifluoroacetic acid (TFA) before being desalted

on a C18 R3 microcolumn. The sample was eluted with 40‐µl 60%
acetonitrile/0.1% TFA and lyophilized before liquid chromatography‐
tandem mass spectrometry (LC‐MS/MS) analysis.

2.4 | Nano‐liquid chromatography‐tandem mass
spectrometry

The iTRAQ‐labeled sample was applied to an EASY nano‐LC system

(Proxeon Biosystems). The peptides were loaded directly onto a

20‐cm 100‐µm inner diameter, 360‐µm outer diameter, ReproSil‐Pur
C18‐AQ 3‐µm (Dr. Maisch) homemade reversed‐phase capillary

column. The peptides were eluted from the column into an LTQ‐
orbitrap XL mass spectrometer (Thermo Fisher Scientific), using a

gradient from 100% Phase A (0.1% formic acid) to 34% Phase B

(0.1% formic acid, 90% acetonitrile) for 120min at 250 nl/min. The

data‐dependent analysis was performed using one MS full scan in the

area 400–1800Da performed in the Orbitrap with 30,000 in re-

solution, followed by CID and HCD of the three most intense ions

(Rewitz et al., 2009) The threshold for ion selection was 10,000 and

the conditions for CID fragmentation were normalized collision

energy, 35; isolation width, 2.0; activation time, 30ms; and for HCD

fragmentation, normalized collision energy, 50; isolation width, 2.0;

activation time, 1ms.

2.5 | Data processing—Protein identification and
quantitation

Raw files were analyzed using Proteome Discoverer v1.3 beta

(Thermo Fisher Scientific). MS/MS spectra were converted to .mgf

files and searched against the Swissprot Human database (https://

www.ebi.ac.uk/uniprot/) using Mascot v2.3.02. The database search

was performed with the following fixed parameters: precursor mass

tolerance, 8 ppm; MS/MS mass tolerance, 0.8 Da (CID data) or

0.05 Da (HCD data); two possible missed cleavages, cysteine carba-

midomethylation and full trypsin cleavage. Variable modifications

included N‐terminal and lysine iTRAQ. iTRAQ quantification was

performed using reporter ion area integration within a 50‐ppm
window. Ratios were normalized against the median peptide ratio.

2.6 | Expression vector construct

All constructs were made using the pCI expression vector or the pCI

SMN1 and pCI SMN2 wt minigenes. The pCI SMN mutant minigenes,

the pCI SMN A1 motif minigenes, and the pCI SMN SRSF10 motif

minigenes were provided by GeneScript (GenScript). The pCI vector

was digested using Xbal and BamHI (New England Biolabs Inc.) SRSF10

inserts were made using primer: SRSF10‐F‐NheI 5ʹ‐GGTGCTAGC
ATGTCCCGCTACCTGCGTCCC‐3ʹ, SRSF10v1‐R‐BamHI 5ʹ‐AGTGGAT
CCTCAGATCTTTCTTGAAGTGTAG‐3ʹ and SRSF10v2‐R‐BamHI 5ʹ‐AG
TGGATCCTCAGTGGCCACTGGACTTAGGACTAG‐3ʹ. All plasmids

were sequenced to validate correct insertion.

2.7 | Overexpression in HeLa cells

All transfections and co‐transfections were performed using

X‐tremeGENE 9 (Roche) and HeLa cells were seeded in RPMI 1640

(Lonza; pen/strep, 10% fetal calf serum, and L‐glutamine added) so

they would be at 80%–90% confluency on the day of transfection.

RNA extraction was performed 48 h after transfection using Isol

RNA Lysis Reagent (AH diagnostics) and complementary DNA

(cDNA) synthesis was performed with 1‐µg RNA using a High

Capacity cDNA Reverse Transcription Kit (Invitrogen). Splicing pro-

ducts were analyzed using vector‐specific pCIFwdB 5ʹ‐GACTC
ACTATAGGCTAGCCTCG‐3ʹ and SMNtestex8as 5ʹ‐GTGGTGTCA
TTTAGTGCTGCTC‐3ʹ. The polymerase chain reaction (PCR) was

performed in 25 cycles (95°C in 15min, 95°C in 30 s, 54°C in 30 s,

72°C in 30 s, 72°C in 5min) using TEMPase Hot Start 2× Master Mix

C (Ampliqon). Endogenous SMN was amplified using SMN.endo.ex6s

5ʹ‐ATATGTCCAGATTCTCTTGATG‐3ʹ and SMN.endo.ex8as 5ʹ‐ACC
ATTTGAAACATTTTAAGAC‐3ʹ. PCR product was digested with

Ddel (R0175S; New England Biolabs) to distinguish their origin
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(SMN1 or SMN2). All PCR products were either quantified by Agilent

2100 Bioanalyzer or Fragment analyzer™ (Advanced Analytical

Technologies Inc.).

2.8 | SSO treatment of HeLa cells

Reverse transfection with SSOs was performed using Lipofectamine

RNAiMAX Transfection Reagent (Life Technologies) and 40 nM of

each SSO. For cotransfection, cells were transfected with plasmids

24 h before using a forward transfection with SSOs and RNAiMAX.

SSOs were phosphorothioate oligonucleotides with 2ʹ‐O‐methyl

modification on each sugar moiety (LGC Biosearch Technologies).

The following SSOs were used: control SSO: 5ʹ‐GCUCAA
UAUGCUACUGCCAUGCUUG‐3ʹ, anti‐long SSO: 5ʹ‐UUUCGGUGU
UUGAAUCUUUCAAAAC‐3ʹ and anti‐short: 5ʹ‐UCCAGCUGCAG
UUUGGUCUUAAAUA‐3ʹ. After 48 h, protein and RNA were har-

vested for further analysis. Total protein was extracted using a 1‐mM

PMSF, 1× cOmplete™ Protease Inhibitor (Roche) and M‐PER lysis

buffer (Thermo Fisher Scientific Inc.). After treatment with Benzo-

nase (Merck Millipore) proteins were loaded on a 4%–12% Bis–Tris

Gel (Invitrogen) sodium dodecyl sulfate‐polyacrylamide gel electro-

phoresis and Western blotted together with a positive control

sample containing HeLa nuclear extract (Cilbiotech). The following

antibodies were used: anti‐SRSF10 (FUSIP1ab77209; Abcam), anti‐
TDP‐43 (10782‐2‐AP; Proteintech Group Inc.), and anti‐hnRNP H

(sc‐10042; Santa Cruz Biotechnology). RNA was used for cDNA

synthesis and endogenous SMN was amplified and subsequently

digested with DdeI as described above.

2.9 | qPCR

One microgram of total RNA was reverse‐transcribed into cDNA

using the SuperScript VILO cDNA Kit (cat. 11754‐050; Invitrogen).
For SRSF10 expression analysis in tissues, the Human Total RNA

Master Panel II (Cat#636742/Lot#1202889A) was used. cDNA

synthesis was performed according to the manufacturer's instruc-

tions, but with an extended synthesis at 42°C for 120min. Subse-

quently, the cDNA was diluted 50‐fold with Milli‐Q water and cDNA

concentration was measured by absorbance readings at 260, 280,

and 230 nm (NanoDrop™ 1000 Spectrophotometer; Thermo Fisher

Scientific). Each cDNA (50 ng) was used in duplicate as a template in

a reaction volume of 8 µl containing 3.33‐µl Fast Start Essential DNA

Green Master (2×; Roche Diagnostics), 0.33‐µl primer premix (con-

taining 10 pmol of each primer), and PCR‐grade water. The quanti-

tative polymerase chain reaction (qPCR) was performed in a Light

Cycler LC480 (Roche Diagnostics): 1 cycle at 95°C/5min followed by

45 cycles at 95°C/10 s, 57°C–65°C (primer‐dependent)/10 s, 72°C/

10 s. Primers used for qPCR were: SRSF10ex4F 5ʹ‐CAGACGTTCT
AGAAGCCG‐3ʹ, SRSF10ex6R 5ʹ‐GAGATGCAGACCTAGAACG‐3ʹ,
SRSF10ex7R 5ʹ‐ GAAGTGTAGTAAGCAGAACTG‐3ʹ, TBP‐F 5ʹ‐GTG

ACCCAGCATCACTGTTTC‐3ʹ, TBP‐R 5ʹ‐ GCAAACCAGAAACCCTT

GCG‐3ʹ. Threshold values were determined with Light Cycler soft-

ware (LCS480 1.5.1.62 SP1) using absolute quantification analysis/

second derivative maximum. Each qPCR assay included a standard

curve of seven serial dilutions (twofold) points of a cDNA mix of all

the samples (250–3.9 ng), and a no‐template control. PCR efficiency

(=10(−1/slope) − 1) were >70% and r2 = .96 or higher. The specificity of

each amplification was determined by melting curve analysis.

Quantification cycle (Cq) was determined for each sample and the

comparative method was used to detect a relative gene expression

ratio (2−Cq) normalized to the reference gene TBP. The reference

gene was chosen based on its observed stability across conditions.

Significance was ascertained by the two‐tailed Student's t test.

2.10 | MS2 coat protein hairpin tethered function
assay

To fuse the bacteriophage coat protein MS2 to both SRSF10 long

and SRSF10 short, expression vectors were made by inserting the

CDS into the pRBG4‐MS2 vector using NheI‐HF and HindIII restric-

tion enzymes for cloning. The pRBG4‐MS2 vector was generously

provided by Akio Masuda and Kinji Ohno (Nagoya University). The

new expression vectors were transformed into One Shot™ TOP10

Chemically Competent E. coli (Invitrogen). Correct insertion was

confirmed by sequencing of the whole insert. The pcDNA‐MS2‐
SRSF1 (Rahman et al., 2015), pRBG4‐MS2‐hnRNP A1, and the

pcDNA‐MS2 (Rahman et al., 2013) were kind gifts from Akio Masuda

and Kinji Ohno. The SMN1 and SMN2 minigenes harboring the MS2

coat protein hairpin sequence 5ʹ‐ACATGAGGATCACCCATGT‐3ʹ
were made by Genscript. Western blots for validation were devel-

oped using anti‐MS2 (ABE76‐I; EMD Millipore).

3 | RESULTS

3.1 | SRSF10 binds to the ISS‐N1 wt sequence

To perform an unbiased identification of the proteins that bind to the

ISS‐N1 silencer, we performed RNA affinity purification from HeLa

cell nuclear extracts employing biotin‐labeled RNA oligonucleotides

with the sequence of the wild‐type (wt) or mutant (mut) ISS‐N1

silencer. The ISS‐N1 mutant sequence has two A>C substitutions

(A12C and A23C) in the hnRNP A1 Motif 1 and Motif 2 (Figure 1b).

These substitutions were previously demonstrated to disrupt hnRNP

A1 binding to a number of motifs (Bruun et al., 2016; Doktor

et al., 2011; Hua et al., 2008; Nielsen et al., 2007; Olsen et al., 2014).

The RNA‐bound proteins were cleaved using trypsin and the

resulting peptides were labeled with iTRAQ and processed for

quantitative LC‐MS/MS. Only proteins that were identified to bind

significantly more to either the wt or mut sequences in all three

replicates are displayed in Figure 1c. Criteria for protein
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identification were set for: (1) minimum two unique identified

peptides in each replicate and (2) protein identified in all three

replicates. SRSF10 consistently showed more binding to the ISS‐N1

wt sequence compared with the mutated sequence. As expected, our

MS/MS analysis also confirmed the binding of hnRNP A1, hnRNP A3,

and hnRNP A2/B1 to the ISS‐N1 wt silencer (Hua et al., 2008). We

confirmed the binding of SRSF10 to the ISS‐N1 region by Western

blot analysis. As expected, this analysis revealed more hnRNP A1 and

SRSF10 binding to the wt ISS‐N1 sequence compared with the

mutant ISS‐N1 sequence (Figure 1b). There are two major spliced

isoforms of SRSF10, long and short, both of which interacted with

ISS‐N1. We then replaced the original sequence of motif 2 of both

the wt and mutated oligonucleotide with the hnRNP A1 consensus

motif (Bruun et al., 2016; Burd & Dreyfuss, 1994) to investigate the

relationship between the two hnRNP A1 motifs. This analysis

showed that the largest amount of hnRNP A1 is bound when both

motifs are functional. Because the two hnRNP A1 motifs in ISS‐N1

poorly match the hnRNP A1 consensus motif, it is likely that they

both are needed to achieve efficient binding. Our results are con-

sistent with results from Hua et al. (2008) and with the fact that the

two RRM domains of hnRNP A1 have been demonstrated to bind

each of the two motifs in ISS‐N1 (Beusch et al., 2017). We next

designed a set of RNA oligonucleotides in which the proposed

SRSF10 SELEX sequence (AAAGACAA; Shin & Manley, 2002; Xiao

et al., 2016) is substituted into the motif 2 region. These RNA

oligonucleotides showed binding of both isoforms of SRSF10 at a

level comparable to the wt ISS‐N1 despite the fact that the wt

ISS‐N1 silencer has two mismatches to the published SELEX

sequence (Figure 1b). Unlike hnRNP A1 binding, SRSF10 binding was

not affected by the disruption of Motif 1, when Motif 2 was sub-

stituted with the SRSF10 SELEX sequence, indicating that SRSF10

binds to the region overlapping Motif 2. This result also demon-

strates that SRSF10 binding is not mediated by hnRNP A1 binding to

ISS‐N1. Furthermore, substituting Motif 2 in the wt ISS‐N1 with the

SRSF10 SELEX sequence did not reduce hnRNPA1 binding, probably

due to the fact that this motif retains an AG dinucleotide important

for hnRNPA1 binding. Finally, the fact that substitution of motif

2 with the consensus hnRNP A1 motif caused a dramatic decrease in

SRSF10 binding also supports the conclusion that SRSF10 binding is

not mediated through protein–protein interactions between hnRNP

A1 and SRSF10. Taken together, these data indicate that SRSF10

binds in the distal part of the ISS‐N1 Motif 2, and that binding to this

region may compete with hnRNP A1 binding. To obtain quantitative

measurements of recombinant hnRNPA1 and SRSF10 protein bind-

ing, we performed SPRi analysis with recombinant hnRNP A1 and

recombinant SRSF10 protein (either the long or the short isoform) to

the oligonucleotide sequences used for iTRAQ and pulldown, using

the IBIS MX 96 (Figures S1A–S1C). Consistent with the Western blot

analysis, we observed strong binding of hnRNP A1 to the ISS‐N1 wt

oligonucleotides compared with the mutated sequences. For the

SRSF10 long isoform, strong binding was observed with ISS‐N1 wt

and with oligonucleotides containing the SELEX motif. The short

SRSF10 isoform had the strongest binding to the SRSF10 SELEX

motif. As Motif 2 and the presumed binding site for SRSF10

are located near the biotin‐labeled end, we designed longer RNA

oligonucleotides to test whether protein binding was affected by its

position near the biotin‐labeled end (Figure S2A). There was no

significant difference in the pattern between the longer or shorter

version of the two RNA oligonucleotides (Figures S2A and S2B).

We also performed Western blot analyses to validate the binding

of other splicing factors identified by LC‐MS/MS to the ISS‐N1

sequence (Figure S2C). Consistent with the MS/MS data, more

SRSF3 bound to the ISS‐N1 wt sequence compared with the ISS‐N1

mutant sequence and to the sequence substituted with the SRSF10

SELEX motif. As expected, the hnRNP A2/B1 binding observed on

the Western blot resembled that observed for hnRNP A1.

3.2 | The long isoform of SRSF10 increases
skipping of exon 7

We next investigated the role of the long and short isoforms of

SRSF10 in SMN1 and SMN2 splicing by overexpressing the two iso-

forms in HeLa cells together with SMN1 and SMN2 minigenes

(Figure 2a). Interestingly, overexpression of the long isoform of

SRSF10 caused a strong reduction of the inclusion of exon 7 from the

SMN2 minigene, whereas overexpression of the short isoform of

SRSF10 only had a very modest effect. As expected, we observed a

significant decrease in the inclusion of exon 7 upon overexpression

of hnRNP A1 (Figure 2b). Overexpression of hnRNP A1 caused sig-

nificant exon 7 skipping from the SMN1 minigene, whereas over-

expression of the long SRSF10 isoform had only a minor effect, and

the short isoform no effect, on the SMN1 minigene. The more pro-

nounced effect of hnRNP A1 could be due to the fact that hnRNP A1,

but not the SRSF10 isoforms compete with SRSF1 for binding to the

crucial ESE in exon 7 in SMN1 (Cartegni & Krainer, 2002), whereas

the SRSF10 isoforms do not bind there. We next investigated SMN1

and SMN2 minigenes with the two A>C mutations (A12C and A23C),

which disrupt the binding of hnRNP A1 and SRSF10 to ISS‐N1. For

the SMN1 ISS‐mutant minigene, only low levels of exon 7 skipping

were observed when overexpressing either the long isoform of

SRSF10 or hnRNP A1, supporting the notion that disruption of

hnRNP A1 and SRSF10 binding to ISS‐N1 improves inclusion of exon

7 (Figure 2c). In the SMN2 ISS‐mutant context, we observed that the

long isoform of SRSF10 increased skipping of exon 7, indicating that

overexpressed SRSF10 still inhibits splicing when the ISS‐N1 motif is

altered by the two A>C mutations (Figure 2d), despite the fact that

binding to the mutated ISS‐N1 motif is dramatically reduced in pull‐
down experiments (Figure 1b). This could be explained by the fact

that the binding of hnRNP A1 to mutant ISS‐N1 is completely

abolished (Figure 1b), so the competition for binding is decreased,

thereby allowing increased SRSF10 binding when it is overexpressed.

Overexpression of hnRNP A1 with the SMN2 ISS‐mutant minigenes

also decreased the inclusion of exon 7, which can be explained by the

fact that hnRNP A1 binds to several regulatory elements in the

SMN2 gene (Bruun et al., 2016; Doktor et al., 2011), so the effect
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observed could well be a result of hnRNP A1 binding to other reg-

ulatory elements. When we used SMN1 and SMN2 minigenes with

the proposed SRSF10 SELEX‐based consensus motif inserted in

ISS‐N1 (Figure 2e,f), overexpression of both SRSF10 isoforms and

hnRNP A1 showed the same tendency as with the normal SMN1 and

SMN2 minigenes, indicating that both the proposed SELEX motif

(AAAGACAA) for SRSF10 and the wt ISS‐N1 motif works well in

binding SRSF10 and hnRNP A1, consistent with the pull‐down and

F IGURE 2 (See caption on next page)
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SPRi experiments (Figure 1b). Finally, we substituted the hnRNP A1

consensus sequence into motif 2 of the ISS‐N1 silencer and observed

that overexpression of the long SRSF10 isoform still caused in-

creased exon 7 skipping (Figure 2g,h). Because we observed only

modest binding of SRSF10 to the RNA oligonucleotides in which

Motif 2 was substituted with the hnRNP A1 consensus motif, both by

Western blot analysis (Figure 1b) and SPRi (Figure S1B), we suspect

that the effect observed by overexpressing the long isoform of

SRSF10 could reflect binding to other motifs in SMN2. As expected,

overexpression of hnRNP A1 caused almost complete skipping of

exon 7 from the minigenes with the hnRNP A1 consensus motif

(Figure 2g,h).

3.3 | SRSF10 affects endogenous SMN1 and SMN2
splicing

We next investigated the effect of the two SRSF10 isoforms on en-

dogenous SMN splicing, using endoSMN PCR followed by digestion

with DdeI to distinguish mRNA originating from either SMN1 or SMN2.

DdeI only cuts SMN2‐derived transcripts due to a SMN2‐specific G>A

variation (Gennarelli et al., 1995; Parsons et al., 1996). This analysis

showed that both the long isoform of SRSF10 and hnRNP A1 mediates

increased exon 7 skipping from endogenous SMN1 and SMN2

(Figure 3a,b), consistent with the effects observed when employing

minigenes. Moreover, overexpression of the short SRSF10 isoform

also increased skipping of exon 7 in the SMN2 context. These data

demonstrate that both isoforms can repress exon 7 inclusion, but the

long SRSF10 isoform is a more efficient repressor, as it is effective in

both the SMN1 and SMN2 contexts.

3.4 | Investigation of SRSF10 binding using MS2
coat protein tethered binding assay

To further test the effect of the long and short isoforms of SRSF10,

we performed a MS2 coat protein tethered binding assay employing

SMN1 and SMN2 minigenes in which the ISS‐N1 silencer was re-

placed by the MS2 hairpin sequence (Figure 4a). Overexpression of

the SMN1‐MS2 minigene with the MS2‐tagged hnRNP A1 protein

showed complete exon 7 skipping, whereas overexpression with the

MS2‐tagged long isoform of SRSF10 showed a very modest decrease

in exon 7 inclusion (Figure 4b). For the SMN2‐MS2 minigene, both

MS2‐tagged hnRNP A1 and the MS2‐tagged SRSF10 isoforms

F IGURE 2 Splicing analysis of minigenes by overexpression of splicing factors in HeLa cells. (a) Graphic overview of the pCI‐SMN minigenes
containing the ISS‐N1 element, and validation of overexpression of the SRSF10 T7 expression vectors. (b) Overexpression of both short
and long SRSF10 and hnRNP A1, together with pCI‐SMN plasmids. The result is visualized on an agarose gel. The top band represents inclusion
and the lower band represents skipping of exon 7. The inclusion of exon 7 was quantified using a Fragment Analyzer instrument. *p < .001
in a t test is compared to wild‐type (wt) plasmid. Error bars are displayed as SD; N > 3. The wt SMN1 and SMN2 minigenes were used to
introduce mutations in the ISS‐N1 element to investigate the function of the proposed binding motifs in ISS‐N1. Six minigenes were made by
mutagenesis to create SMN1 and SMN2 minigenes with a disrupted ISS‐N1 element (c, d), SMN1 and SMN2 minigenes containing the SRSF10

SELEX motif (e, f) and SMN1 and SMN2 minigenes containing the consensus hnRNP A1 motif (g, h). HeLa cells were transfected with each
minigene and the specific expression vector. After 48 h, the RNA was harvested and used for reverse‐transcription polymerase chain
reaction (RT‐PCR). The PCR products are visualized on an agarose gel. The top band represents the inclusion and the lower band represents the
skipping of exon 7. The inclusion of exon 7 was quantified using a Fragment Analyzer instrument. Error bars are displayed as SD/ n ; N > 3,
*p < .001 in a t test compared with wt

F IGURE 3 Splicing analysis of overexpression of splicing factors in HeLa cells. HeLa cells were transfected with expression vectors for
SRSF10 long and short isoform or hnRNP A1. After 48 h, the RNA was harvested and used in reverse‐transcription polymerase chain reaction
(RT‐PCR) with primers located in exons 6 and 8. The PCR products were digested with DdeI at 37°C to distinguish between SMN1 (a) and
SMN2 (b) and quantified on an Agilent 2100 Bioanalyzer instrument. N = 6 and *p < .05 is the statistical significance by t test. Error bars are
displayed as SD/ n
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showed severely decreased exon 7 inclusion, whereas the effect of

the MS2‐tagged short isoform of SRSF10 was slightly weaker than

that of the MS2‐tagged long isoform (Figure 4b).

Because we noticed that the proposed SRSF10 SELEX motif

(AAAAGACAAA) resembles the sequence of the SMN1 SRSF1‐
binding +6 ESE motif in exon 7 (TTTCAGACAAA), we tested whether

SRSF10 could bind to this important regulatory region. To evaluate

the effect of binding of the two SRSF10 isoforms, as well as SRSF1

and hnRNP A1, to the region of exon 7 harboring the +6 ESE in SMN1

and the +6 ESS in SMN2 we designed an SMN‐ESE/ESS‐MS2 mini-

gene, in which the +6 ESE/ESS region of exon 7 was substituted with

the MS2 hairpin sequence. Overexpression of MS2‐tagged hnRNP

A1 leads to complete exon 7 skipping, whereas overexpression of

MS2‐tagged SRSF1 caused complete inclusion of exon 7 (Figure 4b).

F IGURE 4 Tethered MS2 coat protein binding assay. (a) Schematic representation of the MS2 coat protein system and sequences of the WT
and MS2 hairpin inserted minigenes. The underlined motifs are the two hnRNP A1 motifs in the ISS. The underlined orange sequence is
the MS2 hairpin. (b) Transfection of wild‐type (wt) and MS2 minigenes with overexpression of MS2‐tagged splicing factors. (c) Transfection of
wt and MS2 minigenes with overexpression of untagged splicing factors. Hela cells were cotransfected for 48 h with either the pCI‐SMN1
ISS MS2 minigene, the pCI‐SMN2 ISS MS2 minigene, or the pCI‐SMN1‐MS2‐ESE/ESS minigene, together with MS2‐tagged expression vectors
for splicing‐regulatory factors or untagged splicing‐regulatory factors. The RNA was used for reverse‐transcription polymerase chain
reaction (RT‐PCR) with plasmid‐specific SMN primers and the products were separated by agarose gel electrophoresis. The inclusion of exon 7
was quantified using a Fragment Analyzer instrument. Errors bars are displayed as SD/ n ; N > 3, *p < .001 in a t test compared with wt
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This clearly corroborates the antagonistic effects of the two proteins

(Mayeda et al., 1993; Pollard et al., 2002), and it is consistent with

previous studies showing that binding of SRSF1 to the +6 ESE

stimulates exon 7 inclusion in SMN1 (Cartegni & Krainer, 2002) and

that the +6 C>T variation in SMN2 disrupts the ESE and creates an

ESS to which hnRNP A1 binds to repress SMN2 exon 7 inclusion

(Cartegni et al., 2006; Kashima & Manley, 2003). Overexpression of

MS2 tag alone also caused some exon 7 skipping from the SMN‐ESE/
ESS‐MS2 minigene, indicating that binding of even a small protein

without functional domains at this position in exon 7 is disruptive.

Interestingly, both MS2‐tagged SRSF10 long and MS2‐tagged
SRSF10 short isoform increased inclusion, when bound at the +6

ESE/ESS region of exon 7, supporting the notion that the effect of

SRSF10 binding is highly position‐dependent (Wei et al., 2015).

Quantitative LC‐MS/MS analysis of oligonucleotides harboring the

+6 ESE/ESS region of exon 7 (Figure S3A,B) demonstrated that

SRSF10 does not bind differential to the SMN1 and the SMN2 se-

quence, whereas, SRSF1 binds more to the ESE in exon 7 in SMN1

than to the disrupted ESE/ESS present in SMN2, in agreement with

previous data (Cartegni & Krainer, 2002). We also observed more

binding to the disrupted ESE region in SMN2 from members of the

hnRNP A/B family, which is also consistent with previous studies,

supporting the notion that the +6 ESE in SMN1 is converted to an

ESS in SMN2 by the +6 C>T variation (Kashima & Manley, 2003).

Additionally, we investigated the MS2 hairpin‐containing minigenes

with overexpression of the untagged proteins (Figure 4c). Interest-

ingly, the long isoform of SRSF10 repressed exon 7 inclusion more

strongly than hnRNP A1, when the +6 ESE/ESS sequence was re-

placed by the MS2‐sequence, whereas repression of exon 7 inclusion

by the long isoform of SRSF10 was weaker when the ISS‐N1 se-

quence was replaced by the MS2 sequence (Figure 4c). This contrasts

with the hnRNP A1‐mediated repression of exon 7 inclusion, which

was at comparable levels when the +6 ESE/ESS sequence or the

ISS‐N1 was replaced by the MS2‐sequence.
Taken together, our data suggest that the inhibitory effect of

hnRNP A1 is not only dependent on binding to ISS‐N1, but it is

instead mediated by binding to multiple equally important sites, in-

cluding ISS‐N1. This is consistent with a proposed model according to

which exon 7 repression is mediated by the spreading of hnRNP A1

across multiple binding sites (Okunola & Krainer, 2009). In contrast,

our data indicate that the repressive effect of SRSF10 on exon 7

inclusion is mediated to a large extent by binding to ISS‐N1

(Figure 4c) and that binding to other, possibly intronic sites, like

the hnRNP A1 binding ISS present at the +100 position in intron 8 of

SMN2 (Kashima et al., 2007), could also be important for SRSF10‐
mediated splicing repression. To investigate this, we performed SPRi

with oligonucleotides containing the SMN1 + 100A or SMN2 + 100G

sequence, with recombinant hnRNPA1, long SRSF10, and short

SRSF10 protein (Figure S4). This showed that both hnRNPA1 and

SRSF10 bind to the +100 ISS, and with a tendency to more binding to

the +100G ISS sequence in SMN2. This is consistent with the study

from Kashima et al. (2007) reporting the strongest hnRNPA1 binding

to the +100G ISS sequence in SMN2.

3.5 | SSOs shift the ratio of the two SRSF10
isoforms by blocking and redirecting splicing

To investigate the effect of the two SRSF10 isoforms without using

overexpression, we designed isoform‐specific SSOs (Figure 5a).

Transfection of HeLa cells with the anti‐long SSO (long→ short)

showed a clear shift toward reduced amounts of the long SRSF10

isoform and increased amounts of the short SRSF10 isoform,

whereas a reversed splicing pattern (i.e., reduced short SRSF10 iso-

form and increased long SRSF10 isoform) was observed from cells

transfected with the anti‐short SSO (S→ L; Figure 5b,c). Analysis of

the expression of the total, the long and the short transcripts using

qPCR confirmed that the SSOs do not merely block splicing of one

isoform, but that splicing is redirected, resulting in elevated ex-

pression of the other isoform (Figure 5c). We went on to test if the

shift of isoforms could affect endogenous SMN1 and SMN2 splicing.

When cells were treated with the anti‐short SSO (i.e., increased le-

vels of long SRSF10 isoform and reduced levels of short SRSF10

isoform) we observed a significant increase in endogenous SMN2

exon 7 skipping and in SMN1 exon 7 skipping (Figure 5d). In contrast,

we did not observe a change in the splicing of endogenous SMN2

upon anti‐long SSO treatment, meaning that when the short isoform

predominates, no significant effect on splicing ensures.

These data show that the effect of SRSF10‐specific SSOs can be

observed on endogenous SMN1 and SMN2, and that changing the

ratio of the two SRSF10 isoforms, without increasing the overall

SRSF10 expression, is sufficient to affect the SMN1 and SMN2 exon 7

splicing outcome.

4 | DISCUSSION

Blocking of the ISS‐N1 silencer in SMN2 by Spinraza is successful in

treating patients with SMA. Despite this success, a comprehensive

identification of the individual inhibitory splicing regulatory factors

that bind to ISS‐N1 and inhibit splicing has not yet been performed.

Because a deeper understanding of SMA molecular pathology will

require more comprehensive knowledge about the splicing factors

involved in repressing SMN2 exon 7 splicing, we used an unbiased

approach to identify factors that bind to ISS‐N1 by employing RNA

affinity purification and LC‐MS/MS analysis. Not surprisingly, we

observed significant binding of the ubiquitously expressed splicing

repressor hnRNP A1, hnRNP A2/B1 (as well as other members of the

hnRNP A family), which were previously demonstrated to bind and

inhibit exon 7 splicing (Hua et al., 2008). However, because aberrant

SMN2 splicing in spinal cord motor neurons causes the main disease

symptoms in SMA, Spinraza is injected into the spinal fluid in SMA

patients to block splicing repressors from binding to ISS‐N1. There-

fore, splicing regulatory factors, which are highly expressed in

neuronal tissues and able to bind to ISS‐N1 to repress SMN2 exon 7

inclusion, could play an especially important role in SMA pathogen-

esis. Interestingly, our unbiased pull‐down analysis identified SRSF10

as a new trans‐acting factor that interacts with the ISS‐N1 silencer,
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and we validated the binding of both isoforms of SRSF10 to the

silencer.

SRSF10 is highly expressed in neuronal tissues and was pre-

viously reported to be important in the context of cellular stress, cell

cycle, apoptosis, neurogenesis, and oncogenesis (Feng et al., 2009;

K. J. Liu & Harland, 2005; Qi et al., 2015; Shi et al., 2011; Shin

et al., 2004; Shin & Manley, 2002; Shkreta et al., 2016; Yang

et al., 1998, 2000). Due to its high expression in neuronal tissues, its

ability to act as a splicing repressor, and its recognition motif re-

sembling the ISS‐N1 splicing silencer, we hypothesized that SRSF10

F IGURE 5 (See caption on next page)

256 | FREDERIKSEN ET AL.



could be important in SMA pathogenesis by repressing SMN2 exon 7

inclusion.

Our results both from analyzing the effect on exon 7 splicing

from SMN1 and SMN2 minigenes and endogenous SMN1 and SMN2

splicing demonstrate that SRSF10 can repress splicing of SMN1 and

SMN2 exon 7 and that this is mediated through binding to the ISS‐N1

silencer. Interestingly, we also identified and validated the binding of

the splicing regulatory factor SRSF3 to the ISS‐N1 silencer

(Figures 1c and S2C). This is consistent with a recent study that

reported a similarity between the binding motif of SRSF3 and

SRSF10 (Xiao et al., 2016). SRSF3 was previously demonstrated to

antagonize the effect of hnRNP A1 on exon 7 inclusion (Wang

et al., 2012; Wee et al., 2014), indicating complex regulation at the

ISS‐N1 silencer, where the inhibitory factors hnRNP A1/A2 and

SRSF10, and the stimulatory factor SRSF3, all compete for binding.

It is, however, clear from our data that SRSF10‐mediated exon 7

repression also involves other splicing regulatory elements, because

overexpressed SRSF10 also mediates exon 7 skipping from SMN2

minigenes in which ISS‐N1 was mutated to sequences that do not

bind SRSF10 in pull‐down and SPRi analyses. In this context, it is

noteworthy that the splicing silencer present at position +100 in

intron 8 of SMN2, in addition to an hnRNP A1 motif (Kashima

et al., 2007) also harbors a motif similar to that bound by SRSF10 in

ISS‐N1. The +100G, which is specific for SMN2, creates a GAAAGT

motif identical to the SRSF10‐binding motif in ISS‐N1. Furthermore,

downstream at position +107–112 there is a second GAAAGG motif

in both SMN1 and SMN2. Our SPRi analysis demonstrated the

binding of SRSF10 to both sequences and that similar to hnRNP A1,

the +100G sequence of SMN2 binds more SRSF10 than the +100A

sequence of SMN1 (Figure S4). This suggests that, like hnRNP A1,

SRSF10 binding to the +100G silencer in SMN2 could contribute to

the repression of exon 7 inclusion. Interestingly, ASO blocking of

either ISS‐N1 or +100G both stimulate exon 7 inclusion, and si-

multaneous blocking of both silencers is additive (Pao et al., 2014),

perhaps suggesting an interaction between SRSF10 bound at these

silencers.

Recently, Cloutier et al. (2018) reported that SRSF10, hnRNP

A1, and Sam68 co‐operate in regulating an alternative splicing re-

sponse to DNA damage and stress. They suggested a direct

protein–protein interaction between SRSF10 and the 14‐3‐3ε

protein, which binds and protects the RS domain of the long isoform

from dephosphorylation and perhaps also mediates protein–protein

interaction with hnRNP K in the regulation of Bcl‐X alternative

splicing. This is coordinated with an interaction between hnRNP

A1 and Sam68 in a very complex mechanism. Interestingly, Sam68

has also been demonstrated to bind next to the +6 ESS in SMN2

exon 7 to promote the recruitment of hnRNP A1 to inhibit exon

7 inclusion (Pagliarini et al., 2015; Pedrotti et al., 2010). Knockdown

of Sam68 increased exon 7 inclusion and SMN expression in the

cortex, cerebellum, spinal cord, and peripheral tissues of SMAΔ7

mice. Based on this, it could be speculated that SRSF10 plays a

central role in a complex inhibition of SMN2 exon 7 inclusion, which

involves both direct binding to splicing regulatory elements, such as

the ISS‐N1 silencer, and protein–protein interactions with hnRNP

K and other factors, and that this is coregulated by hnRNP A1 and

Sam68. Because both SRSF10 isoforms bind the ISS‐N1 silencer,

the difference in their inhibitory effect on SMN1 and SMN2 exon

7 splicing might be due to the different lengths of their RS domains.

In a more complex scenario, the shorter RS domain of the short

SRSF10 isoform might not be able to interact efficiently with the

interacting partners (14‐3‐3ε protein etc.) thereby causing reduced

inhibition. On top of this, the two SRSF10 isoforms most likely also

exhibit functional differences due to different phosphorylation of

their RS domains. This complex regulatory mechanism could also be

active in the cellular stress occurring in the spinal cord in SMA

(Doktor et al., 2017). Therefore, we speculate that SRSF10 plays a

negative role in SMA pathogenesis.

Although the two isoforms of SRSF10 are present in comparable

amounts in many tissues, only a few studies have investigated the

effects of the two SRSF10 isoforms separately (Komatsu et al., 1999;

Ling & Estus, 2010; Matsushita et al., 2007; Shin & Manley, 2002).

SRSF10 protein is highly expressed in several tissues, including the

brain, heart, skeletal muscle, and testis (Thul et al., 2017; Uhlen

et al., 2015). Because our results show that the repressive effect of

the two SRSF10 isoforms is different, we investigated the relative

expression of the two SRSF10 isoforms in a panel of RNA from

20 different human tissues (Figure S3D). This analysis showed that

splicing is directed toward the long SRSF10 isoform in brain tissues

whereas the short isoform is more predominant in tissues like the

adrenal gland and liver (Fushimi et al., 2005; L. Liu et al., 2003;

F IGURE 5 Shifting the balance of SRSF10 transcripts by transfecting either anti‐short (S→ L) and anti‐long (L→ S) SSOs into HeLa cells.
(a) Splice‐switching oligonucleotides (SSOs) were designed to target the 3ʹ splice site of either exon 6a or exon 6b. This should alter the
splicing of SRSF10 transcripts to either produce the long isoform (when treated with the anti‐short SSO) or produce the short isoform (when
treated with the anti‐long SSO). (b) Validation of the shifted splicing pattern by Western blot analysis using antibody against SRSF10.
Antibodies against TDP‐43 and hnRNP H were used for controls. HeLa nuclear extract was included as a positive control. The blot displayed is
representative of all replicates and a densitometry quantification using ImageJ of replicates of Western blots; N = 4. Error bars are displayed
as SD/ n . (c) Quantitative polymerase chain reaction (qPCR) analysis with specific primers to detect the expression of SRSF10 long and

SRSF10 short in SSO‐treated samples. Expression was normalized to TBP. Errors bars are displayed as SD/ n ; N > 6. (d) HeLa cells were
reverse‐transfected with 40‐nM anti‐short, anti‐long or control SSO for 48 h. The RNA was isolated and used for complementary DNA
synthesis. PCR with primers in exons 6 and 8 of SMN was used. The PCR products were digested with DdeI to distinguish between PCR
products originated from either SMN1 or SMN2. The digested products were quantified with an Agilent 2100 Bioanalyzer instrument. *p < .001
when performing a two‐tailed Student's t test, *** p ≤ .005. Error bars are displayed as SD; N = 6
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Qi et al., 2015). This result is consistent with more pronounced SMN2

exon 7 skipping in neuronal tissues, where expression of the long

isoform of SRSF10 is the highest. Furthermore, we analyzed the ratio

of the two SRSF10 isoforms (long and short) in RNA seq data on SMA

and heterozygote control mice (Doktor et al., 2017). There is no

significant change in the ratio between the long and the short

SRSF10 isoform in SMA mice compared with the heterozygous

control mice. Based on our data, in particular, the observed effect of

the splice switching SSO toward the long isoform, it is clear that the

preferential expression of the long SRSF10 isoform in neuronal tis-

sues will result in a more pronounced inhibitory effect on SMN1 and

SMN2 exon 7 splicing in these tissues.

An earlier study of siRNA‐mediated SRSF10 knockdown did not

report an effect on SMN1 and SMN2 exon 7 splicing (Wee

et al., 2014), but previous studies did not consider the different ef-

fects of the two isoforms. Other studies hypothesized that the long

isoform is the “active” isoform and that the short isoform is a “pas-

sive and regulatory” isoform, which mainly functions by binding and

blocking access for the functional long isoform (Fushimi et al., 2005;

Shin et al., 2005). It is likely that for many binding sites, the combined

effect of knocking down both isoforms are neutral. Therefore, the

repressive effect on SMN1 and SMN2 exon 7 splicing that we observe

in this study, either by overexpression or using splice‐switching

SSOs, is an effect of increasing the long SRSF10 isoform, rather than

depleting cells of both SRSF10 isoforms.

Our data emphasize the importance of a better understanding of

the separate functions of the two SRSF10 isoforms. The repressing

role of SRSF10 on SMN2 exon 7 splicing may be critical in SMA

patients, as they have low amounts of SMN protein and high levels of

neuronal stress. Our data suggest that Spinraza functions not only by

blocking hnRNP A1 from binding to the ISS‐N1 silencer, but that

blocking the binding of the long SRSF10 isoform to ISS‐N1 may also

be important.
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