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Abstract

While a base substitution in intron 4 of GLA (IVS4+919G>A) that causes aberrant alternative
splicing resulting in Fabry disease has been reported, its molecular mechanism remains
unclear. Here we reported that upon IVS4+919G>A transversion, H3K36me3 was enriched
across the alternatively spliced region. PSIP1, an adapter of H3K36me3, together with
Hsp70 and NONO were recruited and formed a complex with SF2/ASF and SRp20, which
further promoted GLA splicing. Amiloride, a splicing regulator in cancer cells, could reverse
aberrant histone modification patterns and disrupt the association of splicing complex with
GLA. It could also reverse aberrant GLA splicing in a PP1-dependant manner. Our findings
revealed the alternative splicing mechanism of GLA (IVS4+919G>A), and a potential treat-
ment for this specific genetic type of Fabry disease by amiloride in the future.

Introduction

Fabry disease (FD) is an X-linked lysosomal disorder caused by a deficiency of o galactosidase
A (GLA), due to mutations in the GLA gene at Xq22. The enzymatic defect leads to the accumu-
lation of globotriaosylceramide (Gb3) and related glycosphingolipids throughout the body,
causing multisystem disease [1]. Cardiac involvement has been described in FD patients with
high prevalence and is one of the major causes of reduced life expectancy [2, 3]. Among the
genotype mutations of the GLA gene, the intronic mutation at nucleotide 9331 (IVS4+919G>A)
is reported to be a cardiac variant Fabry mutation [4-6]. This intronic mutation induces an
alternative splicing event in intron 4, which results in an insertion of 57-nt between the exon

4 and 5 of the GLA transcript, generating a premature stop codon. The alternatively spliced
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transcript with 57 nt insertion is rarely expressed in most normal human tissues, but it is pre-
dominantly expressed in Fabry disease patients with the IVS4+919G>A mutation. Although
the alternatively spliced transcript is reported to be responsible for the reduced enzyme activity
causing Fabry disease, the mechanism of GLA splicing is unclear.

Alternative splicing, a process that joins different 5’ and 3’ splice sites of an RNA transcript
sequence, plays a major role in protein diversity. Splicing of pre-mRNA has been known to
be regulated by the spliceosome and approximately 200 additional proteins [7]. The spliceo-
some recognizes the cis sequence elements that define the exon-intron boundaries (the 5" and
3’splice sites), and catalyzes the splicing reaction. Additional cis-acting elements, known as
exonic and intronic splicing enhancers or silencers (ESE, ESS, ISE, and ISS), also play a role in
the regulation of splicing. Trans-acting factors, such as serine/argine-rich (SR) family proteins
and heterogeneous nuclear ribonucleoproteins (hnRNPs), can bind to cis-acting elements and
interact with the spliceosomal complex, thereby controlling the splicing outcomes [8, 9]. In
addition, pre-mRNA splicing is initiated co-transcriptionally and is regulated by transcrip-
tional elongation rate. Slow elongation rates facilitate the recognition of weak splice site result-
ing in exon inclusion, whereas rapid elongation rates lead to exon exclusion [10]. Recent
studies have revealed that chromatin structure and histone modifications also play a role in the
regulation of alternative splicing [11, 12]. H3K4me3 is reported to enhance the recruitment of
spliceosomal components to Interferon regulatory factor 1 (IRF1) and thus facilitates pre-
mRNA splicing [13]. H3K36me3 enrichment has been linked to marking exons [14]. There-
fore, regulation of alternative splicing is an extensive process and is determined by a combina-
tion of chromatin signatures, transcriptional elongation rates, RNA regulatory elements and
splicing factors. In this study, we tried to uncover the regulatory mechanism of alternative
splicing of GLA (IVS4+919G>A) in Fabry disease from chromatin signatures to splicing
machinery.

Results
Alternative splicing of GLA (IVS4+919G>A)

The genetic organization and splicing pattern of GLA were shown in Fig 1A. In order to realize
the mechanism of one base transversion leading to the cryptic exon creation, Epstein-Barr
virus-transformed lymphoblast cell lines from Fabry disease (FD) patient and health person
were established. RT-PCR analysis confirmed that the alternatively spliced intron 4 (the cryptic
exon) was weakly expressed in normal cells while it became the dominant product in FD cells
(Fig 1B). Western-blot analysis further demonstrated a reduced level of GLA protein in FD
cells (Fig 1C), because Int4 inclusion introduced a translation stop codon. Enzyme assay also
showed the GLA enzyme activity was decreased in FD cells (Fig 1D).

Histone modifications on the alternatively spliced region of GLA

To investigate the correlation between histone modifications and alternative splicing, chromatin
immunoprecipitation (ChIP) assays were performed using antibodies against a set of histone
modifications in FD cells and normal cells. The relative enrichment of each histone modification
on GLA was quantified by real-time PCR using primer and probe sets targeting exon 4, intron 4
(cryptic exon), and exon 5. Schematic representation of position and sequence of primer/probe
sets for real-time PCR are illustrated in Fig 2A. H3K4me3, H3K36me3 and H3S10P were enriched
in the cryptic exon in FD cells compared to normal cells, while H3K9me3 was decreased. No sig-
nificant change of H3K27me3 was found in the cryptic exon between these two cells (Fig 2B).
These findings are consistent with earlier reports that H3K36me3 is enriched in exons while
H3K9me3 is enriched in introns [15]. Acetylation of H3 at the lysine 9, 23 and 27 was notably
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Fig 1. Alternative splicing of GLA (IVS4 + 919G>A). (A) Schematic representation of GLA. Uppercase letters indicate
the exonic sequences, whereas lowercase letters indicate the intronic sequences. The encoded amino acids are
depicted in single-letter code. The invariant AG and GT dinucleotides (the 3’ and 5’ splice sites) are shown in boldface
type. The alternatively spliced 57 nucleotide sequence is enclosed in the box with italics letters. (B) Messenger RNA was
extracted and detected by RT-PCR for alternative splicing of GLA (IVS4 + 919G>A). The splicing variants and their
expected PCR products using the primers indicated by arrowheads are illustrated on the right column. (C) Aliquots
containing 20 ug of whole cell lysates was subjected to SDS-PAGE followed by immunoblot analysis using an anti-GLA
antibody. Actin was shown as internal standard. (D) The result of enzyme activity assay from lymphoid cell lines of health
person and FD patient. Data were presented as the mean + standard deviation from three independent experiments.
Asterisk represents significant difference (p-value < 0.05). N, normal cells; FD, Fabry disease cells.

https://doi.org/10.1371/journal.pone.0175929.9001

high in the cryptic exon with highest increase at the lysine 27 in FD cells. However, inhibition of
histone acetyltransferase (HAT) activity by inhibitors C646 and HAT inhibitor VII revealed no
significant changes in intron 4 inclusion (Fig 2C) in FD cells. Because histone acetylation has been
correlated with transcriptional activation and alternative splicing changes [16-22], we suggested
that histone acetylation on GLA intron 4 might be involved in transcriptional activation rather
than pre-mRNA splicing regulation. Further studies are needed to elucidate which modification
on histone H3 is involved in the regulation of GLA alternative splicing.

DNA associated proteins on the cryptic exon area in intron 4 of GLA

Histone modifications can affect pre-mRNA splicing by directly recruiting an adaptor protein,
which in turn recruits splicing factors to the nascent RNA. Thus, proteins associated with the
DNA template might play a role in the regulation of GLA splicing. To reveal whether proteins
associated with the DNA template played a role in the regulation of GLA (IVS4+919G>A)
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Fig 2. Alterations of histone modifications in FD cells. (A) Schematic representation of position and sequence of
primer/probe sets used for real-time PCR. (B) ChIP assays were performed with antibodies to the indicated histone
modifications across the alternatively spliced region (exon 4-intron 4-exon 5) of GLA in normal cells and FD cells. Results
were expressed as a fraction of histone H3 after normalization to input values and presented as a mean values + standard
deviation from at least three independent experiments. Asterisk represents significant difference (p-value < 0.05). (C)
Fabry disease cells were treated with two different histone acetyltransferase (HAT) inhibitors, C646 and HAT inhibitor VII,
for 24 hours. The effects of histone acetylation on alternative splicing of GLA were detected by RT-PCR.

https://doi.org/10.1371/journal.pone.0175929.9002

splicing, streptavidin beads were used to pull down biotin-labelled DNA probes and its associ-
ated proteins. Three separate biotin-labelled DNA probes were synthesized and the sequences
were shown in Fig 3A. The pull down results showed that PC4 and SFRS1-interacting protein
(PSIP1), an adapter of H3K36me3, could bind to the biotin-labelled 3’ splice site DNA probe
(S1 Table). Heat shock protein 70 (Hsp70) and non-POU domain-containing octamer-bind-
ing protein (NONO) were found to be specifically associated with the DNA probe containing
the mutant sequence (IVS4+919A). DNA CHIP analysis further confirmed that Hsp70 and
NONO bound to the alternatively spliced region in FD cells (Fig 3B). Moreover, Hsp70 and
NONO were demonstrated to be associated with each other in co-immunoprecipitation assay
in FD cells (Fig 3C). To explore the role of HSP70 and NONO in GLA splicing, we employed
an shRNA approach to reduce the expression of HSP70 or NONO in FD cells. Knockdown
efficiency was confirmed by western blot analysis (S1 Fig). Knockdown of Hsp70 and NONO
reduced the cryptic exon inclusion of GLA pre-mRNA in FD cells. Instead, with the use of
Golden Berry-Derived 4B-hydroxywithanolide E (4HWE) to enhance the expression of Hsp70
[23] enhanced the cryptic exon inclusion (Fig 3D). These results indicated that DNA associ-
ated proteins, which specifically interacted with the alternatively spliced region containing the
mutant sequence, played an important role in the regulation of GLA (IVS4+919G>A) splicing.

RNA-associated proteins on the cryptic exon of GLA transcripts

To discover which splicing factors are involved in the regulation of GLA (IVS4+919G>A)
alternative splicing, a biotin pull-down assay was performed. Three separate biotin-labelled
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Fig 3. Effects of proteins associated with the cryptic exon area in Int4 of GLA. (A) Schematic illustration of GLA
with positions of the biotin-labelled DNA probes for pull-down assays. (B) ChIP analysis on the cryptic exon area in Int4

of GLA was performed using antibodies against HSP70, NONO, and H3K36me3 with IgG as a control. (C) Co-
immunoprecipitation results using anti- HSP70 or anti-NONO antibody for immunoprecipitation and analyzing by

western blotting. Nonimmune IgG was used as negative control. (D) Fabry disease cells were infected with lentiviruses
expressing shRNAs targeting HSP70 or NONO, or treated with 4B3-hydroxywithanolide E (4HWE). Messenger RNA was
extracted after 48 hours infection or 24 hours 4HWE treatment followed by RT-PCR analysis. WB, western blot; NC:

negative control.

https://doi.org/10.1371/journal.pone.0175929.g003

RNA probe were synthesized and the sequence were shown in Fig 4A. The pull-down results
showed that polypyrimidine tract binding proteins (PTBP1) was associated with the 3’ss RNA
probe (52 Table). Bioinformatics analysis further confirmed that there is a PTBP1 binding
motif upstream the 3’ss of the cryptic exon (Fig 4B). With the use of biotin-labelled RNA
probes containing the wild type sequence (IVS4+919G) or the mutant sequence (IVS4+919A),
we found many hnRNPs, including hnRNP A1, could bind to both of them. However, many
splicing inducing proteins, including SF2/ASF and SRp20, and some components of the spli-
ceosome were found to interact only with the RNA probe containing the mutant sequence
(IVS4+919A) (S2 Table). HMGALI, instead, was found to bind specifically to the RNA probe
containing the wild type sequence (IVS4+919G) without any effect on GLA (IVS4+919G>A)
splicing (Fig 5A).

Bioinformatics analysis of the alternatively spliced sequences to predict potential regulatory
elements in the cryptic exon revealed that no significant changes in ESE motifs, whereas ESS
motifs would be disrupted upon IVS4+919G>A transversion as determined by ESEfinder [24,
25] and Human Splicing Finder (HSF) [26, 27] (Fig 4B). Prediction analysis of splicing factor
binding sites indicated that the SF2/ASF and hnRNP A1 binding motif was located in the 3’
end of the cryptic exon. The prediction of SpliceAid2 and HSF program further indicated that
IVS4+919G>A transversion affected the hnRNP A1 motif, reducing the score from 87.62% to
70.48%. RNA structure analyses of GLA using MFOLD [28] program also showed that the
IVS4+919G>A transversion was followed by structural changes (Fig 4C).

Base on the bioinformatics software prediction and our pull-down assay results, we further
assessed the effects of hnRNP Al and SR proteins on GLA splicing. Knockdown of hnRNP Al
resulted in a mild increase in cryptic exon inclusion in normal cells, demonstrating an inhibi-
tory effect of hnRNP Al on GLA (IVS4+919G) splicing in normal cells (Fig 5B). Instead,
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Fig 4. Schematic representation of GLA transcripts. (A) Schematic illustration of GLA with positions of the biotin-labeled RNA probes for pull-
down assays. (B) Putative regulatory motifs and binding sites for the splicing factors as determined by ESEfinder?, Spliceaid2®, Human Splicing
Finder ©, and our pull-down experiments*. ESS motifs and hnRNPA1 binding motifs were predicted to be disturbed upon IVS4 + 919G>A
transversion. (C) Analyses of the RNA folding of GLA (IVS4 + 919G/A). The alternatively spliced 57 nucleotide sequence is highlighted in gray and
the boxes indicate the alterations in RNA folding.

https://doi.org/10.1371/journal.pone.0175929.9004

knockdown of SF2/ASF and SRp20 reduced cryptic exon inclusion in FD cells. PSIP1, which
was found to bind to the 3’ss RNA probe, was reported to bridge pre-mRNA through interac-
tions between H3K36me3, and SF2/ASF and SRp20 [12]. Thus, the effects of H3K36me3 his-
tone mark and PSIP1 on the regulation of GLA splicing were evaluated. Knockdown of H3K36
histone methyltransferases and PSIP1 resulted in the decrease of the cryptic exon inclusion in
FD cells (Fig 5C). Knockdown efficiency of various target genes was shown in S2 Fig. RNA
CHIP analysis confirmed that SF2/ASF and SRp20 associated to the alternatively spliced
region (Fig 5D). Coimmunoprecipitation analysis demonstrated that PSIP1 was associated
with H3K36me3, SF2/ASF, and SRp20 in FD cells. Hsp70 and NONO were also found to inter-
act with each factor within the H3K36me3/PSIP1/(SF2/ASF and SRp20) complex (Fig 5D).
These results indicated that SF2/ASF and SRp20, together with Hsp70, NONO, PSIP1, and
H3K36me3, modulated the alternative splicing of GLA. Taken together, we suggested that
hnRNP Al played an inhibitory role in GLA splicing in normal cells. Upon IVS4+919G>A
transversion, the hnRNPA1-dependent splicing silencer motif was disrupted, resulting in an
increased recognition of the alternative splice site by SF2/ASF and SRp20.

Effects of amiloride on the regulation of GLA (IVS4+919G>A) splicing

Amiloride had the ability to modulate pre-mRNA alternative splicing in different cancer cell
lines [29, 30]. We, therefore, speculated whether it could also regulate the alternative splicing
of GLA (IVS4+919G>A) in FD cells. RT-PCR and western-blot analysis demonstrated that
amiloride induced the cryptic exon exclusion of GLA (Fig 6A), resulting in increased GLA
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Fig 5. Effects of RNA-associated proteins on the cryptic exon of GLA transcripts. (A-C) Virus-mediated shRNA
knockdown of various genes as indicated. SMYD2 and NSD1 are histone methyltransferases which preferentially
methylates Lys-36 of histone H3. (D) RNA-chromatin immunoprecipitations (RNA-ChIP) analysis on the cryptic exon
area in Int4 of GLA was performed using antibodies against SF2/ASF and SRp20 with IgG as a control. (E) Co-
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FD cells, Fabry disease cells; NC: negative control; WB, western blot; SMYD2, SET and MYND domain containing 2;
NSD1, nuclear receptor binding SET domain protein 1.

https://doi.org/10.1371/journal.pone.0175929.9005
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protein expression (Fig 6B), and enzyme activity (Fig 6C) in FD cells. NONO rather than
Hsp70 was disassociated from the biotin-labelled IVS4+919A DNA probe in amiloride-treated
FD cells (S3 Table), indicating that NONO played a more important role in amiloride-regu-
lated GLA splicing. In addition, splicing factors specifically interacted with IVS4+919A RNA
probe were all disrupted by amiloride treatment (S4 Table).

Western blot analysis further revealed that amiloride down-regulated the expression and
phosphorylation levels of SF2/ASF and SRp20 in a dose-dependent manner (Fig 6D), but it
failed to influence the expression of hnRNP A1 and hnRNP A2B1 (Fig 6E) in FD cells. Since
SR proteins are known to be the substrates for Akt kinase and PP1 phosphatase, the decreased
level of phosphorylated SF2/ASF and SRp20 may result from either inhibition of Akt kinase
activity that catalyzes their phosphorylation or the activation of PP1 phosphatase activity that
removes the phosphate moieties from SR proteins, or both. Western blot results showed that
amiloride only activated PP1 by the dephosphorylation of Thr**’, but did not inhibit Akt activ-
ity (Fig 6E). With the use of okadaic acid to inhibit PP1 phosphatase activity [29, 31] prior to
amiloride treatment, we found it could relieve the effects of amiloride on GLA (IVS4+-
919G>A) splicing, and the phosphorylation levels of SF2/ASF and SRp20. The phosphoryla-
tion level of hnRNPs, however, was not affected (Fig 6E). These results indicated that PP1 in
part mediated the effects of amiloride on the alternative splicing of GLA in FB cells through
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the dephosphorylation of SR proteins. Taken together, amiloride disrupted the association of
splicing complex in the cryptic exon region of GLA (IVS4+919G>A), and mediated the alter-
native splicing in a PP1-dependant manner.

Effects of amiloride on histone modifications in the cryptic exon area of
GLA

To explore the effects of amiloride on histone modifications in the cryptic exon region, CHIP
assays were performed. Although amiloride had no significant effects on H3K27me3 and
H3K36me3, it reversed aberrantly elevated levels of H3K4me3, H3S10P and H3 acetylation,
and aberrantly reduced levels H3K9me3 in FD cells (Fig 7). These data indicated that amilor-
ide had a global effect on histone modifications and could reverse most of the aberrant modifi-
cation patterns in FD cells.

Discussion

The splicing mechanism of the IVS4+919G>A transversion in Fabry disease, which leads to a
cryptic exon creation, is unclear. In this study, we clarified its mechanism from chromatin sig-
natures to splicing machinery.

Histone modifications are differentially distributed with respect to intron-exon boundaries,
and this differential marking contributes to exon recognition and alternative splicing regulation
[32, 33]. For example, H3K9me3 has been found to be enriched in introns and be associated with
multiple exon exclusion of CD44 [34]. H3K36me3 has been reported to be more enriched in
exons than in introns and be involved in pre-mRNA splicing [27]. Here, we showed that the
enriched levels of histone modification were shifted from H3K9me3 to H3K36me3 on the cryptic
exon area in Int4 of GLA (IVS4+919G>A). We also demonstrated that H3K36me3, PSIP1, SF2/
ASF and SRp20 associated with each other and played a role in regulating GLA (IVS4 + 919G>A)
splicing. Therefore, upon IVS4+919G>A transversion, the enrichment of H3K36me3 may con-
tribute to exon definition and recognition by PSIP1, which in turn recruits it splicing factors and
results in the cryptic exon inclusion of GLA.
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From DNA associated proteins analysis, we found Hsp70 and NONO could specifically rec-
ognize the alternatively spliced region containing the mutant sequence (IVS4+919A). Hsp70,
well-known as cytosolic chaperone, has been demonstrated to play a role in repairing heat-dis-
rupted splicing and in inhibiting nuclear translocation of the splicing kinases [35, 36]. It has
also been reported that Hsp70 acts as a DNA-binding transcriptional co-activator, facilitates
transcriptional activation, assists the RNA polymerase II assembly, and modulates the poly-
merase activity [37-40]. Recently, Hsp70 has been shown to be involved in down-regulation of
transcriptional elongation and decrease of nucleosome turnover [41]. Thus, the effects of
Hsp70 on GLA splicing might through slowing down RNA polymerase II elongation rate to
provide enough time for the splicing factors to recognize the weak splicing site, resulting in the
cryptic exon inclusion. Further studies are required to assess this hypothesis. NONO has been
reported to bind to the polymerase II CTD and RNA transcript simultaneously [42]. It has also
been reported to interact directly with the 5’SS within large complexes containing the Ul and
U2 snRNPs and RNA polymerase IT (RNAPII0) during the coupled process of transcription
and splicing. Consistent with these studies, we found NONO could interact near the 5°SS of
the cryptic exon in GLA. Moreover, we found NONO was associated with Hsp70, SF2/ASF,
and SRp20, suggesting its splicing effect might through mediating interactions between tran-
scriptions and splicing machineries.

Lai et al. have described that there are cryptic donor and accepter splice sites, which are not
normally activated, in the cryptic exon of normal individuals. Ishii et al. have proposed that
GLA (IVS4+919G>A) enrichs the A/C predominance for the sequence, acting as an exonic
splicing enhancer (ESE) and leading to the inclusion of the cryptic exon. Instead, Palhais et al.
have described that GLA (IVS4+919G) harbors an hnRNP A1l-binding exonic splicing silencer
(ESS) that prevents the cryptic exon inclusion. From our results, we revealed that hnRNP Al
played an inhibitory role in GLA splicing in normal cells. Upon IVS4+919G>A transversion,
an hnRNPA1-dependent splicing silencer motif was disrupted, resulting in an increased recog-
nition of the alternative splice site by SR proteins, including SF2/ASF and SRp20, which fur-
ther recruits the spliceosome to the cryptic exon, leading to the inclusion of 57-nucleotide of
intron 4.

Amiloride is potentially a good agent for cancer therapy by modulating the alternative splic-
ing of various cancer genes [29]. By modulating the alternative splicing of GLA, amiloride may
play a role in Fabry disease treatment. Consistent with previous study, amiloride regulated the
alternative splicing of GLA through a PP1-mediated splicing mechanism. In addition, amilor-
ide induced NONO disassociated from the alternatively spliced region. PP1 has been shown to
mediate the splicing effects of NONO through regulating its phosphorylation status. Hyper-
phosphorylated NONO participates in pre-mRNA alternative splicing, whereas dephosphory-
lated NONO participates in constitutive pre-mRNA splicing [43]. Therefore, PP1 might
partially mediate the effects of amiloride on the alternative splicing of GLA through the
dephosphorylation of NONO.

In conclusion, we discover that hnRNP A1 plays an inhibitory role in the cryptic exon of
GLA splicing in normal cells. Upon IVS4+919G>A transversion, the expression of H3K36me3
is enriched on the cryptic exon area in Int4 of GLA. PSIP1, an adapter of H3K36me3, together
with Hsp70 and NONO are recruited and forms a complex together with the splicing factor,
SF2/ASF and SRp20. Besides, this transversion diminishes the splicing silencer motif recog-
nized by hnRNP Al, resulting in an increased recognition of the alternative splice site by SR
proteins. Hsp70, NONO, and SR proteins work together to facilitate the recognition of alterna-
tive splice site by splicing machinery, resulting in the inclusion of the cryptic exon (Fig 8). We
also elucidate the effect of amiloride to modulate GLA (IVS4+919G>A) splicing through a
PP1 dependent manner, and suggest its role in the treatment of the specific genetic type of
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Fabry disease. These significant findings reveal the alternative splicing mechanism of GLA
(IVS4+919G>A), and a potential treatment for this specific genetic type of Fabry disease.

Materials and methods
Antibodies

Antibodies were purchased from the following companies: anti-GLA from Santa Cruz; anti-
PP1, Akt, phospho-PP1 at Thr**’, phospho-Akt at Ser*”?, phospho-Akt at Thr**® from Cell Sig-
naling Technology; anti-hnRNP A1 from Sigma; anti-hnRNP A2B1 from Acris; anti-SRp20
and SF2/ASF from Thermo Scientific; anti-H3K4me3, anti-H3K9me3, anti-H3K27me3, anti-
H3K36me3, anti-H3K9me3, anti-H3K9A, anti-H3K9A, anti-H3K23A, anti-H3K27A, anti-
H3S10P, anti-histone H3, anti-actin, and anti-HSP70 from Abcam; anti-p54nrb/NONO from
Affinity Bioreagents; anti-PSIP1 from Bethyl Laboratories.

Ethics statement

The study cohort included adult patients (aged 20 years and older) with Fabry disease diag-
nosed at Taipei Veterans General Hospital from 2015 to 2017. Epstein-Barr virus-transformed
lymphoblast cell lines from FD patient with the IVS4+919G— A mutation and health person
were obtained in accordance with an Institutional Review Board-approved protocol at the Tai-
pei Veterans General Hospital (TVGHIRB-2015-04-010C) and informed written consent was
obtained from each participant in accordance with the ethical guidelines of the Declaration of
Helsinki.
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Cell culture

The Epstein-Barr virus-transformed lymphoblast cells were grown in RPMI-1640 medium
supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 100 U/ml penicillin and 100
ug/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO,. Amiloride was
purchased from Sigma-Aldrich and was dissolved in DMSO (Sigma-Aldrich, St. Louis, MO) to
make 500 mM stock solutions. 4B-Hydroxywithanolide E was provided by Professor Y.C., Wu,
and was dissolved in DMSO to make 10 mM stock solutions. C646 and HAT inhibitor VII
were purchased from Sigma-Aldrich and Millipore. Okadaic acid was obtained from Sigma-
Aldrich. C646, HAT inhibitor VII, and okadaic acid were dissolved in DMSO to make 10 mM
stock solutions. Serial dilutions were made in DMSO to obtain final dilutions for cellular
assays.

GLA enzyme activity assay

The GLA enzyme activity was measured according to the method described by Desnick et al
[44]. In brief, cells were mixed with 300 pl of the substrate solution (5 mM 4-methylumbelli-
feryl-D-galactopyranoside freshly prepared in 117 mM N-acetyl-D-galactosamine/50 mM cit-
ric-phosphate buffer, pH 4.6). After incubation at 37°C for 2 hours, 0.2 N glycine-NaOH was
added to stop the reaction. Fluorescence intensity was measured with the excitation and emis-
sion wavelengths of 365 and 450 pum, respectively.

RNA extraction and RT-PCR

We extracted mRNA from the cells using mRNA capture kit (Roche, USA), and converted it
into cDNA using RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. For analysis of GLA alternatively spliced mRNA iso-
forms, PCR was performed with forward primer 5’ - GTCCTTGGCCCTGAATAG -3’ and
reverse primer 5’ -~ GTCCAGCAACATCAACAATT -3’ . The PCR was performed with a dena-
turing step at 94°C for 5 minutes, then 35 cycles of 30 seconds at 94°C, 30 seconds at 58°C and
1 minute at 72°C, followed by a final 5 minutes at 72°C. The PCR products were separated on
2.5% agarose gel and the intensity of the PCR products were analyzed by LabWorks Image
Acquisition and Analysis Software (UVP Biolmaging Systems). DNA gel bands of these
RT-PCR products were isolated for sequencing to verify the authenticity of spliced isoforms.

Protein extracts and western blotting

Cytoplasmic and nuclear fractions of cells were prepared using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Thermo Scientific) according to the manufacturer’s protocol.
Total cellular proteins were obtained using Pierce™ IP Lysis Buffer (Thermo Scientific). Protein
samples were separated by SDS-PAGE and then transferred to polyvinylidene fluoride mem-
branes (Millipore). The membrane was blocked with 5% BSA and then exposed to the appro-
priate concentrations of primary antibodies at 4°C overnight. Following PBST washes,
membranes were incubated in the appropriate horseradish peroxidase-conjugated secondary
antibody for detection by chemiluminescence kit (Amersham Life Science). Intensity of the
signals was measured using LabWorks software (UVP Biolmaging Systems).

Coimmunoprecipitation

Coimmunoprecipitation was performed with Pierce Crosslink Magnetic IP/Co-IP kits
(Thermo Scientific) according to the manufacturer’s protocol. Briefly, 5 pg antibody were
covalently cross-linked to 25 ul Protein A/G Magnetic Beads. Equal amounts of cell lysates
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were immunoprecipitated with the antibody-crosslinked beads at room temperature for 2
hours. After washing, the precipitates were dissociated from the antibody-linked beads by a
low-pH elution buffer and analyzed by Western blotting.

Oligonucleotide pull down assay

Ten micrograms of biotinylated DNA or RNA oligonucleotide corresponding to GLA were
conjugated with 50 ul of streptavidin resin (Pierce) at 4°C for 30 min. 250 ul of Biotin Blocking
Solution was added to block available streptavidin site with free biotin. After three times wash-
ing with Tris Buffered Saline, a 300 pul reaction mixture containing 50 pl of nuclear extract and
50 pl of streptavidin beads conjugated with biotinylated RNA was incubated under specific
conditions (0.5 mM ATP, 20 mM creatine phosphate, 2.4 mM MgCl,, and 20 units of RNasin;
Promega) at 4°C for 60 min. After extensive washing with NET-2 buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl) containing 0.25% (wt/vol) NP-40, resin-bound proteins were eluted by
addition of 250 elution buffer, digested by enzyme and then subjects to Nanoscale capillary liq-
uid chromatography tandem MS (LC-MS/MS) analysis.

Virus production and gene knockdown

The pLKO shRNA vectors were obtained from the National RNAi Core Facility (Institute of
Molecular Biology/Genomics Research Center, Academia Sinica, Taiwan). Lentiviral packag-
ing was performed according to the manufacturer’s protocol. Briefly, lentiviral construct was
transfected into HEK293T cells using pPACKH1 Lentivector Packing Kit and PureFection
Transfection Reagent (System Biosciences, SBI). Virus-containing medium was collected at 72
hours post-transfection. Titrated virus-containing media were used for cells infection.

ChlIP and real-time PCR

ChIP assays were performed with ChIP-IT® Express Chromatin Immunoprecipitation Kits
(Active Motif) according to the manufacturer’s protocol. In brief, cells were grown to 90% con-
fluence in 150-mm dishes. After crosslinking, cells were lysed in ice-cold complete lysis buffer
on ice for 30 min. Nuclei were pelleted at 2400 g for 10 minutes at 4°C, and were resuspended
in complete shearing buffer. Chromatin was sheared into 100 bp to 1000 bp fragments by soni-
cation. Ten micrograms of total chromatin was incubated overnight at 4°C with 1 pg antibody.
After washing, the immune complex was eluted by adding 100 ul of elution buffer. Subse-
quently, 2 ul of 5 M NaCl is added to reverse the formaldehyde cross-linking at 65°C for 1.5 h.
Following incubation with proteinase K, DNA was obtained and analyzes by real-time PCR.
The PCR is performed in a final volume of 10 pul using a LightCycler instrument (Roche Diag-
nostics) according to the manufacturer’s reccommendations. Real-time PCR was performed
with the following prime/probe pairs:

Forward Primer: CCCTCTGTCCATTCATTCTTC
Reverse Primer: GTCAAAGTCAGACAAGGTCC

Probe: TATTTGTTGACTTGTTACCATGTCTCCCCACT

Supporting information

S$1 Fig. Confirmation of knockdown efficiency by western blot. Western blot analysis
showed the knockdown efficiency of HSP70 (A) and NONO (B) in FD cells. Histone H3 was

PLOS ONE | https://doi.org/10.1371/journal.pone.0175929  April 21,2017 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175929.s001
https://doi.org/10.1371/journal.pone.0175929

@° PLOS | ONE

GLA splicing in Fabry disease

used as an internal control.
(TIF)

S2 Fig. Knockdown efficiency of shRNAs. Real-time PCR analysis of various target genes
knockdown efficiency in FD cells (A) and normal cells (B), respectively. GAPDH gene was
used as an internal gene. Data represent the means+S.D. of three independent experiments.
*P<0.05, compared with shCon.

(TIF)

S1 Table. MALDI-TOF MS results of cellular proteins binding to the biotin-labelled DNA
probes.
(DOCX)

S$2 Table. MALDI-TOF MS results of cellular proteins binding to the biotin-labelled RNA
probes.
(DOCX)

$3 Table. Alterations in DNA-associated proteins by the treatment of amiloride.
(DOCX)

$4 Table. Alterations in RNA-associated proteins by the treatment of amiloride.
(DOCX)

Author Contributions
Conceptualization: WHC.

Formal analysis: WHC.

Funding acquisition: SYL TCL JGC.
Methodology: WHC DMN CYL.

Software: WHC.

Supervision: SYL TCL JGC.

Writing - original draft: WHC.

Writing - review & editing: WHC SYL TCL JGC.

References

1. Desnick RJ, loannou YA, Eng CM. (2001) Fabry disease: a galactosidase A deficiency. In: Scriver C,
Beaudet A, Sly W, Valle D (eds) The metabolic and molecular bases of inherited disease, 7th ed.
McGraw-Hill, New York, pp 3733-3774.

2. Linhart A, Kampmann C, Zamorano JL, Sunder-Plassmann G, Beck M, Mehta A, et al. Cardiac manifes-
tations of Anderson-Fabry disease: results from the international Fabry outcome survey. European
heart journal. 2007; 28(10):1228-35. https://doi.org/10.1093/eurheartj/ehm153 PMID: 17483538

3. Seydelmann N, Wanner C, Stork S, Ertl G, Weidemann F. Fabry disease and the heart. Best practice &
research Clinical endocrinology & metabolism. 2015; 29(2):195-204.

4. Ishii S, Nakao S, Minamikawa-Tachino R, Desnick RJ, Fan JQ. Alternative splicing in the alpha-galacto-
sidase A gene: increased exon inclusion results in the Fabry cardiac phenotype. American journal of
human genetics. 2002; 70(4):994—1002. PubMed Central PMCID: PMC379133. https://doi.org/10.
1086/339431 PMID: 11828341

5. LaiLW, Whitehair O, Wu MJ, O’Meara M, Lien YH. Analysis of splice-site mutations of the alpha-galac-
tosidase A gene in Fabry disease. Clinical genetics. 2003; 63(6):476—-82. PMID: 12786754

PLOS ONE | https://doi.org/10.1371/journal.pone.0175929  April 21,2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175929.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175929.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175929.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175929.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175929.s006
https://doi.org/10.1093/eurheartj/ehm153
http://www.ncbi.nlm.nih.gov/pubmed/17483538
https://doi.org/10.1086/339431
https://doi.org/10.1086/339431
http://www.ncbi.nlm.nih.gov/pubmed/11828341
http://www.ncbi.nlm.nih.gov/pubmed/12786754
https://doi.org/10.1371/journal.pone.0175929

@° PLOS | ONE

GLA splicing in Fabry disease

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Lin HY, Chong KW, Hsu JH, Yu HC, Shih CC, Huang CH, et al. High incidence of the cardiac variant of
Fabry disease revealed by newborn screening in the Taiwan Chinese population. Circulation Cardiovas-
cular genetics. 2009; 2(5):450-6. https://doi.org/10.1161/CIRCGENETICS.109.862920 PMID:
20031620

Matera AG, Wang Z. A day in the life of the spliceosome. Nature reviews Molecular cell biology. 2014;
15(2):108-21. PubMed Central PMCID: PMC4060434. https://doi.org/10.1038/nrm3742 PMID:
24452469

Lee Y, Rio DC. Mechanisms and Regulation of Alternative Pre-mRNA Splicing. Annual review of bio-
chemistry. 2015; 84:291-323. PubMed Central PMCID: PMC4526142. https://doi.org/10.1146/
annurev-biochem-060614-034316 PMID: 25784052

Hertel KJ. Combinatorial control of exon recognition. The Journal of biological chemistry. 2008; 283
(3):1211-5. https://doi.org/10.1074/jbc.R700035200 PMID: 18024426

Braunschweig U, Gueroussov S, Plocik AM, Graveley BR, Blencowe BJ. Dynamic integration of splicing
within gene regulatory pathways. Cell. 2013; 152(6):1252—69. PubMed Central PMCID: PMC3642998.
https://doi.org/10.1016/j.cell.2013.02.034 PMID: 23498935

Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T. Epigenetics in alternative pre-mRNA splicing. Cell.
2011; 144(1):16—26. PubMed Central PMCID: PMC3038581. https://doi.org/10.1016/j.cell.2010.11.056
PMID: 21215366

Brown SJ, Stoilov P, Xing Y. Chromatin and epigenetic regulation of pre-mRNA processing. Human
molecular genetics. 2012; 21(R1):R90-6. PubMed Central PMCID: PMC3459648. https://doi.org/10.
1093/hmg/dds353 PMID: 22936691

Sims RJ 3rd, Millhouse S, Chen CF, Lewis BA, Erdjument-Bromage H, Tempst P, et al. Recognition of
trimethylated histone H3 lysine 4 facilitates the recruitment of transcription postinitiation factors and pre-
mRNA splicing. Molecular cell. 2007; 28(4):665—76. PubMed Central PMCID: PMC2276655. https://
doi.org/10.1016/j.molcel.2007.11.010 PMID: 18042460

Kolasinska-Zwierz P, Down T, Latorre |, Liu T, Liu XS, Ahringer J. Differential chromatin marking of
introns and expressed exons by H3K36me3. Nature genetics. 2009; 41(3):376-81. PubMed Central
PMCID: PMC2648722. https://doi.org/10.1038/ng.322 PMID: 19182803

Hnilicova J, Stanek D. Where splicing joins chromatin. Nucleus. 2011; 2(3):182—8. PubMed Central
PMCID: PMC3149878. https://doi.org/10.4161/nucl.2.3.15876 PMID: 21818411

Sharma A, Nguyen H, Cai L, Lou H. Histone hyperacetylation and exon skipping: a calcium-mediated
dynamic regulation in cardiomyocytes. Nucleus. 2015; 6(4):273-8. PubMed Central PMCID:
PMC4615673. https://doi.org/10.1080/19491034.2015.1081324 PMID: 26325491

Zhou HL, Hinman MN, Barron VA, Geng C, Zhou G, Luo G, et al. Hu proteins regulate alternative splic-
ing by inducing localized histone hyperacetylation in an RNA-dependent manner. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108(36):E627-35. PubMed Cen-
tral PMCID: PMC3169152. https://doi.org/10.1073/pnas.1103344108 PMID: 21808035

Nieto Moreno N, Giono LE, Cambindo Botto AE, Munoz MJ, Kornblihtt AR. Chromatin, DNA structure
and alternative splicing. FEBS letters. 2015; 589(22):3370-8. https://doi.org/10.1016/j.febslet.2015.08.
002 PMID: 26296319

Schor IE, Gomez Acuna LI, Kornblihtt AR. Coupling between transcription and alternative splicing. Can-
cer treatment and research. 2013; 158:1-24. https://doi.org/10.1007/978-3-642-31659-3_1 PMID:
24222352

Schor IE, Lleres D, Risso GJ, Pawellek A, Ule J, Lamond Al, et al. Perturbation of chromatin structure
globally affects localization and recruitment of splicing factors. PloS one. 2012; 7(11):e48084. PubMed
Central PMCID: PMC3495951. https://doi.org/10.1371/journal.pone.0048084 PMID: 23152763

Hnilicova J, Hozeifi S, Duskova E, Icha J, Tomankova T, Stanek D. Histone deacetylase activity modu-
lates alternative splicing. PloS one. 2011; 6(2):16727. PubMed Central PMCID: PMC3032741. https:/
doi.org/10.1371/journal.pone.0016727 PMID: 21311748

lizuka M, Smith MM. Functional consequences of histone modifications. Current opinion in genetics &
development. 2003; 13(2):154—60.

Wang HC, Tsai YL, Wu YC, Chang FR, Liu MH, Chen WY, et al. Withanolides-induced breast cancer
cell death is correlated with their ability to inhibit heat protein 90. PloS one. 2012; 7(5):e37764. PubMed
Central PMCID: PMC3365124. https://doi.org/10.1371/journal.pone.0037764 PMID: 22701533

Smith PJ, Zhang C, Wang J, Chew SL, Zhang MQ, Krainer AR. An increased specificity score matrix for
the prediction of SF2/ASF-specific exonic splicing enhancers. Human molecular genetics. 2006; 15
(16):2490-508. https://doi.org/10.1093/hmg/ddI171 PMID: 16825284

PLOS ONE | https://doi.org/10.1371/journal.pone.0175929  April 21,2017 15/17


https://doi.org/10.1161/CIRCGENETICS.109.862920
http://www.ncbi.nlm.nih.gov/pubmed/20031620
https://doi.org/10.1038/nrm3742
http://www.ncbi.nlm.nih.gov/pubmed/24452469
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1146/annurev-biochem-060614-034316
http://www.ncbi.nlm.nih.gov/pubmed/25784052
https://doi.org/10.1074/jbc.R700035200
http://www.ncbi.nlm.nih.gov/pubmed/18024426
https://doi.org/10.1016/j.cell.2013.02.034
http://www.ncbi.nlm.nih.gov/pubmed/23498935
https://doi.org/10.1016/j.cell.2010.11.056
http://www.ncbi.nlm.nih.gov/pubmed/21215366
https://doi.org/10.1093/hmg/dds353
https://doi.org/10.1093/hmg/dds353
http://www.ncbi.nlm.nih.gov/pubmed/22936691
https://doi.org/10.1016/j.molcel.2007.11.010
https://doi.org/10.1016/j.molcel.2007.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18042460
https://doi.org/10.1038/ng.322
http://www.ncbi.nlm.nih.gov/pubmed/19182803
https://doi.org/10.4161/nucl.2.3.15876
http://www.ncbi.nlm.nih.gov/pubmed/21818411
https://doi.org/10.1080/19491034.2015.1081324
http://www.ncbi.nlm.nih.gov/pubmed/26325491
https://doi.org/10.1073/pnas.1103344108
http://www.ncbi.nlm.nih.gov/pubmed/21808035
https://doi.org/10.1016/j.febslet.2015.08.002
https://doi.org/10.1016/j.febslet.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26296319
https://doi.org/10.1007/978-3-642-31659-3_1
http://www.ncbi.nlm.nih.gov/pubmed/24222352
https://doi.org/10.1371/journal.pone.0048084
http://www.ncbi.nlm.nih.gov/pubmed/23152763
https://doi.org/10.1371/journal.pone.0016727
https://doi.org/10.1371/journal.pone.0016727
http://www.ncbi.nlm.nih.gov/pubmed/21311748
https://doi.org/10.1371/journal.pone.0037764
http://www.ncbi.nlm.nih.gov/pubmed/22701533
https://doi.org/10.1093/hmg/ddl171
http://www.ncbi.nlm.nih.gov/pubmed/16825284
https://doi.org/10.1371/journal.pone.0175929

@° PLOS | ONE

GLA splicing in Fabry disease

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR. ESEfinder: A web resource to identify exonic splic-
ing enhancers. Nucleic acids research. 2003; 31(13):3568—71. PubMed Central PMCID: PMC169022.
PMID: 12824367

Desmet FO, Hamroun D, Lalande M, Collod-Beroud G, Claustres M, Beroud C. Human Splicing Finder:
an online bioinformatics tool to predict splicing signals. Nucleic acids research. 2009; 37(9):e67.
PubMed Central PMCID: PMC2685110. https://doi.org/10.1093/nar/gkp215 PMID: 19339519

Zhou HL, Luo G, Wise JA, Lou H. Regulation of alternative splicing by local histone modifications:
potential roles for RNA-guided mechanisms. Nucleic acids research. 2014; 42(2):701-13. PubMed
Central PMCID: PMC3902899. https://doi.org/10.1093/nar/gkt875 PMID: 24081581

Zuker M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic acids research.
2003; 31(13):3406—15. PubMed Central PMCID: PMC169194. PMID: 12824337

Chang WH, Liu TC, Yang WK, Lee CC, Lin YH, Chen TY, et al. Amiloride modulates alternative splicing
in leukemic cells and resensitizes Ber-AblT3151 mutant cells to imatinib. Cancer research. 2011; 71
(2):383-92. https://doi.org/10.1158/0008-5472.CAN-10-1037 PMID: 21224352

Chang JG, Yang DM, Chang WH, Chow LP, Chan WL, Lin HH, et al. Small molecule amiloride modu-
lates oncogenic RNA alternative splicing to devitalize human cancer cells. PloS one. 2011; 6(6):
€18643. PubMed Central PMCID: PMC3111415. https://doi.org/10.1371/journal.pone.0018643 PMID:
21694768

Cohen P, Klumpp S, Schelling DL. An improved procedure for identifying and quantitating protein phos-
phatases in mammalian tissues. FEBS letters. 1989; 250(2):596—600. PMID: 2546812

Shindo Y, Nozaki T, Saito R, Tomita M. Computational analysis of associations between alternative
splicing and histone modifications. FEBS letters. 2013; 587(5):516-21. https://doi.org/10.1016/j.febslet.
2013.01.032 PMID: 23353998

Schwartz S, Ast G. Chromatin density and splicing destiny: on the cross-talk between chromatin struc-
ture and splicing. The EMBO journal. 2010; 29(10):1629-36. PubMed Central PMCID: PMC2876972.
https://doi.org/10.1038/emboj.2010.71 PMID: 20407423

Saint-Andre V, Batsche E, Rachez C, Muchardt C. Histone H3 lysine 9 trimethylation and HP1gamma
favor inclusion of alternative exons. Nature structural & molecular biology. 2011; 18(3):337—44.

Vogel JL, Parsell DA, Lindquist S. Heat-shock proteins Hsp104 and Hsp70 reactivate mRNA splicing
after heat inactivation. Current biology: CB. 1995; 5(3):306—17. PMID: 7780741

Zhou Z, Qiu J, Liu W, Zhou Y, Plocinik RM, Li H, et al. The Akt-SRPK-SR axis constitutes a major path-
way in transducing EGF signaling to regulate alternative splicing in the nucleus. Molecular cell. 2012; 47
(3):422-33. PubMed Central PMCID: PMC3418396. https://doi.org/10.1016/..molcel.2012.05.014
PMID: 22727668

Zhang S, Hacham M, Panepinto J, Hu G, Shin S, Zhu X, et al. The Hsp70 member, Ssat, acts as a
DNA-binding transcriptional co-activator of laccase in Cryptococcus neoformans. Molecular microbiol-
ogy. 2006; 62(4):1090-101. https://doi.org/10.1111/j.1365-2958.2006.05422.x PMID: 17040492

Pratt WB, Galigniana MD, Morishima Y, Murphy PJ. Role of molecular chaperones in steroid receptor
action. Essays in biochemistry. 2004; 40:41-58. PMID: 15242338

Benbahouche Nel H, lliopoulos I, Torok I, Marhold J, Henri J, Kajava AV, et al. Drosophila Spag is the
homolog of RNA polymerase ll-associated protein 3 (RPAP3) and recruits the heat shock proteins 70
and 90 (Hsp70 and Hsp90) during the assembly of cellular machineries. The Journal of biological chem-
istry. 2014; 289(9):6236—47. PubMed Central PMCID: PMC3937688. https://doi.org/10.1074/jbc.M113.
499608 PMID: 24394412

Manzoor R, Kuroda K, Yoshida R, Tsuda Y, Fujikura D, Miyamoto H, et al. Heat shock protein 70 modu-
lates influenza A virus polymerase activity. The Journal of biological chemistry. 2014; 289(11):7599—
614. PubMed Central PMCID: PMC3953273. https://doi.org/10.1074/jbc.M113.507798 PMID:
24474693

Teves SS, Henikoff S. Heat shock reduces stalled RNA polymerase Il and nucleosome turnover
genome-wide. Genes & development. 2011; 25(22):2387—-97. PubMed Central PMCID: PMC3222904.

Emili A, Shales M, McCracken S, Xie W, Tucker PW, Kobayashi R, et al. Splicing and transcription-
associated proteins PSF and p54nrb/nonO bind to the RNA polymerase || CTD. Rna. 2002; 8(9):1102—
11. PubMed Central PMCID: PMC1370324. PMID: 12358429

Liu L, Xie N, Rennie P, Challis JR, Gleave M, Lye SJ, et al. Consensus PP1 binding motifs regulate tran-
scriptional corepression and alternative RNA splicing activities of the steroid receptor coregulators,
p54nrb and PSF. Molecular endocrinology. 2011; 25(7):1197-210. https://doi.org/10.1210/me.2010-
0517 PMID: 21566083

PLOS ONE | https://doi.org/10.1371/journal.pone.0175929  April 21,2017 16/17


http://www.ncbi.nlm.nih.gov/pubmed/12824367
https://doi.org/10.1093/nar/gkp215
http://www.ncbi.nlm.nih.gov/pubmed/19339519
https://doi.org/10.1093/nar/gkt875
http://www.ncbi.nlm.nih.gov/pubmed/24081581
http://www.ncbi.nlm.nih.gov/pubmed/12824337
https://doi.org/10.1158/0008-5472.CAN-10-1037
http://www.ncbi.nlm.nih.gov/pubmed/21224352
https://doi.org/10.1371/journal.pone.0018643
http://www.ncbi.nlm.nih.gov/pubmed/21694768
http://www.ncbi.nlm.nih.gov/pubmed/2546812
https://doi.org/10.1016/j.febslet.2013.01.032
https://doi.org/10.1016/j.febslet.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23353998
https://doi.org/10.1038/emboj.2010.71
http://www.ncbi.nlm.nih.gov/pubmed/20407423
http://www.ncbi.nlm.nih.gov/pubmed/7780741
https://doi.org/10.1016/j.molcel.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22727668
https://doi.org/10.1111/j.1365-2958.2006.05422.x
http://www.ncbi.nlm.nih.gov/pubmed/17040492
http://www.ncbi.nlm.nih.gov/pubmed/15242338
https://doi.org/10.1074/jbc.M113.499608
https://doi.org/10.1074/jbc.M113.499608
http://www.ncbi.nlm.nih.gov/pubmed/24394412
https://doi.org/10.1074/jbc.M113.507798
http://www.ncbi.nlm.nih.gov/pubmed/24474693
http://www.ncbi.nlm.nih.gov/pubmed/12358429
https://doi.org/10.1210/me.2010-0517
https://doi.org/10.1210/me.2010-0517
http://www.ncbi.nlm.nih.gov/pubmed/21566083
https://doi.org/10.1371/journal.pone.0175929

..@.' PLOS | ONE GLA splicing in Fabry disease

44. Desnick RJ, Allen KY, Desnick SJ, Raman MK, Bernlohr RW, Krivit W. Fabry’s disease: enzymatic diag-
nosis of hemizygotes and heterozygotes. Alpha-galactosidase activities in plasma, serum, urine, and
leukocytes. The Journal of laboratory and clinical medicine. 1973; 81(2):157-71. PMID: 4683418

PLOS ONE | https://doi.org/10.1371/journal.pone.0175929  April 21,2017 17/17


http://www.ncbi.nlm.nih.gov/pubmed/4683418
https://doi.org/10.1371/journal.pone.0175929

