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ABSTRACT

mRNA stability is the mechanism by which cells
protect transcripts allowing their expression to ex-
ecute various functions that affect cell metabolism
and fate. It is well-established that RNA binding pro-
teins (RBPs) such as HuR use their ability to sta-
bilize mRNA targets to modulate vital processes
such as muscle fiber formation (myogenesis). How-
ever, the machinery and the mechanisms regulat-
ing mRNA stabilization are still elusive. Here, we
identified Y-Box binding protein 1 (YB1) as an in-
dispensable HuR binding partner for mRNA stabi-
lization and promotion of myogenesis. Both HuR
and YB1 bind to 409 common mRNA targets, 147 of
which contain a U-rich consensus motif in their 3′
untranslated region (3′UTR) that can also be found
in mRNA targets in other cell systems. YB1 and
HuR form a heterodimer that associates with the U-
rich consensus motif to stabilize key promyogenic
mRNAs. The formation of this complex involves a
small domain in HuR (227–234) that if mutated pre-
vents HuR from reestablishing myogenesis in siHuR-
treated muscle cells. Together our data uncover that
YB1 is a key player in HuR-mediated stabilization of
pro-myogenic mRNAs and provide the first indication
that the mRNA stability mechanism is as complex as
other key cellular processes such as mRNA decay
and translation.

INTRODUCTION

Mammalian adult skeletal muscle tissue is composed of
bundles of fibers derived from the fusion of several mononu-

cleated muscle pre-cursor cells (myoblasts) (1–3). The in-
tegrity of muscle tissue is vital for an organism to ensure
its basic functions, such as locomotor activity, postural be-
havior, and breathing. Therefore, it is not surprising that
myogenesis (the process of muscle formation and regener-
ation) is tightly regulated and highly conserved in all mam-
mals (4–9). Myogenesis is activated during embryogene-
sis, leading to the formation of skeletal muscle tissue, as
well as in response to injury, to allow the regeneration of
damaged muscle fibers (1,2,4,7). The myogenic process in-
volves the sequential activation of a specific set of transcrip-
tion factors known as myogenic regulatory factors (MRFs),
which promote muscle cell differentiation through the in-
duction of a muscle-specific transcriptional program during
the various stages of this process (2,5,6,8,9). These MRFs
consist of myogenic differentiation antigen (MyoD), myo-
genin (Myog), myogenic factor 5 (Myf5) and myogenic fac-
tor 6 (MRF4). It is well established that high levels of these
MRFs must be maintained throughout the differentiation
process in order to ensure the proper development and in-
tegrity of muscle (2–10). While it is well-accepted that tran-
scriptional induction of genes encoding these MRF rep-
resents a critical regulatory step during myogenesis, work
from several groups has established that transcription alone
is not sufficient to maintain the high expression levels of
MRFs needed during this process (11–14).

The regulation of gene expression at the posttranscrip-
tional level has been previously shown to play a critical
role in modulating muscle fiber formation (12–15). This
dynamic level of regulation involves many steps in the
maturation of mRNA including splicing, stability of the
mRNA transcript, cellular movement, and translation of
the mRNA into protein (16–18). RNA-binding proteins
(RBPs) are one of the key posttranscriptional regulatory
trans-acting factors that help mRNAs undergo these reg-
ulatory events in various cells including muscle (16–18). We
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and others have shown that the RBP HuR, a well char-
acterized posttranscriptional regulator, plays a key role in
promoting myogenesis (12–14,19–27)The mechanisms by
which HuR performs its pro-myogenic function during the
various stages of myogenesis are unique and sometimes
opposing. Indeed, during the early stages of this process,
HuR promotes the expression of the alarmin HMGB1 by
preventing miR-1192-mediated translation inhibition of its
mRNA (26). Simultaneously, HuR collaborates with the
RBP KSRP to reduce the expression of the nucleophosmin
(NPM) protein by destabilizing its mRNA (27). We, addi-
tionally, have shown that, during the pre-terminal stage of
the differentiation process, HuR executes yet another im-
portant function by stabilizing the MyoD and Myog mR-
NAs (20,22), the mechanism of which is still unknown.

Over the last three decades major efforts have been
made to identify the machineries (trans-acting factors, cis-
elements, etc.) and delineate the mechanisms modulating
mRNA splicing, transport, decay and translation (28–32)
However, our current understanding of mRNA stabiliza-
tion mechanisms is limited. Indeed, the majority of the stud-
ies have associated the binding of a single RBP, such as
HuR, to a specific cis-element as being sufficient to stabi-
lize a given mRNA protecting it from decay (20,21,33–35).
Therefore, in order to address this gap of knowledge, the ob-
jective of this study is to identify and characterize the pro-
tein network and cis-element (s) required for HuR-mediated
stabilization of target mRNAs during myogenesis.

Here, we identified the multifunctional DNA/RNA-
binding protein YB1 (36–38) as a novel HuR binding part-
ner during the myogenic process. We established that YB1,
similarly to HuR, is essential for the formation of mus-
cle fibers due, in part, to the stabilization of common pro-
myogenic mRNA targets. Bioinformatic analyses uncov-
ered a consensus HuR/YB1 stabilizing U-rich motif in the
3′UTR of common mRNAs. Additionally, our data show
that the prevalence of this HuR/YB1 binding motif extends
beyond muscle cells. We also show that the HuR/YB1 com-
plex is required for the stabilization of mRNA targets dur-
ing muscle fiber formation. Taken together our results pro-
vide evidence that HuR and YB1 may constitute a stabi-
lizing complex that mediates the fine tuning of mRNA sta-
bilizing mechanisms that regulate the outcome of cellular
programs such as myogenesis.

MATERIALS AND METHODS

Plasmid construction

To generate the GST-YB1 plasmid, the mouse YB1 coding
sequence was amplified by PCR and cloned into the pGEX-
6P-1 plasmid (GE Healthcare). GFP-HuR was prepared
by PCR using the GST-HuR (39) plasmid as a template.
The PCR fragments were then cloned into the pAcGFP1-
C1 vector (BD Biosciences). GFP-Myog was prepared by
PCR amplification of the mouse Myog coding sequence
and 3′UTR which was the cloned into the pAcGFP1-C1
vector (BD Biosciences) (20). To generate the pRL-Myog-
3′UTR plasmid, the full-length 3′-UTR of mouse Myog
was amplified by PCR and cloned into the pRL-SV40 plas-
mid (Promega). pRL-Myog-3′UTR or GFP-Myog mutants
were generated by Norclone Biotech Laboratories, London,

ON, Canada. Full sequence is detailed in Supplementary
Table S10.

Cell culture

C2C12 cells (ATCC, Manassas, VA, USA) were grown and
maintained in Dulbecco’s modified eagle medium (DMEM,
Invitrogen) containing 20% fetal bovine serum (Invitro-
gen), and 1% penicillin/streptomycin antibiotics, follow-
ing the manufacturer’s instructions (Invitrogen). Differenti-
ation was induced when the cells reached 100% confluency
on plates previously coated with 0.1% gelatin (Day 0). To in-
duce differentiation, growth media was replaced with differ-
entiation media containing DMEM, 2% horse serum, and
1% penicillin/streptomycin antibiotics.

Transfection

The transfection of siRNA into C2C12 cells was performed
as previously described (20). Briefly, the transfection with
siYB1, siHuR, siCtl or mock (transfection buffer only) was
performed when cells were 20–30% confluent. The trans-
fection treatment was repeated 24 h later when cells were
50–60% confluent. 6–8 h after the second transfection, two
wells (with the same siRNA treatment) were combined into
one by trypsinizing the cells from one well and transfer-
ring them to the corresponding well on the second plate.
All siRNA duplexes were used at a final concentration of
60nM. For DNA plasmid transfections C2C12 cells, at 60–
70% confluency, were transfected in six-well plates with 1.5
�g of plasmid DNA. jetPRIME® (Polyplus) transfection
reagent was used for all transfections following the man-
ufacturer’s instructions. siRNA sequences are provided in
Supplementary Table S10.

Preparation of cell extracts and immunoblotting

Cell extracts were prepared by incubating undifferentiated
or differentiated C2C12 cells on ice for 15 min with lysis
buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 10% glyc-
erol, 1% Triton, 10 mM pyrophosphate sodium, 100 mM
NaF, 1 mM EGTA, 1.5 mM MgCl2, 1× protease inhibitor
(Roche)). The lysed cells were then centrifuged at 12 000
rpm for 15 min at 4◦C in order to remove cell debris. The
extracts were then run on an SDS-PAGE gel and trans-
ferred to nitrocellulose membranes (BioRad). Finally, the
samples were analyzed by western blotting with antibodies
against HuR (3A2) (39), 1:10 000), YB1 (ab12148 Abcam,
1:1000), Myog (F5D, Developmental studies Hybridoma
Bank, 1:250), GFP (Takara, 1:1000), or �-tubulin (De-
velopmental studies Hybridoma Bank, 1:1000) as loading
control.

Immunofluorescence

Immunofluorescence was performed as previously describe
(20). Briefly, cells were rinsed twice in PBS, fixed in 3%
phosphate-buffered paraformaldehyde (Sigma), and per-
meabilized in PBS-goat serum with 0.5% Triton. After per-
meabilization, cells were incubated with primary antibodies
against the RBPs HuR (1:1000) and YB1 (1:500) or against
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markers of muscle cell differentiation, Myosin Heavy Chain
(MyHC) (1:1000) and Myoglobin (1:250), in 1% normal
goat serum/PBS at room temperature for 1 hr. The cells
were then incubated with goat anti-mouse or goat anti-
rabbit secondary antibodies (Alexa Fluor® 488, 594) and
stained with DAPI (4′, 6-diamidino-2-phenylindole) to vi-
sualize the nucleus. A Zeiss Axiovision 3.1 microscope was
used to observe the cells using a 40× oil objective, and
an Axiocam HR (Zeiss) digital camera was used for im-
munofluorescence photography.

Fusion index

The fusion index indicating the efficiency of C2C12 differ-
entiation was determined by calculating the number of nu-
clei in each microscopic field in relation to the number of
nuclei in myotubes in the same field as previously described
(20). Fusion index on GFP transfected cells was determined
by calculating the number of GFP-tagged nuclei in each mi-
croscopic field in relation to the number of GFP-tagged nu-
clei in myotubes in the same field as previously described.

RNA extraction and actinomycin D pulse-chase experiments

mRNA stability was assessed by treating the cells with the
RNA polymerase II inhibitor, actinomycin D (ActD) (5
�g/ml), for 0, 2, 4 and 6 hours. Total RNA was isolated
at the indicated periods of time using Trizol reagent (Invit-
rogen) according to the manufacturer’s instructions.

RT-qPCR

1�g of total RNA was reverse transcribed using the M-
MuLV RT system (New England BioLab). A 1:80 dilution
of cDNA was then used to detect mRNA levels using Sso-
Fast™ EvaGreen® Supermix (Bio-Rad). Expression was
standardized using GAPDH or RPL32 as a reference, and
relative levels of expression were quantified by calculating
2−��C

T, where ��CT is the difference in CT (cycle num-
ber) at which the amount of amplified target reaches a fixed
threshold between target and reference. In the case of im-
munoprecipitated samples a 1:20 dilution was used. Primer
sequences can be found in Supplementary Table S10.

Immunoprecipitation (co-IP & RIP)

15 �l of anti-YB1, anti-HuR or IgG antibodies were in-
cubated with 60�l of protein A-Sepharose slurry beads
(washed and equilibrated in cell lysis buffer) for 4 h at 4◦C.
Beads were washed three times with cell lysis buffer and
incubated with 500 �g of cell extracts overnight at 4◦C.
Beads were then washed again three times with cell lysis
buffer and co-immunoprecipitated proteins and/or RNA
was then eluted and processed for analysis. When indicated,
cell extracts were digested for 30 min at 37◦C with RNase
A (100 �g/ml) prior to the immunoprecipitation.

RNA electrophoretic mobility shift assays (REMSA)

Myog cRNA probes G/URE1 and G/URE2 were gen-
erated using sense and antisense oligonucleotides comple-
mentary to these regions which were directly annealed.

probe G/URE-3 was generated by PCR amplification us-
ing a forward primer fused to the T7 promoter as well
as the pEMSV-Myog plasmid (kindly Supplied by Dr A.
Lassar, at Harvard Medical School) as template. Probes
were then used for in vitro transcription reactions using a
T7 RNA polymerase (Promega). 500 ng of purified pro-
tein (glutathione S-transferase (GST), GST-YB1 or GST-
HuR was incubated with 100,000 cpm of [�-32P] -UTP-
labeled cRNAs in a total volume of 20 �l EBMK buffer (25
mM HEPES, pH 7.6, 1.5 mM KCl, 5 mM MgCl2, 75 mM
NaCl, 6% sucrose and protease inhibitors) at room tem-
perature for 15 min. Two microliters of a 50 mg/ml hep-
arin sulfate stock solution were then added to the reaction
mixture for an additional 15 min at room temperature to
prevent nonspecific protein-RNA binding. Finally, samples
were loaded on a non-denaturing 4% polyacrylamide gel
containing 0.05% NP-40 and run for 2 h at 180 V. Gels were
then fix in 7% acetic acid/10% ethanol, dried and exposed
overnight at −80◦C. Primer sequences can be found in Sup-
plementary Table S10.

Luciferase expression/activity

Renilla luciferase mRNA steady state levels were deter-
mined by RT-qPCR using primers specific for Rluc. Primer
sequences can be found in Supplementary Table S10. Lu-
ciferase activity was furthermore measured using a Renilla
luciferase assay system (Promega) following the manufac-
turer’s instructions.

mRNA sequencing (RNA-seq)

RNA was isolated from IP experiments (using anti-YB1,
anti-HuR or IgG antibodies) performed on C2C12 to-
tal cell extract collected at day 2 of differentiation, us-
ing TRIzol reagent (Invitrogen). RNA samples were as-
sessed for quantity and quality using a NanoDrop UV
spectrophotometer (Thermo Fisher Scientific Inc), and a
Bioanalyser (Agilent Technology Inc). The three RNA-
seq libraries (anti-IgG, anti-YB1 and anti-HuR) were se-
quenced on the Illumina NextSeq 500 platform at the Insti-
tute for Research in Immunology and Cancer (IRIC) Ge-
nomics Core Facility, University of Montreal, to produce
over 37 million, 100 nucleotide paired-end reads per sam-
ple. The reads were then trimmed for sequencing adapters
and aligned to the reference mouse genome version mm10
(GRCm38) using Tophat version 2.0.10. (40) Gene quan-
tification was performed on the mapped sequences using
the htseq-count software version 0.6.1. (41) All the raw se-
quences are deposited on the Gene Expression Omnibus
(GEO) database repository from The National Center for
Biotechnology Information (NCBI) under the accession
number GSE178419.

Mass spectrometry

Proteins immunoprecipitated with IgG (negative control) or
HuR (using antibodies against HuR or IgG) from extracts
obtained on 2-day post-induction of muscle cell differenti-
ation were analyzed by mass spectrometry at the Centre de
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recherche du CHU de Québec. Proteins that showed enrich-
ment in the anti-HuR samples but not the anti-IgG controls
were considered for analysis.

Gene ontology analysis

GO analysis using DAVID 6.8 (42,43)was performed on
gene targets identified by mass spectrometry and RIP-
seq. Gene targets were evaluated for their Biological Pro-
cesses (BP) and/or Cellular Compartment (CC). The EASE
Score, a modified Fisher exact P-value, was used for gene-
enrichment analysis.

GeneMANIA

GeneMANIA web interface is available at http://www.
genemania.org (44). The input to GeneMANIA consisted
of the RBPs found to be associated to HuR in our IP exper-
iments (Figure 1C, Supplementary Tables S1 and S2). The
GeneMANIA algorithm then extended the initial query
protein list to 36 by predicting the involvement of 20 ad-
ditional related proteins (Supplementary Table S2). Stripe
nodes represent the queried genes and non-stripe nodes
represent mediated protein for interactions (predicted by
GeneMANIA). Physical interaction analysis is displayed as
pink lines, co-localization analysis as violet lines. Line thick-
ness represents interaction strength. Molecular functions
are shown by color triangles inside each node. Proteins are
identified by their gene name.

Identification of consensus motif

The MEME software was used to discover ungapped se-
quence motifs representing protein binding sites in the
3′UTR of HuR and YB1 common mRNA targets. The
3′UTRs sequences were obtained from the NCBI nucleotide
database by selecting the sequence between the end of the
coding region and the end of the mRNA in a FASTA for-
mat. MEME suite identified sequence patterns in the list of
sequences as previously describe (45). The occurrence of the
motif in individual mRNAs was available from the output
data of the MEME analysis.

Bioinformatical analysis of existing PAR-CLIP (photoacti-
vatable ribonucleoside enhanced cross-linking and immuno-
precipitation)

Bioinformatical Analysis of existing PAR-CLIP (46) data
(deposited in the Gene Expression Omnibus database un-
der accession number GSE133620) was performed by the
Canadian Centre for Computational Genomics (C3G).
The peaks regions for these two proteins were obtained
from the GEO Datasets (GSM3913321, GSM3913322,
GSM3913323, GSM3913324). Replicates were merged to
create consensus peaks using BEDtools (47). The regions
where YB1 and HuR binding regions overlapped were then
obtained. Homer was used for genomic region annotation
(48). The occurrence of the motif identified in the MEME
(described above) in the regions of co-occurring binding was
performed by FIMO (45)

Surface plasmon resonance (SPR)

SPR analysis were performed as a service by the CERMO-
FC platform at the Universite du Quebec a Montreal.
Briefly, affinity measurement and kinetic analysis of HuR
and YB1 binding to the cDNA probes was performed
by injecting different known concentrations of cDNA
probes (from 0 to 2000 nM) onto immobilized GST-
recombinant proteins. For immobilization, carboxymethyl
dextran-coated CM5 sensor chips were used with amine
coupling chemistry. Different concentrations of cDNA
probes were injected onto the capture recombinant proteins
at a flow rate of 30 �l/min for 400 s to check the kinetics of
association. Biosensor matrices were regenerated after each
run using glycine–HCl buffer at pH 2.0. for 30 s at 30 �l/min
and then 10 mM NaOH for 30s at 30 �l/min, stabiliza-
tion period of 600 s. Biacore T200 evaluation software (ver-
sion 1.0) was used to determine kd (dissociation constant)
and ka (association constant) values. KD (equilibrium con-
stant) values were calculated from the obtained kd and ka
values.

Generation of the HuR and YB1 protein models

Protein structure models of HuR and YB1 were obtained
as a result of an intensive process of calculation, compar-
ison and scoring of the best protein models generated by
seven independent modeling processes. A homology mod-
eling was performed to generate the HuR and YB1 pro-
tein models. PSI-Blast and HHblits algorithms were used
to identify the best structural template candidates for mod-
eling for both targets (49,50). To overcome the intrinsic lim-
itations of the modeling process the outputs of seven inde-
pendent systems were compared: Galaxy (51), HHPRED-
modeller (52), I-Tasser (53), Phyre2 (54), Robetta 55–57,
SWISS-MODEL (58) and YASARA modeling package
(59). The best computed models for each system were in-
dependently ranked and selected by their own scoring func-
tions for further validation. Additional model validation in-
cluded evaluation of the best atomic solvation and molecu-
lar packing by SolVX (60), structural validation by calpha
geometry (61), statistical error evaluation by model regions
calculated based on nonbonded interactions between dif-
ferent atom types relative to a curated database of highly
refined structures (62), determination of model compatibil-
ity with its own residue sequence based on local environ-
ment (63), stereochemical quality of the protein structure
(64), and composite scoring function for homology model
quality estimation (65).

Molecular docking simulation of the HuR-YB1 protein-
protein complex

To obtain the most energetically stable versions of both
protein conformations (i.e. the HuR and YB1 structures
that exhibited the lowest energy thresholds), energy min-
imization preprocessing of the structures was performed
with the YASARA force field (59). To overcome simula-
tion biases and limitations of the protocols used to simulate
protein-protein binding phenomena, six independent sys-
tems Frodock (66), GalxyTongDock (67), HDOCK (68),

http://www.genemania.org
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ClusPro (69), Patchdock (70) and SwarmDock (71) were
used. Each of these options explores the solution set in its
own way, showing different strengths and pitfalls. Since the
best complexes emerged from such heterogeneity of search
systems, the combination of results leads to better cover the
drawback of relying on the use of a single protocol. At least
the top 10 ranked models per system were selected (i.e. at
least 60 protein–protein complexes were generated). Finally,
the three best global complex models were further refined
using the RosettaDock protocol (72). The standard Roset-
taDock protocol was applied to locally refine the protein-
protein complexes by selecting the models with the lowest
energy by repositioning side chains, loops, and moderately
adjusting the protein backbone. As a result of RosettaDock
refinement, the top ranked model from a set of 1000 mod-
els (i.e. the protein complex with the lowest energy) was se-
lected. All molecular graphical analyses and figures were
performed and generated with UCSF Chimera version 1.1
(73).

Molecular docking simulation of the HuR-YB1-Myog
ternary complex

The ternary complex was obtained using the top ranked
models of the HuR-YB1 complexes with the RNA struc-
tures predicted by the FARFAR2 tool (74). Briefly, the
Myog 3′UTR structure was obtained by using the FAR-
FAR2 tool that is based on the ROSSETA protocol for
molecular structural prediction. The IPknot tool was used
for the prediction of the Myog RNA secondary struc-
tures that FARFAR2 used as input (75). A total of 10
000 solutions for the RNA molecule were calculated, clas-
sified, clustered and scored according to FARFAR2 de-
fault parameters. The most stable Myog RNA confor-
mation of the most represented cluster (group of struc-
tures with very similar RNA folding) was further explored
by molecular docking with the HuR-YB1 protein com-
plex by HDOCK (76). Our simulation protocol consid-
ered protein-protein docking as the first logical step fol-
lowed by the protein-RNA complex docking process. Of
the three top-ranked ternary complexes, our final model
was selected based on three key features. (i) The ternary
model must allow interaction of YB1 with the G/URE2
of Myog (amino acids 65–116). (ii) At least one of the
three HuR RNA recognition motifs (RRM) must be able
to independently bind with the G/URE-2 of Myog. (iii)
The protein–protein interface of the HuR–YB1 complex
would have to be uncompromised by a potentially com-
peting RNA interaction to establish a new RNA-protein
complex.

Statistical analyses

All results are from three independent experiments unless
stated otherwise in the figure legends. All values are re-
ported as mean ± standard error of the mean (SEM). Sig-
nificance of the difference between two group means was as-
sessed by unpaired t-test for normally distributed variables.
P-values of <0.05 were considered significant.

RESULTS

YB1 is a novel HuR protein ligand that is required for muscle
fiber formation

To identify novel protein ligands that interact with HuR
during the later stages of muscle cell differentiation we im-
munoprecipitated (IP) HuR from C2C12 cell extracts col-
lected at day 2 (post-induction of the differentiation pro-
cess) (Figure 1A). Mass spectrometry analysis of the HuR-
bound proteins, under these conditions, identified 41 pu-
tative protein ligands of HuR (Supplementary Table S1).
Gene Ontology (GO) classification of HuR protein ligands
by molecular function (Figure 1B) and cellular compart-
ment (Supplementary Figure S1A) revealed that these lig-
ands are most commonly RBPs, as well as proteins local-
ized in ribonucleoprotein complexes. The 15 RBPs found
to be associated to HuR in muscle cells (Figure 1C, Sup-
plementary Table S1) were then used to generate a protein-
protein interaction network to further understand the rela-
tionship between HuR and these ligands (Figure 1D, Sup-
plementary Table S2). Our analysis revealed that among
the bound RBPs, YB1 shares the most molecular func-
tions with HuR (mRNA stabilization, mRNA binding, reg-
ulation of mRNA stability) (Figure 1D). YB1 was previ-
ously shown to mediate the maturation of Neuro Muscu-
lar Junctions (77,78) as well as to regulate the transcrip-
tion of the myod gene in muscle cells (37,38). Therefore,
we sought to determine if the interaction of YB1 with
HuR plays an important role in regulating the function
of HuR during myogenesis. We first validated our mass
spectrometry results by performing reciprocal IP experi-
ments using an anti-HuR antibody (Figure 1E) or anti-
YB1 antibody (Supplementary Figure S1B) on C2C12 mus-
cle cells collected 2 days post-induction of differentiation.
Our results further demonstrated that YB1 and HuR as-
sociate with each other during the pre-terminal stage of
muscle fiber formation (2 days post-induction of differ-
entiation) (Supplementary Figure S1C). We next assessed
if the interaction between HuR and YB1 occurred in an
RNA dependent or independent manner. By performing
the IP experiment using the anti-HuR antibody and C2C12
cell extracts treated with or without 100 �g/ml RNAse-
A we observed that this association indeed occurs in an
RNA-independent manner (Figure 1E). Western blot (WB)
experiments using total cell extracts from differentiating
muscle cells demonstrated that neither HuR nor YB1 ex-
pression is altered during myogenesis (Supplementary Fig-
ure S1D). Hence, their interaction during the pre-terminal
phase was not the result of an increased expression of HuR
or YB1.

It is well established that the cytoplasmic accumulation
of HuR during muscle cell differentiation directly corre-
lates with its function in regulating the expression of its pro-
myogenic targets(19,20,22). The fact that similarly to HuR,
YB1 is also known to shuttle between the nucleus and the
cytoplasm (38,79,80) raises the possibility of a direct rela-
tion between YB1 localization in muscle cells and its asso-
ciation to HuR. To investigate this possibility, we visualized
the cellular localization of HuR and YB1 during muscle
fiber formation. Contrary to HuR, which is localized in the
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Figure 1. YB1 is a novel HuR protein partner in pre-terminal myotubes. (A) IP experiments were performed on C2C12 cell lysates (harvested 2 days post-
induction of differentiation) using a monoclonal HuR antibody (3A2) or IgG as control. IP samples were analyzed by western blot using an anti-HuR
antibody. (B) Protein partners of HuR from the IP shown in A were identified by mass spectrometry analysis (from N = 1 experiment). GO-analysis was
conducted using DAVID v6.8® to classify HuR putative protein partners based on molecular functions. The top 10 GO-terms enriched, as analyzed
by DAVID v6.8®, are shown. (C) List of RBPs identified by GO analysis. (D) GeneMANIA interaction network of HuR putative protein ligand in
muscle. (E) Top; IP experiments were performed on C2C12 cell lysates collected on D2 post-induction of differentiation treated or not with RNase A
using a monoclonal HuR antibody (3A2) or IgG as a control; IP samples were analyzed by WB using anti-YB1 or -HuR antibodies. Bottom; Agarose gel
demonstrating the efficiency of RNA degradation in cell extracts digested for 30 min at 37◦C with RNase A (100 �g/ml). (F) IF pictures showing the cellular
localization of YB1 and HuR in exponentially growing C2C12 myoblasts (Exp), and C2C12 myotubes at 2- and 4-day post-induction of differentiation.
Images of a single representative field are shown. Bars 100 �m.
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nucleus in myoblasts and localizes to the cytoplasm upon
induction of muscle cell differentiation (Figure 1F, panels
1, 5, 9) (22), our immunofluorescence (IF) experiments re-
vealed that YB1 is primary found in the cytoplasm of my-
oblasts and that there is no change in its localization during
myogenesis (Figure 1F, panels 2, 6, 10). Our data therefore
indicate that HuR and YB1 interact with each other during
the pre-terminal stage, at a time when they are both local-
ized in the cytoplasm of myotubes.

We next assessed whether YB1, similarly to HuR, plays
an important role in regulating the myogenic process. We
first knocked down YB1 in myoblasts using an siRNA that
specifically targets the Ybx1 gene (siYB1) (Figure 2A) We
observed that while the knockdown of YB1 in C2C12 cells
did not affect cell viability (Supplementary Figure S2A)
it significantly reduced (>10-fold) the efficiency of muscle
cell differentiation as determined by phase contrast (Fig-
ure 2B) and immunofluorescence (IF) experiments (Figure
2C). Next, we evaluated whether overexpression of HuR
which, on its own, enhances muscle fiber formation (23,24),
could rescue the differentiation phenotype of siYB1 treated
cells. As expected, GFP-HuR expression in siCtl treated
myoblasts resulted in the improved differentiation of these
cells (Figure 2D and E, panels 2, 6). However, this effect
was prevented by the knockdown of YB1 (Figure 2D and E,
panels 4, 8). Importantly, exogenous expression of HuR had
no effect on endogenous YB1 or HuR protein levels (Fig-
ure 2D and Supplementary Figure S2B). Therefore, these
observations suggest that YB1 is required for the promyo-
genic function of HuR.

YB1 and HuR bind to common target mRNAs via a consensus
U-rich motif in the 3′UTR

In order to investigate if HuR and YB1 function together
during myogenesis to affect the expression of common pro-
myogenic mRNA targets as a first step, we performed RNA
immunoprecipitation (RNA-IP) experiments (using anti-
HuR and anti-YB1 antibodies) coupled to RNA sequenc-
ing experiments (RIP-seq) on C2C12 cell extracts collected
at day 2 post-induction of differentiation. We determined
that, in muscle cells, HuR and YB1 associate with 1513 and
1103 mRNA transcripts respectively (Supplementary Table
S3). Comparison of both RIP-seq datasets identified that
HuR and YB1 interact with 409 common mRNA targets
(Figure 3A, Supplementary Table S4). It is well established
that both YB1 and HuR modulate the expression of tar-
get mRNAs by directly interacting with regulatory elements
located in their 3′UTRs (24,36). Therefore, to character-
ize YB1/HuR binding to its target transcripts, we identi-
fied potential binding sites in the 3′UTRs of the 409 shared
mRNA targets using the motif analysis software MEME
Suite (45). Motif discovery analysis revealed several poten-
tial consensus motifs that interacted with the HuR/YB1
complex (Supplementary Figure S3A). Of these, the one
with the highest probability of being a binding site was de-
tected in 147 of the 409 shared target transcripts (Figure 3B,
Supplementary Table S5).

Both HuR and YB1 were previously shown by Chen etal.
to bind common mRNA targets in human urothelial cells
(46). We, therefore, proceeded to re-analyze the PAR-CLIP
data sets for HuR and YB1 (presented in that study) in or-

der to assess the commonality of our consensus motif be-
yond the myogenic process. Analysis of these data demon-
strated that while YB1 associates with 25 383 binding sites
distributed over 7666 genes, HuR interacts with 40 150
binding sites distributed over 10102 genes (Figure 3C). In
both cases, the majority of these binding sites were located
within the gene body thus supporting a putative role of these
RBPs in the posttranscriptional regulation of these genes
(Figure 3D). Peak size distribution was similar amongst
both data sets (Supplementary Figure S3B). Comparative
analysis of the HuR and YB1 datasets further revealed that
both interact with 5584 common overlapping binding sites.
Interestingly, almost half of these shared binding sites (2507
sites) were localized within the 3′UTR of 1370 genes (Figure
3E, Supplementary Tables S6 and S7). We next performed
a motif occurrence analysis of the 2507 co-occuring bind-
ing sites located in the 3′UTR of these 1370 genes (using
FIMO (33) to identify the presence of our motif within these
overlapping sites. Our analysis revealed the presence of our
consensus motif (Figure 3B) in 858 sites within 602 genes
(Supplementary Table S8). Our results, therefore, show that
the YB1/HuR consensus motif is present in the 3′UTR of
∼36% and ∼44% of common mRNA targets in C2C12 and
uroepithelial cells respectively (Figure 3F). These results
thus suggest that the HuR/YB1 complex likely regulates
the expression of common mRNAs by interacting with this
consensus motif and that its regulatory role extends beyond
the myogenic process.

We next performed Gene Ontology (GO) analysis on
the 147 common RNAs containing the consensus site in
muscle cells to determine the biological and functional im-
portance of these shared messages. Classification of these
transcripts by biological processes revealed that 3 of them,
Myog, MyoD and c-Myc, encoded for proteins that were
previously shown to be involved in skeletal muscle cell dif-
ferentiation (9,81,82) (Supplementary Figure S3C, Table
S9). Interestingly, all three of these mRNAs were previ-
ously shown to be posttranscriptionally regulated by HuR
(20,22,83). We confirmed the presence of our consensus mo-
tif for YB1 and HuR binding in the 3′UTR of the mouse
Myog, MyoD and c-Myc mRNA by sequence analysis (Fig-
ure 3G). Importantly we also confirmed the presence of this
motif in the 3′UTR of the overlapping HuR and YB1 bind-
ing site in the human c-Myc gene (Supplementary Figure
S3D,E).

To validate the association of Myog, MyoD and c-Myc
mRNAs to YB1 and HuR in muscle cells we performed
RNA-IP experiments coupled with RT-qPCR using anti-
bodies against HuR or YB1 (Figure 3H). Our results show
that both HuR and YB1 interact with these three mRNAs
in muscle cells. Moreover we assessed binding of YB1 to
these transcripts in the absence of HuR and, vice versa,
the binding of HuR in YB1 depleted cells in order to in-
vestigate if HuR and YB1 depend on each other for their
binding to these mRNAs. The knockdown of HuR signifi-
cantly decreased, by >50%, YB1’s association to the Myog,
MyoD and c-Myc mRNAs (Figure 3I). Similarly, HuR’s as-
sociation to these transcripts was significantly reduced, by
>50%, as a result of the depletion of endogenous YB1 (Fig-
ure 3J). These observations (coupled with the fact that YB1
and HuR interact in a RNA independent manner (Figure
1E), suggest that YB1 and HuR bind to each other prior
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Figure 2. Depletion of YB1 prevents muscle cell differentiation. (A) C2C12 myoblasts were transfected with a siRNA targeting YB1 or a control siRNA.
Top: western blot demonstrating the efficiency of YB1 knockdown. Blots were probed with antibodies against YB1 and �-tubulin (loading control). Bottom:
quantification of YB1 protein levels relative to Tubulin. The band intensities were determined using ImageJ Software. Data are presented ± the SEM of
three independent experiments. **P < 0.005 (t test). (B, C) Effect of the depletion of YB1 in muscle cells on their differentiation capacity is shown. (B)
Phase contrast pictures showing the differentiation status of C2C12 myoblasts (Exp as well as 0- and 3-day post-induction of differentiation) transfected
with the siCtl or siYB1. Bars 50 �m. Images of a single representative field are shown. (C) Left: immunofluorescence images showing the differentiation
status of siCtl and siYB1 treated cells at day 3 post-induction of the myogenic process using anti-MyHC and anti-Myoglobin antibodies and stained with
DAPI. Images of a single representative field are shown. Bars 100 �m. Right: fusion index indicating the efficiency of C2C12 differentiation. Data are
presented ± the SEM of three independent experiments. ***P < 0.0005 (t test). (D, E) C2C12 cells expressing GFP or GFP-HuR were depleted (siYB1) or
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to their recruitment to the consensus motif in these target
mRNAs.

YB1 and HuR stabilize Myog, MyoD, and c-Myc mRNAs
via a U-rich consensus motif

We next investigated the mechanisms through which YB1
and HuR regulate these mRNAs. As a first step we as-
sessed the effect of YB1 or HuR depletion on the steady
state levels of the Myog, MyoD and c-Myc mRNAs. Sim-
ilarly, to HuR, the depletion of YB1 significantly reduced,
by >2-fold, Myog, MyoD and c-Myc mRNA levels in my-
otubes (Figure 4A). Next, we performed pulse-chase exper-
iments using the RNA polymerase II inhibitor actinomycin
D (ActD) to determine if the decrease in the steady state
level of these messages was due to a decrease in their stabil-
ity. We showed that the depletion of YB1, similarly to HuR,
significantly decreased the stability of these mRNAs (Figure
4B–D). These results indicate that HuR and YB1 regulate
the stability of common mRNA targets in muscle cells.

Sequence analysis of the Myog mRNA showed that the
3′UTR contains three G/U-rich elements (G/UREs 1, 2
and 3) (Figure 5A). We have previously shown that HuR as-
sociates, in vitro, to G/URE2 in the Myog mRNA 3′UTR
(20). Interestingly, the consensus motif identified above in
the Myog mRNA (Figure 3G) is located within this G/U-
RE 2 region (Supplementary Figure S4A). To further dis-
sect the molecular mechanism behind this YB1/HuR co-
regulatory function, as proof of principle, we decided to de-
termine the role of the U-rich consensus sequence identified
above in the stabilization of the Myog mRNA. As a first
step, we determined if YB1, similarly to HuR, associates
to the G/URE2 region (containing the consensus motif).
We therefore performed RNA electromobility shift assays
(REMSAs) using recombinant GST, GST-HuR or GST-
YB1 proteins and radiolabeled RNA probes correspond-
ing to the G/URE2 region as well as the other 2 putative
G/UREs (Figure 5B). We observed that while GST-HuR
forms a complex with the three elements, GST-YB1 pre-
dominately associated to G/URE2 (Figure 5B). The inter-
action of HuR to this probe appeares to be stronger than
YB1. Consistent with our REMSA results, surface plas-
mon resonance (SPR) experiments performed using cDNA
probes corresponding to the G/U-RE2 site and recombi-
nant GST-HuR or GST-YB1 confirmed the association of
HuR and YB1 with the G/URE2 site and showed that the
binding affinity of HuR to this region was stronger than
that of YB1 (as shown by a reduced equilibrium dissocia-
tion constant (KD)) (Supplementary Figure S4B). Together
these results show that both HuR and YB1 directly asso-
ciate, in vitro, to the same region within the Myog mRNA
3′UTR containing the consensus motif.

The importance of the U-rich consensus motif (Fig-
ure 3B,G) on the HuR/YB1 mediated regulation of Myog
expression was further assessed using Renilla luciferase
(Rluc) reporter constructs expressing either wild-type
(pRL-Myog-3′UTR) or a mutant Myog mRNA 3′UTR
in which G/URE2 (pRL-Myog-3′UTR-mut2) was deleted
(Figure 5C, Supplementary Figure S4A). C2C12 cells were
transfected with these Rluc-reporters as well as reporter
constructs containing a deleted G/URE1 (pRL-Myog-

3′UTR-mut1) or G/URE3 (pRL-Myog-3′UTR-mut3) re-
gion (used as negative controls) and the steady-state lev-
els of the Rluc mRNAs were determined by RT-qPCR
analysis. We observed that the levels of the pRL-Myog-
3′UTR-mut2 mRNA, but not the pRL-Myog-3′UTR-mut1
or pRL-Myog-3′UTR-mut3 mRNAs, were 2-fold less than
those observed with the wild-type pRL-Myog-3′UTR (Fig-
ure 5D). Luciferase activity assay (which is proportional to
Rluc protein levels) showed that, similarly to the mRNA
levels, the luciferase activity of the pRL-Myog-3′UTR-
mut2 reporter (but not the other 2 mutants) was signifi-
cantly lower than the wild-type pRL-Myog-3′UTR coun-
terpart (Figure 5E). Additionally, the half-life of the pRL-
Myog-3′UTR-mut2 mRNA, but not the other two mutants,
was significantly reduced when compared to the wild-type
pRL-Myog-3′UTR mRNA (Figure 5F). Finally, RNA-IP
coupled to RT-qPCR experiments demonstrated that the
association of YB1 and HuR to the pRL-Myog-3′UTR-
mut2 mRNA, but not the other constructs, was significantly
decreased by >2-fold due to the deletion of the G/URE2 el-
ement (Figure 5G, H).

We next assessed the importance of YB1/HuR bind-
ing to the G/URE2 element on the regulation of the
full-length Myog transcript. We generated GFP-conjugated
Myog plasmids expressing full-length (GFP-Myog) or mu-
tated variants of the Myog protein in which G/URE1, 2 or
3 were deleted (GFP-Myog-mut1, GFP-Myog-mut2, GFP-
Myog-mut3) (Figure 6A). These Myog variants were ex-
pressed in C2C12 cells and GFP-Myog protein levels were
assessed by IF and WB (Figure 6B, C). As expected, dele-
tion of G/URE1 or G/URE3 did not affect GFP-Myog ex-
pression. By contrast, deletion of the G/URE2 element de-
creased, by >2-fold, GFP-Myog protein levels (Figure 6C).
Interestingly, the effect of mutating the G/URE2 on the ex-
pression of exogenous GFP-Myog was similar to the effect
of knocking down HuR (20) or YB1 on endogenous Myog
protein levels (Figure 6D). Taken together our results indi-
cate that the HuR/YB1 complex regulates the stability of
the Myog mRNA by associating with a U-rich consensus
site in the 3′UTR.

The interaction between HuR and YB1 is required for the reg-
ulation of Myog expression

To further delineate the mechanism of YB1/HuR-mediated
mRNA stabilization of Myog mRNA we set out to deter-
mine the region of HuR required for its binding to YB1. By
performing computational modeling assessing the forma-
tion of a ternary molecular complex we identified a poten-
tial YB1 binding motif (spanning amino acids 227–234) in
HuR (Supplemental Figure S5A,B, Figure 7A top). In order
to validate the importance of this motif we generated plas-
mids expressing GFP-tagged wild-type HuR (GFP-HuR)
or a HuR mutant deleted of the amino acids 227–234 (GFP-
HuR-M1) that may constitute a YB1 binding site (Figure
7A bottom). IP experiments with the anti-YB1 antibody us-
ing C2C12 extracts transfected with these plasmids showed
that, contrary to GFP-HuR, GFP-HuR-M1 was unable to
associate to YB1 (Figure 7B). In addition, IP/RT-qPCR ex-
periments showed that while GFP-HuR strongly associated
to the Myog mRNA, GPF-HuR-M1 failed to bind with the
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Figure 4. YB1 and HuR regulates the stability of common mRNA targets containing a U-rich consensus site. (A) Exponentially growing C2C12 cells
treated with siRNAs targeting YB1 (siYB1), HuR (siHuR) or treated with a control siRNA (siCtl) were used to assess Myog, MyoD, and cMyc mRNAs
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transcript (Figure 7C). Overexpressing the GFP-HuR but
not the GFP-HuR-M1 isoform significantly increased the
expression of Myog mRNA (Figure 7D). Moreover, our IF
experiments showed that the GFP-HuR-M1 variant, un-
like GFP-HuR, was unable the rescue the differentiation of
C2C12 myoblasts depleted of HuR (Figure 7E). Taken to-
gether our data indicate that the formation of a HuR/YB1
complex regulates the expression of pro-myogenic mR-
NAs such as Myog during the pre-terminal stage of
myogenesis by binding to a U-rich consensus motif in
the 3′UTR.

DISCUSSION

HuR-mediated regulation of myogenesis was one of the first
examples of a role of a posttranscriptional regulator in mus-
cle fiber formation (13,31). Previous work have established

that HuR does so by posttranscriptionally regulating the ex-
pression of several classic (MyoD, Myog and p21) (20,22)
and newly identified modulators of myogenesis (HMGB1,
NPM) (26,27). First described as a positive regulator of
mRNA stability, we now know that HuR can have multi-
ple and sometime opposite functions on it targeted tran-
scripts, switching from a promoter of translation (24,26)
to a mRNA stabilizer (20–22,33,35) or to a promoter of
mRNA decay (25,27). Numerous reports have indicated
that the versatility of HuR function is dictated by its col-
laboration or competition with other trans-acting factors
(13,23–26,27) While the mechanisms by which HuR and
other RBPs regulate mRNA translation and decay is well
studied, the way by which HuR stabilizes its target mRNA
remains elusive. Thus, identifying the network of trans-
acting factors that interact with HuR and the mechanisms
through which they regulate mRNA stability is paramount
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Figure 5. YB1 and HuR binding to a consensus motif in the 3′UTR of the Myog mRNA is required for its stabilization. (A) Schematic representation
of the Myog mRNA sequence. Myog coding sequence is highlighted in yellow (Nucleotide 53–727). The first nucleotide of the 3′UTR (nucleotide 728)
is marked with a black circle. G/U-Rich Elements (G/URE) present in the Myog 3′UTR are shown as colored boxed; G/URE1 is highlighted in green
(nucleotide 1001–1030), G/URE2 (containing the consensus motif described in Figure 3B) is highlighted in blue (nucleotide 1251–1290), and G/URE 3 is
highlighted in red (nucleotide 1359–1479). (B) RNA electromobility shift assays (REMSA) were performed with radiolabeled G/URE 1, 2 and 3 cRNA
probes which were incubated with purified GST, GST-YB1 or GST-HuR protein. (C) Schematic representation of the Rluc reporter constructs containing
the Myog mRNA 3′UTR with or without deletion of the G/URE 1, 2 or 3 regions (indicated by colored blocks). (D) Exponentially growing C2C12 cells
were transfected with the reporter constructs described in (C). Total RNA was isolated from these cells 2 days after induction of differentiation and the
expression levels of Rluc mRNA was determined by RT-qPCR. Expression levels of the mutant Rluc reporters was standardized against RPL32 mRNA
levels and plotted relative to the expression of the wild type pRL-Myog-3′UTR reporter. (E) Total cell extracts from C2C12 cells expressing the Rluc
reporters described above were used to determine Luciferase activity. (F) The stability of the Rluc RNA reporters was determined by ActD pulse-chase
experiments. Cells were treated with Actinomycin D (ActD) for 0, 2, 4 or 6 h and total RNA used for RT-qPCR analysis. The expression level of the
Rluc mRNA in each time point was determined relative to RPL32 mRNA levels and plotted relative to the abundance of each message at 0 hrs. of ActD
treatment, which is considered as 100% (G–H) Lysates from cells expressing the Rluc reporters were used for RIP-coupled to RT-qPCR experiments using
the anti-YB1 or anti-HuR antibody. The amount of Rluc mRNA associated to (G) YB1 or (H) HuR was determined by RT-qPCR and normalized to total
Rluc mRNA in the input. Data in (D)–(H) is presented ± the SEM of three independent experiments. *P < 0.05; **P < 0.005; ***P < 0.0005 (t-test).
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Figure 6. The consensus motif mediating binding of theYB1/HuR complex is required for the regulation of Myog expression. (A) Schematic representa-
tion of the GFP constructs containing the full length Myog cDNA with or without deletion of the G/URE 1, 2 or 3 (indicated by colored blocks). (B)
Exponentially growing C2C12 cells transfected with the reporter constructs described above were visualized by IF after DAPI staining. (C) Exponentially
growing C2C12 cells were transfected with the reporter constructs described above. Left: lysates from these cells were then analyzed by western blot using
antibodies against GFP and �-tubulin (loading control) to assess GFP-Myog protein levels. Right: quantification of GFP-Myog protein levels normalized
to Tubulin are shown relative to wild-type GFP-Myog containing the 3′UTR. The band intensities were determined using ImageJ Software. (D) Exponen-
tially growing C2C12 cells depleted (siYB1) or not (siCtl) of YB1 were used to assess Myog protein levels. Left: WB demonstrating the efficiency of YB1
knockdown and Myog protein levels in C2C12 extracts collected at day 2 post-induction of the differentiation process. Blots were probed with antibodies
against Myog, YB1 and �-tubulin (loading control). Right: quantification of Myog protein levels relative to Tubulin. The band intensities were determined
using ImageJ Software. Data in (B) and (D) are presented ± the SEM of three independent experiments. **P < 0.005; ***P < 0.0005 (t-test).
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Figure 7. The interaction of HuR and YB1 is required for the HuR-mediated expression of mRNA targets. (A) top; Illustration of the HuR protein residues
that form the interface with YB1. The RRM domains of HuR are encoded in blue, orange and yellow respectively, as well as HNS in green. The protein
residues that form the interface with YB1 are shown as spheres and are numbered accordingly with its protein sequence number. Bottom: schematic
representation of the GFP constructs expressing the GFP-tagged WT HuR (GFP-HuR) or the GFP-HuR mutant variant in which the computational
determined amino acids (227–234) that interact with YB1 have been deleted (GFP-HuR-M1). HuR protein domains are indicated by colored blocks
consistent with top panel. (B, C) IP experiments (using the YB1 antibody or IgG as a control) on total cell extracts collected 24 h post-induction of
differentiation of C2C12 muscle cells transfected with GFP, GFP-HuR or GFP-HuR-M1 plasmids. (B) The input (TCE) and the immunoprecipitates
were analyzed by western blot using antibodies against HuR, and YB1. (C) RIP-coupled to RT-qPCR experiments using an anti-GFP antibody and cells
transfected as described above were performed to assess the levels of Myog mRNA associated to GFP-HuR or GFP-HuR-M1. Levels were standardized
against GAPDH mRNA and plotted relative to the GFP control condition ± SEM of three independent experiments. (D) Total RNA was isolated from
cells transfected with GFP, GFP-HuR or GFP-HuR-M1 plasmids 2 days post-induction of differentiation. The Myog mRNA levels in these cells was
determined by RT-qPCR. Expression levels of the Myog mRNA was standardized against GAPDH mRNA levels and plotted relative to the expression
seen in GFP transfected cells. (E) Immunofluorescence images (stained with anti-MyHC and anti-GFP antibodies, as well as with DAPI to stain nuclei)
of cells treated with siCtl or siHuR and expressing GFP, GFP-HuR or GFP-HuR-M1. Images of a single representative field are shown. Bars 100 �m.
Right-top: fusion index indicating the efficiency of C2C12 differentiation. Right-bottom: western blot demonstrating the efficiency of HuR silencing and
expression of GFP-HuR or GFP-HuR-M1 in siCtl and siHuR treated C2C12 myoblast. Blots were probed with antibodies against HuR, GFP and �-
tubulin (loading control). Data in (D) and (E) are presented ± the SEM of three independent experiments. *P < 0.05; **P < 0.005; ***P < 0.0005 (t-test).
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Figure 8. Model depicting the molecular mechanism through which the HuR and YB1 complex regulates mRNA stability to promote muscle fiber for-
mation. During the transition step from myoblast to myotubes, HuR associates to the YB1 protein in an RNA independent manner. This complex is then
recruited to a consensus motif in the 3′ UTR of target mRNAs such as Myog, MyoD and c-Myc. In doing so, the HuR/YB1 complex increases the stability
of these mRNAs resulting in the concomitant formation and maintenance of muscle fibers.

to our understanding of HuR function in physiological pro-
cesses such as myogenesis.

Herein, mass spectrometry (MS)-based approaches have
enabled us to uncover a network of HuR-protein partners
during the pre-terminal stage of the myogenic process, high-
lighting YB1 as a central player in mediating the function
of HuR during myogenesis. Our analysis showed that HuR
had the greatest affinity for proteins with RNA/DNA bind-
ing activity (Figure 1B, C). The fact that some of these
identified ligands localized within ribonucleoprotein com-
plexes (Supplementary Figure S1A) provides further evi-
dence that many physiological processes, such as myogen-
esis, may be regulated by an interplay between RBPs rather
than by the individualities of single regulators. Additionally,
next generation sequencing-based methodologies enabled
the transcriptome-wide identification of mRNA targets co-
regulated by HuR and YB1. The observation that approxi-
mately one-third of these target transcripts, contain a newly
identified U-rich consensus motif within their 3′UTR (Fig-
ure 3B,F) suggests that the effect of the HuR/YB1 com-

plex in muscle fiber formation is the result of the con-
certed regulation of a common set of genes containing this
consensus site. Furthermore, the conservation of the U-
rich consensus binding motif across different cell types and
species (Figure 3C–F, Supplementary Figure S3B-E), in-
dicates that this motif may serve as a general physiologi-
cal signal to promote mRNA stabilization via the recruit-
ment of the HuR/YB1 stabilizing complex. Together our
data support a model whereby, during the transition step
from myoblast to myotubes, HuR interacts with YB1 in an
RNA independent manner. This complex is then recruited
to a defined, conserved regulatory element located in the
3′UTR of target mRNAs leading to their stabilization, thus
resulting in the concomitant formation and maintenance
of muscle fibers (Figure 8). In doing so our study further
supports the growing evidence that the functional diver-
sity of HuR-mediated regulation relies in its ability to asso-
ciate with different trans-acting partners (19,24–27) allow-
ing a fine tuning of the posttranscriptional program during
myogenesis.
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Recently, Chen et al. demonstrated that YB1 mediates the
stability of mRNAs containing 5-methylcytosine residues in
uroepithelial cells (46). These modified residues were pre-
dominately located in the coding region, typically down-
stream of translation initiation sites in these mRNAs (46).
They, furthermore, show that YB1 stabilizes these mR-
NAs (containing the modified cytosine residues) by re-
cruiting HuR. However, this study did not assess whether
the stability of these modified mRNA requires the RNA-
independent interaction of both HuR and YB1. Our data,
on the other hand, clearly establish that the formation of
a YB1/HuR complex is required for the stability of com-
mon target messages during a physiological process such
as muscle fiber formation. Interestingly, by analysing PAR-
CLIP dataset reported in this study, we observed that the
U-rich consensus site we identified in our study is present
in the 3′UTR of ∼44% of common HuR/YB1 mRNA tar-
gets in these cells (Figure 3F). This result is similar to what
was observed in our muscle cells whereby the consensus
site was found in the 3′UTR of 36% of common mRNA
targets. The data presented from the manuscript published
by Chen et.al. and our present study therefore suggests
that YB1/HuR may regulate the stability of distinct mR-
NAs subsets through different mechanisms that are dic-
tated by the nature of the cis-element (modified methylcyto-
sine residues versus the consensus binding site) these RBPs
interact with. The selective mechanism through which the
YB1/HuR complex regulates these two distinct mRNA
subsets, however, is likely dependent on the way by which
HuR and YB1 interact. While the reason behind the ex-
istence of two YB1/HuR stabilizing mechanisms remains
unclear, it is evident that both play an important role in sta-
bilizing distinct subsets of mRNAs.

Our work provides the first demonstration that YB1 is
implicated in the HuR-mediated regulation of muscle fiber
formation. What remains unknown, however, at this point,
is if this HuR-mediated stabilizing complex involves, in ad-
dition to YB1, the recruitment of other RBPs that were
shown in this study (Figure 1C, D) to bind to HuR. Our ob-
servations, thus, suggest that the complexity of mechanisms
mediating the stability of mRNAs may rival that of tran-
scriptional regulation or mRNA decay pathways in several,
if not all, physiological processes.
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