
RESEARCH ARTICLE

Targeting SR Proteins Improves SMN
Expression in Spinal Muscular Atrophy Cells
Claribel D. Wee., Mallory A. Havens.¤, Francine M. Jodelka.,
Michelle L. Hastings*

Department of Cell Biology and Anatomy, The Chicago Medical School, Rosalind Franklin University of
Medicine and Science, North Chicago, Illinois, United States of America

*michelle.hastings@rosalindfranklin.edu

. These authors contributed equally to this work.

¤ Current address: Department of Biology, Lewis University, Romeoville, Illinois, United States of America

Abstract

Spinal muscular atrophy (SMA) is one of the most common inherited causes of

pediatric mortality. SMA is caused by deletions or mutations in the survival of motor

neuron 1 (SMN1) gene, which results in SMN protein deficiency. Humans have a

centromeric copy of the survival of motor neuron gene, SMN2, which is nearly

identical to SMN1. However, SMN2 cannot compensate for the loss of SMN1

because SMN2 has a single-nucleotide difference in exon 7, which negatively

affects splicing of the exon. As a result, most mRNA produced from SMN2 lacks

exon 7. SMN2 mRNA lacking exon 7 encodes a truncated protein with reduced

functionality. Improving SMN2 exon 7 inclusion is a goal of many SMA therapeutic

strategies. The identification of regulators of exon 7 inclusion may provide

additional therapeutic targets or improve the design of existing strategies. Although

a number of regulators of exon 7 inclusion have been identified, the function of most

splicing proteins in exon 7 inclusion is unknown. Here, we test the role of SR

proteins and hnRNP proteins in SMN2 exon 7 inclusion. Knockdown and

overexpression studies reveal that SRSF1, SRSF2, SRSF3, SRSF4, SRSF5,

SRSF6, SRSF7, SRSF11, hnRNPA1/B1 and hnRNP U can inhibit exon 7 inclusion.

Depletion of two of the most potent inhibitors of exon 7 inclusion, SRSF2 or SRSF3,

in cell lines derived from SMA patients, increased SMN2 exon 7 inclusion and SMN

protein. Our results identify novel regulators of SMN2 exon 7 inclusion, revealing

potential targets for SMA therapeutics.
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Introduction

Spinal muscular atrophy (SMA) is a pediatric neurodegenerative disorder that

affects motor neurons and results in weakness and wasting of the voluntary

muscles in the arms and legs. SMA has an incidence of 1 in 6000 live births and a

carrier frequency of 1 in 40 and, in its most severe forms, causes death in the early

years of life [1]. The disease is caused by deletion or mutation of the survival of

motor neuron 1 (SMN1) gene that results in the insufficient production of SMN

protein [2, 3]. All patients retain the centromeric SMN2 gene, which also codes for

SMN protein [4]. However, due to a single nucleotide difference at position +6 of

SMN2 exon 7, the exon is alternatively spliced and the majority of the mRNAs

lack exon 7, resulting in a transcript that codes for a truncated and unstable form

of SMN protein [5, 6]. An estimated 10% of the transcripts produced from an

SMN2 gene encode full-length protein derived from mRNA that includes exon 7.

The amount of full-length protein produced from SMN2 is an important

determinant of disease severity. Individuals with more than two copies of SMN2,

as a result of duplication, tend to have less severe forms of SMA [3, 7]. The

correlation between SMN2 expression and disease outcome suggests that

increasing SMN2 exon 7 inclusion to increase SMN protein abundance will be

therapeutic. Although there is currently no FDA approved disease-modifying

treatment available to patients, a number of therapeutic strategies aimed at

improving exon 7 inclusion have demonstrated efficacy in animal models of the

disease [8–13] and in early clinical trials in humans. Given the potential of splice-

modulating approaches as a treatment for SMA, there is a need for a

comprehensive understanding of the regulators of exon 7 inclusion in order to

identify putative targets for therapeutics and to elucidate the mechanism of action

of current therapeutic programs that target splicing.

Pre-mRNA splicing is directed by the spliceosome complex, which is comprised

of five small nuclear ribonucleoprotein (snRNP) particles and additional proteins

known as splicing proteins/factors [14–20]. The spliceosome identifies exons and

introns by binding to consensus splicing sequences at the 59 and 39 ends of an

intron. The recognition and binding of so-called 59 and 39 splice sites is aided by

cis-acting splicing enhancer and splicing silencer elements within exons and

introns. Enhancers and silencers are bound by splicing proteins that help to

recruit or block the spliceosome. Alternative splicing arises in part through

competition between mutually exclusive splice sites. Splice site competition can be

affected by splicing silencers and enhancers and their cognate binding proteins.

A number of proteins and cis-acting sequence elements have been shown to

regulate the alternative splicing of SMN exon 7 [21]. The serine/arginine (SR)

splicing factor protein family is made up of twelve members [22] that play a role

in both constitutive [23, 24] and alternative splicing [25–30]. Three of these

proteins, SRSF1, SRSF2 and SRSF9 have been shown to influence exon 7 inclusion

[31–34]. SRSF1 binds to exon 7 in SMN1 to promote exon 7 inclusion, however,

the C-T transition within exon 7 of SMN2 disrupts this exonic splicing enhancer

motif, contributing to the low level of SMN2 exon 7 inclusion [35, 36]. SRSF2
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activates exon 7 skipping but not inclusion in cell-free splicing assays [34]. SRSF9

interacts with hTra2-b1, a SR-like protein and known regulator of exon 7 splicing

[37], and promotes exon 7 inclusion [33]. However, the roles of most members of

the SR protein family in SMN2 exon 7 splicing have not been explored. Likewise,

there is a precedent to further investigate the members of the heterogenenous

ribonucleoprotein (hnRNP) family with regard to SMN2 exon 7 splicing. A

number of hnRNP proteins have been shown to inhibit exon 7 inclusion,

including hnRNP A1 [38, 39], hnRNP A2B1 [38], hnRNP C [40] and hnRNP U

[41]. Conversely, hnRNP G appears to be an activator of exon 7 inclusion [42–

44]. Clearly there is a complex interplay of splicing proteins contributing to the

regulation of alternative splicing of SMN2 exon 7. The dynamic and regulated

expression of these splicing factors likely influences the splicing outcome.

However, it is difficult to predict outcomes without a more comprehensive view

of the regulators.

In the current study, we analyzed the activity of SR and hnRNP proteins in the

context of SMN2 splicing in order to further characterize the regulatory roles

these proteins may play in SMA disease pathogenesis and to identify potential

targets for therapeutics. We depleted or overexpressed SR and hnRNP proteins in

cells and found that most of the proteins in the SR protein family and hnRNP A2/

B1 and hnRNP U inhibit exon 7 inclusion. Depletion of SRSF2 and 3 in SMA

patient-derived cells resulted in an increase in exon 7 inclusion and SMN protein

abundance. Our results identify novel regulators of SMN2 exon 7 inclusion that

could be targeted for the improvement of SMN expression in SMA cells.

Materials and Methods

Expression plasmids

The expression vectors, pCGT7-SRSF1, pCGT7-SRSF2, pCGT7-SRSF3, pCGT7-

SRSF7, pCGT7-SRSF9, pFLAG-SRSF11 and pFLAG-GFP have been previously

described [45–47].

Primers and RNAi

Primer and siRNA sequences are provided in S1 Table.

Cell culture and transfection

HeLa cells were maintained in Dulbecco’s modified Eagle medium (DMEM)

supplemented with 10% (v/v) fetal bovine serum (FBS). Cells were plated at a

density of 3.56105 cells per well onto six-well dishes 24 h prior to treatment. For

treatment with RNAi, 50 nM duplex siRNA was transfected using Lipofectamine

2000 (Invitrogen) as per manufacturer’s instructions. Scrambled AllStars siRNA

(Qiagen) was used as a control. Cells were grown for 48 h post transfection, at

which point an additional treatment of 50 nM siRNA was given. Cells were then

split 1:2, 24 h after the second RNAi treatment and total RNA and protein were
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collected 24 h later. For overexpression experiments, 1 mg of expression vector

was transfected using Lipofectamine 2000 (Invitrogen) as per the manufacturer’s

instructions. Cells were split 1:2, 24 h post-transfection and total RNA and

protein were collected after an additional 24 h.

The human fibroblast cell line derived from a type I SMA patient with one copy

of SMN2 (GM00232; Coriell Cell Repository) was maintained in DMEM

supplemented with 10% (v/v) FBS. SMA iPS cells were maintained as neural stem

cells in neural progenitor growth medium (Stemline, Sigma) prior to transfection

and then transferred to DMEM with 10% (v/v) fetal bovine serum (FBS) for

transfections [48]. Cells were transfected with 50 nM siRNA using Lipofectamine

2000 (Invitrogen) as per manufacturer’s instructions. Scrambled AllStars siRNA

(Qiagen) was used as a control. Treatment with 50 nM siRNA was repeated 48 h

and 96 h after initial transfection and RNA and protein were collected after an

additional 24 to 48 h.

RNA extraction and RT-PCR

Prior to collection cells were washed with 1X PBS. Total RNA was isolated using

TRIzol reagent (Invitrogen) and subsequently converted to cDNA using GoScript

Reverse Transcription System (Promega). PCR was conducted with GoTaq Green

Master mix (Promega). Reactions contained [a232P]dCTP. SMN1 and SMN2

PCR products were digested with the restriction enzyme DdeI for 1 h at 37 C̊.

Products were separated using 6% native polyacrylamide gel electrophoresis.

Quantification of products was based on phosphorimage analysis on a Typhoon

9400 and ImageQuant T software (GE Healthcare). Calculations of transcript

isoform percentages were normalized for cytosine content.

Protein extraction and immunoblot

Cells were lysed with Laemmli buffer and heated at 100 C̊ for 10 min. Protein

samples were separated by sodium dodecyl sulfate (SDS)-PAGE and transferred to

Immobilon-FL membrane (Millipore). Membranes were probed with a goat

polyclonal antibody specific for bacteriophage T7 gene 10 tag (Novus), a mouse

monoclonal antibody specific for the FLAG tag (Sigma), a mouse monoclonal

antibody specific for mouse or human SMN (BD Biosciences), a mouse

monoclonal antibody specific for SRSF1 [49], a mouse monoclonal antibody

specific for SRSF2 (Millipore), a mouse monoclonal antibody specific for SRSF3

(Novus Biologicals), a rabbit polyclonal antibody specific for SRSF4 (Millipore), a

goat polyclonal antibody specific for SRSF5 (Santa Cruz Biotechnology), a mouse

monoclonal antibody specific for SRSF6 [50], a goat polyclonal antibody specific

for SRSF11 (Santa Cruz Biotechnology), a mouse monoclonal antibody specific

for b-catenin (BD Transduction Laboratories), or a mouse monoclonal antibody

specific for b-actin (Sigma), followed by Alexa Fluor 594-conjugated anti-goat,

anti-mouse, or anti-rabbit secondary antibody (Invitrogen) or horseradish

peroxidase (HRP)-conjugated donkey anti-goat, goat anti-mouse, or goat
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anti-rabbit secondary antibody (Thermo). Detection and quantitative analysis of

fluorescence was performed using a Typhoon 9400 and the ImageQuant T

software package (GE Healthcare). Detection of HRP-labeled membranes was

performed with either Luminata Classico Western HRP Substrate or Luminata

Forte Western HRP Substrate (Millipore) and quantitation was preformed using

NIH ImageJ software.

In vitro transcription and cell-free splicing

DNA templates for in vitro transcription were generated from SalI digestion of

pCI-SMN1 and pCI-SMN2 containing plasmids [31, 34]. RNA splicing substrates

were transcribed using T7 RNA polymerase (Promega), transcription buffer

(Promega), with 10 mM DTT, 0.5 mM A, C, 0.25 mM G, 0.01 mM or 0.25 mM

U, a232P UTP, RNase inhibitor (Promega), and 0.5 mM 7Me-GpppG cap analog

(New England Biolabs). The reactions were incubated for 1 h at 37 C̊ and

subsequently treated with RQ1 DNase (Promega) for 30 min at 37 C̊. Reaction

products were separated on 5% denaturing PAGE gels, extracted, eluted, ethanol

precipitated and reconstituted in water prior to use.

In vitro transcribed RNA (5–10 fmol) was combined with HeLa nuclear extract

under splicing conditions (32 mM HEPES, 2 mM MgCl2, 1.95% polyvinyl

alcohol, 1X buffer D (20 mm HEPES-KOH, pH 8; 100 mm KCl; 0.2 mm EDTA;

20% (v/v) glycerol), 60 mM KCl, 0.5 mM ATP and 20 mM creatine phosphate)

with or without additional SR proteins prepared as previously described [51]. The

reactions were incubated for 2 hrs at 30 C̊. Reactions were stopped with stop

buffer (0.3 M sodium acetate and 0.1% w/v SDS) and RNA was phenol extracted

and precipitated with ethanol. RNA was reverse transcribed using a reverse primer

to exon 8 using Goscript RT (Promega), as per manufacturer’s instructions. PCR

of the cDNA was performed with a forward primer specific to exon 6 and the

reverse primer to exon 8 using GoTaq Green master mix (Promega).

Statistics

Statistical significance was determined using the Student’s or one sample t test as

detailed in Figure legends.

Results

Differential effects of SR proteins on SMN2 exon 7 inclusion in

cell-free splicing assays

Improvement of SMN2 exon 7 splicing is a goal of many SMA therapies. SR

proteins are a family of splicing factors known for their role in the enhancement

of splicing, and thus may be potential targets for SMA therapeutic strategies. In

order to test whether SR proteins can directly affect SMN2 exon 7 inclusion, we

performed in vitro, cell-free splicing assays of exon 7 splicing in HeLa nuclear

extracts supplemented with a cell fraction enriched in SR proteins [51, 52]. We
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found, not unexpectedly, that SR proteins increase exon 7 inclusion (Fig. 1). In

order to identify the individual SR proteins that may be promoting exon 7

inclusion, we supplemented HeLa extract with individual recombinant SR

Fig. 1. SR proteins regulate SMN2 exon 7 splicing in a cell-free splicing assay. (A) Semi-quantitative
radiolabeled RT-PCR analysis of in vitro transcribed SMN1 and SMN2 RNA isolated from cell-free splicing
reactions with or without the addition of the indicated recombinant SR proteins or a cellular fraction enriched in
SR proteins (total SR). (B) Quantification of SMN2 exon 7 splicing following addition of the indicated SR
proteins. Splicing is normalized to SMN2 exon 7 splicing in nuclear extract without additional SR protein
(dashed line indicates basal exon 7 splicing). Only experiments repeated more than once are included in the
graph. Error bars represent the standard error of the mean (SEM); total SR (2.5 ng n52, 5 ng n54, 10 ng
n54), SRSF1 (0.36 pmol n54, 0.72 pmol n54, 1.08 pmol n52), SRSF2 (0.8 pmol n52, 1.6 pmol n54,
3.2 pmol n54). Asterisks indicate p value (two-tailed) #0.05 as determined by a one sample t test with a
theoretical value of 1.0 for normalization to basal SMN2 exon 7 splicing. (C) Analysis of in vitro transcribed b-
globin RNA splicing in a cell-free splicing reaction with or without (–) the addition of total SR proteins (10 ng),
SRSF1 (0.72 pmol) or SRSF2 (1.6 pmol) to verify recombinant protein activity. The graph shows the percent
of RNA that is spliced: (spliced/(unspliced+spliced)*100), error bars are SEM, n52.

doi:10.1371/journal.pone.0115205.g001
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proteins and found that different SR proteins had protein-specific effects on exon

7 splicing (Fig. 1). Specifically, addition of purified, recombinant SRSF1 or SRSF2

reduced exon 7 inclusion, the opposite effect of the total SR protein fraction

(Fig. 1A). The functionality of the SR proteins in the in vitro reactions was

verified by testing them in the splicing of a constitutively spliced b-globin intron

[24, 51] (Fig. 1B), the splicing of which has been shown previously to be enhanced

by these SR proteins [23, 24]. These results indicate that, although a combination

of SR proteins can promote exon 7 inclusion, individual SR proteins can inhibit

splicing of the exon.

Overexpression of a subset of SR proteins reduces SMN2 exon 7

inclusion

To define the activity of individual SR proteins in SMN2 exon 7 splicing, we

overexpressed SR proteins in cells (Fig. 2). SRSF1, 2, 3, 4, 5, 6, 7, 9, or 11

expression vectors were transfected into HeLa cells and the effect of over-

expression of these proteins on exon 7 splicing was analyzed by RT-PCR. To

distinguish SMN1-derived RNA transcripts from SMN2, PCR products were

digested with the restriction endonuclease DdeI, which cleaves within exon 8 of

SMN2-derived, but not SMN1-derived transcripts (Fig. 2A, B). Overexpression of

the proteins was verified by immunoblot analysis (Fig. 2C). SRSF1, 2, 3, 5, 7 or 11

overexpression caused a significant decrease of SMN2 exon 7 inclusion when

compared to overexpression of the control vector, GFP (Fig. 2A, B). The lack of a

significant effect of overexpression of SRSF4, 6, and 9 on exon 7 splicing suggests

either that these proteins do not have a role in exon 7 splicing, that the level of

overexpression is not sufficient to elicit an effect, or that the abundance of

endogenous protein is sufficient to exert a maximal effect on splicing that cannot

be further enhanced by higher protein expression in cells. Secondary effects of

protein overexpression may also influence the outcome of exon 7 splicing. In any

case, these data show that SRSF1, 2, 3, 5, 7 and 11 can regulate SMN2 exon 7

inclusion and that overexpression of these proteins induces exon 7 skipping in

cells either directly or indirectly.

Cellular reduction of select SR and hnRNP proteins improves

SMN2 exon 7 inclusion

Alternative splicing of an exon is predicted to change when the abundance of one

of its splicing regulators increases or decreases. Having seen effects on the splicing

of SMN2 exon 7 with the overexpression of SR proteins, we next knocked down

each of the 12 SR proteins in the SR family of splicing factors using siRNAs in

HeLa cells (Fig. 3A, B). Expression of ten of the twelve SR proteins was depleted

by more than 60% (Fig. 3C, D). We were not successful in depleting SRSF8 or

SRSF12 from cells. Individual knockdown of seven of the ten SR proteins, SRSF2,

3, 4, 5, 6, 7, and 11, caused a significant increase in exon 7 inclusion (Fig. 3A, B).

SRSF1 was the only SR protein knockdown that caused a significant decrease of
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Fig. 2. Overexpression of SR proteins modulates endogenous SMN2 exon 7 inclusion in cells. (A)
Semi-quantitative radiolabelled RT-PCR of endogenous SMN2 mRNA following selective over-expression of
SR proteins in HeLa cells. Reaction products were digested with DdeI to distinguish between SMN1 and
SMN2 transcripts, digestion products are indicated on the left. Mock samples were exposed to the transfection
reagent in the absence of siRNA. (B) The graph represents quantification of SMN2 exon 7 inclusion: (Exon 7
included/skipped). Asterisks indicate a statistically significant decrease in exon 7 inclusion p#0.05 and
**p#0.01, by unpaired Student’s t tests. Error bars represent SEM. In all cases, SRSF1, SRSF2, SRSF3,
SRSF4, SRSF5, SRSF6, SRSF7, SRSF9 n56; SRSF11 n55. (C) Immunoblot analysis of protein lysates from
HeLa cells transfected with the indicated expression vectors. Immunoblots of T7-tagged SRSF1, SRSF2,
SRSF3, SRSF7, and SRSF9 probed with a T7-specific antibody, endogenous SRSF4, 5 and 6 probed with
SRSF4-, SRSF5- and SRSF6-specific antibodies and FLAG-tagged SRSF11 probed with a FLAG-specific
antibody. b-actin and b-catenin were analyzed for loading control.

doi:10.1371/journal.pone.0115205.g002
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Fig. 3. Knockdown of SR and hnRNP proteins modulates endogenous SMN2 exon 7 inclusion. (A)
Semi-quantitative radiolabelled RT-PCR of endogenous SMN2 mRNA following RNAi-mediated knockdown
of individual SR or hnRNP proteins in HeLa cells. Reaction products were digested with DdeI. Digestion
products are labeled. (B) Graphs show the quantification of SMN2 exon 7 inclusion: (included/skipped).
Asterisks indicate a statistically significant change in exon 7 inclusion, *p#0.05, **p#0.01 and ***p#0.001,
unpaired Student’s T-tests. (C) Quantification of RT-PCR confirmed effective, selective knockdown of SR
proteins and hnRNPs. The dashed line represents the level of control expression. In all cases, error bars
represent SEM. For SRSF1 and SRSF2 n53; SRSF4, SRSF6, hnRNP A2/B1, ELAVL1 and hnRNP D n54;
SRSF7, SRSF10, and hnRNP U n55; SRSF9, hnRNP C, hnRNP H1 and hnRNP F n56, SRSF5 n57,
SRSF3 and SRSF11 n58; Control cells were transfected with a scrambled control siRNA. (D) Immunoblot
analysis of indicated endogenous protein from lysates of cells treated with siRNAs targeting the indicated SR
protein or a non-specific control siRNA. b-actin is a loading control.

doi:10.1371/journal.pone.0115205.g003
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SMN2 exon 7 inclusion (Fig. 3A, B), which may reflect an indirect regulation of

exon 7 splicing in cells by SRSF1. Reduction of SRSF9 and SRSF10 expression did

not cause a statistically significant change in SMN2 exon 7 inclusion following

knockdown. Taken together with the overexpression assays (Fig. 2), these results

reveal SRSF2, 3, 4, 5, 6, 7, and 11 as previously unknown negative regulators of

SMN2 exon 7 inclusion in cells.

Although our results suggest that many SR proteins inhibit exon 7 inclusion, SR

proteins are commonly known for their role in the enhancement of splicing [53].

In contrast, the hnRNP family of RNA binding proteins, are frequently implicated

in the inhibition of splicing [54]. In order to test the role of hnRNP proteins in

exon 7 splicing, we depleted a number of hnRNP proteins from HeLa cells using

siRNAs. A 40–50% reduction in hnRNP A2B1 and hnRNP U mRNA levels

(Fig. 3C) led to a significant increase in SMN2 exon 7 inclusion, whereas

knockdown of hnRNP C, D, F, H or ELAVL1 had no significant effect on splicing

(Fig. 3A, B). These results confirm hnRNP A2B1 and hnRNP U are negative

regulators of SMN2 exon 7 inclusion as shown in previous studies [38, 40, 41] and

demonstrate that a number of other hnRNP proteins do not appear to have a

significant role in the regulation of exon 7 inclusion.

SR protein knockdown in SMA patient-derived cells increases

SMN2 splicing and protein abundance

We next tested the role of SR proteins in SMN2 splicing in a type 1 SMA patient-

derived fibroblast cell line (GM00232), which allowed us to further assess the

potential relevance of these splicing factors as therapeutic targets in a context that

is more pertinent to disease physiology. The SMA patient-derived fibroblasts are a

good peripheral cell model for SMA as recent work has shown that restoration of

SMN2 exon 7 inclusion outside of the nervous system may be an important

therapeutic goal in addition to restoration within the nervous system [10]. We

knocked down SRSF1, 2, 3, 4, 5, 6 and 11 in the SMA fibroblast cells and assessed

the effect on SMN protein abundance as well as SMN2 mRNA splicing (Fig. 4).

Knockdown of SRSF2 or SRSF3 resulted in an increase in SMN protein,

demonstrating that down-regulation of these SR proteins can increase SMN

protein abundance.

Knockdown of SRSF3 in the SMA patient-derived cells produced a smaller

isoform of SMN protein in addition to the full-length protein (N, Fig. 4). In

humans, an alternatively spliced form of SMN1 lacking exon 5 (D5) is a common

isoform, though the function of the protein isoform is not clear [55, 56].

Therefore, we analyzed both exon 5 and exon 7 splicing following SR protein

knockdown in the SMA patient fibroblast cell line (Fig. 4C, D). Individual

knockdown of SRSF2, SRSF3 and SRSF11 resulted in an increase in exon 7

inclusion, and knockdown of SRSF1 caused a decrease in exon 7 inclusion,

consistent with our results in HeLa cells (Fig. 4C, D, E). Knockdown of SRSF3,

and to a lesser extent SRSF11, also resulted in a significant decrease in mRNA

transcripts that exclude exon 5. These data confirm that these four SR proteins
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modulate SMN2 alternative splicing in cellular models that recapitulate SMA

disease physiology. Furthermore, SRSF3 is both a positive regulator of SMN2 exon

5 splicing and a negative regulator of exon 7 inclusion.

Knockdown of the other SR proteins did not result in more SMN2 exon 7

splicing or an increase in SMN protein abundance (Fig. 4A, B). However,

knockdown of SRSF5 and 6 was less efficient than knockdown of the other SR

Fig. 4. Knockdown of SRSF2 and SRSF3 in SMA cells increases SMN2 exon 7 inclusion and SMN
protein abundance. (A) Immunoblots of SMN and b-actin following knockdown of SR proteins in GM00232
type 1 SMA patient-derived fibroblast cell line. N indicates a putative SMN protein lacking exon 5. (B)
Quantification of protein abundance: (SMN/b-actin). (C) Semi-quantitative radiolabelled RT-PCR showing
endogenous SMN2 exon 7 inclusion following knockdown of SR proteins in GM00232 cells. (D) Quantification
of SMN2 exon 7 inclusion (includedAll isoforms including exon 7/skippedAll isoforms skipping exon 7) corrected for
cytosine content. (E) Quantitation of RT-PCR experiments to assess mRNA expression of indicated SR
proteins following siRNA treatment. The dashed line represents the level of expression in control-treated cells.
Error bars represent SEM. SRSF1, SRSF4, SRSF5 and SRSF6 n53, SRSF2 and SRSF11 n54, SRSF3
n55. Asterisks indicates a statistically significant change in SMN abundance or SMN2 exon 7 inclusion,
*p#0.05, **p#0.01 and ***p#0.001, unpaired Student’s T-tests. Control cells were transfected with a
scrambled control siRNA.

doi:10.1371/journal.pone.0115205.g004
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protein in these patient derived cells (Fig. 4E) and less efficient than the knock-

down in Hela cells (Fig. 3), making it difficult to conclude that these proteins do

not have an effect on exon 7 splicing in these patient-derived cells.

We next tested the effect of knockdown of the most effective inhibitor of exon 7

inclusion, SRSF3, in multipotent neural stem cells generated from iPS cells derived

from a type 1 SMA patient [48, 57, 58]. Similar to the results in the SMA patient

fibroblasts, SRSF3 knockdown in iPS cells resulted in an increase in SMN protein

abundance (Fig. 5A). This increase in SMN presumably results from corre-

sponding increase in exon 7 inclusion (Fig. 5B), which further demonstrates the

role of SRSF3 as an inhibitor or exon 7 splicing. Because SMA is a

neurodegenerative disease, the iPS cells used in this experiment may be one of the

better in vitro cellular models for SMA and offer further proof of concept that

targeted reduction of cellular SRSF3 would result in an increase in SMN protein in

a cell type that is relevant for SMA.

Discussion

In this study we tested members of the SR and hnRNP families of splicing factors

for their roles in regulating SMN2 exon 7 alternative splicing. We find that the

majority of SR proteins, SRSF1, 2, 3, 4, 5, 6, 7, and 11, and two hnRNPs, hnRNP

A2/B1 and U, are regulators of SMN2 exon 7 inclusion as evidenced by their effect

on splicing in a cell-free assay or when knocked down and/or overexpressed in

cells. A decrease in the abundance of a number of other RNA binding proteins,

SRSF9 and 10, and hnRNP C, D, F, H and ELAVL1 did not affect exon 7

inclusion. We demonstrate that lowering the abundance of two of the most potent

inhibitors, SRSF2 and SRSF3, improved SMN2 exon 7 inclusion and SMN protein

abundance in SMA patient cell lines. Together, these findings reveal novel

regulators of exon 7 inclusion and thereby, provide new potential therapeutic

targets for the treatment of SMA.

Our study adds to the number of splicing factors that have been demonstrated

to regulate SMN2 exon 7 inclusion (Table 1). In order to show where known

regulators of exon 7 inclusion may be acting on the SMN2 pre-mRNA, we

mapped predicted and experimentally validated binding sites of splicing factors

that regulate SMN2 exon 7 inclusion [31, 37, 41, 43, 59–62], including those

identified in the current study, onto the pre-mRNA sequence containing SMN2

exon 7, the 39 end of intron 6, and the 59 end of intron 7 (Fig. 6, S2 Table). This

map acts as a general guide to the exon 7 regions that may contain cis-acting

regulatory sequences and the trans-acting factors that may function to regulate

exon 7 inclusion through binding to these sites. Extensive mutational analysis and

ASO targeting strategies have confirmed sequences that are important for

determining the inclusion of the exon [21, 63–65], many of which are consistent

with the activity of the splicing factors that recognize these sequences. We have

limited our analysis of regulatory sequences to the regions immediately flanking

exon 7 (within 50 nucleotides). However, it should be noted that antisense
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oligonucleotides directed to sequences more distant from exon 7 have been

identified that improve exon 7 inclusion [66–69]. Indeed, there have been

numerous regulatory sequences and binding proteins mapped to more distant

regions surrounding exon 7 [70, 71].

Prediction and identification of splicing factor binding sites (Fig. 6 and S2

Table) and ASO studies that indicate the presence of regulatory sequences, aid in

understanding the regulation of exon 7 inclusion. It is likely that complex splicing

Fig. 5. SRSF3 regulates SMN2 expression in SMA patient iPS cells. (A) Immunoblot of SMN and b-actin
following knockdown of SRSF3 with siRNA in SMA patient-derived iPS cells. N indicates a putative SMN
protein lacking exon 5. Quantitation is shown on the right (SMN/b-actin). Asterisks indicate p value (two-tailed)
#0.05 as determined by a one sample t test with a theoretical value of 1.0 for normalization to SMN in control-
treated cells. The dashed line represents the level of expression in control-treated cells. (B) Semi-quantitative
radiolabelled RT-PCR of endogenous SMN2mRNA after knockdown of SRSF3 using in SMA patient iPS cells
or a scrambled siRNA (Control). Products are indicated on the left. Quantification of SMN2 exon 7 inclusion
(inclusion/skipped). Error bars represent SEM, n53. Asterisk represents a statistically significant increase in
exon 7 inclusion where p#0.05, unpaired Student’s T-tests.

doi:10.1371/journal.pone.0115205.g005
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Table 1. Splicing factors tested for activity in SMN2 exon 7 splicing.

Protein Effect on exon 7 inclusion Reference

SRSF1 (SF2/ASF) enhancement/inhibition current study [31, 32, 34]

SRSF2 (SC35) inhibition current study [32–34]

SRSF3 (SRp20) inhibition current study

SRSF4 (SRp75) inhibition current study

SRSF5 (SRp40) inhibition current study [33]

SRSF6 (SRp55) inhibition current study [33]

SRSF7 (9G8) inhibition current study [32, 33, 41]

SRSF9 (SRp30c) Neutral/enhancement current study [33]

SRSF10 (SRp38/FusIP1) neutral current study

SRSF11 inhibition current study

hnRNP A1 inhibition [38, 39, 41, 59]

hnRNP A2B1 inhibition current study [38, 41]

hnRNP C inhibition/enhancement current study [40, 41]

hnRNP D neutral current study

hnRNP F neutral current study [41]

hnRNP G/RBMX enhancement/neutral [42, 44]

hnRNP H1 neutral current study [59]

hnRNP K neutral [41]

hnRNP L neutral [41]

hnRNP M neutral [41]

hnRNP RALY neutral [41]

hnRNP Q enhancement/inhibition [83]

hnRNP U inhibition current study [41]

HuR/ELAVL1 weak inhibition current study [60]

PSF enhancement [84]

Puf60 inhibition [41, 85]

RBM10 inhibition [41]

Sam68 inhibition [86]

SF1 inhibition [41]

SmB enhancement [58]

SmD enhancement [58]

SMN enhancement [58]

SON inhibition [41]

U1 snRNP enhancement [58]

U2 snRNP enhancement [58, 87]

U4 snRNP enhancement [58]

U5 snRNP enhancement [58]

U170K enhancement [58]

U2AF35 inhibition [41, 58, 59, 87]

U2AF65 neutral [41, 58, 87]

U2 B’’ enhancement [58]

TDP-43 enhancement [88]

TIA1 enhancement [61]

Tra2b enhancement/neutral [33, 37, 75]
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protein interactions and cis-acting sequence elements, together, determine the

outcome of splicing. Uncovering the mechanism of action of proteins in splicing

is complicated by the potential for a particular protein to have multiple binding

sites within a pre-mRNA. Also, binding of a particular protein at different sites,

and in the context of other splicing proteins, may influence splicing in different

ways. This type of multicomponent regulation may help to explain our

observations that SRSF1 inhibited splicing in the cell-free splicing assay (Fig. 1)

and when overexpressed in cells (Fig. 2), but also was required for splicing of the

exon, as evidenced by the decrease in exon 7 inclusion when it is knocked down

(Fig. 3). The change in SMN2 exon 7 inclusion may reflect a change in the balance

of SRSF1 at other binding sites that have conflicting affects on exon 7 inclusion.

The effect of other SR proteins, many of which inhibit exon 7 inclusion (Fig. 2),

may negatively influence exon 7 inclusion when SRSF1 is absent. Cooperative and

competitive interactions between SR proteins are not uncommon and have been

shown to regulate splicing in a complex manner [72]. Although regulation of

SMN2 exon 7 inclusion by some splicing factors may be both direct and indirect,

the ability to regulate exon 7 inclusion makes the study of the factors relevant to

SMA.

Overall, we have identified novel regulators of exon 7 inclusion, and also

confirmed the activity of proteins that have been tested for exon 7 inclusion in

other studies. One exception was with SRSF9. We did not observe a statistically

significant change in exon 7 inclusion with knockdown or overexpression of

SRSF9, which was previously reported to stimulate exon 7 inclusion via

interactions with Tra2-b1 [33]. A minigene form of SMN2 was used in the

previous work, which may be more or less sensitive to changes in SR protein

abundance than the endogenous transcript.

Table 1. Cont.

Protein Effect on exon 7 inclusion Reference

ZIS2/ZNF265 inhibition [89]

doi:10.1371/journal.pone.0115205.t001

Fig. 6. Splicing factors with experimentally validated affects on SMN2 exon 7 inclusion are shown at their predicted binding sites. Exon 7 (capital
letters within the black box) and 50 nucleotides of introns 6 and 7 (lower case letters) are shown. Binding motifs and references are provided in S1 Table.

doi:10.1371/journal.pone.0115205.g006
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As the list of exon 7 splicing regulators grows, it is likely that many of the

proteins do not directly affect splicing but rather alter other splicing or RNA-

related processes that have an impact on splicing of exon 7. Indeed, several

proteins likely regulate splicing via their role in U snRNP maturation, including

hnRNP U [41], U1–70K, U2 B’’, and Sm proteins [58] and SMN itself [58, 73].

Several other splicing factors have been shown to act indirectly via interactions

with other proteins or possibly by influencing transcription [74, 75]. It is also

possible that some of the proteins may have both direct and indirect affects on

exon 7 inclusion, the combined effects of which may be cumulative or

competitive.

Individual members of the SR family of proteins may be good therapeutic

targets because previous studies suggest that there may be some level of functional

redundancy among family members [45, 76]. Knockdown or sequestration of

individual SR proteins to inhibit their interactions with their target sequences may

prove to have less toxicity than other therapeutic strategies. Furthermore, we

previously demonstrated that SMN functions in a feedback loop regulating its

own expression [58]. Thus, it is possible that a modest down-regulation of single

or multiple SR protein regulators of SMN2 exon 7 inclusion would be sufficient to

result in an improvement in full-length SMN protein that will be adequate to

increase SMN expression to therapeutic levels, without fully disrupting other

necessary functions of the splicing factors. In this way, subtle modulation of

combinations of individual SR proteins could be therapeutic in SMA. This

principle of combinatorial targets for disease therapy can be used to lower toxicity

associated with targeting individual proteins, such as splicing factors, that have

constitutive functions in the cell.

The identification of novel regulators of SMN2 exon 7 inclusion is useful when

evaluating drugs that have been shown to improve SMN protein expression. For

example, we have reported on a tetracycline-like small molecule, PTK-01, that

promotes exon 7 inclusion directly through the splicing reaction [9]. The

mechanism by which PTK-01 acts is not known, however, it is possible that

interactions with one or more positive or negative regulators of splicing may

mediate the activity of the compound. The identification of regulators of exon 7

inclusion my also aid in the evaluation of the limitations of particular drug-

candidates. For example, the small molecules valproic acid, sodium butyrate, or 5-

(N-ethyl-N-isopropyl)-amiloride have been shown to increase the intracellular

concentration of SRSF3 [77, 78]. It is possible that increasing negative regulators

of exon 7 inclusion may compete with the desired effect of increasing full-length

SMN protein expression, thereby decreasing drug efficacy. Likewise, the

mechanism of antisense oligonucleotides (ASOs), which hold great promise as a

therapeutic for SMA [10], can be better understood by a thorough understanding

of the RNA binding proteins, such as the SR and hnRNP families of splicing

factors, which may be competing for binding with ASOs [39].

In addition to identifying potential targets for manipulating the splicing of

SMN2 exon 7, our results also provide insight into possible mechanisms for

tissue-specific alternative splicing of exon 7 which could account, in part, for the
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cell-type specific pathological affects caused by the loss of functional SMN1 in

SMA [73, 79]. Some cell-types may have greater SMN2 exon 7 inclusion and

thereby higher SMN protein expression, protecting them from deficits associated

with SMN protein insufficiency. Indeed, expression of splicing factors varies

widely between cell and tissue types and the interplay between these factors and

their expression levels may regulate exon 7 inclusion [72, 80–82].

Supporting Information

S1 Table. siRNA duplex and primer sequences used.

doi:10.1371/journal.pone.0115205.s001 (DOC)

S2 Table. Binding sites of proteins shown to affect SMN2 exon 7 splicing.

SMN2 exon 7 and 50 nts of the upstream and downstream introns were

considered for this table. A depiction of the binding sites is shown in Fig. 6.

R5G or A; Y5C or U; W5A or U; N5A, G, C or U; K5U or G; S5G or C;

D5A, G or U; M5A or C; H5A, C or U; V5A, C or G; B5G, C or U.

doi:10.1371/journal.pone.0115205.s002 (DOC)

Author Contributions

Conceived and designed the experiments: CDW MAH FMJ MLH. Performed the

experiments: CDW MAH FMJ. Analyzed the data: CDW MAH FMJ MLH.

Contributed to the writing of the manuscript: CDW MAH MLH.

References

1. Prior TW, Snyder PJ, Rink BD, Pearl DK, Pyatt RE, et al. (2010) Newborn and carrier screening for
spinal muscular atrophy. Am J Med Genet A 152A: 1608–1616.

2. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, et al. (1995) Identification and
characterization of a spinal muscular atrophy-determining gene. Cell 80: 155–165.

3. Lefebvre S, Burlet P, Liu Q, Bertrandy S, Clermont O, et al. (1997) Correlation between severity and
SMN protein level in spinal muscular atrophy. Nat Genet 16: 265–269.

4. Rochette CF, Gilbert N, Simard LR (2001) SMN gene duplication and the emergence of the SMN2
gene occurred in distinct hominids: SMN2 is unique to Homo sapiens. Hum Genet 108: 255–266.

5. Lorson CL, Hahnen E, Androphy EJ, Wirth B (1999) A single nucleotide in the SMN gene regulates
splicing and is responsible for spinal muscular atrophy. Proc Natl Acad Sci U S A 96: 6307–6311.

6. Monani UR, Lorson CL, Parsons DW, Prior TW, Androphy EJ, et al. (1999) A single nucleotide
difference that alters splicing patterns distinguishes the SMA gene SMN1 from the copy gene SMN2.
Hum Mol Genet 8: 1177–1183.

7. Feldkotter M, Schwarzer V, Wirth R, Wienker TF, Wirth B (2002) Quantitative analyses of SMN1 and
SMN2 based on real-time lightCycler PCR: fast and highly reliable carrier testing and prediction of
severity of spinal muscular atrophy. Am J Hum Genet 70: 358–368.

8. Baughan TD, Dickson A, Osman EY, Lorson CL (2009) Delivery of bifunctional RNAs that target an
intronic repressor and increase SMN levels in an animal model of spinal muscular atrophy. Hum Mol
Genet 18: 1600–1611.

9. Hastings ML, Berniac J, Liu YH, Abato P, Jodelka FM, et al. (2009) Tetracyclines that promote SMN2
exon 7 splicing as therapeutics for spinal muscular atrophy. Sci Transl Med 1: 5ra12.

Regulation of SMN2 Splicing in SMA Cells

PLOS ONE | DOI:10.1371/journal.pone.0115205 December 15, 2014 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115205.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115205.s002


10. Hua Y, Sahashi K, Rigo F, Hung G, Horev G, et al. (2011) Peripheral SMN restoration is essential for
long-term rescue of a severe spinal muscular atrophy mouse model. Nature 478: 123–126.

11. Passini MA, Bu J, Richards AM, Kinnecom C, Sardi SP, et al. (2011) Antisense oligonucleotides
delivered to the mouse CNS ameliorate symptoms of severe spinal muscular atrophy. Sci Transl Med 3:
72ra18.

12. Porensky PN, Mitrpant C, McGovern VL, Bevan AK, Foust KD, et al. (2012) A single administration of
morpholino antisense oligomer rescues spinal muscular atrophy in mouse. Hum Mol Genet 21: 1625–
1638.

13. Rigo F, Hua Y, Chun SJ, Prakash TP, Krainer AR, et al. (2012) Synthetic oligonucleotides recruit ILF2/
3 to RNA transcripts to modulate splicing. Nat Chem Biol 8: 555–561.

14. Hartmuth K, Urlaub H, Vornlocher HP, Will CL, Gentzel M, et al. (2002) Protein composition of human
prespliceosomes isolated by a tobramycin affinity-selection method. Proc Natl Acad Sci U S A 99:
16719–16724.

15. Jurica MS, Licklider LJ, Gygi SR, Grigorieff N, Moore MJ (2002) Purification and characterization of
native spliceosomes suitable for three-dimensional structural analysis. RNA 8: 426–439.

16. Makarov EM, Makarova OV, Urlaub H, Gentzel M, Will CL, et al. (2002) Small nuclear
ribonucleoprotein remodeling during catalytic activation of the spliceosome. Science 298: 2205–2208.

17. Makarova OV, Makarov EM, Urlaub H, Will CL, Gentzel M, et al. (2004) A subset of human 35S U5
proteins, including Prp19, function prior to catalytic step 1 of splicing. EMBO J 23: 2381–2391.

18. Deckert J, Hartmuth K, Boehringer D, Behzadnia N, Will CL, et al. (2006) Protein composition and
electron microscopy structure of affinity-purified human spliceosomal B complexes isolated under
physiological conditions. Mol Cell Biol 26: 5528–5543.

19. Behzadnia N, Golas MM, Hartmuth K, Sander B, Kastner B, et al. (2007) Composition and three-
dimensional EM structure of double affinity-purified, human prespliceosomal A complexes. EMBO J 26:
1737–1748.

20. Bessonov S, Anokhina M, Will CL, Urlaub H, Luhrmann R (2008) Isolation of an active step I
spliceosome and composition of its RNP core. Nature 452: 846–850.

21. Bebee TW, Gladman JT, Chandler DS (2010) Splicing regulation of the survival motor neuron genes
and implications for treatment of spinal muscular atrophy. Front Biosci (Landmark Ed) 15: 1191–1204.

22. Manley JL, Krainer AR (2010) A rational nomenclature for serine/arginine-rich protein splicing factors
(SR proteins). Genes Dev 24: 1073–1074.

23. Mayeda A, Screaton GR, Chandler SD, Fu XD, Krainer AR (1999) Substrate specificities of SR
proteins in constitutive splicing are determined by their RNA recognition motifs and composite pre-
mRNA exonic elements. Mol Cell Biol 19: 1853–1863.

24. Schaal TD, Maniatis T (1999) Selection and characterization of pre-mRNA splicing enhancers:
identification of novel SR protein-specific enhancer sequences. Mol Cell Biol 19: 1705–1719.

25. Ge H, Manley JL (1990) A protein factor, ASF, controls cell-specific alternative splicing of SV40 early
pre-mRNA in vitro. Cell 62: 25–34.

26. Krainer AR, Conway GC, Kozak D (1990) The essential pre-mRNA splicing factor SF2 influences 59

splice site selection by activating proximal sites. Cell 62: 35–42.

27. Fu XD, Maniatis T (1992) The 35-kDa mammalian splicing factor SC35 mediates specific interactions
between U1 and U2 small nuclear ribonucleoprotein particles at the 39 splice site. Proc Natl Acad
Sci U S A 89: 1725–1729.

28. Zahler AM, Neugebauer KM, Lane WS, Roth MB (1993) Distinct functions of SR proteins in alternative
pre-mRNA splicing. Science 260: 219–222.

29. Caceres JF, Stamm S, Helfman DM, Krainer AR (1994) Regulation of alternative splicing in vivo by
overexpression of antagonistic splicing factors. Science 265: 1706–1709.

30. Wang J, Manley JL (1995) Overexpression of the SR proteins ASF/SF2 and SC35 influences
alternative splicing in vivo in diverse ways. RNA 1: 335–346.

Regulation of SMN2 Splicing in SMA Cells

PLOS ONE | DOI:10.1371/journal.pone.0115205 December 15, 2014 18 / 21



31. Cartegni L, Hastings ML, Calarco JA, de Stanchina E, Krainer AR (2006) Determinants of exon 7
splicing in the spinal muscular atrophy genes, SMN1 and SMN2. American journal of human genetics
78: 63–77.

32. Kashima T, Manley JL (2003) A negative element in SMN2 exon 7 inhibits splicing in spinal muscular
atrophy. Nature genetics 34: 460–463.

33. Young PJ, DiDonato CJ, Hu D, Kothary R, Androphy EJ, et al. (2002) SRp30c-dependent stimulation
of survival motor neuron (SMN) exon 7 inclusion is facilitated by a direct interaction with hTra2 beta 1.
Hum Mol Genet 11: 577–587.

34. Cartegni L, Krainer AR (2002) Disruption of an SF2/ASF-dependent exonic splicing enhancer in SMN2
causes spinal muscular atrophy in the absence of SMN1. Nat Genet 30: 377–384.

35. Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR (2003) ESEfinder: A web resource to identify
exonic splicing enhancers. Nucleic acids research 31: 3568–3571.

36. Cartegni L, Hastings ML, Calarco JA, de Stanchina E, Krainer AR (2006) Determinants of exon 7
splicing in the spinal muscular atrophy genes, SMN1 and SMN2. Am J Hum Genet 78: 63–77.

37. Hofmann Y, Lorson CL, Stamm S, Androphy EJ, Wirth B (2000) Htra2-beta 1 stimulates an exonic
splicing enhancer and can restore full-length SMN expression to survival motor neuron 2 (SMN2). Proc
Natl Acad Sci U S A 97: 9618–9623.

38. Kashima T, Rao N, David CJ, Manley JL (2007) hnRNP A1 functions with specificity in repression of
SMN2 exon 7 splicing. Hum Mol Genet 16: 3149–3159.

39. Hua Y, Vickers TA, Okunola HL, Bennett CF, Krainer AR (2008) Antisense masking of an hnRNP A1/
A2 intronic splicing silencer corrects SMN2 splicing in transgenic mice. American journal of human
genetics 82: 834–848.

40. Irimura S, Kitamura K, Kato N, Saiki K, Takeuchi A, et al. (2009) HnRNP C1/C2 may regulate exon 7
splicing in the spinal muscular atrophy gene SMN1. The Kobe journal of medical sciences 54: E227–
236.

41. Xiao R, Tang P, Yang B, Huang J, Zhou Y, et al. (2012) Nuclear matrix factor hnRNP U/SAF-A exerts a
global control of alternative splicing by regulating U2 snRNP maturation. Mol Cell 45: 656–668.

42. Hofmann Y, Wirth B (2002) hnRNP-G promotes exon 7 inclusion of survival motor neuron (SMN) via
direct interaction with Htra2-beta1. Human molecular genetics 11: 2037–2049.

43. Moursy A, Allain FH, Clery A (2014) Characterization of the RNA recognition mode of hnRNP G
extends its role in SMN2 splicing regulation. Nucleic Acids Res.

44. Heinrich B, Zhang Z, Raitskin O, Hiller M, Benderska N, et al. (2009) Heterogeneous nuclear
ribonucleoprotein G regulates splice site selection by binding to CC(A/C)-rich regions in pre-mRNA. The
Journal of biological chemistry 284: 14303–14315.

45. Caceres JF, Misteli T, Screaton GR, Spector DL, Krainer AR (1997) Role of the modular domains of
SR proteins in subnuclear localization and alternative splicing specificity. J Cell Biol 138: 225–238.

46. Caceres JF, Screaton GR, Krainer AR (1998) A specific subset of SR proteins shuttles continuously
between the nucleus and the cytoplasm. Genes Dev 12: 55–66.

47. Sakashita E, Tatsumi S, Werner D, Endo H, Mayeda A (2004) Human RNPS1 and its associated
factors: a versatile alternative pre-mRNA splicing regulator in vivo. Mol Cell Biol 24: 1174–1187.

48. Ebert AD, Yu J, Rose FF Jr, Mattis VB, Lorson CL, et al. (2009) Induced pluripotent stem cells from a
spinal muscular atrophy patient. Nature 457: 277–280.

49. Hanamura A, Caceres JF, Mayeda A, Franza BR Jr, Krainer AR (1998) Regulated tissue-specific
expression of antagonistic pre-mRNA splicing factors. RNA 4: 430–444.

50. Karni R, de Stanchina E, Lowe SW, Sinha R, Mu D, et al. (2007) The gene encoding the splicing factor
SF2/ASF is a proto-oncogene. Nat Struct Mol Biol 14: 185–193.

51. Hastings ML, Krainer AR (2001) Functions of SR proteins in the U12-dependent AT-AC pre-mRNA
splicing pathway. RNA 7: 471–482.

52. Zahler AM, Lane WS, Stolk JA, Roth MB (1992) SR proteins: a conserved family of pre-mRNA splicing
factors. Genes Dev 6: 837–847.

Regulation of SMN2 Splicing in SMA Cells

PLOS ONE | DOI:10.1371/journal.pone.0115205 December 15, 2014 19 / 21



53. Long JC, Caceres JF (2009) The SR protein family of splicing factors: master regulators of gene
expression. Biochem J 417: 15–27.

54. Black DL (2003) Mechanisms of alternative pre-messenger RNA splicing. Annu Rev Biochem 72: 291–
336.

55. Gennarelli M, Lucarelli M, Capon F, Pizzuti A, Merlini L, et al. (1995) Survival motor neuron gene
transcript analysis in muscles from spinal muscular atrophy patients. Biochem Biophys Res Commun
213: 342–348.

56. Jong YJ, Chang JG, Lin SP, Yang TY, Wang JC, et al. (2000) Analysis of the mRNA transcripts of the
survival motor neuron (SMN) gene in the tissue of an SMA fetus and the peripheral blood mononuclear
cells of normals, carriers and SMA patients. J Neurol Sci 173: 147–153.

57. Ebert AD, Shelley BC, Hurley AM, Onorati M, Castiglioni V, et al. (2013) EZ spheres: a stable and
expandable culture system for the generation of pre-rosette multipotent stem cells from human ESCs
and iPSCs. Stem Cell Res 10: 417–427.

58. Jodelka FM, Ebert AD, Duelli DM, Hastings ML (2010) A feedback loop regulates splicing of the spinal
muscular atrophy-modifying gene, SMN2. Hum Mol Genet 19: 4906–4917.

59. Doktor TK, Schroeder LD, Vested A, Palmfeldt J, Andersen HS, et al. (2011) SMN2 exon 7 splicing is
inhibited by binding of hnRNP A1 to a common ESS motif that spans the 39 splice site. Hum Mutat 32:
220–230.

60. Farooq F, Balabanian S, Liu X, Holcik M, MacKenzie A (2009) p38 Mitogen-activated protein kinase
stabilizes SMN mRNA through RNA binding protein HuR. Hum Mol Genet 18: 4035–4045.

61. Singh NN, Seo J, Ottesen EW, Shishimorova M, Bhattacharya D, et al. (2011) TIA1 prevents skipping
of a critical exon associated with spinal muscular atrophy. Mol Cell Biol 31: 935–954.

62. Paz I, Kosti I, Ares M Jr, Cline M, Mandel-Gutfreund Y (2014) RBPmap: a web server for mapping
binding sites of RNA-binding proteins. Nucleic Acids Res.

63. Sivanesan S, Howell MD, Didonato CJ, Singh RN (2013) Antisense oligonucleotide mediated therapy
of spinal muscular atrophy. Transl Neurosci 4.

64. Porensky PN, Burghes AH (2013) Antisense oligonucleotides for the treatment of spinal muscular
atrophy. Hum Gene Ther 24: 489–498.

65. Rigo F, Hua Y, Krainer AR, Bennett CF (2012) Antisense-based therapy for the treatment of spinal
muscular atrophy. J Cell Biol 199: 21–25.

66. Osman EY, Miller MR, Robbins KL, Lombardi AM, Atkinson AK, et al. (2014) Morpholino antisense
oligonucleotides targeting intronic repressor Element1 improve phenotype in SMA mouse models. Hum
Mol Genet.

67. Miyajima H, Miyaso H, Okumura M, Kurisu J, Imaizumi K (2002) Identification of a cis-acting element
for the regulation of SMN exon 7 splicing. J Biol Chem 277: 23271–23277.

68. Miyaso H, Okumura M, Kondo S, Higashide S, Miyajima H, et al. (2003) An intronic splicing enhancer
element in survival motor neuron (SMN) pre-mRNA. J Biol Chem 278: 15825–15831.

69. Lim SR, Hertel KJ (2001) Modulation of survival motor neuron pre-mRNA splicing by inhibition of
alternative 39 splice site pairing. J Biol Chem 276: 45476–45483.

70. Singh NN, Lawler MN, Ottesen EW, Upreti D, Kaczynski JR, et al. (2013) An intronic structure
enabled by a long-distance interaction serves as a novel target for splicing correction in spinal muscular
atrophy. Nucleic Acids Res 41: 8144–8165.

71. Kashima T, Rao N, Manley JL (2007) An intronic element contributes to splicing repression in spinal
muscular atrophy. Proc Natl Acad Sci U S A 104: 3426–3431.

72. Pandit S, Zhou Y, Shiue L, Coutinho-Mansfield G, Li H, et al. (2013) Genome-wide analysis reveals
SR protein cooperation and competition in regulated splicing. Mol Cell 50: 223–235.

73. Ruggiu M, McGovern VL, Lotti F, Saieva L, Li DK, et al. (2012) A role for SMN exon 7 splicing in the
selective vulnerability of motor neurons in spinal muscular atrophy. Mol Cell Biol 32: 126–138.

74. Singh NN, Singh RN (2011) Alternative splicing in spinal muscular atrophy underscores the role of an
intron definition model. RNA Biol 8: 600–606.

Regulation of SMN2 Splicing in SMA Cells

PLOS ONE | DOI:10.1371/journal.pone.0115205 December 15, 2014 20 / 21



75. Mende Y, Jakubik M, Riessland M, Schoenen F, Rossbach K, et al. (2010) Deficiency of the splicing
factor Sfrs10 results in early embryonic lethality in mice and has no impact on full-length SMN/Smn
splicing. Hum Mol Genet 19: 2154–2167.

76. Chandler SD, Mayeda A, Yeakley JM, Krainer AR, Fu XD (1997) RNA splicing specificity determined
by the coordinated action of RNA recognition motifs in SR proteins. Proc Natl Acad Sci U S A 94: 3596–
3601.

77. Riessland M, Brichta L, Hahnen E, Wirth B (2006) The benzamide M344, a novel histone deacetylase
inhibitor, significantly increases SMN2 RNA/protein levels in spinal muscular atrophy cells. Hum Genet
120: 101–110.

78. Yuo CY, Lin HH, Chang YS, Yang WK, Chang JG (2008) 5-(N-ethyl-N-isopropyl)-amiloride enhances
SMN2 exon 7 inclusion and protein expression in spinal muscular atrophy cells. Ann Neurol 63: 26–34.

79. Yang X, Shen H, Gao X, Zheng X, Qin R, et al. (2014) Predominant expression of exon 7 skipped SMN
mRNAs in lung based on analysis of transcriptome sequencing datasets. Neurol Sci 35: 391–396.

80. Mallinjoud P, Villemin JP, Mortada H, Polay Espinoza M, Desmet FO, et al. (2014) Endothelial,
epithelial, and fibroblast cells exhibit specific splicing programs independently of their tissue of origin.
Genome Res 24: 511–521.

81. Grosso AR, Gomes AQ, Barbosa-Morais NL, Caldeira S, Thorne NP, et al. (2008) Tissue-specific
splicing factor gene expression signatures. Nucleic Acids Res 36: 4823–4832.

82. Yeo G, Holste D, Kreiman G, Burge CB (2004) Variation in alternative splicing across human tissues.
Genome Biol 5: R74.

83. Chen HH, Chang JG, Lu RM, Peng TY, Tarn WY (2008) The RNA binding protein hnRNP Q modulates
the utilization of exon 7 in the survival motor neuron 2 (SMN2) gene. Molecular and cellular biology 28:
6929–6938.

84. Cho S, Moon H, Loh TJ, Oh HK, Williams DR, et al. (2014) PSF contacts exon 7 of SMN2 pre-mRNA
to promote exon 7 inclusion. Biochim Biophys Acta.

85. Hastings ML, Allemand E, Duelli DM, Myers MP, Krainer AR (2007) Control of pre-mRNA splicing by
the general splicing factors PUF60 and U2AF(65). PLoS One 2: e538.

86. Pedrotti S, Bielli P, Paronetto MP, Ciccosanti F, Fimia GM, et al. (2010) The splicing regulator Sam68
binds to a novel exonic splicing silencer and functions in SMN2 alternative splicing in spinal muscular
atrophy. The EMBO journal 29: 1235–1247.

87. Martins de Araujo M, Bonnal S, Hastings ML, Krainer AR, Valcarcel J (2009) Differential 39 splice site
recognition of SMN1 and SMN2 transcripts by U2AF and U2 snRNP. RNA 15: 515–523.

88. Bose JK, Wang IF, Hung L, Tarn WY, Shen CK (2008) TDP-43 overexpression enhances exon 7
inclusion during the survival of motor neuron pre-mRNA splicing. The Journal of biological chemistry
283: 28852–28859.

89. Li J, Chen XH, Xiao PJ, Li L, Lin WM, et al. (2008) Expression pattern and splicing function of mouse
ZNF265. Neurochemical research 33: 483–489.

Regulation of SMN2 Splicing in SMA Cells

PLOS ONE | DOI:10.1371/journal.pone.0115205 December 15, 2014 21 / 21


	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Figure 1
	Section_12
	Section_13
	Figure 2
	Figure 3
	Section_14
	Figure 4
	Section_15
	Figure 5
	TABLE_1
	Figure 6
	Section_16
	Section_17
	Section_18
	Section_19
	Section_20
	Section_21
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67
	Reference 68
	Reference 69
	Reference 70
	Reference 71
	Reference 72
	Reference 73
	Reference 74
	Reference 75
	Reference 76
	Reference 77
	Reference 78
	Reference 79
	Reference 80
	Reference 81
	Reference 82
	Reference 83
	Reference 84
	Reference 85
	Reference 86
	Reference 87
	Reference 88
	Reference 89

