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Abstract

Muscleblind-like splicing regulators (MBNLSs) activate or repress the inclusion of alternative splicing (AS) events, ena-
bling the developmental transition of fetal mRNA splicing isoforms to their adult forms. Herein, we sought to elaborate the
mechanism by which MBNLs mediate AS related to biological processes. We evaluated the functional role of DEAD-box
(DDX) RNA helicases, DDX5 and DDX17 in MBNL-dependent AS regulation. Whole-transcriptome analysis and validation
approaches revealed a handful of MBNLs-dependent AS events to be affected by DDX5 and DDX17 in mostly an opposite
manner. The opposite expression patterns of these two groups of factors during muscle development and coordination of
fetal-to-adult splicing transition indicate the importance of these proteins at early stages of development. The identified
pathways of how the helicases modulate MBNL splicing activity include DDX5 and DDX17-dependent changes in the ratio
of MBNL splicing isoforms and most likely changes in accessibility of MBNL-binding sites. Another pathway involves the
mode of action of the helicases independent of MBNL activity. These findings lead to a deeper understanding of the network
of interdependencies between RNA-binding proteins and constitute a valuable element in the discussion on developmental
homeostasis and pathological states in which the studied protein factors play a significant role.

Keywords RNA binding protein - RNA—protein interaction - RNA metabolism and maturation

Introduction

Alternative splicing (AS) is a complex process that contrib-
utes to profound diversity of the transcriptome and, conse-
quently, homeostasis of the cellular proteome in response to
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various stimuli, including environmental, developmental and
tissue-specific stimuli [1-3]. The outcome of AS is shaped
by a network of diverse interactions between the main com-
ponents of the splicing machinery, including small nuclear
ribonucleoproteins, cis-acting splicing signatures including
5" and 3’ splice sites (ss), a branch point and polypyrimidine
tract as well as other RNA regulatory elements and RNA-
binding proteins (RBPs) [4]. The functionality of these RNA
elements and the activity of RBPs reflected in the AS profile
are defined by a subset of key determinants under spatiotem-
poral pressure, including RNA structure, which affects the
accessibility of functional cis-acting regulatory elements [5],
RBP expression levels [6] and their isoform ratio [7, 8].
Muscleblind-like splicing regulators (MBNLSs) as an alter-
native splicing factor play an essential role in fetal-to-adult
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splicing transition. MBNL1 and MBNL2 (MBNL1,2) are
the major paralogs of mostly redundant functions and their
simultaneous knock down leads to an increased effect on
splicing changes of the same target RNAs [9-12]. Moreover,
a knock down of either paralog induces increased produc-
tion of the other one [12, 13]. Nevertheless, their biologi-
cal expression differs with MBNLI playing a major func-
tion in muscular and immune system development where
its expression prevails [14—18]. Increasing expression of
MBNLI1 has been found during myoblast differentiation
[19, 20] and skeletal muscle and heart development [15,
21]. MBNL2 is prominently expressed in the brain and is
crucial in neurogenesis [13, 22]. All MBNL paralogs can
regulate the inclusion or exclusion of the same AS events
with different activities [9]. Additionally, each paralog is
represented by a subset of splicing isoforms that differ in
the presence of regions encoded by alternative exons (e; el,
e3, e5, e7, e8) [23]. These exons convey distinct properties
including intracellular localization [24], RNA-RNA binding
efficiency [25], protein—protein interaction [26] or homo-
typic interactions [7, 27]. Different splicing activity of the
paralogs and isoforms seems to be important during devel-
opmental processes as well as in pathological states such as
tumorigenesis and multisystem diseases, including myotonic
dystrophy types 1 and 2 (DM1 and DM2) [7-9, 28].

Multiple research groups have mutually proposed the
specific recognition of an RNA motif consisting of a GpC
dinucleotide flanked by pyrimidines, YGCY (Y-U or C),
by all three MBNL paralogs [9, 29]. The numbers of these
motifs close to one another, the secondary structures they
are encompassed in and their locations within pre-mRNAs
constitute significant determinants of MBNL splicing activ-
ity [30, 31]. Interaction of MBNLs with multiple YGCY
motifs within an alternative exon or up to 300 nucleotides
upstream induces skipping of the exon (e_OFF). This may
occur when the association of U2 auxiliary factor 65 kDa
subunit (U2AF65) with the 3’ss is impeded through RNA
structural changes or steric hindrance, as was shown for
TNNT2 e5 [32]. On the other hand, binding of MBNLs
within 500 nucleotides of a downstream intron promotes
the inclusion of an alternative exon (e_ON) into mRNAs
[29], potentially due to an effect on spliceosome formation
by the enhancement of U2AF65 binding, as was proposed
in studies on the inclusion of INSR €7 [33].

The mechanism by which MBNLs mediate the inclu-
sion or skipping of AS events is strongly expected to be
complex and still little is known in this matter. The regula-
tion of AS events has been described between MBNL and
other RBPs including DDX helicases [34]. Interestingly,
MBNL splicing activity relies on the secondary structure
of RNA cis-acting regulatory elements [30, 31], whereas
RNA helicases modulate the structural organization of pre-
mRNA. It is unclear, however, to what extent the helicases
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impact MBNL-dependent splicing and whether it has a
biological relevance. Until now, two paralogs, DDXS5 and
DDX17 (DDXS5,17) have been shown to coimmunoprecipi-
tate with MBNL1 under weak ionic conditions [35], and
DDXS5 was found to facilitate MBNL1-induced exclusion
of TNNT2 e5 by structurally changing the availability of
MBNL-binding sites [34]. Similar to MBNLs, DDX5,17
have been described as important players in the regulation
of AS [36-39] and other molecular pathways that direct
developmental processes, including adipogenesis [40],
myoblast differentiation [37, 41], neurogenesis [42] and
pluripotency determination [43].

DDXS5,17 regulate gene expression at multiple levels
[44] and due to cross-regulation of both proteins’ expres-
sion [45] they are mainly analyzed inseparably [37, 39,
45-48]. Their functional contribution to AS has been cru-
cial [49, 50] and includes determination of mRNA splicing
isoforms of DNA-binding proteins and RBPs [37, 39]. To
date, two functions of DDX helicases in the regulation of
AS have been considered. First, they can rearrange GC-
rich RNA structures through mostly unwinding inter- or
intramolecular interactions [36, 37, 51] or even anneal
single-stranded regions [52]. This may either facilitate the
binding of splicing factors, including Ul snRNP, hnRNP F
or MBNLLI itself, to cis-acting RNA regulatory elements
that are otherwise inaccessible [34, 36, 37, 53] or block
their binding, as was described for hnRNP H [54]. The
function of RNA helicases may also involve the remod-
eling of protein-RNA complexes by directly disrupting or
facilitating interactions between RNA and protein compo-
nents through protein—protein interaction of the helicases
with encountered RBPs in an RNA-bound or unbound
state [50, 51, 55-57].

Herein, we tested a hypothesis that DDX5,17 and
MBNL1,2 coregulate many studied AS events during
developmental processes. We uncovered a modulatory
role of DDX5,17 in regulation of a handful of MBNL1,2
dependent AS events and its relevance in skeletal mus-
cle development. We identified DDX5,17 and MBNL1,2
as predominantly antagonistic AS regulators. While
MBNL1,2 mostly induce the fetal-to-adult AS transition,
DDXS5,17 promote the splicing in both directions equally
in analyzed transcripts. We also discovered that Ddx5 and
Mbnl1 expression follows opposite patterns during murine
muscle development. Finally, we identified three molecu-
lar pathways underlying antagonistic nature of AS regu-
lation by DDX5,17 and MBNL1,2, including functional
modulation of both the ratio of MBNLI isoforms that dif-
fer in splicing activities and most likely accessibility of
MBNL-binding sites. DDXS5,17 also regulate shared AS
events, most likely in cooperation with additional RBPs
that antagonize or work alongside MBNLs.
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Materials and methods
Genetic construct preparation

The MBNLI e5 minigene, analogous to what was previ-
ously described in [58], was prepared as follows. A region
containing 51 nucleotides from the 3’-end of intron 3, exon
4, intron 4, exon 5, intron 5, exon 6, and 33 nucleotides of
the 5'-end of intron 6 was amplified from HeLa genomic
DNA using PCR primers carrying a 15-nt overhang com-
plementary to the pcDNA3.1(—) plasmid. The PCR frag-
ment was inserted into linearized pcDNA3.1(—) between
the Notl and BamHI restriction sites. MBNL1 fragment
amplification and linearization of pcDNA3.1(—) were car-
ried out using Phusion HiFi DNA polymerase (Thermo
Fisher) and CloneAmp HiFi PCR premix (Takara Bio),
respectively. An In-Fusion HD Cloning kit (Takara Bio)
was used for fast and directional cloning. The primer
sets are listed in Suppl. Table S1. The pEGFP-MBNL-41
expression vector and Atp2al e22 splicing minigenes
(Atp2al-BS and Atp2al-ABS) have been previously
described [31, 59]. The Nfix e7 splicing minigenes (Nfix-
BS and Nfix-mtBS) were a gift from Manuel Ares Jr. [60].

Cell culture and transfection

WT and Mbnll,2 DKO MEFs were gifts from Maurice
Swanson. HeLa cells (ATCC), MCF7 cells and WT and
Mbnll,2 DKO MEFs were grown in high-glucose DMEM
(Lonza) supplemented with 10% fetal bovine serum (FBS)
(Sigma Aldrich) and 1 X penicillin—streptomycin (Sigma
Aldrich). HSkM (Life Technologies) cells were grown
in HAM F-10 medium (Sigma Aldrich) supplemented
with 20% FBS, 1 X penicillin—streptomycin, 0.39 ug/mL
dexamethasone (Sigma Aldrich) and 10 ng/mL epidermal
growth (Sigma Aldrich). All cells were grown at 37 °C
and an atmosphere containing 5% CO,. Prior to transfec-
tion, the cells were plated in 6-well or 12-well plates and
transfected at 50-60% confluence with plasmids using Lipo-
fectamine 3000 (Thermo Fisher) or with siRNA or antisense
oligonucleotides using Lipofectamine RNAIMAX (Thermo
Fisher) according to the manufacturer’s protocol. Genes
were knocked down with siRNAs against MBNLI1, MBNL2,
DDXS5, DDX17 or control siRNA was used (siCtrl) [9, 37]
(Sigma Aldrich) at 50 nM. SSOs with 2'-O-methoxyethyl-
phosphorothioate (2’MOE-PS) modification, SSO-e7 and
SSO-Citrl, were used at 25 nM. Cotransfection with 200 ng
of the ATP2A1 e22 minigenes and 250 ng of pEGFP-
MBNL1-41 expression vector was preceded by siRNA treat-
ment and 4 h of incubation period. The cells were harvested

48 h after transfection. The siRNA and SSO sequences are
listed in Suppl. Table S1.

Preparation of stable shDDX5, shDDX17 and shCtrl
Hela cell lines

A lentiviral vector for doxycycline-inducible DDX5,17 KD
was constructed by inserting annealed and phosphorylated
oligonucleotides (GGCTAGATGTGGAAGATGT) into
the Agel/EcoRI sites of the pLKO-Tet-On plasmid (a gift
from Dmitri Wiederschain; Addgene plasmid # 21,915 as
described in [61] to create pLKO-Tet-On-shDDX5/17. The
shRNA is expressed from this vector under the H1 promoter
and is further converted into siRNA that targets nucleotides
1381-1399 of DDX5 mRNA (numbering according to
ENST00000225792) and nucleotides 1516—1534 of DDX17
mRNA (numbering according to ENST00000403230.3). A
control lentiviral vector with an inducible shRNA scramble
expression cassette was ordered from Addgene (a gift from
David Sabatini; Addgene plasmid # 1864 as described in
[61]). Virus production and HeLa cells transduction with
DDX5,17 shRNA and scramble shRNA were performed as
follows: HEK 293 T cells were transfected with pLKO-Tet-
OnshDDX5,17 and scramble shRNA supplemented with
packaging and envelope vector, psPAX2 and pMD2.G,
respectively, by the calcium phosphate method as described
previously [61]. Fresh medium was added to the cells 24 h
after transfection, and lentiviral supernatants were col-
lected 72 h after transfection. For transduction, HeLa cells
were incubated with lentiviral supernatants supplemented
with 4 pg/mL polybrene (hexadimethrine bromide, Sigma
Aldrich) for 14 h, and fresh medium was then added. HeLa
cells transfected with DDX5,17 shRNA or scramble sShRNA
were selected by adding puromycin to a final concentration
of 0.3 pg/mL for 7 days. For siRNA-induced silencing, cells
were treated with 100 ng/ml of doxycycline for 5 days.

Mouse tissue collection and RNA/protein extraction

This study received ethical approval from the National Eth-
ics Committee for Animal Testing. All animal procedures
and endpoints were in accordance with the ARRIVE guide-
lines and animals were sacrificed in accordance with the
National Ethics Committee for Animal Testing and Polish
guidelines and regulations. Mice were housed under specific
pathogen free conditions in the animal facility of the Center
of Advanced Technologies, Adam Mickiewicz University,
Poznan, Poland. Three adult CDC-1 IGS female mice were
sacrificed at day 365 for brain, skeletal muscles and heart
collection. Two CDC-1 IGS mice were sacrificed at day 19
of fetal development, day 1 and 5 of postnatal development
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for quadriceps collection (E19, PN1, PNS5, respectively).
Protein extraction was carried out in RIPA buffer (150 mM
NaCl, 50 mM Tris—HCI (pH 8.0), 1 mM EDTA, 0.5%
NP-40, 0.5% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS) supplemented with EDTA-free Halt™ Protease and
Phosphatase Inhibitor Cocktail (100X), using a bead-based
homogenizer (TissueLyser II, Qiagen) (2 x 45 s, max fre-
quency) and 1.4-mm and 2.8-mm ceramic beads (Qiagen).
The homogenized lysate was incubated on ice for 30 min
with vortexing every 10 min and centrifuged at 18 000xg
at 4 °C for 15 min. The collection of mouse samples from 5
stages of skeletal muscle, heart and brain development fol-
lowed by RNA isolation is described elsewhere [62].

Splicing and expression analyses of precursor
and mature mRNA

HeLa, HSkM and MEFs were prepared in TRI reagent
(Sigma Aldrich), followed by rapid RNA purification using
a Total RNA Zol-out kit (A&A Biotechnology) including
DNase treatment according to the manufacturer’s proto-
col. Total RNA from healthy adult human skeletal muscles
derived from male individuals at ages 24, 43 and 76 was
purchased (BioChain). Total RNA (1-2 ug) was reverse
transcribed using random hexamers and a TranScriba Kit
(A&A Biotechnology) according to the manufacturer’s pro-
tocol. Splicing analyses of the MBNLI1 exon 5 minigene
were conducted with a forward. All PCR experiments were
conducted with GoTaq Flexi DNA polymerase (Promega).
PCR products were resolved on agarose gels with ethidium
bromide (Sigma Aldrich) and visualized on G:BOX (Syn-
gene), followed by signal analyses using Multi Gauge v3.0
software. Splicing calculation referred to a percent spliced-in
(PSI) value and APSI, which represents a difference in PSI
between the control and tested conditions. Primers designed
or adopted from other articles [9, 31, 63] were amplified
predominantly across a single splicing event. The majority
of the tested splicing events were relatively short (50-200
nt long), which helped to reduce amplification bias between
splice isoforms with alternative exon inclusion or exclusion.
Quantitative PCR (qPCR) was conducted with Maxima
SYBR Green Rox (Thermo Fisher) on a QuantStudio 7 Flex
instrument (Thermo Fisher). Primer sequences are provided
in Suppl. Table S1.

Immunoblotting
HeLa, HSkM or MEF cells were lysed with RIPA buffer sup-

plemented with EDTA-free Halt™ Protease and Phosphatase
Inhibitor Cocktail (100X). Lysates were incubated on ice for
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30 min, frozen at — 80 °C O/N and centrifuged at 18 000xg
at 4 °C for 15 min. Protein concentrations were detected
using a Pierce BCA Protein Assay Kit (Thermo Fisher).
Samples (60 pg for DDXS5 detection in HSkM or 20-30 pg
for all other proteins) were heated to 95 °C for 5 min in SDS-
loading buffer and separated on 8 or 10% SDS polyacryla-
mide gels or prepared for and separated on gradient Bolt™
4-12% Bis—Tris Plus Gels (Thermo Fisher) according to
the manufacturer’s protocol, followed by transfer to 0.45-
um PVDF membranes (Sigma Aldrich) using a wet transfer
apparatus (1 h, 100 V, 4 °C). Membranes were blocked for
1 h with 5% skim milk in PBST buffer (phosphate-buffered
saline (PBS) with 0.1% Tween-20; for MBNL1, MBNL?2,
DDX5, GAPDH) or TBST buffer (Tris buffered saline with
0.1% Tween-20; for VINCULIN and DDX17) and incu-
bated with primary antibodies against MBNL1 (A2654; gift
from Thornton), MBNL2 (sc-136-167, Santa Cruz), DDX5
(D15E10; Cell Signaling), DDX17 (NB200-352; Novusbio),
human GAPDH (sc-47724; Santa Cruz) or human/mouse
VINCULIN (EPR8185, Abcam). Anti-rabbit (A9169, Sigma
Aldrich) and anti-mouse (12-349, Millipore) secondary
antibodies were conjugated with horseradish peroxidase,
detected using Immobilon Forte Western HRP Substrate
(Sigma Aldrich) and visualized on G:BOX (Syngene).

RNA immunoprecipitation

RIP was performed using MCF7 cells with or without an
induced expression of DDX-HA wildtype or DDX5-HA
mutant (K144 A). After 48 h treatment with 0.5 pg/mL dox-
ycycline a whole cell extract was prepared (WCE)the cells
were collected and lysed in RIPA buffer (150 mM NaCl,
50 mM Tris—HCI (pH 8.0), 1 mM EDTA, 0.5% NP-40, 0.5%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) sup-
plemented with EDTA-free Halt™ protease inhibitor, ] mM
DTT, 40U RNasin® (Promega). Lysates were incubated on
ice for 30 min and then incubated at —80 °C O/N. Dyna-
beads Protein A (Invitrogen) were incubated with 7.5 pg
HA-tag antibody (Abcam, 9110) on rotating wheel O/N at
4 °C. WCE was thawed and homogenized by passing the
lysate 5 times through 25-gauge needle and centrifuged at
2000 rpm for 10 min at 4 °C. 15% of the WCE was col-
lected for INPUT. The WCE was incubated with the beads
on rotating wheel for 2 h at 4 °C followed by three rounds
of washing with PBST (137 mM NaCl, 2.7 mM KCI, 8 mM
Na,HPO,, and 2 mM KH,PO,, 0.02% Tween-20) and elu-
tion with acidic glycine solution. RNA was isolated using
PureLink RNA mini kit (Thermo Fisher). RIP qPCR results
were represented as relative IP/INPUT ratio = 2" — Ct(1
NPUT)) — (Ct(IP ctrl) — Ct(INPUT-ctrl)).
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Quantification of the protein-RNA interaction
in vitro

The electrophoretic mobility shift assay (EMSA) was carried
out by incubation of 15 nM of 5’-biotynylated and 3'-Cya-
nine 5 labelled RNAs (Sigma Aldrich) with the indicated
concentrations of recombinant rMBNL1 (H00004154-P02,
Abnova) and rDDX5 (TP300371, OriGene). The reactions
were performed in a volume of 10 ul in buffer A (50 mM
NaCl, 50 mM KCl, 50 mM Tris—-HCI, 1 mM MgCl,) at
37 °C for 15 min. The samples were mixed with loading
buffer (30% glycerol) and run on a non-denaturing 6% PA
gel. Gels were scanned using Amersham Typhoon RGB Bio-
molecular Imager. Cyanine 5 fluorescence was excited by
635 nm and detected using a CyS5 filter. RNA-DDXS interac-
tion was calculated based on the signal of free RNA which
was extrapolated into RNA—protein complexes. A dissocia-
tion constant, K, was calculated using the equation: one
site specific binding Y=B,_, *X/(K;+X) with B, =100,
in Graph Pad program.

RNA pull down assay

The RNA pull down assay was carried out using Dyna-
beads™ MyOne™ Streptavidin C1 (65,001, Thermo-Fisher)
blocked with 2% UltraPure™ BSA (Ambion). The following
reagents: 2 nmol of 5'-biotynylated and 3'-Cyanine 5 labelled
RNA (Sigma Aldrich), 100 nM rMBNL1 (H00004154-P02,
Abnova) and 400 nM rDDX5 (TP300371, OriGene) or
400 nM BSA were incubated in PBST buffer (137 mM NaCl,
2.7 mM KCl, 8 mM Na,HPO,, and 2 mM KH,PO,, 0.02%
Tween-20, pH 8.0) with 10U RNasin® (Promega) in a total
volume of 20 pL for 15 min at 37 °C. The reaction was
combined with the beads and incubated for 15 min at RT
followed by a collection of fraction #2 of unbound proteins
and three rounds of washing steps with PBST. The beads
were transferred to a new tube and elution of RNA—protein
complexes (fraction #1) was performed by adding 4 X Bolt™
LDS sample buffer and 10 X reducing agent (Thermo Fisher).
All samples were heated to 95 °C for 5 min and separated on
a gradient Bolt™ 4-12% Bis—Tris Plus gel according to the
manufacturer’s protocol. Immunoblotting was performed as
above mentioned for MBNLI1 antibody.

RNA-seq data analyses

Publicly available RNA-seq data were retrieved from
public repositories including DDX5,17 KD HEK293T
cells (GSE123752; [46]), MBNL1,2 KD HeLa cells
(PRINA195384; [10]), MBNL1 KD HFE-145 cells
(PRJEB32567; [64]) and DDX5 KD K562 cells (GSE11544;
[38]), development of skeletal muscles (GSE108402; [16])
and the brain (SRP055008; [65]). Reads were aligned to the

human hg38 or mouse mm10 genomes. Salmon [66] was
used for transcript expression quantification and differential
gene expression analysis was performed using DESeq?2 [67].
For AS analysis, reads were aligned using STAR [68] fol-
lowed by rMATS [69] (version 4) analysis. Results of AS
analyses and expression analyses and are listed in Suppl.
Table S2.

DDX5 RIPseq data analyses

Raw reads from GSE175455 were mapped to the human
genome (Ensembl GRCh38) with STAR (v2.7.10b) [68]. To
build a transcriptome index, which was used during the alig-
ment with STAR, gene annotations from Ensembl release
104 were employed. Enrichment of coverage by DDXS5 was
identified using MACS (v3.0.0a6) [70] by comparing DDX5
IP to input control with Q value set to 0.05. To visualize
results bedGraphs files, generated by MACS, were uploaded
into UCSC genome browser. The significant DDX5 peaks
were assigned to the genes with R GenomicRanges and
GenomicFeatures packages [71].

Statistical analyses

Statistical analyses were performed using the GraphPad pro-
gram for at least 3 biological replicates (n) or as specified in
the figures. Linear association between variables and its sta-
tistical significance was determined by Pearson’s correlation
coefficient test. Statistical significance for RT-PCR splicing
analyses and protein levels is expressed as the mean + stand-
ard deviation (SD) and was determined by the two-tailed
Student’s ¢ test (ns, nonsignificant, * for P <0.05, s for
P<0.01, %% for P<0.001).

Results

DDX5,17 and MBNL1,2 promote opposite splicing
patterns of MBNL-dependent exons

To test the hypothesis that DDX5,17 have a significant
impact on MBNL1,2-dependent regulation of AS, we
aimed to identify high-confidence AS events shared by
DDXS5,17 and MBNL1,2 in the human transcriptome. First,
we retrieved publicly available RNA sequencing (RNA-seq)
datasets from MBNL1 knock-down (KD) HFE-145 cells
[64], MBNL1,2 KD HeLa cells [10] and DDXS5,17 KD
HEK?293T cells [46]. We focused on changes in splicing
of simple cassette events measured as the difference in the
rate of exon inclusion (percentage spliced in, PSI) exceed-
ing or equal to 10% (IAPSII> 10; FDR <0.05). AS analyses
revealed 2,225 unique MBNL1,2-dependent AS events in
both MBNL KD models and 2434 DDXS5,17-regulated AS
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events (Suppl. Figure S1A, Suppl. Table S2). We identi-
fied 164 shared events regulated by both classes of RBPs,
which constituted 7.4% of the detected MBNL1,2-dependent
AS events and consisted of both exon inclusion (e_ON) and
exclusion (e_OFF) events (Fig. 1A, Suppl. Table S2). Inter-
estingly, we noticed that 65% of these shared AS events were
regulated in opposite ways in DDX5,17- and MBNL1,2-
depleted cells (Fig. 1A; orange dots). It is, however, worth
mentioning that conducted analyses were performed on data-
sets obtained by different experimental approaches and that
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they derive from essentially different cellular models. Even
though these results do not provide explicit conclusions, they
do indicate some degree dependency of studied splicing fac-
tors which we further elaborate in more detail.

Next, we selected 27 AS events out of 63 analyzed ones,
with detectable two splicing isoforms which were previ-
ously shown to be MBNL-dependent either through RT-
PCR or in RNA-seq or emerged in this study (Suppl.
Table S1). We tested their sensitivity to DDX5,17
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«Fig. 1 DDX5,17 are splicing modulators of a large subset of MBNL-
dependent AS events. A AS events identified in RNA-seq AS analy-
ses and shared by MBNL1,2 and DDX5,17 show negatively corre-
lated regulation. Computed APSI values from RNA-seq AS analyses
were compared between DDX5,17 KD HEK293T cells (n=3; [46]),
MBNLI1,2 KD HeLa cells (n=1; [10]) and MBNL1 KD HFE-145
cells (n=3; [64]). Exons excluded (e_OFF) and included (e_ON) by
MBNLs. The strength of a linear association and its statistical signifi-
cance was determined by Pearson’s correlation coefficient. B Repre-
sentative western blot analyses of protein levels in HeLa cells upon
siRNA treatment or shRNA expression (n=3). VINCULIN serves as
a loading control. Blot images of all samples and calculated protein
levels are shown in Suppl. Figure S1A. C The pie chart summarizes
the RT-PCR screening for events shared by MBNL1,2 and DDX5,17
in siDDX5,17- and siMBNL1,2-treated HeLa cells among 27 selected
MBNL-dependent AS events. The AS events were categorized into a
group of shared events if PSI>5% and P <0.05 in Student’s ¢ test. AS
analyses of each event are described in Suppl. Figure S1. D The heat-
map presents AS events shown in C which changed or were insen-
sitive to DDX5,17 depletion compared to MBNL1,2 KD conditions
tested in HeLa cells by RT-PCR (n=3). Significant difference was
determined by Student’s ¢ test; ns nonsignificant, * for P <0.05, s for
P <0.01, %% for P<0.001. E Negative correlation between APSI val-
ues detected by RT-PCR for 27 shared AS events in DDX5,17 KD
and MBNLI1,2 KD HeLa cells compared to control conditions. The
strength of a linear association and its statistical significance was
determined by Pearson’s correlation coefficient. F Genome browser
view (hg38) of RNA-seq AS analyses presented in A for KTNI e40
and PALM e8 events with surrounding exons. G Representative gels
of RT-PCR validation and calculations show that DDX5,17 deple-
tion promoted exon inclusion of KTN/ e40 and PALM e8. Data rep-
resent the mean PSI values +SD (n=3). Statistical significance was
calculated in reference to control (siCtrl) using Student’s ¢ test; #: for
P <0.01, %% for P<0.001

depletion and the direction of splicing changes. We chose
HeLa cells as a model for further studies based on their
considerable expression level of MBNL1,2 and DDXS5,17.
Since MBNL1 and MBNL2 as well as DDX5 and DDX17,
often display redundant functions in AS regulation [9,
37, 39, 48], we performed simultaneous MBNL1,2 KD
or DDXS5,17 KD using siRNAs (Fig. 1B, Suppl. Figure
S1B). We also established a stable HeLa cell line with
a doxycycline-induced expression of shRNA targeting
both helicases (Fig. 1B). RT-PCR analyses of all tested
MBNLI1,2-dependent AS events in siRNA-treated cells
revealed that the great majority (81%) were sensitive to
DDX5,17 depletion (Fig. 1C, Suppl. Figure S1C). Consist-
ent results were obtained in the shRNA-inducible HeLa
cell model (Suppl. Figure S1C). Interestingly, the splic-
ing direction of as much as 90% of these shared events in
DDX5,17 KD cells was opposite to that in MBNL1,2 KD
cells (Fig. 1D). Exon inclusions caused by DDX5,17 KD
and that caused by MBNL1,2 KD were negatively corre-
lated (Fig. 1E). For example, MBNL1,2 KD and DDXS5,17
KD had an opposite effect on KTNI e40 and PALM e8
inclusion in multiple models, as shown by RNA-seq AS
analyses and RT-PCR (Fig. 1F, G). Furthermore, the

reconstitution of DDXS5 partially restored splicing of all
selected shared events while a DDX5 mutant lacking RNA
helicase activity had no effect on splicing of most of them
(Suppl. Figure S1D, E). Collectively, our results show that
DDXS5,17 promote opposite splicing pattern to MBNLSs for
most studied MBNL-dependent AS events.

DDX5,17 reqgulate MBNL-dependent developmental
splicing pattern of studied events

Previous studies demonstrated the importance of DDX5,17
in developmental processes including myogenesis and neu-
rogenesis [37, 41, 42], in which MBNL1,2 also play an
essential role by governing developmental splicing tran-
sition [14, 16]. To assess DDX5,17 and MBNLI,2 gene
expression during tissue maturation, we retrieved publicly
available RNA-seq datasets from developing mouse skel-
etal muscles [16] and the brain [65]. Our analysis showed
a gradual decrease in Ddx5 and Ddx17 expression during
development in both types of tissues (Fig. 2A, Suppl. Figure
S2A). In contrast, the expression level of Mbnls increased
in a time course of development or remained the same in
case of Mbnl2 in muscle tissues. These results were further
supported by the RT-qPCR analyses (Fig. 2B). To find out
whether a change in RNA level of the helicases and Mbnls
is reflected in the protein production we collected and exam-
ined murine muscles in four stages of development, E19,
PN1, PN5 and adult. The opposite expression pattern was
mostly seen for Mbnll and Ddx5 (Fig. 2C, Suppl. Figure
S2B). Interestingly, in adult skeletal muscles and heart we
noticed a vast disproportion between the level of Mbnl1,2
and Ddx5,17 compared to the brain (Fig. 2D, Suppl. Fig-
ure S2C). Observed negative correlation between Ddx5 and
Mbnll expression during development of skeletal muscles
may suggest a potential modulatory role of the helicases in
Mbnl-dependent splicing regulation during early stages of
muscle development.

To test the hypothesis that DDX5,17 coregulate MBNL-
dependent developmental splicing pattern, we asked how
many shared AS events change during muscle development.
For example, Afp2al e22 and Nfix €7, two out of many
MBNL-dependent events, undergo robust developmen-
tal transition (Fig. 2E). We performed splicing analysis of
human myoblasts (HSkM) and adult skeletal muscles, and
mouse muscles at different stages of development. Next, we
selected 24 AS events out of 63 analyzed, with detectable
two isoforms in HSkM cells which were previously shown
to be MBNL-dependent either through RT-PCR or RNA-seq
or emerged in this study (Suppl. Table S1). RT-PCR screen-
ing in DDX5,17 KD and MBNL1 KD HSKM revealed that
17 (70%) of these AS events were modulated by depletion
of both classes of RBPs (Fig. 2F, G, Suppl. Figure S2D, E).
As anticipated, the majority of the identified shared events
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Fig.2 DDXS5,17 affect the splicing of developmentally-regulated and
MBNL-dependent AS events in muscle cells. A Mbnll, Mbni2, Ddx5
and DdxI7 gene expression during development of skeletal mus-
cles (n=1; [16]) and the brain (n=2; [65]) determined by RNA-Seq
expression analyses and using DESeq2-normalization method. E and
PN correspond to embryonic and postnatal stages of development,
respectively. B Mbnll, Mbni2, Ddx5 and Ddxl7 gene expression
across five stages of murine muscle development (E18.5, PN1, PN5,
PN14, PN90) determined by RT-qPCR. Data represent the mean +SD
(n=9). Statistical significance was calculated in reference to embry-
onic day 18.5 (E18.5) using Student’s # test; ns nonsignificant, s for
P <0.001. C Representative western blot analyses of Mbnll, Mbnl2,
Ddx5 and Ddx17 protein levels in four murine muscle develop-
mental stages (E19, PN1, PN5, adult ) (n=2). Vinculin serves as a
loading control. D Representative western blot analyses of Mbnll,
Mbnl2, Ddx5 and Ddx17 protein levels in adult murine skeletal mus-
cles, heart and brain (n=3). Vinculin serves as a loading control.
E Genome browser view (mm10) of RNA-seq AS analyses shows
MBNL-dependent AS events, Atp2al €22 and Nfix €7, whose splic-
ing changes during muscle development. F Representative western
blot analyses of protein levels in HSkM upon siDDX5,17 treatment.

(75%) undergo conserved splicing transition during muscle
development (Fig. 2H, Suppl. Figure S2F). Their splicing
patterns vastly differ in human adult muscles and control
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VINCULIN serves as loading controls. Each loading control corre-
sponds to the proteins above it. The image presents juxtaposed lanes
that were non-adjacent in the blot. The lanes separation is delineated
by a black separation. Blot images of all samples and calculated pro-
tein levels are shown in Suppl. Figure S2C. All samples derive from
the same experiment and the blots were processed in parallel. G The
pie chart summarizes the RT-PCR screening for AS events shared by
MBNLI and DDXS5,17 in siDDX5,17- and siMBNL1-treated HSkM.
The AS events were categorized into a group of shared events if
PSI>5% and P<0.05 in Student’s 7 test. AS analyses of each event
are presented in Suppl. Figure S2B. H Representative gels and cal-
culations of RT-PCR analyses of shared AS events in siRNA treated
HSKM (n=3), human adult muscles (n=3) and across five stages of
murine muscle development (n=4). Data represent the mean PSI val-
ues +SD. Statistical significance was calculated in reference to con-
trol (siCtrl) or E18.5 using Student’s ¢ test; ns nonsignificant, % for
P <0.05,sxfor P<0.01, s for P<0.001. I The pie chart shows the
number of shared AS events analyzed in HSkM, whose direction of
splicing was opposite in DDX5,17 KD cells to that in MBNL1 KD
cells (orange) or the same (gray). The AS events were categorized
into these two groups if PSI>5% and P <0.05 in Student’s ¢ test

myoblasts and gradually change from embryonic to adult
splicing patterns during mouse muscle development. In
agreement with our observations from previous experiments
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in HeLa cells, most shared AS events (12 out of 17; 70%)
showed opposite splicing patterns upon MBNL1 KD and
DDX5,17 KD (Fig. 2 1, Suppl. Figure S2E). Among devel-
opmentally regulated AS events, DDX5,17 depletion equally
promoted the expression of adult-like and fetal-like splicing
isoforms (Fig. 2H, Suppl. Figure S2F). The significant con-
tribution of Ddx5,17 to the Mbnl-regulated developmental
splicing transition was also confirmed in a murine myogen-
esis model (Suppl. Figure S2G, H).

Taken together, the collected evidence shows the negative
correlation of expression of both classes of RBPs during
development and a significant effect of DDX5,17 loss on the
AS pattern of studied MBNL-dependent events.

DDX5 and DDX17 affect MBNL1 activity by changing
MBNL1 splicing isoforms

We hypothesize that the antagonistic activity of DDX5,17
and MBNL1,2 in studied cellular models may involve sev-
eral pathways: (I) a direct effect of DDX5,17 on MBNLI1,2
expression and/or the splicing isoform ratio, (II) impairment
of the functional interaction of MBNL1,2 with cis-acting
RNA regulatory elements, and (III) independent regulation
of shared AS event by DDX5,17 and MBNL1,2.

To test the first hypothesis, we analyzed publicly available
RNA-seq data from two different cell lines with either DDX5
KD alone or combined DDX5,17 KD [38, 46]. We did not
observe changes in expression levels of MBNLI or MBNL2
(Suppl. Table S2). The total MBNL1 and MBNL2 protein
levels were also unchanged upon DDX35,17 depletion in the
studied by us HeLa and HSkM models (Figs. 1B, 2F, Suppl.
Figure S3A). Since the MBNL1,2 proteins regulate sev-
eral AS events in MBNL1,2 pre-mRNA, we asked whether
DDX5,17 affect the ratio of MBNL splicing isoforms.

RNA-seq datasets retrieved from two experiments and two
exon array analyses conducted in DDX5 KD or DDX5,17
KD cell lines [37, 39] showed a considerable switch in the
ratio of MBNL splicing isoforms carrying alternative exons
5and 7 (Fig. 3A, Suppl. Table S2). The association between
DDX5,17 expression and splicing of MBNLI exons 5 and
7 was also noticed in different human and mouse tissues
(Suppl. Figure S3B-E). To support these observations, we
checked the status of all splicing isoforms in our HeLa and
HSKM cell models with DDX5,17 depletion. RT-PCR analy-
ses revealed significant exclusion of MBNLI e5 and e7 and
MBNL?2 e5 upon DDXS5,17 KD, in all tested cellular models
(Fig. 3B, Suppl. Figure S4A-D). The MBNLI alternative e3
and e8 remained unchanged while MBNLI el was signifi-
cantly excluded elevating a level of a minor MBNLI isoform
(Suppl. Figure S4A-D). Consistently to changes in alterna-
tive splicing of MBNLI transcript, we detected an increase
in shorter MBNL1 protein isoforms in DDX5,17 KD HeLa
and HSkM cells (Fig. 3C, D, Suppl. Figure S4E, F). As

expected, the DDXS5,17-dependent exclusion of MBNLI e5,
which encodes a bipartite nuclear localization signal, led to
slight changes in the subcellular localization of MBNL1, as
a twofold increase of MBNL1 was detected in the cytoplasm
upon DDX35,17 depletion (Suppl. Figure S4G).

Previous studies showed the RNA substrate-dependent
splicing activity of MBNL1 isoforms differing in €7 encoded
amino-acid tract in normal and cancer cells [8, 9, 25, 31,
72]. Based on this finding, we hypothesized that MBNLI e7
exclusion enhances the MBNL1-regulatory activity towards
shared AS events upon DDXS5,17 loss. Thus, we induced a
targeted MBNLI +¢e7 to —e7 isoform switch in HSkM cells
using a previously described 2'-O-methoxyethyl phospho-
nothioate (2'MOE-PS) splice-switching antisense oligonu-
cleotide complementary to the 3’ss of MBNLI e7 (SSO-e7)
[7] (Fig. 3E). RT-PCR and western blot analyses showed
robust and specific exclusion of e7 at the RNA and pro-
tein levels with no effect of SSO-e7 on the splicing of other
MBNLI exons (Fig. 3F, G, Suppl. Figure S4H). Importantly,
the total protein level of MBNLI1 also remained unchanged
(Fig. 3H). Next, we studied the splicing patterns of a set
of AS events shared by MBNL1 and DDXS5,17. Having
analyzed 17 AS events with two distinguished splicing iso-
forms, we observed significant changes in the splicing pat-
terns of 7 events (Fig. 31, Suppl. Figure S2E). The splicing
direction of 6 out of these 7 events mimicked that observed
in DDXS5,17-depleted myoblasts; however, the strength of
splicing changes are lower.

Collectively, this evidence demonstrates that the absence
of DDXS5,17 does not impact MBNL1,2 levels. DDX5,17
affect MBNLI1 splicing activity by changing the ratio of
MBNL1 splicing isoforms. However, only a subset of shared
AS events was subjected to the identified pathway (35%),
and the splicing changes affected by the MBNLI +¢7 to —e7
switch were statistically significant but relatively low.

DDX5,17 may affect MBNL-dependent
AS through interfering in MBNL-RNA complexes

To test whether the RNA helicases directly bind to MBNL1
target transcripts containing shared events we retrieved pub-
licly available data from DDX5 RNA-immunoprecipitation
followed by next-generation sequencing (RIP-seq) conducted
in RH30 cells [73]. We found significant enrichment of
majority of those RNAs in an immunoprecipitated fraction
compared to an input (Suppl. Figure S5A, Suppl. Table S2).
For instance, we found significant peaks located in a region
of SEC31A and MBNLI transcripts which are also bound by
MBNL1 according to our previously published RIP-seq and
CLIP-seq data (MIB.amu.edu.pl) (Fig. 4A) [9].

We further performed native RIP in an MCF7 cellular
model with doxycycline induced expression of HA-tagged
DDX5 mutant (DDX5mt) which has RNA binding activity
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Fig.3 DDXS5,17 affect MBNLI activity by modulating the ratio
of MBNLI splicing isoforms. A Genome browser view (hg38) of
RNA-seq AS analyses showing the AS pattern of MBNLI e5 and e7
in DDX5,17 KD HEK293T cells (n=3; [46]), DDX5 KD K562 cells
(n=3; [38]) and MBNL1 KD HFE-145 cells (n=3; [64]. B Repre-
sentative gels and calculations of RT-PCR analyses of MBNLI and
MBNL2 AS events in siDDX5,17-treated HeLa cells. Data repre-
sent the mean+SD (n=3). Statistical significance was calculated
in reference to siCtrl using Student’s ¢ test; ns nonsignificant, s for
P<0.01,s%xfor P<0.001. C Graphical representation of distinct
MBNLI alternative splicing isoform pre-mRNAs differing in the pres-
ence of AS events and considered in this study. Numerical naming
of each MBNLI isoform: 40, 41, 42, 43, correspond to a molecular
mass of the proteins in kDa and followes [23]. D Representative
western blot analyses show different distributions of MBNLI protein
isoforms between control conditions and DDX5,17 KD HeLa cells.
VINCULIN serves as a loading control. E A scheme of a fragment
of MBNLI pre-mRNA with a depicted position of binding of an anti-
sense oligonucleotide (SSO-e7) complementary to a region across
the 3’ss of €7 marked in red. F Representative gels and calculations
of RT-PCR analyses of MBNLI e5 and e7 upon SSO-e7 treatment in
HSKM cells. Data represent the mean PSI values (n=3). Statistical
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significance was calculated in reference to SSO-Ctrl using Student’s
t test; ns nonsignificant, s for P<0.001. G Representative western
blot analyses show changes in distribution of MBNLI1 protein iso-
forms upon SSO-¢7 treatment in HSkM. Numbers 40-43 correspond
to a molecular mass of the MBNLI1 proteins and refer to MBNLI iso-
form pre-mRNAs illustrated in C. VINCULIN serves as a loading
control. H Total level of MBNLI1 upon SSO-e7 treatment in HSkM,
as defined by western blotting and normalized to VINCULIN. Data
represent the mean values+SD (rn=3). Statistical significance was
calculated in reference to SSO-Ctrl using Student’s 7 test; ns nonsig-
nificant. I Representative gels and calculations of RT-PCR analyses
of AS events shared by MBNL1 and DDXS5,17 upon SSO-e7 treat-
ment in HSkM. Six out of 17 analyzed events (PICALM e18, SPTANI
e23, KTN1 e40, CLASPI €25, CSDA e6, ACAD10 e6) were sensitive
to SSO-e7 treatment and showed splicing changes that mimicked
those observed in DDXS5,17-depleted myoblasts (Fig. 2H, Suppl.
Figure S2B). The left and right columns correspond to AS events
sensitive and nonresponsive to SSO-e7 treatment, respectively. Data
represent the mean PSI values (n=3). Statistical significance was cal-
culated in reference to SSO-Ctrl using Student’s ¢ test; ns nonsignifi-
cant, xx for P <0.01, s for P<0.001
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but lacks helicase activity, in order to check whether DDX5
can directly bind a region carrying MBNL-binding sites.
Having performed RT-qPCR analyses for a few MBNLI
targets by amplifying regions containing potential MBNL-
binding sites we found enrichment of some mRNAs and
pre-mRNAs including MBNLI, PALM, TEADI, ATP2A1
(Fig. 4B, Suppl. Figure S5B-D). These observations sug-
gest that binding of DDX5mt to studied RNAs occurs in an
ATP-independent manner.

These findings prompted us to ask whether DDX5,17 may
have a direct effect on the functional interaction between
MBNLI,2 and RNA cis-regulatory elements or work inde-
pendently by cooperating with other RBPs. The latter motion
was investigated in the next chapter.

First, we applied an indirect approach utilizing AS mini-
genes representing shared AS events with either MBNLs-
induced exon inclusion (e_ON) or exclusion (e_OFF).
Atp2al e22 splicing minigenes (e_ON) carry either a single-
stranded tract of four UGCU-tetranucleotides (ss(UGCU),;
Atp2al-BS) which is a strong RNA-regulatory element
bound by MBNLI1,2, or a deletion of this region (Atp2al-
ABS) (Fig. 4C) [31]. HeLa cells were transfected with
these minigenes with concomitant depletion of DDXS5,17
or MBNL1,2 and the Azp2al e22 splicing pattern was meas-
ured by RT-PCR (Suppl. Figure S5E). Our analyses showed
that Atp2al-ABS minigene was not sensitive to silencing of
the helicases, contrary to Atp2al-BS (Fig. 4D). In the lat-
ter, DDX5,17 depletion increased €22 inclusion by nearly
15% in comparison to the control level and in a direction
opposite to MBNL1,2 silencing. Due to the fact that MBNL1
and MBNL2 levels in Hela cells are not very high we asked
whether a depletion of helicases will further enhance
MBNLI effect on €22 splicing in cells with MBNL1 over-
expression and whether this effect will be MBNL-binding
site dependent. RT-PCR analyses showed that depletion of
DDX35,17 had no effect on splicing of Atp2al-ABS minigene
in cells with overexpressed MBNL1 (Fig. 4E, Suppl. Fig-
ure SS5F). Contrarily, inclusion of €22 in Atp2al-BS mini-
gene was increased upon MBNL1 overexpression and this
effect was further enhanced upon DDX5,17 depletion. We
tested another minigene carrying MBNLI e5 (ex_OFF) for
its sensitivity to siDDX5,17 and simultaneous expression
of MBNL1 and obtained consistent results (Suppl. Figure
S5G-L).

To elucidate whether siDDX5,17-imposed splicing
changes of studied minigenes result from the helicases and
MBNLSs competing for the same RNA region, we tested
binding affinity of one of them, recombinant DDXS5 (rDDX5)
to two RNA sequences. The first RNA contained MBNL-
binding sites, RNA-ss(UGCU),, while a negative control,
RNA-ctrl, carried randomly distributed U, G, C nucleotides
in place of the (UGCU), motif (Fig. 4F). Both RNAs were
conjugated at the 3’ end with Cyanine 5 which allows for

fluorescence detection of RNA—protein complexes in a poly-
acrylamide gel and 5’end biotinylated for a subsequent RNA
pull down assay. Using an in vitro electrophoretic mobility
shift assay (EMSA) we showed that rDDXS5 binds to both
RNAs with a slightly higher preference to the MBNL-
recognized RNA (Fig. 4G). Interestingly, lack of a defined
band corresponding to RNA-rDDXS5 complexes could indi-
cate that formed complexes have a rather transient character
and the protein quickly dissociates from RNA. To study a
competition between the helicases and MBNLI1 for bind-
ing to the same RNAs we performed RNA pull down assay.
RNA-ss(UGCU), was first incubated with either ’MBNL1 or
mixture of ’IMBNL1 and rDDXS5 and then the proteins were
pulled down on streptavidin beads constituting fraction #1
(Fig. 4H). Fraction #2 corresponded to a sample collected
after incubation with the beads, which contained unbound
proteins. Immunoblotting of the pulled down fraction #1 did
not show a statistically significant difference in rMBNL1
level between these two conditions but fraction #2 contained
significantly more unbound rMBNLI1 in the presence of
rDDXS5 in the reaction (Fig. 4I). It indicates that rDDX5
competes with rMBNLI1 for binding to RNA-ss(UGCU), but
under these conditions it is a weak competitor.

The obtained results indicate that DDXs interfere with
MBNLs activity by most likely hindering the functional
interaction between MBNL1 and RNA targets. DDXs
may affect MBNL-RNA complex formation and/or trig-
ger MBNL dissociation through changes in RNA structural
arrangement or protein—protein interactions.

RNA helicases modulate the AS of certain shared
events independent of MBNL1,2 activity

Thus far, we had shown that the splicing regulation of shared
events mediated by DDX5,17 involves changes in the ratio
of MBNL1 splicing isoforms and most likely a functional
MBNL-RNA interaction. Since previous studies demon-
strated RNA helicases to cooperate with several RBPs [36,
37, 49, 54], we hypothesized that other splicing factors
contribute to the DDX5,17-mediated splicing regulation of
shared AS events (hypothesis III). For this purpose, we per-
formed Ddx5,17 KD in Mbnl1,2 double knock-out (DKO)
mouse embryonic fibroblasts (MEFs) (Fig. 5A, Suppl. Fig-
ure S6A). Despite the loss of Mbnl 1,2, we identified a group
of Mbnl-dependent AS events for which Ddx5,17 KD causes
a significant splicing change, including Nfix €7, Exocl el2,
and Add3 el4 (Fig. 5B, C, Suppl. Figure S6B). This suggests
that Ddx5,17 partially regulate shared events independent
of Mbnll1,2. Interestingly, the absence of a change in Ktnl
€38 splicing indicates that Ddx5,17 regulate this exon by the
Mbnl1-isoform switch pathway and potentially by inhibiting
the functional Mbnl-RNA interaction (Fig. 3E, I).
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«Fig.4 DDX5,17 affect MBNL-dependent AS perhaps through inter-
fering in MBNL-RNA complexes. A DDX5 RIP-seq showing a
selected region of SEC3/A and MBNLI. IP track (turquoise) and
INPUT track (black) show reads coverage of DDX5 RIP-seq and
input sequencing, respectively. Significant DDXS5 enriched regions
are marked with green arrows [¢ <0.05 calculated by MACS as false
discovery rate (FDR)]. DDX5 RIP-seq tracks are presented with
fixed vertical viewing range. The coverage by 75 reads is indicated
by the black horizontal line. MBNLI1 binding sites are indicated by
CLIP-seq and RIP-seq peaks and marked with orange tracks. B A
scheme presenting fragments of analyzed transcripts in DDX5mt
RIP, with indicated MBNL-dependent AS events marked with grey
boxes, potential MBNL-binding sites with green boxes and loca-
tion of primers used in qPCR marked with black arrows (left). RT-
qPCR analyses of selected transcripts in DDX5mt RIP (right). Data
represent the mean values+SD (n=3). Statistical significance was
calculated in reference to MCF7 DDX5mt cells without doxycycline
induction used as a control, by applying Student’s ¢ test; ns nonsig-
nificant, s for P<0.01, s for P<0.001. C A scheme of two Atp2al
e22 splicing minigenes, Atp2al-BS and Atp2al-ABS, with or with-
out MBNL-binding sites, respectively (leff). The RNA sequence con-
taining MBNL-binding sites embedded within an unstructured region
composed of 7 uridines (ss; single stranded; ss(UGCU),) and located
within intron 22 within Atp2al-BS minigene [31]; MBNL BS,
MBNL-binding sites; MBNL ABS, deletion of MBNL-binding sites;
alt exon, alternative exon; const. exon, constitutive exon. D Repre-
sentative gels and calculations of RT-PCR analyses show a strength
of €22 inclusion in Afp2al €22 minigenes in DDXS5,17 or MBNL1,2
depleted cells compared to that in control HeLa cells. Data repre-
sent the mean PSI values+SD (n=3). Statistical significance was
calculated in reference to siCtrl;ns nonsignificant, s for P <0.001.
E Representative gels and calculations of RT-PCR analyses of the
Atp2al €22 minigenes’ splicing response to transiently expressed
GFP-MBNLI1 in DDX5,17-depleted cells compared to control HeLa
cells. Data represent the mean PSI values + SD (n=3). Statistical sig-
nificance was calculated in reference to siCtrl using Student’s 7 test; ns
nonsignificant, s*xfor P<0.001. F 5'-biotin labelled and 3'-Cyanine
5 labelled short RNA sequences with either four MBNL-binding
sites, ss(tUGCU),, marked in green boxes or randomly distributed U,
G, C nucleotides, highlighted, which we used in the following EMSA
and RNA pull down assays (G-I). G Results of EMSA showing the
interaction between RNAs and recombinant proteins, rMBNLI or
rDDXS5, at indicated concentrations. Representative native poly-
acrylamide gels showing complex formation between studied RNAs
and proteins (left). Quantification of EMSA results based on the
decline of free RNA signal in favor of forming RNA—protein com-
plexes (right). n=3. For each experiment dissociation constant, K
[nM], was calculated. H A short pipeline of RNA pull down assay
indicating two collected fractions. Fraction #1contained RNA pulled
down proteins whereas fraction #2 contained unbound proteins. I
Western blot analyses and quantification of RNA pull down assay
showing an elevated level of unbound rMBNLI in the presence of
rDDXS5 in the reaction. Other analyzed samples on the gel constitute
INPUT and rMBNLI incubated with beads only (no RNA). Data rep-
resent the mean values+SD (n=3). Statistical significance was cal-
culated in reference to a control reaction with only RNA and rMBNL
using Student’s ¢ test; ns nonsignificant, s for P <0.01

To support these observations, we investigated the
MBNL-independent pathway of AS regulation by DDX5,17
by examining previously described wild-type and mutant
Nfix €7 splicing minigenes (Nfix-BS, Nfix-mtBS) [60]. The
wild-type Nfix-BS minigene contains several widely scat-
tered MBNL1-binding sites in intron 6 and exon 7 (Fig. 5D).

Having analyzed the splicing responses of both minigenes
in HeLa cells with DDX5,17 or MBNL1,2 depletion, we
noticed that €7 in Nfix-BS was sensitive to the KD of both
classes of splicing regulators (Fig. SE). As expected, muta-
tions in MBNL-binding sites abolished the response of Nfix-
mtBS e7 to MBNL1,2 KD but not DDX5,17 KD. Moreo-
ver, we noticed that Nfix-mtBS e7 was excluded to a greater
extent than Nfix-BS e7, suggesting that possible competition
between MBNL1 and other splicing factor(s) contributes to
the DDXS5,17-mediated splicing regulation.

These results support the MBNL-independent function of
DDXS5,17 in AS regulation of a subset of shared events. This
phenomenon is presumably linked to other splicing factors
that regulate shared AS events in MBNLs-independent ways.
These helicases can cooperate with either MBNL antago-
nists or RBPs working alongside MBNLs.

Discussion

In this study, we show a deeper insight into a modulatory
role of DDXS5,17 helicases in regulation of MBNL-depend-
ent AS. Our studies indicate that a high percentage of RT-
PCR-analyzed MBNL-dependent AS events (both e_ON
and e_OFF) are codependent on DDX5 and DDX17 levels.
The splicing of majority of these shared events changes in
an opposite direction upon silencing of these two classes of
RBPs. Even though the strength of splicing changes of indi-
vidual events is small or moderate, it concerns a wide group
of splicing events which cumulatively may have a biologi-
cal effect. To date, a few other networks of interdependen-
cies in coordinate regulation of AS between DDX5,17 and
splicing factors have been described, including hnRNP F/H
[37] and hnRNP A1, which were shown for a large subset
of AS events, as well as RBM4 [36], hnRNP H [54] and
MBNLI1 itself [34], which were described just for individual
events. Some were identified in the context of physiological
or pathological processes [37, 38].

The mechanism underlying modulatory role of the heli-
cases seems to be multilayered. Here, we identified three
pathways (I-II) either dependent or independent of direct
interplay between these two groups of RBPs (Fig. 6B).
First, we showed that DDX5,17 regulate AS of shared
events by affecting the splicing of MBNLI alternative exons
and, consequently, the MBNL1 splicing activity (pathway
I) (Fig. 3). Recent findings of our group and others have
shown that MBNL1 isoforms differ in terms of their splic-
ing properties in an RNA substrate-dependent manner [7-9,
31]. Utilized by us SSO-approach to induce the selective
exclusion of €7 from the MBNLI transcript in human myo-
blast cells showed splicing changes of 1/3 of the analyzed
shared AS events mimicking the direction of splicing found
in DDX5,17-depleted cells. Therefore, certain splicing
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Fig.5 DDXS5,17 modulate AS of certain shared events independently
of MBNL1,2. A Representative western blot analyses show protein
levels in wild-type (WT) and Mbnll,2 DKO MEFs upon Ddx5,17
depletion. Vinculin serves as a loading control. Blot images of all
samples and calculated protein levels are shown in Suppl. Figure
S6A. All samples derive from the same experiment and the blots
were processed in parallel. B Representative gels of RT-PCR analy-
ses of MBNL-regulated events whose splicing direction was either
unchanged in DDX5,17 KD and Mbnl1,2 DKO cells (Ktnl ¢38) or
significantly deviated compared to that in control cells (Nfix e7,
Exocl el2, Add3 e14). The image presents juxtaposed lanes that were
non-adjacent on the gel. The lanes separation is delineated by a black
separation. All samples derive from the same experiment and the
bands were processed in parallel. C Calculation of RT-PCR analy-

alterations observed by us upon depletion of helicases are
perhaps a downstream effect of changes in MBNL1 isoform
distribution.

Pathway II includes potential interference of the heli-
cases in functional interactions between MBNL1,2 and
its RNA targets (Fig. 6B). We showed that DDX5 binds
to MBNL-dependent transcripts (RIP) and favors binding
to RNA containing MBNL-binding sites (EMSA). On the
functional level, the regulation of Atp2al e22 splicing mini-
geneby endogenous or exogenous MBNL1 was enhanced
on the background of DDXS5,17 depletion only when
MBNL-binding sites were present in a construct (Atp2al-
BS) (Fig. 4). It indicates that DDXS5,17 may directly hin-
der MBNL-RNA complex formation or lead to its disso-
ciation through changes in RNA structural arrangement or
by directly interacting with MBNL1 protein [51]. Laurent
and others have previously described that DDX5,17 mediate
functional changes in the structural arrangement of MBNL-
binding sites within TNNT2 e5, resulting in enhancement
of the MBNLI1 splicing effect [34]. Consistent positive
DDXS5,17 activity was described for coordinated AS regula-
tion along with hnRNP A1 [38] hnRNP F/H [37] and RBM4
[36] whereas DDXS5,17-dependent RNA structural changes
prevented hnRNP H from binding its pre-mRNA cis-acting
regulatory elements [54].
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ses presented in B. Data represent the mean PSI values +SD (n=3).
Statistical significance was calculated in reference to siCtrl using Stu-
dent’s ¢ test; ns nonsignificant, x for P <0.05, s for P<0.001. D A
scheme of two Nfix €7 splicing minigenes, Nfix-BS and Nfix-mtBS,
which carry MBNL-binding sites within an exon and upstream intron
or their mutations, respectively [60]. MBNL BS, MBNL-binding site;
MBNL mtBS, MBNL-binding sites carrying mutations; alt exon,
alternative exon; const. exon, constitutive exon. E Representative gels
and calculations of RT-PCR analyses of the Nfix ¢7 minigene splic-
ing response in DDXS5,17-depleted HeLa cells. Data represent the
mean PSI values+SD (n=3). Statistical significance was calculated
in reference to siCtrl using Student’s ¢ test; ns nonsignificant, s for
P<0.001

Pathway III describes the regulatory role of DDX5,17
independent of MBNL activity (Fig. 6B). It most likely
relies on cooperation of the helicases with other RBPs. In
our analyses, we identified several such shared events that
were sensitive to Ddx5 and Ddx17 depletion on the back-
ground of Mbnll,2 DKO (Fig. 5). We subsequently con-
firmed the mode of action using the Nfix 7 minigene with
mutations of MBNL1-binding sites. The fact that DDX5,17
could cooperate with other RBPs that antagonize or function
alongside MBNLs is consistent with previous findings show-
ing an interplay between the helicases and other RBPs, e.g.,
hnRNP F/H, in the regulation of AS events elsewhere listed
as MBNL targets including 7au e10, ARFGAP2 e8, PLOD2
el4, INSR ell, PHKAI €19 or Add3 el4 [9, 36, 37, 74].

The identified sensitivity of analyzed MBNL-dependent
splicing events to DDX5,17 level may rely on one of the
described RNA target-dependent pathways. It is more likely,
however, that for majority of events these pathways occur
concomitantly and together contribute to the overall splic-
ing decision.

Interestingly, Mbnll and DdxS5 are characterized by oppo-
site expression patterns during skeletal muscle development
which is supported by previous studies [21, 37] (Fig. 6A).
Moreover, opposite impact of helicases on MBNL-depend-
ent splicing affects a developmental splicing pattern of tested
AS events at early stages of myogenesis (Fig. 2). It may
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Fig.6 Modulatory role of DDXS5,17 and its underlying pathways
in MBNL-dependent AS regulation. A A model showing the func-
tional modulatory impact of DDXS5,17 on AS regulated by MBNL
during skeletal muscle development. Opposite expression pattern of
MBNLs and DDXS5,17 (left) and an opposite effect on AS of these
two classes of RBPs (right) in regulation of MBNL-dependent e ON
and e_OFF events may be essential determinants of the strength of
splicing changes of MBNL-dependent events during development.;

also lead to enhanced strength of splicing changes depend-
ent on development and affect the production of splicing
isoforms distinct in space, time and biological importance.
For instance, due to functional depletion of MBNLs and
increased expression of helicases in myotonic dystrophy type
1 (DM1) [35, 75], the identified relation between these pro-
teins could, to some extent, contribute to the pathomecha-
nism of DM1. DM1 is a neuromuscular disease caused by
an expanded trinucleotide tract of CTG repeats within the 3’
untranslated region of the DMPK gene [75]. DMPK mRNA
is retained in the nucleus and forms nuclear inclusions along
with other RBPs, mostly MBNLs, which bind an expanded
CUG tract, (CUG)®P [76]. DDX5,17, however, modulate the
amount of these inclusions and form aggregates that colocal-
ize with toxic CUG repeats [34]. Nothing is known whether
the aggregation leads to a decrease in helicases functional
level but we know that DM 1-patient derived myoblasts are
characterized by their elevated production [35]. In DM1-
affected muscle tissues [77], we identified an increase in
DDXS5,17 expression which correlated to some extent with
the severity of the disease (Suppl. Figure S7A). In most

different
MBNL1 isoforms 3 splicing

e

& L,

@ MBNL1 €5, e7

O MBNL1 e5-, e7-aa
OMBNL1 aa
COMBNLBS

activity

(1) MBNLs-independent action

G ot

D

B A model representing three pathways underlying the modulatory
role of DDX5,17 in MBNL-dependent AS regulation. More expla-
nation is provided in the main text. MBNLI e5, 7, MBNLI alterna-
tive exons 5 and 7; MBNLI1 e5-, e7-aa, MBNL1 e5- and e7-encoded
aminoacid sequences; MBNL1 aa, aminoacid sequences encoded by
other exons than e5 and e¢7; MBNL BS, MBNL-binding site within
target RNAs

severely affected samples 8% of misspliced AS events over-
lapped with those changed in HEK293 DDX35,17 KD cells
(Suppl. Figure S7B, Suppl. Table S2). Similar results were
obtained for a DM1-mouse model, HSA'R, Interestingly,
along with decreasing ankle dorsiflexion strength in DM1
patients the expression of the helicases increased (Suppl.
Figure S7C). Nevertheless nothing is known about the actual
protein level of helicases in DM1 adult muscles. The result-
ing sequestration of MBNLs by (CUG)®*? leads to severe
mis-splicing of their targets, which return to fetal-like iso-
forms [75]. In line with our results, imbalance of DDX5,17
in DM 1-derived myoblasts either during muscle formation
or regeneration may further misregulate MBNL-dependent
splicing and disturb proper maturation of transcripts either
through direct or indirect pathways. Further research focus-
ing on this aspect would be of great value.

Since MBNL-dependent splicing sensitive to DDX5,17
level was identified by us in different cellular models, sug-
gesting its ubiquity, we assume that this coregulatory net-
work may be important in shaping physiological processes.
For example, the level of DDXS5,17 strongly differs between
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adult murine skeletal muscles, heart, lung and brain tissues
(Suppl. Figure S3B-E). Moreover the presence of MBNLI
isoforms with or without e7 correlates with the level of
DDXS5 and DDX17 production. The question arises to
what extent the modulatory effect of DDX5,17 may affect
MBNL-dependent transcript maturation through direct or
indirect pathways and shape some processes in those tissues.
Is a high level of the helicases able to attenuate the effect
of MBNLs on their targets in some tissues and contribute
to distinct transcriptome and proteome compared to tissues
with low level of helicases? Moreover, some pathological
states are characterized by altered balance between these
RBPs. For instance, increased production of DDXS5 and
DDX17 has been linked to tumorigenesis in certain types
of cancer [78, 79], while MBNL1 isoforms have been found
to differently affect cancer cell viability and migration [7].
It would be of great value to investigate whether the rela-
tionship between studied RBPs characterizes and shapes
tumorigenesis.
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tary material available at https://doi.org/10.1007/s00018-023-04927-0.

Acknowledgements The authors wish to thank Michat Sekrecki for
providing biological materials.

Author contributions KT, KS contributed to conceptualization; KT,
KS contributed to funding acquisition; KT, AP, AK, £JS, AB, KDR,
MPE, CFB, AJ, MB contributed to investigation; KT, KS, LJS contrib-
uted to methodology; KT wrote the manuscript with editing contribu-
tions from KS and £JS.

Funding This work was supported by the Foundation for Polish Science
TEAM program co-financed by the European Union within the Euro-
pean Regional Development Fund (POIR.04.04.00-00-5C0C/17-00
to KS), Polish National Science Centre (2017/24/C/NZ1/00112 and
2020/39/D/NZ3/01658 to KT and 2020/38/A/NZ3/00498 to KS), Mus-
cular Dystrophy Association (MDA546770 to LJS) and the Ministry
of Science and Higher Education of the Republic of Poland, from the
quality-promoting subsidy, under the Leading National Research Cen-
tre (KNOW) program for the years 2012-2017 (KNOW RNA Research
Centre in Poznan; 01/KNOW?2/2014). Funding for open access charge:
Initiative of Excellence—Research University (05/IDUB/2019/94) at
Adam Mickiewicz University, Poznan, Poland.

Data Availability Data supporting this study are included within the
article and supporting materials.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

@ Springer

the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Paronetto MP, Passacantilli I, Sette C (2016) Alternative splicing
and cell survival: from tissue homeostasis to disease. Cell Death
Differ 23(12):1919-1929. https://doi.org/10.1038/cdd.2016.91

2. Kalsotra A, Cooper TA (2011) Functional consequences of
developmentally regulated alternative splicing. Nat Rev Genet
12(10):715-729. https://doi.org/10.1038/nrg3052

3. GiudiceJ, Xia Z, Wang ET, Scavuzzo MA, Ward AJ, Kalsotra A,
Wang W, Wehrens XHT, Burge CB, Li W et al (2014) Alternative
splicing regulates vesicular trafficking genes in cardiomyocytes
during postnatal heart development. Nat Commun 5:3603. https://
doi.org/10.1038/ncomms4603

4. Fu XD, Ares M (2014) Context-dependent control of alternative
splicing by RNA-binding proteins. Nat Rev Genet 15(10):689—
701. https://doi.org/10.1038/nrg3778

5. Taylor K, Sobczak K (2020) Intrinsic regulatory role of RNA
structural arrangement in alternative splicing control. Int J Mol
Sci 21(14):35. https://doi.org/10.3390/ijms21145161.

6. Wagner SD, Struck AJ, Gupta R, Farnsworth DR, Mahady AE,
Eichinger K, Thornton CA, Wang ET, Berglund JA (2016) Dose-
dependent regulation of alternative splicing by MBNL proteins
reveals biomarkers for myotonic dystrophy. PLoS Genet 12(9):24.
https://doi.org/10.1371/journal.pgen.1006316

7. Tabaglio T, Low DHP, Teo WKL, Goy PA, Cywoniuk P, Wol-
Imann H, Ho J, Tan D, Aw J, Pavesi A et al (2018) MBNLI1 alter-
native splicing isoforms play opposing roles in cancer. Life Sci
Alliance. https://doi.org/10.26508/1sa.201800157

8. Hung CS, Lin JC (2020) Alternatively spliced MBNL1 isoforms
exhibit differential influence on enhancing brown adipogenesis.
Biochim Biophys Acta-Gene Regul Mech 1863(1):12. https://doi.
org/10.1016/j.bbagrm.2019.194437

9. Sznajder LJ, Michalak M, Taylor K, Cywoniuk P, Kabza M,
Wojtkowiak-Szlachcic A, Matloka M, Konieczny P, Sobczak
K (2016) Mechanistic determinants of MBNL activity. Nucleic
Acids Res 44(21):10326-10342. https://doi.org/10.1093/nar/
gkw9Il5

10. Han H, Irimia M, Ross PJ, Sung HK, Alipanahi B, David L,
Golipour A, Gabut M, Michael IP, Nachman EN et al (2013)
MBNL proteins repress ES-cell-specific alternative splicing and
reprogramming. Nature 498(7453):241-248. https://doi.org/10.
1038/nature12270

11. Cywoniuk P, Taylor K, Sznajder LJ, Sobczak K (2017) Hybrid
splicing minigene and antisense oligonucleotides as efficient tools
to determine functional protein/RNA interactions. Sci Rep 7:14.
https://doi.org/10.1038/s41598-017-17816-x

12. Lee KY, Li MY, Manchanda M, Batra R, Charizanis K, Mohan
A, Warren SA, Chamberlain CM, Finn D, Hong H et al (2013)
Compound loss of muscleblind-like function in myotonic dystro-
phy. EMBO Mol Med 5(12):1887-1900. https://doi.org/10.1002/
emmm.201303275

13. Charizanis K, Lee K-Y, Batra R, Goodwin M, Zhang C, Yuan Y,
Shiue L, Cline M, Scotti MM, Xia G et al (2012) Muscleblind-like
2-mediated alternative splicing in the developing brain and dys-
regulation in myotonic dystrophy. Nucleic Acids Res 75(3):437-
450. https://doi.org/10.1016/j.neuron.2012.05.029

14. Lin XY, Miller JW, Mankodi A, Kanadia RN, Yuan Y, Moxley RT,
Swanson MS, Thornton CA (2006) Failure of MBNL1-dependent


https://doi.org/10.1007/s00018-023-04927-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/cdd.2016.91
https://doi.org/10.1038/nrg3052
https://doi.org/10.1038/ncomms4603
https://doi.org/10.1038/ncomms4603
https://doi.org/10.1038/nrg3778
https://doi.org/10.3390/ijms21145161
https://doi.org/10.1371/journal.pgen.1006316
https://doi.org/10.26508/lsa.201800157
https://doi.org/10.1016/j.bbagrm.2019.194437
https://doi.org/10.1016/j.bbagrm.2019.194437
https://doi.org/10.1093/nar/gkw915
https://doi.org/10.1093/nar/gkw915
https://doi.org/10.1038/nature12270
https://doi.org/10.1038/nature12270
https://doi.org/10.1038/s41598-017-17816-x
https://doi.org/10.1002/emmm.201303275
https://doi.org/10.1002/emmm.201303275
https://doi.org/10.1016/j.neuron.2012.05.029

Modulatory role of RNA helicases in MBNL-dependent alternative splicing regulation

Page 17 of 19 335

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

post-natal splicing transitions in myotonic dystrophy. Hum Mol
Genet 15(13):2087-2097. https://doi.org/10.1093/hmg/dd1132

. Kalsotra A, Xiao XS, Ward AJ, Castle JC, Johnson JM, Burge

CB, Cooper TA (2008) A postnatal switch of CELF and MBNL
proteins reprograms alternative splicing in the developing heart.
Proc Natl Acad Sci USA 105(51):20333-20338. https://doi.org/
10.1073/pnas.0809045105

Brinegar AE, Xia Z, Loehr JA, Li W, Rodney GG, Cooper TA
(2017) Extensive alternative splicing transitions during postnatal
skeletal muscle development are required for calcium handling
functions. Elife 6:21. https://doi.org/10.7554/eLife.27192

Lee KY, Chang HC, Seah C, Lee LJ (2019) Deprivation of mus-
cleblind-like proteins causes deficits in cortical neuron distribu-
tion and morphological changes in dendritic spines and postsyn-
aptic densities. Front Neuroanat 13:13. https://doi.org/10.3389/
fnana.2019.00075

Sznajder LJ, Scotti MM, Shin J, Taylor K, Ivankovic F, Nutter CA,
Aslam FN, Subramony SH, Ranum LPW, Swanson MS (2020)
Loss of MBNL1 induces RNA misprocessing in the thymus and
peripheral blood. Nat Commun 11(1):11. https://doi.org/10.1038/
$41467-020-15962-x

Lee KS, Squillace RM, Wang EH (2007) Expression pattern of
muscleblind-like proteins differs in differentiating myoblasts. Bio-
chem Biophys Res Commun 361(1):151-155. https://doi.org/10.
1016/j.bbrc.2007.06.165

Merien A, Tahraoui-Bories J, Cailleret M, Dupont JB, Leteur C,
Polentes J, Carteron A, Polveche H, Concordet JP, Pinset C et al
(2022) CRISPR gene editing in pluripotent stem cells reveals the
function of MBNL proteins during human in vitro myogenesis.
Hum Mol Genet 31(1):41-56. https://doi.org/10.1093/hmg/ddab2
18

Li MY, Zhuang Y, Batra R, Thomas JD, Li M, Nutter CA, Scotti
MM, Carter HA, Wang ZJ, Huang XS et al (2020) HNRNPA1-
induced spliceopathy in a transgenic mouse model of myotonic
dystrophy. Proc Natl Acad Sci USA 117(10):5472-5477. https://
doi.org/10.1073/pnas.1907297117

Charizanis K, Lee KY, Batra R, Goodwin M, Zhang CL, Yuan Y,
Shiue L, Cline M, Scotti MM, Xia GB et al (2012) Muscleblind-
like 2-mediated alternative splicing in the developing brain and
dysregulation in myotonic dystrophy. Neuron 75(3):437-450.
https://doi.org/10.1016/j.neuron.2012.05.029

Pascual M, Vicente M, Monferrer L, Artero R (2006) The mus-
cleblind family of proteins: an emerging class of regulators of
developmentally programmed alternative splicing. Differentia-
tion 74(2-3):65-80. https://doi.org/10.1111/j.1432-0436.2006.
00060.x

Kino Y, Mori D, Oma Y, Takeshita Y, Sasagawa N, Ishiura S
(2004) Muscleblind protein, MBNL1/EXP, binds specifically
to CHHG repeats. Hum Mol Genet 13(5):495-507. https://doi.
org/10.1093/hmg/ddh056

Terenzi F, Ladd AN (2010) Conserved developmental alterna-
tive splicing of muscleblind-like (MBNL) transcripts regulates
MBNL localization and activity. RNA Biol 7(1):43-55. https://
doi.org/10.4161/rna.7.1.10401

Botta A, Malena A, Tibaldi E, Rocchi L, Loro E, Pena E,
Cenci L, Ambrosi E, Bellocchi MC, Pagano MA et al (2013)
MBNL1(42) and MBNL1(43) gene isoforms, overexpressed in
DM -patient muscle, encode for nuclear proteins interacting
with Src family kinases. Cell Death Dis 4:12. https://doi.org/
10.1038/cddis.2013.291

Tran H, Gourrier N, Lemercier-Neuillet C, Dhaenens CM,
Vautrin A, Fernandez-Gomez FJ, Arandel L, Carpentier C,
Obriot H, Eddarkaoui S et al (2011) Analysis of exonic regions
involved in nuclear localization, splicing activity, and dimeriza-
tion of muscleblind-like-1 isoforms. J Biol Chem 286(18):12.
https://doi.org/10.1074/jbc.M110.194928

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sznajder LJ, Swanson MS (2019) Short tandem repeat expan-
sions and RNA-mediated pathogenesis in myotonic dystrophy.
Int J Mol Sci 20(13):20. https://doi.org/10.3390/ijms20133365.
Wang ET, Cody NAL, Jog S, Biancolella M, Wang TT, Treacy
DJ, Luo SJ, Schroth GP, Housman DE, Reddy S et al (2012)
Transcriptome-wide regulation of pre-mRNA splicing and mRNA
localization by muscleblind proteins. Cell 150(4):710-724. https://
doi.org/10.1016/j.cell.2012.06.041

Lambert N, Robertson A, Jangi M, McGeary S, Sharp PA, Burge
CB (2014) RNA bind-n-Seq: quantitative assessment of the
sequence and structural binding specificity of RNA binding pro-
teins. Mol Cell 54(5):887-900. https://doi.org/10.1016/j.molcel.
2014.04.016

Taylor K, Sznajder LJ, Cywoniuk P, Thomas JD, Swanson MS,
Sobczak K (2018) MBNL splicing activity depends on RNA bind-
ing site structural context. Nucleic Acids Res 46(17):9119-9133.
https://doi.org/10.1093/nar/gky565

Warf MB, Diegel JV, von Hippel PH, Berglund JA (2009) The pro-
tein factors MBNL1 and U2AF65 bind alternative RNA structures
to regulate splicing. Proc Natl Acad Sci USA 106(23):9203-9208.
https://doi.org/10.1073/pnas.0900342106

Echeverria GV, Cooper TA (2014) Muscleblind-like 1 acti-
vates insulin receptor exon 11 inclusion by enhancing U2AF65
binding and splicing of the upstream intron. Nucleic Acids Res
42(3):1893-1903. https://doi.org/10.1093/nar/gkt1020

Laurent FX, Sureau A, Klein AF, Trouslard F, Gasnier E, Furling
D, Marie J (2012) New function for the RNA helicase p68/DDX5
as a modifier of MBNLI1 activity on expanded CUG repeats.
Nucleic Acids Res 40(7):3159-3171. https://doi.org/10.1093/nar/
gkr1228

Paul S, Dansithong W, Jog SP, Holt I, Mittal S, Brook JD, Morris
GE, Comai L, Reddy S (2011) Expanded CUG repeats dysregulate
RNA splicing by altering the stoichiometry of the muscleblind 1
complex. J Biol Chem 286(44):38427-38438. https://doi.org/10.
1074/jbc.M111.255224

Kar A, Fushimi K, Zhou XH, Ray P, Shi C, Chen XP, Liu ZR,
Chen S, Wu JY (2011) RNA helicase p68 (DDX5) regulates tau
exon 10 splicing by modulating a stem-loop structure at the 5’
splice site. Mol Cell Biol 31(9):1812-1821. https://doi.org/10.
1128/mcb.01149-10

Dardenne E, Espinoza MP, Fattet L, Germann S, Lambert MP,
Neil H, Zonta E, Mortada H, Gratadou L, Deygas M et al (2014)
RNA helicases DDXS5 and DDX17 dynamically orchestrate tran-
scription, miRNA, and splicing programs in cell differentiation.
Cell Rep 7(6):1900-1913. https://doi.org/10.1016/j.celrep.2014.
05.010

Lee YJ, Wang QQ, Rio DC (2018) Coordinate regulation of alter-
native pre-mRNA splicing events by the human RNA chaperone
proteins hnRNPA1 and DDX5. Genes Dev 32(15-16):1060-1074.
https://doi.org/10.1101/gad.316034.118

Dardenne E, Pierredon S, Driouch K, Gratadou L, Lacroix-Triki
M, Espinoza MP, Zonta E, Germann S, Mortada H, Villemin JP
et al (2012) Splicing switch of an epigenetic regulator by RNA
helicases promotes tumor-cell invasiveness. Nat Struct Mol Biol
19(11):1139. https://doi.org/10.1038/nsmb.2390

Ramanathan N, Lim N, Stewart CL (2015) DDX5/p68 RNA heli-
case expression is essential for initiating adipogenesis. Lipids
Health Dis 14:7. https://doi.org/10.1186/s12944-015-0163-6
Caretti G, Schiltz RL, Dilworth FJ, Di Padova M, Zhao P, Ogry-
zko V, Fuller-Pace FV, Hoffman EP, Tapscott SJ, Sartorelli V
(2006) The RNA helicases p68/p72 and the noncoding RNA SRA
are coregulators of MyoD and skeletal muscle differentiation. Dev
Cell 11(4):547-560. https://doi.org/10.1016/j.devcel.2006.08.003
Lambert MP, Terrone S, Giraud G, Benoit-Pilven C, Cluet D,
Combaret V, Mortreux F, Auboeuf D, Bourgeois CF (2018) The
RNA helicase DDX17 controls the transcriptional activity of

@ Springer


https://doi.org/10.1093/hmg/ddl132
https://doi.org/10.1073/pnas.0809045105
https://doi.org/10.1073/pnas.0809045105
https://doi.org/10.7554/eLife.27192
https://doi.org/10.3389/fnana.2019.00075
https://doi.org/10.3389/fnana.2019.00075
https://doi.org/10.1038/s41467-020-15962-x
https://doi.org/10.1038/s41467-020-15962-x
https://doi.org/10.1016/j.bbrc.2007.06.165
https://doi.org/10.1016/j.bbrc.2007.06.165
https://doi.org/10.1093/hmg/ddab218
https://doi.org/10.1093/hmg/ddab218
https://doi.org/10.1073/pnas.1907297117
https://doi.org/10.1073/pnas.1907297117
https://doi.org/10.1016/j.neuron.2012.05.029
https://doi.org/10.1111/j.1432-0436.2006.00060.x
https://doi.org/10.1111/j.1432-0436.2006.00060.x
https://doi.org/10.1093/hmg/ddh056
https://doi.org/10.1093/hmg/ddh056
https://doi.org/10.4161/rna.7.1.10401
https://doi.org/10.4161/rna.7.1.10401
https://doi.org/10.1038/cddis.2013.291
https://doi.org/10.1038/cddis.2013.291
https://doi.org/10.1074/jbc.M110.194928
https://doi.org/10.3390/ijms20133365
https://doi.org/10.1016/j.cell.2012.06.041
https://doi.org/10.1016/j.cell.2012.06.041
https://doi.org/10.1016/j.molcel.2014.04.016
https://doi.org/10.1016/j.molcel.2014.04.016
https://doi.org/10.1093/nar/gky565
https://doi.org/10.1073/pnas.0900342106
https://doi.org/10.1093/nar/gkt1020
https://doi.org/10.1093/nar/gkr1228
https://doi.org/10.1093/nar/gkr1228
https://doi.org/10.1074/jbc.M111.255224
https://doi.org/10.1074/jbc.M111.255224
https://doi.org/10.1128/mcb.01149-10
https://doi.org/10.1128/mcb.01149-10
https://doi.org/10.1016/j.celrep.2014.05.010
https://doi.org/10.1016/j.celrep.2014.05.010
https://doi.org/10.1101/gad.316034.118
https://doi.org/10.1038/nsmb.2390
https://doi.org/10.1186/s12944-015-0163-6
https://doi.org/10.1016/j.devcel.2006.08.003

335 Page180f 19

K.Taylor et al.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

REST and the expression of proneural microRNAs in neuronal
differentiation. Nucleic Acids Res 46(15):7686—7700. https://doi.
org/10.1093/nar/gky545

Li HH, Lai P, Jia JP, Song YW, Xia Q, Huang KM, He N, Ping
WEF, ChenJY, Yang ZZ et al (2017) RNA helicase DDXS5 inhibits
reprogramming to pluripotency by miRNA-based repression of
RYBP and its PRC1-dependent and -independent functions. Cell
Stem Cell 20(4):462. https://doi.org/10.1016/j.stem.2016.12.002
Xing Z, Ma WK, Tran EJ (2019) The DDX5/Dbp2 subfamily
of DEAD-box RNA helicases. Wiley Interdiscipl Rev-RNA
10(2):17. https://doi.org/10.1002/wrna.1519

Geissler V, Altmeyer S, Stein B, Uhlmann-Schiffler H, Stahl H
(2013) The RNA helicase Ddx5/p68 binds to hUpf3 and enhances
NMD of Ddx17/p72 and Smg5 mRNA. Nucleic Acids Res
41(16):7875-7888. https://doi.org/10.1093/nar/gkt538

Ben Ameur L, Marie P, Thenoz M, Giraud G, Combe E, Claude
JB, Lemaire S, Fontrodona N, Polveche H, Bastien M et al (2020)
Intragenic recruitment of NF-kappa B drives splicing modifica-
tions upon activation by the oncogene Tax of HTLV-1. Nat Com-
mun 11(1):12. https://doi.org/10.1038/s41467-020-16853-x
Ngo TD, Partin AC, Nam Y (2019) RNA specificity and autoregu-
lation of DDX17, a modulator of microRNA biogenesis. Cell Rep
29(12):4024. https://doi.org/10.1016/j.celrep.2019.11.059
Samaan S, Tranchevent LC, Dardenne E, Espinoza MP, Zonta
E, Germann S, Gratadou L, Dutertre M, Auboeuf D (2014) The
Ddx5 and Ddx17 RNA helicases are cornerstones in the complex
regulatory array of steroid hormone-signaling pathways. Nucleic
Acids Res 42(4):2197-2207. https://doi.org/10.1093/nar/gkt1216
Lin CR, Yang LQ, Yang JJ, Huang YL, Liu ZR (2005) ATPase/
helicase activities of p68 RNA helicase are required for pre-
mRNA splicing but not for assembly of the spliceosome. Mol
Cell Biol 25(17):7484-7493. https://doi.org/10.1128/mcb.25.17.
7484-7493.2005

Honig A, Auboeuf D, Parker MM, O’Malley BW, Berget SM
(2002) Regulation of alternative splicing by the ATP-dependent
DEAD-box RNA helicase p72. Mol Cell Biol 22(16):5698-5707.
https://doi.org/10.1128/mcb.22.16.5698-5707.2002

Rocak S, Linder P (2004) Dead-box proteins: the driving forces
behind RNA metabolism. Nat Rev Mol Cell Biol 5(3):232-241.
https://doi.org/10.1038/nrm1335

Rossler OG, Straka A, Stahl H (2001) Rearrangement of struc-
tured RNA via branch migration structures catalysed by the highly
related DEAD-box proteins p68 and p72. Nucleic Acids Res
29(10):2088-2096. https://doi.org/10.1093/nar/29.10.2088

Liu ZR (2002) p68 RNA helicase is an essential human splicing
factor that acts at the Ul snRNA-5' splice site duplex. Mol Cell
Biol 22(15):5443-5450. https://doi.org/10.1128/mcb.22.15.5443-
5450.2002

Camats M, Guil S, Kokolo M, Bach-Elias M (2008) P68 RNA
helicase (DDX35) alters activity of cis- and trans-acting factors of
the alternative splicing of H-Ras. PLoS ONE 3(8):9. https://doi.
org/10.1371/journal.pone.0002926

Jankowsky E, Gross CH, Shuman S, Pyle AM (2001) Active dis-
ruption of an RNA—protein interaction by a DExH/D RNA heli-
case. Science 291(5501):121-125. https://doi.org/10.1126/scien
ce.291.5501.121

Yeh FL, Chang SL, Ahmed GR, Liu HI, Tung L, Yeh CS, Lanier
LS, Maeder C, Lin CM, Tsai SC et al (2021) Activation of Prp28
ATPase by phosphorylated Npl3 at a critical step of spliceo-
some remodeling. Nat Commun 12(1):9. https://doi.org/10.1038/
$41467-021-23459-4

Warner DR, Bhattacherjee V, Yin XL, Singh S, Mukhopadhyay P,
Pisano MM, Greene RM (2004) Functional interaction between
Smad, CREB binding protein, and p68 RNA helicase. Biochem
Biophys Res Commun 324(1):70-76. https://doi.org/10.1016/j.
bbrc.2004.09.017

@ Springer

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Gates DP, Coonrod LA, Berglund JA (2011) Autoregulated splic-
ing of muscleblind-like 1 (MBNL1) pre-mRNA. J Biol Chem
286(39):34224-34233. https://doi.org/10.1074/jbc.M111.236547
Konieczny P, Stepniak-Konieczna E, Taylor K, Sznajder LJ, Sobc-
zak K (2017) Autoregulation of MBNLI1 function by exon 1 exclu-
sion from MBNLI transcript. Nucleic Acids Res 45(4):1760—
1775. https://doi.org/10.1093/nar/gkw1158

Du HQ, Cline MS, Osborne RJ, Tuttle DL, Clark TA, Donohue
JP, Hall MP, Shiue L, Swanson MS, Thornton CA et al (2010)
Aberrant alternative splicing and extracellular matrix gene expres-
sion in mouse models of myotonic dystrophy. Nat Struct Mol Biol
17(2):187-193. https://doi.org/10.1038/nsmb.1720

Brzek A, Cichocka M, Dolata J, Juzwa W, Schumperli D, Raczyn-
ska KD (2018) Positive cofactor 4(PC4) contributes to the regula-
tion of replication-dependent canonical histone gene expression.
BMC Mol Biol 19:13. https://doi.org/10.1186/s12867-018-0110-y
Kajdasz A, Niewiadomska D, Sekrecki M, Sobczak K (2022) Dis-
tribution of alternative untranslated regions within the mRNA of
the CELF splicing factor affects its expression. Sci Rep 12(1):190.
https://doi.org/10.1038/541598-021-03901-9
Wojtkowiak-Szlachcic A, Taylor K, Stepniak-Konieczna E, Szna-
jder LJ, Mykowska A, Sroka J, Thornton CA, Sobczak K (2015)
Short antisense-locked nucleic acids (all-LNAs) correct alterna-
tive splicing abnormalities in myotonic dystrophy. Nucleic Acids
Res 43(6):3318-3331. https://doi.org/10.1093/nar/gkv163.

Ray D (2020) MBNL1 regulated alternative splicing of MAP2K7
promotes de-differentiation of cancer cells by activating JNK.
Cancer Res 80(16):1. https://doi.org/10.1158/1538-7445.
am2020-3778

Weyn-Vanhentenryck SM, Feng HJ, Ustianenko D, Duffie R, Yan
QH, Jacko M, Martinez JC, Goodwin M, Zhang XG, Hengst U
et al (2018) Precise temporal regulation of alternative splicing
during neural development. Nat Commun 9:17. https://doi.org/
10.1038/541467-018-04559-0

Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C (2017)
Salmon provides fast and bias-aware quantification of transcript
expression. Nat Methods 14(4):417. https://doi.org/10.1038/
nmeth.4197

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15(12):38. https://doi.org/10.1186/s13059-014-0550-8
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S,
Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast uni-
versal RNA-seq aligner. Bioinformatics 29(1):15-21. https://doi.
org/10.1093/bioinformatics/bts635

Shen SH, Park JW, Lu ZX, Lin L, Henry MD, Wu YN, Zhou Q,
Xing Y (2014) rMATS: robust and flexible detection of differen-
tial alternative splicing from replicate RNA-Seq data. Proc Natl
Acad Sci USA 111(51):E5593-E5601. https://doi.org/10.1073/
pnas.1419161111

Liu T (2014) Use model-based analysis of ChIP-Seq (MACS) to
analyze short reads generated by sequencing protein—DNA inter-
actions in embryonic stem cells. Methods Mol Biol 1150:1-95.
https://doi.org/10.1007/978-1-4939-0512-6_4

Lawrence M, Huber W, Pages H, Aboyoun P, Carlson M, Gentle-
man R, Morgan MT, Carey VJ (2013) Software for computing and
annotating genomic ranges. PLoS Comput Biol 9(8):10. https://
doi.org/10.1371/journal.pcbi. 1003118

Voss D, Sloan A, Spina R, Ames H, Bar E (2020) The alternative
splicing factor, MBNL1, inhibits glioblastoma tumor initiation
and progression by reducing hypoxia-nduced stemness. Can Res
80(21):4681-4692. https://doi.org/10.1158/0008-5472

Gualtieri A, Bianconi V, Renzini A, Pieroni L, Licursi V, Mozzetta
C (2022) The RNA helicase DDX5 cooperates with EHMT?2 to


https://doi.org/10.1093/nar/gky545
https://doi.org/10.1093/nar/gky545
https://doi.org/10.1016/j.stem.2016.12.002
https://doi.org/10.1002/wrna.1519
https://doi.org/10.1093/nar/gkt538
https://doi.org/10.1038/s41467-020-16853-x
https://doi.org/10.1016/j.celrep.2019.11.059
https://doi.org/10.1093/nar/gkt1216
https://doi.org/10.1128/mcb.25.17.7484-7493.2005
https://doi.org/10.1128/mcb.25.17.7484-7493.2005
https://doi.org/10.1128/mcb.22.16.5698-5707.2002
https://doi.org/10.1038/nrm1335
https://doi.org/10.1093/nar/29.10.2088
https://doi.org/10.1128/mcb.22.15.5443-5450.2002
https://doi.org/10.1128/mcb.22.15.5443-5450.2002
https://doi.org/10.1371/journal.pone.0002926
https://doi.org/10.1371/journal.pone.0002926
https://doi.org/10.1126/science.291.5501.121
https://doi.org/10.1126/science.291.5501.121
https://doi.org/10.1038/s41467-021-23459-4
https://doi.org/10.1038/s41467-021-23459-4
https://doi.org/10.1016/j.bbrc.2004.09.017
https://doi.org/10.1016/j.bbrc.2004.09.017
https://doi.org/10.1074/jbc.M111.236547
https://doi.org/10.1093/nar/gkw1158
https://doi.org/10.1038/nsmb.1720
https://doi.org/10.1186/s12867-018-0110-y
https://doi.org/10.1038/s41598-021-03901-9
https://doi.org/10.1093/nar/gkv163
https://doi.org/10.1158/1538-7445.am2020-3778
https://doi.org/10.1158/1538-7445.am2020-3778
https://doi.org/10.1038/s41467-018-04559-0
https://doi.org/10.1038/s41467-018-04559-0
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1007/978-1-4939-0512-6_4
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1158/0008-5472

Modulatory role of RNA helicases in MBNL-dependent alternative splicing regulation

Page 190f 19 335

74.

75.

76.

71.

sustain alveolar rhabdomyosarcoma growth. Cell Rep 40(9):21.
https://doi.org/10.1016/j.celrep.2022.111267

Goodwin M, Mohan A, Batra R, Lee KY, Charizanis K, Gomez
FJF, Eddarkaoui S, Sergeant N, Buee L, Kimura T et al (2015)
MBNL sequestration by toxic RNAs and RNA misprocessing in
the myotonic dystrophy brain. Cell Rep 12(7):1159-1168. https://
doi.org/10.1016/j.celrep.2015.07.029

Lopez-Martinez A, Soblechero-Martin P, de-la-Puente-Ovejero L,
Nogales-Gadea G, Arechavala-Gomeza V (2020) An overview of
alternative splicing defects implicated in myotonic dystrophy type
1. Genes 11(9):27. https://doi.org/10.3390/genes11091109
Miller JW, Urbinati CR, Teng-umnuay P, Stenberg MG, Byrne
BJ, Thornton CA, Swanson MS (2000) Recruitment of human
muscleblind proteins to (CUG)(n) expansions associated with
myotonic dystrophy. Embo J 19(17):4439-4448. https://doi.org/
10.1093/emboj/19.17.4439

Wang ET, Treacy D, Eichinger K, Struck A, Estabrook J, Olafson
H, Wang TT, Bhatt K, Westbrook T, Sedehizadeh S et al (2019)
Transcriptome alterations in myotonic dystrophy skeletal muscle

78.

79.

and heart. Hum Mol Genet 28(8):1312-1321. https://doi.org/10.
1093/hmg/ddy432

Hashemi V, Masjedi A, Hazhir-karzar B, Tanomand A, Shotor-
bani SS, Hojjat-Farsangi M, Ghalamfarsa G, Azizi G, Anvari E,
Baradaran B et al (2019) The role of DEAD-box RNA helicase
p68 (DDX5) in the development and treatment of breast cancer. J
Cell Physiol 234(5):5478-5487. https://doi.org/10.1002/jcp.26912
Shin S, Rossow KL, Grande JP, Janknecht R (2007) Involve-
ment of RNA helicases p68 and p72 in colon cancer. Can
Res 67(16):7572-7578. https://doi.org/10.1158/0008-5472.
can-06-4652

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.celrep.2022.111267
https://doi.org/10.1016/j.celrep.2015.07.029
https://doi.org/10.1016/j.celrep.2015.07.029
https://doi.org/10.3390/genes11091109
https://doi.org/10.1093/emboj/19.17.4439
https://doi.org/10.1093/emboj/19.17.4439
https://doi.org/10.1093/hmg/ddy432
https://doi.org/10.1093/hmg/ddy432
https://doi.org/10.1002/jcp.26912
https://doi.org/10.1158/0008-5472.can-06-4652
https://doi.org/10.1158/0008-5472.can-06-4652

	Modulatory role of RNA helicases in MBNL-dependent alternative splicing regulation
	Abstract
	Introduction
	Materials and methods
	Genetic construct preparation
	Cell culture and transfection
	Preparation of stable shDDX5, shDDX17 and shCtrl HeLa cell lines
	Mouse tissue collection and RNAprotein extraction
	Splicing and expression analyses of precursor and mature mRNA
	Immunoblotting
	RNA immunoprecipitation
	Quantification of the protein-RNA interaction in vitro
	RNA pull down assay
	RNA-seq data analyses
	DDX5 RIPseq data analyses
	Statistical analyses

	Results
	DDX5,17 and MBNL1,2 promote opposite splicing patterns of MBNL-dependent exons
	DDX5,17 regulate MBNL-dependent developmental splicing pattern of studied events
	DDX5 and DDX17 affect MBNL1 activity by changing MBNL1 splicing isoforms
	DDX5,17 may affect MBNL-dependent AS through interfering in MBNL-RNA complexes
	RNA helicases modulate the AS of certain shared events independent of MBNL1,2 activity

	Discussion
	Anchor 24
	Acknowledgements 
	References




