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ABSTRACT

Long noncoding RNAs (IncRNAs) and microRNAs
(miRNAs) modulate gene expression programs in
physiology and disease. Here, we report a noncod-
ing RNA regulatory network that modulates myoblast
fusion into multinucleated myotubes, a process that
occurs during muscle development and muscle re-
generation after injury. In early stages of human myo-
genesis, the levels of IncRNA OIP5-AS1 increased,
while the levels of miR-7 decreased. Moreover, OIP5-
AS1bound and induced miR-7 decay via target RNA-
directed miRNA decay; accordingly, loss of OIP5-
AS1 attenuated, while antagonizing miR-7 acceler-
ated, myotube formation. We found that the OIP5-
AS1-mediated miR-7 degradation promoted myoblast
fusion, as it derepressed the miR-7 target MYMX
mRNA, which encodes the fusogenic protein my-
omixer (MYMX). Remarkably, an oligonucleotide site
blocker interfered with the OIP5-AS1-directed miR-7
degradation, allowing miR-7 to accumulate, lowering
MYMX production and suppressing myotube forma-
tion. These results highlight a mechanism whereby
IncRNA OIP5-AS1-mediated miR-7 decay promotes
myotube formation by stimulating a myogenic fusion
program.

INTRODUCTION

Over the past two decades, thousands of mammalian long
noncoding RNAs (IncRNAs), spanning >200 nucleotides,
have been identified (1,2). Some of them have been associ-
ated with diseases such as cancer, neurodegeneration and

muscle wasting; others have been found to participate in
specific developmental processes such as adipogenesis, neu-
rogenesis and myogenesis (3—5). Functional characteriza-
tion of many IncRNAs has revealed that they control gene
expression programs at different levels, including chromatin
remodeling, transcription, mRNA transport, stability and
translation, as well as protein localization, function and de-
cay (1,2,6-8).

Myogenesis is a tightly regulated process responsible for
muscle differentiation during development and adult mus-
cle regeneration upon injury. Myogenesis begins with the
activation of satellite cells (muscle stem cells) into my-
oblasts and progresses through the fusion of myoblasts into
long multinucleated myotubes to generate contractile my-
ofibers (9-11). Myogenesis and muscle homeostasis are im-
paired with aging and diseases such as cancer, leading to
sarcopenia and cachexia. Several regulatory IncRNAs have
been implicated in myogenesis through their interactions
with different molecular partners (12,13). For example,
linc- YY1 interacts with protein YY1 to remove repressive
Polycomb complexes from the promoters of target genes,
Inc MyoD regulates myoblast differentiation by suppressing
IMP2-mediated translation, and /nc-31 promotes ROCK
translation by YB-1 through binding both Rockl mRNA
and YB-1 protein (14-16). In other examples, lincMDI
acts as a competing endogenous RNA (ceRNA) that con-
trols myogenesis by sequestering the microRNAs (miR-
NAs) miR-135 and miR-133a, and /nc-mg promotes myoge-
nesis and prevents muscle atrophy by binding and neutral-
izing miR-125b (17,18). In fact, some abundant IncRNAs
have been established as ceRNAs that bind specific miR-
NAs and suppress their impact on target mRNAs encoding
myogenic factors (15,16,19). However, whether myogenic
IncRNAs may also regulate miRNA functions through
other mechanisms is largely unexplored.
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Recently, we found that the levels of OIP5-ASI, a
IncRNA abundant in muscle and relatively conserved, in-
creased during myogenesis and promoted human myogenic
differentiation (20). In neural tissues of developing ze-
brafish, Oip5-asl was identified and initially named Cyrano
after the morphological abnormalities of fish bearing a mu-
tant form of this IncRNA (21); in mouse brain, Oip5-asl
was found to bind to miR-7 in conserved regions of the
IncRNA (22). Interestingly, while skeletal muscle aging is
exacerbated by impaired myogenic regeneration, lower lev-
els of miR-7 were found in skeletal muscle of elite ath-
letes relative to age-matched sedentary controls (23), and
high levels of miR-7 were found in skeletal muscle from old
mice and deer (24,25). Here, we tested the hypothesis that
OIP5-ASI and miR-7 might be linked functionally in hu-
man myogenesis. We discovered that OIP5-A4S1, rising in
abundance during myogenesis, was capable of binding and
reducing miR-7 stability by target-directed miRNA degra-
dation (TDMD) (22,26-32) during myogenesis. In turn, the
reduction in miR-7 levels enabled a rise in the production
of myomixer (MYMX) through increased stabilization and
translation of M YMX mRNA. It was recently reported that
the fusogenic protein MYMX was a master regulator of
the fusion of myoblasts into multinucleated myotubes (33—
35). Interestingly, a target site blocker (TSB) that inter-
fered with the binding of miR-7 to OIP5-AS1 prevented
the decline in miR-7 levels and inhibited myotube forma-
tion, as MYMX expression was suppressed. We propose
that in regenerating skeletal muscle, the elevation in OIP5-
AS1 levels reduces miR-7 levels via TDMD, in turn con-
tributing to a rise in MYMX levels and increased myotube
formation.

MATERIALS AND METHODS
Cell culture and myogenic differentiation

Immortalized human AB1167 and AB678 myoblasts were
developed and cultured as described (20,36). Briefly, hu-
man myoblasts were cultured in growth medium (equal vol-
ume mixture of Ham’s F10 medium supplemented with
20% fetal bovine serum and PromoCell Skeletal Mus-
cle Cell Growth Medium) and were induced to differen-
tiate by growth to high density and replacement of the
growth medium with differentiation medium (DMEM sup-
plemented with 2% horse serum). For silencing experiments,
using a final concentration of 50 nM siRNA and Lipo-
fectamine RNAIMAX (Thermo Fisher Scientific), control
small interfering RNA (Ctrl siRNA) or siRNAs directed
at OIP5-AS1, ZSWIMS8 mRNA or MYMX mRNA were
transfected 24 h before induction of differentiation. For
miRNA overexpression and inhibition experiments, using a
final concentration of 50 nM miRNA mimics or antagomiR
and Lipofectamine RNAIMAX, control miRNA (Ctrl
miRNA), miR-7 mimic or miR-7 antagomiR was trans-
fected 24 h before inducing differentiation. In experiments
to overexpress MYMX, 1 pg MYMX-Flag plasmid (Ori-
gene) was transfected using Lipofectamine 2000 or 3000
(Thermo Fisher Scientific) and differentiation was induced
24 h later.

Creatine kinase activity

Creatine kinase (CK) activity was determined in cell
lysates by using the EnzyChrom Creatine Kinase Assay
Kit (BioAssay Systems) following the manufacturer’s pro-
tocol. Briefly, cell lysates (1 or 2 pg) were incubated with
10 pl substrate solution, 100 wl assay buffer and 1 pl en-
zyme mix at 37°C for 20 min; reactions were read 20 and
40 min later at 340 nm. CK activity was calculated by the
equation CK = [(OD4min — OD29min)/(ODcaLiBRATOR —
ODpg,0)] x 150, and expressed as ‘units per pg of total pro-
tein’ or ‘fold change’.

Reverse transcription followed by real-time quantitative PCR
analysis

Total RNA from cultured cells was isolated using the
Direct-zol™ RNA MiniPrep Kit (Zymo Research), which
includes a digestion step using DNase 1. For cDNA syn-
thesis, reverse transcription (RT) was performed for RNA
prepared in TRIzol using Maxima Reverse Transcriptase
(Thermo Fisher Scientific) following the manufacturer’s
protocol. Quantitative PCR (qPCR) analysis of RNAs was
performed according to the manufacturer’s instructions for
KAPA SYBR FAST ABI Prism qPCR Kit (KAPA Biosys-
tems) with RNA-specific primers (Supplementary Table
S1). RT-qPCR reactions were performed on QuantStudio
5 Real-Time PCR System (Thermo Fisher Scientific) with a
cycle setup of 2 min at 95°C and 40 cycles of 5 s at 95°C plus
20 s at 60°C; the fold change in abundance was calculated
as described previously (20). In qPCR amplification reac-
tions, control ‘RT minus’ (‘RT—’) reactions were routinely
included. RT-qPCR analysis of miRNAs was carried out
using the MiR-X miRNA first-strand synthesis kit (Takara
Bio) and quantified using the small RNA U6 as internal
control.

RNA copy number calculations

RNA copy number was carefully calculated using three
different methods: (i) by comparison between endogenous
RNA and external DNA of known abundance (‘standard
curve method’); (i) by comparison with an endogenous
transcript of known copy number by RT-qPCR analysis
(‘relative Ct method’); and (iii) by droplet digital PCR anal-
ysis (‘ddPCR method’). For the standard curve method,
an external DNA pool (four different DNAs) of known
concentration was spiked into the sample, amplified by
gPCR and used to generate a standard curve, as described
(37). The Ct values of OIP5-AS1, MYMXmRNA, GAPDH
mRNA and miR-7 were interpolated from the curve to cal-
culate copy number. A separate standard curve was pre-
pared using miR-7; the copy number per cell of miR-7 cal-
culated against this standard curve agreed with the copy
number estimated against the ectopic spiked-in DNA. For
the relative Ct method, Ct values of OIP5-AS1, MYMX
mRNA and miR-7 were compared to the relative Ct val-
ues of a transcript of known abundance, GAPDH mRNA
(estimated to be present at ~1300 copies per AB678 cell and
nucleus-equivalent, as determined from the standard curve
method). For the ddPCR method, analysis was performed



as described (38). Briefly, total RNA (1 wg) was reverse-
transcribed and droplets were generated using EvaGreen
Supermix (Bio-Rad) on the QX200™ AutoDG™ Droplet
Digital™ PCR System (Bio-Rad Laboratories). The PCR
reaction contained 1 wl of 1:25 diluted cDNA and 100 nM
primers. The PCR amplification setup was as follows: 5 min
at 95°C, 30 s at 95°C followed by 60 s at 60°C for 40 cycles, 5
min at 4°C, 5 min at 90°C and then held at 4°C. The abso-
lute copy numbers were assessed using the QX200 Droplet
Digital PCR System and calculated as described (39,40);
miRNAs are too short for accurate ddPCR measurement
in this instrument.

Pulldown of miRINA targets by biotinylated miRNA

MicroRNA pulldown analysis was carried out as previously
described (41). Biotinylated miR-7 was transfected into my-
oblasts and 6 h later myoblasts were changed to differentia-
tion medium (DMEM supplemented with 2% horse serum)
and cultured for an additional 16 h. The cells were collected
and lysed by incubation with lysis buffer [20 mM Tris—HCl
(pH 7), 100 mM KCI, 5 mM MgCl,, 25 mM EDTA, 0.3%
NP-40] for 20 min. Cytoplasmic lysates were further incu-
bated with streptavidin magnetic beads (Dynabeads M-280,
Life Technologies) for 4 h. Pulldown samples were washed
with lysis buffer four times and RNAs in the pulldown were
isolated using the Direct-zol™ RNA MiniPrep Kit (Zymo
Research), which includes a digestion step using DNase 1.

Western blot analysis

Total protein lysates were prepared in RIPA buffer con-
taining protease inhibitors. Proteins were size-separated by
SDS-PAGE and transferred onto nitrocellulose membrane
(Life Technologies). For western blot analysis, primary
antibodies were employed that recognized MYH/MHC
(B-5) and HSP90 (F-8) (Santa Cruz Biotechnology),
MEF2C (D80C1) (Cell Signaling Technology) and MYMX
(AF4580) (R&D Systems). After incubation with the ap-
propriate secondary antibodies, protein signals were devel-
oped using chemiluminescence.Bands on western blots were
quantified by densitometry using ImageJ, and were typically
represented as the percent signal of the strongest band if
some bands were undetectable.

RNA-seq analysis

Single-end sequencing was performed on an Illumina
HiSeq 2500 instrument (GSE181258), and paired-end se-
quencing was performed on a Novaseq 6000 instru-
ment (GSE202752). Both RNA-seq datasets are available
at GSE202793. The FASTQ files were extracted using
bel2fastq v2.20.0.422, trimmed for adapter sequences us-
ing Cutadapt v1.18 and aligned to human genome hg19 En-
sembl v82 using STAR software v2.4.0j. FeatureCounts was
used to create gene counts from six samples. The DESeq2
package version 1.26.0 (42) in R (version 3.6.3) was used
to carry out the differential expression analysis. Statistical
testing was performed using the Wald test and those tran-
scripts with Benjamini—-Hochberg adjusted P-values <0.05
and absolute log; fold change >1 were considered to be dif-
ferentially expressed. The Gene Set Enrichment Analysis
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(GSEA) of differentially expressed genes was carried out us-
ing clusterProfiler v4.2.2 (43).

Immunocytochemistry and confocal imaging

Cells were fixed in a solution of 4% paraformaldehyde in
Ix phosphate-buffered saline (PBS, pH 7.4) for 20 min,
washed with PBS and incubated for 5 min in a solution of
0.2% Triton X-100 and 5% normal goat serum in 1x PBS.
Fixed cells were then incubated in the same solution con-
taining primary antibody at 4°C for 20 h, washed with PBS
and incubated for 2 h at 25°C in PBS containing FITC
or rhodamine-conjugated secondary antibody. An antibody
recognizing MYH/MHC (B-5, Santa Cruz Biotechnology)
was used to detect MYH by immunofluorescence; staining
with DAPI was used to identify nuclei.

For fusion assays, cells were labeled by constitutive ex-
pression of enhanced green fluorescent protein (EGFP) or
red fluorescent protein mCherry using lentivirus infection.
After further transfection with Ctrl miR or miR-7 mimic,
the cells were fixed and counterstained with DAPI. The im-
ages were acquired by epifluorescence and/or confocal mi-
croscopy. For confocal images, all the images were acquired
using an Olympus Multiphoton Laser Scanning Micro-
scope with a 60x (NA, 1.42) objective. All images were ac-
quired using identical confocal system parameters in triple
scanning mode for simultaneous detection of EGFP (488
nm excitation, 510 nm emission), mCherry (545 nm excita-
tion, 590 nm emission) and DAPI (405 nm excitation, 460
nm emission).

Cloning and luciferase assay

Briefly, the 3’ untranslated region (UTR) of MYMX
mRNA was amplified using specific primers (acgtctcgag
ggccacaagtectggeageag and acgtgeggecgetgaaagaattcaaate
aaata) and the resulting product (3WT) was inserted
into the psiCHECK?2 plasmid downstream of the Re-
nilla open reading frame. Oligomers gaggcaagatttgaatccag
actAATccTGCgactcaggacctaccttaaaata and tattttaaggtagg
tectgagtcGCAggATTagtctggattcaaatettgecte were used to
create the mutant MYMX 3'UTR (3'mut). For reporter
assays, psiCHECK2-MYMX(3'WT) and psiCHECK2-
MYMX(3'mut) were transfected using Lipofectamine 2000
or 3000 (Thermo Fisher Scientific); 24 h later, cells were in-
duced to differentiate, and lysed 16 h later. Activities from
reporter Renilla luciferase (RL) and firefly luciferase (FL)
were analyzed using a dual-luciferase assay kit (Promega)
following the manufacturer’s protocol. The levels of RL
mRNA and FL mRNA were measured by RT-qPCR anal-
ysis.

Target site blockers

Custom-designed TSBs with phosphorothioate backbone
modifications from Exiqon (miRCURY LNA microRNA
Target Site Blockers, from Qiagen) were used to selec-
tively impede the interaction between OIP5-AS1 and miR-
7 (OIP5-AS1:miR-7 TSB) and between OIP5-ASI1 and
MEF2C mRNA (OIP5-AS1:MEF2C TSB); Ctrl TSB was
included in control reactions. TSB sequences were designed
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with a large arm that covers the complementary binding
sites between OIP5-AS1 and miR-7, and a short arm out-
side the binding sites to ensure target specificity; the se-
quences are proprietary from Qiagen. AB678 cells were
transfected with 50 nM TSB to block the interaction be-
tween OIP5-AS1 and miR-7 or with scrambled controls;
24 h later, the cells were induced to differentiate by cul-
ture to high density and replacement of the growth medium
with differentiation medium (DMEM supplemented with
2% horse serum).

Cross-linking RIP assay

For immunoprecipitation of cross-linked endogenous ri-
bonucleoprotein (RNP) complexes (CL-RIP analysis), hu-
man myoblasts were fixed in 0.1% formaldehyde for 10 min
at room temperature and quenched using 0.125 M glycine
for 10 min at room temperature, washed with cold PBS and
incubated in lysis buffer [S0 mM Tris, 150 mM KCI, 0.1%
SDS, 1% Triton X-100, 5 mM EDTA, 0.5% sodium deoxy-
cholate, and 0.5 mM DTT, containing protease inhibitors
(Roche) and RNase inhibitor (Thermo Fisher)] and soni-
cated for 15 min. After centrifugation for 15 min at 13 000
rpm at 4°C, the supernatant was precleared with Protein
G Sepharose beads (GE Healthcare) for 30 min at 4°C.
The precleared lysates were then incubated with antibodies
that recognized HuR or control IgG (Santa Cruz Biotech-
nology) for 4 h at 4°C, and further incubated with pro-
tein G for 2 h at 4°C. RNP complexes on the beads were
further washed with lysis buffer and incubated with 100
mM NaCl, 10 mM Tris-HCI, 1 mM EDTA, 0.5% SDS and
0.5 mg/ml Proteinase K (15 min at 55°C) to remove pro-
teins. The RNA was isolated using the Direct-zol™ RNA
MiniPrep Kit (Zymo Research), which includes a digestion
step using DNase I, and further studied by RT-qPCR anal-
ysis.

Polysome analysis

Polysome analysis was performed as previously described
(44). Briefly, cells were treated with cycloheximide (Sigma;
100 wg/ml) for 10 min and lysed in polysome extraction
buffer [PEB; 20 mM Tris—HCI (pH 7.5), 100 mM NacCl, 5
mM MgCl, and 0.5% NP-40]. After the lysate was sepa-
rated through 10-50% sucrose gradients, 12 fractions were
collected for further analysis. The distribution of mRNAs
was quantified by RT-qPCR analysis and plotted as a per-
centage of the specific mRNA in each fraction relative to
the total amount of that mRNA in the gradient.

Pulldown of endogenous OIP5-AS1 by biotinylated antisense
oligomers

Pulldown assays using antisense oligomers (ASOs) were
performed as previously described (20). Briefly, human my-
oblast lysates were prepared using PEB containing protease
inhibitors (Roche) and RNase inhibitor (Thermo Fisher).
The lysates were incubated with 100 pmol of biotin-labeled
DNA oligomers complementary to OIP5-ASI for 2 h at
4°C. Biotinylated ASOs are listed in Supplementary Table
S2. RNA complexes were washed with NT2 buffer [SO mM

Tris—HCl (pH 7.5), 150 mM NaCl, 1 mM MgCl, and 0.05%
NP-40] and isolated with Dynabeads MyOne Streptavidin
C1 beads (Thermo Fisher).

Statistical analysis

The results are represented as the means + standard error
of the mean (SEM). Statistical comparisons of the results
were evaluated using Student’s #-test. A P-value of <0.05
was considered statistically significant and indicated in the
figures as “P < 0.05, P < 0.01 and ™ P < 0.001.

RESULTS
OIP5-AS1 enhances miR-7 loss during myogenesis

With increasing evidence that IncRNA expression and func-
tion are specific to particular tissues, developmental pro-
cesses and species, we investigated human myogenesis by
employing human AB678 myoblasts (20,36), instead of the
traditional myogenesis model that employs mouse C2C12
myoblasts. Briefly, AB678 cells were cultured to confluence
in growth medium, and subsequently switched to media
with 2% horse serum to induce myogenic differentiation; as
myoblasts fused, multinucleated myotubes began to appear
by day 2, and increased in size and number by days 3 and 4,
as determined by monitoring the myotube marker myosin
heavy chain (MY H) using fluorescence microscopy (Figure
1A). Western blot analysis confirmed the time-dependent
expression of early (MYOGQG) and late (MYH) myogenic
markers (Figure 1B).

We recently reported that the abundant and relatively
conserved IncRNA OIP5-AS1 was capable of promoting
human myogenesis (20). Interestingly, mouse Oip5-asl and
human OIP5-AS1 share substantial sequence conservation,
including the region where Oip5-as! binds miR-7 (21,22).
As shown (Figure 1C), miR-7 and OIP5-AS1 shared se-
quence complementarity at both the 5" and 3’ ends of the
seed region, with only two internal nucleotides not pairing.
This extensive sequence pairing is characteristic of TDMD
(26), a process whereby the miRNA is degraded; this out-
come is in sharp contrast to the better established target
RNA decay induced by miRNA binding. Several instances
of TDMD have been reported (26-28), but they are not
directly implicated in developmental processes. Given that
OIP5-AS1 promotes human myogenesis (20) and consider-
ing the links of miR-7 to muscle aging and disease (23-25),
we studied whether OIP5-A4S1 and miR-7 were functionally
associated as regulators of human myogenesis.

We first examined the relative expression patterns of
OIP5-AS1 and miR-7 during human myogenesis by collect-
ing total RNA at the times shown after inducing differen-
tiation and performing RT followed by qPCR analysis of
the levels of miR-7-5p and OIP5-ASI. Interestingly, OIP5-
AS1 was upregulated early during myogenesis, and further
increased at late stages of differentiation (Figure 1D), while
miR-7 displayed the opposite expression profile, decreas-
ing early and further declining later in myogenesis (Fig-
ure 1E). In addition, we carefully assessed OIP5-AS1 copy
numbers per cell in proliferating myoblasts and in nucleus-
equivalent in differentiated cultures by using three methods:
by comparison to a standard curve prepared using a pool of
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Figure 1. OIP5-ASI binds and directs miR-7 degradation during myogenesis. (A) Fluorescent micrographs of MYH signals (red) to monitor the progres-
sion of human AB678 myoblasts from an undifferentiated state (day 0), when MYH is undetectable, to a state of full differentiation into myotubes (day
4), when MYH fluorescence is robust. Staining with DAPI (blue) was used to identify nuclei. (B) At the times indicated in differentiating AB678 cultures,
the levels of myogenic proteins were assessed by western blot analysis. Bands were quantified by densitometry and the relative intensities are shown. (C)
Complementarity between OIP5-ASI and miR-7. At the times indicated in differentiating AB678 cultures, the relative levels of OIP5-4S1 (D), miR-7
(miR-7-5p) (E), miR-7-3p (F) and precursor (pre)-miR-7 (G) were quantified by RT-qPCR analysis. (H) Biotinylated Ctrl and miR-7 were transfected
into AB678 cells; 24 h after adding differentiation medium, RNA complexes were pulled down using streptavidin beads (see the ‘Materials and Methods’
section) and the presence of OIP5-AS1 in the pulldown material was assessed by RT-qPCR analysis and normalized to the levels of GAPDH mRNA. (I)
AB678 myoblasts were transfected with either Ctrl miR or miR-7 mimic; 24 h later, they were placed in differentiation medium for an additional 24 h,
whereupon the levels of OIP5-4S1 were measured by RT-qPCR analysis. (J) AB678 myoblasts were transfected with Ctrl siRNA or OIP5-4S!-directed
siRNA; 24 h later, they were placed in differentiation medium and were collected at the times shown after the induction of differentiation. The levels of
miR-7 (left), miR-7-3p (middle) and pre-miR-7 (right) were all measured by RT-qPCR analysis. (K) AB678 myoblasts were transfected with Ctrl siRNA or
ZSWIMS-directed siRNA; 24 h later, they were placed in differentiation medium and were collected 24 h after inducing differentiation. The levels of miR-7

(left), miR-7-3p (middle) and pre-miR-7 (right) were measured by RT-qPCR analysis. Data in panels (B) and (D)—(K) display the means & SEM from

three or more biological replicates. Significance was established using Student’s #-test. P < 0.05; P < 0.01;

of three or more biological replicates.

external DNAs, by comparison with an endogenous tran-
script of known copy number and by droplet digital PCR
analysis (see the ‘Materials and Methods’ section). Using
all three methods, the number of OIP5-A4S1 molecules per
cell increased from ~25-40 copies per myoblast to ~79-126
copies per nucleus-equivalent in myotubes, with slight vari-
ation depending on the quantification method used (Sup-
plementary Figure SI1A; see the ‘Materials and Methods’
section), while the number of miR-7 copies, assessed using
the standard curve method and the relative Ct method, de-
clined from ~70-84 copies per myoblast to ~14-17 copies
per nucleus-equivalent in myotubes (Figure 1E and Supple-
mentary Figure S1A).

To begin to examine whether the loss of miR-7 (miR-
7-5p) might be due to TDMD, we assessed the expres-
sion patterns of miR-7-3p (the passenger strand) and pre-

Kook

P < 0.001. Other data are representative

miR-7 during human myogenesis. The findings that nei-
ther RNA changed significantly during myogenesis sug-
gested that the decrease in miR-7 during myogenesis was
not caused by reduced miRNA synthesis or maturation,
and instead supported TDMD as the mechanism responsi-
ble for the myogenesis-related loss of miR-7 (Figure 1F and
G). Further evidence supporting the physical interaction
between miR-7 and OIP5-AS! in human myoblasts was
gained by transfecting a biotinylated miR-7 into human my-
oblasts and inducing differentiation for 12 h, whereupon bi-
otinylated miR-7 was pulled down using streptavidin beads,
and RNA was isolated from the beads and OIP5-4S1 was
measured by RT-qPCR analysis. Biotinylated miR-7 was
capable of pulling down ~8-fold more OIP5-AS1 than a
biotinylated control miRNA (Figure 1H), supporting the
notion that miR-7 interacts with OIP5-AS1 during myoge-
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nesis. Moreover, unlike the typical degradation of a target
RNA following binding of an miRNA, overexpressing miR-
7 by transfecting an miR NA mimic did not affect OIP5-AS1
levels (Figure 11).

Additional support for TDMD of miR-7 by OIP5-AS1
was obtained by silencing OIP5-AS1, an intervention that
prevented the reduction of miR-7 during myogenesis, in
the absence of changes in miR-7-3p or pre-miR-7 ex-
pression levels (Figure 1J). Two recent screens identified
the E3 ubiquitin ligase ZSWIMS as a key mediator of
TDMD (45,46), as it proteolysis of argonaute (AGO), in
turn exposing the miRNA for degradation. We thus ex-
amined whether silencing ZSWIMS disrupted the OIP5-
ASI-directed TDMD and prevented miR-7 degradation.
As shown in Figure 1K, transfection of two different siR-
NAs that robustly silenced ZSWIM8 mRNA (Supplemen-
tary Figure S1B) led to increased miR-7 levels in both
proliferating and differentiated myoblasts, while it did not
change the levels of miR-7-3p or pre-miR-7. Taken together,
these findings suggest that during myogenesis, the rise in
OIP5-AS1 specifically contributed to the loss of miR-7 via
TDMD.

miR-7 attenuates myogenesis in human myoblasts

To investigate mechanistically the coordinated actions of
miR-7 and OIP5-AS1 in myogenesis, we first studied the ef-
fects of silencing OIP5-AS1. As shown in Figure 2A and B,
Supplementary Figure S1C and reported earlier (20), silenc-
ing OIP5-AS1 in AB678 myoblasts largely reduced the for-
mation of myotubes and the expression of myogenic mark-
ers, particularly the late differentiation marker MYH. In
a similar manner, overexpressing miR-7 attenuated human
myoblast differentiation and reduced myotube formation
by 72 h of myogenesis, even at concentrations as low as 1
nM (Supplementary Figure S1D); conversely, antagonizing
miR-7 dramatically promoted the formation of myotubes
by 72 h into myogenesis (Figure 2C and Supplementary Fig-
ure S1E). Quantification of the myotubes formed revealed
that overexpressing miR-7 reduced the fusion index from
~40% to ~20% after 72 h of differentiation, and that the
average number of nuclei per myotube declined from 12 to
2.5. On the other hand, antagonizing miR-7 elevated the
average number of nuclei per myotube from 12 to 30 and
also increased the fusion index from ~40% to ~80% (Fig-
ure 2C). The expression levels of myogenic markers con-
firmed this trend: overexpressing miR-7 decreased the ex-
pression levels of myogenic markers MEF2C and MYH at
48 and 72 h of differentiation, while antagonizing miR-7 in-
creased MYOG and MEF2C levels by 24 h and accelerated
MYH production (Figure 2D). Similar patterns were ob-
served when measuring a different myogenic differentiation
marker, CK activity: by 48 h of differentiation, overexpress-
ing miR-7 significantly reduced CK activity compared with
control groups, while antagonizing miR-7 elevated CK ac-
tivity (Figure 2E).

To further study whether the promotion of human skele-
tal myogenic differentiation by OIP5-AS1 was linked to the
reduction of miR-7 by OIP5-ASI-triggered TDMD, we de-
signed a rescue experiment. We silenced OIP5-AS1, which
increased miR-7 levels and reduced myogenesis and MYH

levels (Figures 1 and 2), while at the same we antagonized
miR-7. As shown in Figure 3A, miR-7 antagomiR partially
restored myogenesis relative to Ctrl antagomiR as measured
by the increased levels of MYH by 48 h of differentiation,
and it almost fully rescued MYH production by 72 h. Sim-
ilar effects were observed by monitoring myotube forma-
tion and CK activity (Figure 3B-D). Quantification of my-
otubes revealed that antagonizing miR-7 partially restored
the myogenesis that was impaired by silencing OIP5-A4S1,
with the fusion index increasing from ~20% to ~80% af-
ter 72 h of differentiation, and the average number of nu-
clei per myotube rising from 3.5 to 8.6 (Figure 3C). Collec-
tively, these results support the notion that OIP5-AS1 re-
duces miR-7 levels by TDMD, in turn enhancing myogene-
sis.

Expression of the fusogenic protein MYMX increases with
myogenesis and is suppressed by miR-7

To gain insight into the mechanism whereby miR-7 atten-
uates human myogenesis, we performed RNA-seq analysis
(GSE202793) to identify differentially abundant RNAs in
differentiated relative to undifferentiated AB678 cultures,
and compared them to predicted miR-7 target mRNAs.
Only one transcript, M YM X mRNA, was shared by these
two groups (Figure 4A and Supplementary Figure S2A).
We previously reported that MEF2C mRNA is regulated
by OIP5-ASI during myogenesis (20), and the MEF2C
S'UTR has a putative miR-7 binding site, so we examined
whether MYMX and MEF2C mRNAs are miR-7 targets.
Human myoblasts were transfected with biotinylated miR-7
and induced to differentiate; however, only M Y M X mRNA
was pulled down by biotinylated miR-7 (Figure 4B).

An essential step in myogenesis is the formation of my-
otubes, whereby mononuclear myocytes fuse to form mult-
inucleated myotubes. MYMX is a micropeptide that pro-
motes myocyte fusion to form myotubes during muscle re-
generation in mice (33,34,47-51). We thus examined the
expression pattern and functional role of MYMX in hu-
man myogenesis. Similar to the early differentiation marker
MYOGmRNA, MYMXmRNA was highly expressed early
in myogenesis (by 16-24 h of differentiation), but unlike
MYOG mRNA, MYMX mRNA declined markedly by 36
h of myogenic differentiation, and the expression pattern of
MYMX protein showed a trend similar to that of MYMX
mRNA (Figure 4C and D). This narrow time of expression
supports the notion that MYMX production is tightly reg-
ulated during myogenesis, and it was reflected in copy num-
ber estimations (assessed by standard curve and relative Ct
methods), ranging from 8 copies per proliferating myoblast
to ~111-137 copies per cell at peak times of expression, ~24
h into the differentiation program (Supplementary Figure
S2B). In addition, similar to what was reported in mouse
(33), silencing MYMX strongly reduced myotube forma-
tion in human myoblasts, but did not affect cell viability
or proliferation (Figure 4E, top, and Supplementary Fig-
ure S2C-E); quantification of myotubes revealed that by 72
h of differentiation, silencing MYMX reduced the fusion in-
dex from ~80% to ~15% and lowered the average number
of nuclei per myotube from ~25 to ~3 (Figure 4E, bottom).
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Figure 2. Silencing OIP5-AS1 attenuates myogenesis and inhibiting miR-7 promotes myogenesis. (A) AB678 myoblasts were transfected with Ctrl siRNA
or OIP5-ASI-directed siRNA; 24 h later, they were placed in differentiation medium for 72 h, whereupon differentiation was monitored by assessing MYH
levels (green) by immunofluorescence (left), and the fusion index and number of nuclei per myotube were quantified (right) after assessing five separate fields
per experiment. (B) AB678 myoblasts were transfected with Ctrl siRNA or OIP5-A4S1-directed siRNA; they were then placed in differentiation medium,
and collected at the times shown after the induction of differentiation. The levels of MYOG, MYH and loading control HSP90 were assessed by western
blot analysis. (C) AB678 myoblasts were transfected with Ctrl miR, miR-7 mimic or miR-7 antagomiR; they were then placed in differentiation medium
for 72 h, and differentiation was monitored by assessing MYH levels (red) by immunofluorescence (left), and the fusion index and number of nuclei per
myotube were quantified (right) after assessing five separate fields per experiment. (D) AB678 myoblasts were transfected with Ctrl miR, miR-7 mimic or
miR-7 antagomiR; as described in panel (B), the levels of MYOG, MYH, MEF2C and loading control HSP90 were assessed by western blot analysis. (E)
Cells were processed as described in panel (C), and the levels of CK activity were measured enzymatically (see the ‘Materials and Methods’ section). Data

ook

in all panels represent the means + SEM from three or more biological replicates. Significance was established using Student’s r-test. P < 0.05; ™ P < 0.01;
P < 0.001. In panels (B) and (D), bands were quantified by densitometry and the relative intensities are indicated.
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Furthermore, silencing MYMX reduced the expression lev-
els of myogenic markers (Figure 4F).

The production of fusogenic protein MYMX is repressed by
miR-7

MYMX is a newly discovered protein and thus its regula-
tion is largely unexplored, although MYOD and MYOG
were reported to activate Mymx transcription (33). The
findings that miR-7 was able to bind to M YM X mRNA and
the presence of a predicted binding site in the 3’UTR of the
MYMX mRNA (Figure 4A) strongly suggested that miR-7
might regulate M YMX mRNA post-transcriptionally. We
examined this hypothesis by transfecting the miR-7 mimic
at the start of differentiation; as shown (Figure 5A), ec-
topic overexpression of miR-7 reduced M YMX mRNA to
~40-50% of the levels in control cells (Ctrl miR) at every
time point. Similarly, overexpressing miR-7 strongly low-
ered the expression levels of MYMX, while antagonizing
miR-7 moderately increased MYMX expression levels at
early time points in differentiation (Figure 5B). These re-
sults suggest that miR-7 is able to bind M YMX mRNA and
reduces MYMX abundance.

To test whether miR-7 reduced MYMX levels by elic-
iting repression through the 3'UTR of MYMX mRNA,
luciferase constructs derived from psiCHECK?2 were pre-
pared in which the RL coding region was linked to the
wild-type (WT) MYMX 3’UTR or a mutant (mut) M YMX
3'UTR in which the miR-7 site was ablated (Figure 5C).
psiCHECK2 also encodes the FL protein, which serves to
normalize the luciferase results and control for transfection
efficiency (Figure 5C). Twelve hours after co-transfecting
ABG678 myoblasts with the parent reporter (psiCHECK2)
or test reporter psiCHECK2-MYMX(3'WT) with either
Ctrl miR or miR-7 and inducing differentiation, miR-7
was found to significantly lower luciferase activity (RL/FL)
from psiCHECK2-MYMX(3'WT), bearing the miR-7 site,
but not from the control vector, psiCHECK?2 (Figure 5D).
Ablation of the miR-7 site (‘3'mut’) elevated basal lu-
ciferase activity from psiCHECK2-MYMX(3'mut) relative
to psiCHECK2-MYMX(3'WT) (Figure SE and Supple-
mentary Figure S3A). Notably, silencing OIP5-AS1 also
lowered luciferase activity (RL/FL) of MYMX 3'UTR
(Figure 5F and Supplementary Figure S3B), while it
did not affect RL/FL activity from the parent reporter
(psiCHECK?2). These findings support a role for miR-7 in
lowering MYMX abundance through the M YMX 3'UTR,
and further implicate OIP5-AS1 in promoting MY MX pro-
duction by reducing miR-7 levels.

To further investigate how miR-7 reduces MYMX ex-
pression through the MYMX 3'UTR, we first tested
whether miR-7 regulates MYMX mRNA stability. The
half-life of MYMX mRNA was determined by blocking
de novo transcription using the inhibitor of RNA poly-
merase II actinomycin D, and measuring the time re-
quired for M YM X mRNA to reach one-half the abundance
measured at time 0 (¢1,2). MYMX mRNA levels declined
markedly faster in AB678 cells in which miR-7 was ectopi-
cally overexpressed (71,2 ~ 2 h) than in control cells (¢, >
3 h) (Figure 5G). In control experiments, a stable tran-
script, GAPDH mRNA (encoding the housekeeping pro-

tein GAPDH), showed comparable stability whether miR-
7 was overexpressed or not (Figure 5G). As miRNAs may
also reduce translation, 8 h into the differentiation pro-
gram we monitored the distribution of M YMX mRNA in
polysome gradients prepared from control and miR-7 over-
expressing AB678 cells. As shown (Supplementary Figure
S3C), global polysome profiles were similar between miR-7
overexpressing and control cells. However, the distribution
of MYMX mRNA along the gradient, as determined by
RT-qPCR analysis, shifted leftward when miR-7 was over-
expressed, from high molecular weight polysomes to low
molecular weight polysomes, specifically from fractions 6
9 to fractions 5-8 (blue shaded region), with an increase
in non-polysome-associated fraction 2 (orange shaded re-
gion) (Figure SH). This pattern of MYMX mRNA distri-
bution is consistent with a role for miR-7 in repressing the
formation of larger polysomes on M YMX mRNA and re-
ducing MYMX translation (Figure SH, left). ACTBmRNA
(encoding the protein B-Actin/ACTB), included as a con-
trol, displayed comparable patterns in the Ctrl miRNA and
the miR-7 groups (Figure 5H, right). Further analysis of
reporter RL mRNA and FL mRNA showed that the pres-
ence of miR-7 on reporter RL mRNA moderately reduced
RL mRNA levels expressed from the WT reporter (Supple-
mentary Figure S3D-F), although the relative effects on RL
protein activity (Figure SD-F) were more pronounced than
the effects on RL mRNA levels. Thus, the reporter analysis
supported a dual role for miR-7 in reducing M Y M X mRNA
stability and translation. In sum, these findings indicate
that miR-7 lowers MYMX expression during myogenesis
by destabilizing and reducing the translation of MYMX
mRNA.

To further study whether the miR-7-elicited reduction
of myogenesis was mediated by the decreased production
of MYMX, we performed another rescue experiment. A
construct was prepared to express myc-tagged MYMX
from a vector that only contained the coding sequence of
MYMX mRNA and therefore lacked miR-7 binding sites.
After transfecting AB678 myoblasts, exogenous MYMX-
myc and endogenous MYMX proteins were detected by
western blot analysis (Figure 5I). As shown, overexpress-
ing miR-7 reduced the levels of endogenous MYMX but
not MYMX-myc (Figure 5I); importantly, however, over-
expression of MY MX-myc partially restored myogenesis as
determined by the rise in myotubes (Figure 5J) and by mea-
suring both the fusion index and the average number of nu-
clei per myotube (Figure 5K). Together, these results indi-
cate that miR-7 post-transcriptionally reduces MYMX ex-
pression by destabilizing M YMX mRNA and by inhibiting
MYMX translation, in turn suppressing myogenesis.

OIP5-AS1 lowers miR-7 levels by TDMD, in turn enhancing
MYMX levels and myogenesis

Given the robust influences of OIP5-AS1 on miR-7 levels
and miR-7 expression on MYMX production (Figures 4
and 5), we further investigated whether miR-7 levels were
controlled by OIP5-4S1 through TDMD. To that end,
we first established dual-label co-culture experiments us-
ing AB678 cells. Through lentiviral delivery of fluorescent
proteins, we created two individual AB678 myoblast lines,
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Figure 5. miR-7 post-transcriptionally suppresses the stability and translation of M YMX mRNA. (A) AB678 myoblasts were transfected with Ctrl miR
or miR-7 mimic; 24 h later, they were placed in differentiation medium, and collected at the times shown after the induction of differentiation. The levels
of MYMX mRNA were measured by RT-qPCR analysis. (B) AB678 myoblasts were transfected with Ctrl miR, miR-7 mimic as described in panel (A)
or miR-7 antagomiR, and MYMX protein levels were assessed by western blot analysis. (C) Schematic of the psiCHECK?2 dual-luciferase system, which
contains RL coding region fused to the WT MYMX 3’UTR [psiCHECK2-MYMX(3'WT)] or the MYMX 3'UTR bearing a mutation in the miR-7
binding site [psiCHECK2-MYMX(3'mut)]. FL activity, expressed from the same vector, was measured as an internal control. (D, E) Twelve hours after
co-transfecting myoblasts with the parent reporter (psiCHECK?2) or test reporter psiCHECK2-MYMX(3'WT) with either Ctrl miR or miR-7 into AB678
myoblasts and inducing differentiation, RL/FL activity was calculated. Twenty-four hours after co-transfecting the plasmids psiCHECK2-MYMX(3'WT)
and psiCHECK2-MYMZX(3'mut), AB678 myoblasts were induced to differentiate for 24 h, and the relative RL/FL ratios were determined. (F) Twenty-
four hours after co-transfecting psiCHECK2 or test reporter psiCHECK2-MYMX(3'WT) and control or OIP5-A4S1-directed siRNA, AB678 myoblasts
were induced to differentiate for 24 h, and the relative RL/FL ratios were determined. (G) Twenty-four hours after transfecting Ctrl miR-7 or miR-7
mimic, AB678 myoblasts were placed in differentiation medium for an additional 24 h; cells were then treated with actinomycin D, and the relative levels
of MYMX mRNA (left) and a control stable transcript, GAPDH mRNA (right), were assessed by RT-qPCR analysis and normalized to /8S rRNA levels,
also quantified by RT-qPCR analysis. mRNA half-lives (71,>) were calculated as the times required to reach 50% of the initial abundance of the mRNA at
time 0 before adding actinomycin D. (H) Twenty-four hours after transfecting Ctrl miR or miR-7 mimic, AB678 myoblasts were placed in differentiation
medium for an additional 24 h, and then harvested. Cytoplasmic extracts were fractionated by centrifugation through sucrose density gradients, RNA was
isolated from equal volumes of each fraction and the abundance of M YMX and ACTB mRNAs was quantified by RT-qPCR analysis and represented as
a percentage of the total mRNA on the gradient. AB678 myoblasts were co-transfected with Ctrl miR or miR-7 mimic and with either a control empty
vector (EV) plasmid or a plasmid expressing myc-tagged MYMX; 24 h later, AB678 myoblasts were induced to differentiate and 48 h after that the levels of
MYMX, MYMX-myc, and HSP90 were determined by western blot analysis (I), differentiation was monitored by assessing MY H immunofluorescence (J)
and the fusion index and the number of nuclei per myotube were quantified; five fields were assessed per experiment (K). Data in panels (A), (B), (D)-(G),
(I) and (K) represent the means - SEM from at least three independent experiments. Significance was established using Student’s r-test. " P < 0.05; ™ P <
0.01; ™ P < 0.001. Other data are representative of three or more biological replicates.
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one expressing EGFP and the other expressing mCherry
(AB678-EGFP and AB678-mCherry, respectively; Figure
6A); we monitored myoblast fusion by evaluating the merg-
ing of these two fluorescent signals. We overexpressed miR-
7 or miR control in AB678-EGFP cells and further co-
cultured them with AB678-mCherry cells. Compared to
miR control, miR-7 overexpression in AB678-EGFP cells
largely reduced syncytial myotube formation (Figure 6B;
unmerged fluorescence shown in Supplementary Figure
S4A). In addition, silencing OIP5-ASI in AB678-EGFP
reduced the formation of syncytial myotubes, while con-
trol AB678-EGFP cells formed mixed-color syncytial my-
otubes with AB678-mCherry cells (Figure 6C; unmerged in
Supplementary Figure S4B); similar results of the syncy-
tial myotubes formed were assessed by measuring heterolo-
gous fusion index (Figure 6D and E). These results support
the notion that OIP5-AS1 contributes to human myotube
formation at least in part by eliciting miR-7 TDMD, and
thereby derepressing the production of fusogenic protein
MYMX.

To date, most instances of TDMD-mediated regulation
of miRNAs involved artificial RNAs instead of endogenous
RNAs (26,52,53), with few exceptions (22,30,54). To study
whether OIP5-A4S1 might reduce miR-7 by TDMD, we de-
signed a small oligonucleotide TSB that interfered with the
endogenous TDMD machinery by binding OIP5-ASI at
the site of interaction with miR-7, effectively preventing
miR-7 from binding OIP5-ASI. We hypothesized that if
miR-7 is reduced by TDMD, the TSB might prevent the
loss of miR-7. As shown in Figure 7A, transfection of the
‘OIP5-AS1:miR-7" TSB preserved higher miR-7 levels dur-
ing differentiation, while miR-7 levels declined in the Ctrl
TSB group (left); in contrast, neither TSB transfection af-
fected the levels of miR-7-3p (passenger-strand miRNA) or
pre-miR-7 during myogenesis, as determined by RT-qPCR
analysis (middle, right). In agreement with the TSB design,
OIP5-AS1:miR-7 TSB did not affect OIP5-AS1 levels (Fig-
ure 7B). These results supported the notion that the TSB
was able to block OIP5-ASI-directed miR-7 degradation.
Therefore, we next investigated whether the TSB was able
to affect human myogenesis by controlling miR-7 degrada-
tion. In keeping with the proposed model, AB678 myoblasts
treated with the OIP5-AS1:miR-7 TSB displayed reduced
myogenesis, as assessed by myotube formation and quantifi-
cation of fusion indices and number of nuclei per myotube,
relative to AB678 myoblasts treated with Ctrl TSB (Fig-
ure 7C and D, and Supplementary Figure S5A). Moreover,
the abundance of M YMX mRNA as well as MYMX and
MYH proteins declined markedly in the presence of OIP5-
AS1:miR-7 TSB (Figure 7E and F). To further determine
whether the OIP5-AS1:miR-7 TSB preserved the levels and
repressive influence of miR-7 upon the MYMX 3'UTR,
we studied luciferase activity from the reporter bearing
WT MYMX 3UTR or a mutant M YMX 3’UTR in which
the miR-7 site was ablated (from Figure 5C). As shown,
luciferase activity from psiCHECK2-MYMX(3’WT) was
lower in AB678 cells that received OIP5-AS1:miR-7 TSB
than in cells that received Ctrl TSB following 12 h of dif-
ferentiation, while luciferase activity from psiCHECK2-
MYMX(3'mut) was overall higher and was unaffected by
OIP5-AS1:miR-7 TSB (Figure 7G).

To further study the impact of OIP5-AS1:miR-7 TSB on
myocyte fusion, we employed the cell system described in
Figure 6; AB678-EGFP cells were transfected with OIP5-
AS1:miR-7 TSB and co-cultured with AB678-mCherry
cells. In the presence of OIP5-AS1:miR-7 TSB, AB678-
EGFP cells severely lost their fusion ability, as determined
by monitoring syncytial myotube formation and quantify-
ing heterologous fusion index (Figure 7H and I, and Sup-
plementary Figure S5B). Thus, we propose that TSBs could
have an anti-myogenic influence on myotube formation.

Impaired myogenesis by OIP5-AS1:miR-7 TSB is rescued by
antagonizing miR-7

We performed additional experiments to investigate in
depth whether OIP5-AS1:miR-7 TSB attenuates myoge-
nesis by increasing miR-7 availability. AB678 myoblasts
were transfected with Ctrl TSB or OIP5-AS1:miR-7 TSB
along with either Ctrl antagomiR or miR-7 antagomiR;
they were then induced to differentiate and myotube for-
mation was assessed by monitoring MY H immunofluores-
cence. As shown in Figure 7J (and quantified in Figure 7K),
the suppression of myotube formation elicited by the OIP5-
AS1:miR-7 TSB was rescued by transfecting the miR-7 an-
tagomiR, which partly restored myogenesis. These results
support the notion that OIP5-AS1:miR-7 TSB reduced my-
otube formation at least in part by specifically increasing
miR-7 levels, and not by indirectly affecting myogenesis.

To comprehensively study how OIP5-AS1:miR-7 TSB in-
fluenced myogenic gene expression programs, AB678 cells
were transfected with Ctrl TSB or OIP5-AS1:miR-7 TSB,
and RNA-seq analysis was performed using proliferating
(0 h) and differentiating (24 and 48 h) cultures. We focused
our analysis on the 875 mRNAs that were identified as being
miR-7 predicted targets (condition 1) after database analy-
sis (miRDB), and further analyzed the expression of these
mRNAs during myogenesis (condition 2) and in the pres-
ence of OIP5-AS1:miR-7 TSB (condition 3) at 0, 24 or 48
h. At the intersection of these three conditions, we found a
total of 37 mRNAs that were predicted to be repressed by
miR-7, elevated during myogenesis and reduced by the pres-
ence of OIP5-AS1:miR-7 TSB (Figure 7L); importantly,
MYMX mRNA was among the top genes that adhered to
these criteria (Figure 7L and Supplementary Figure S6).
GSEA of differentially expressed genes revealed that the
top gene clusters showing decline were related to muscle
regeneration and myogenesis, affecting the ATP synthase
complex, the mitochondrial respiratory chain, the mus-
cle myosin complex and the sarcoplasmic reticulum mem-
brane (Figure 7M). These findings strengthen the notion
that OIP5-AS1:miR-7 TSB restored the miR-7 expression
and reduced the levels of myogenesis-associated miR-7 pre-
dicted targets; among them, M YMX mRNA, encoding a
fusogenic protein, was a top miR-7-regulated transcript, as
found ecarlier (Figure 4).

We previously reported that IncRNA OIP5-AS1 can reg-
ulate MEF2C expression levels by forming a partial hy-
brid with MEF2C mRNA (20). As it did not appear that
miR-7 binds MEF2C mRNA (Figure 5B), we investigated
whether OIP5-A4S1 might regulate myogenesis via two in-
dependent mechanisms working in parallel. To experimen-
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P < 0.001.



7128 Nucleic Acids Research, 2022, Vol. 50, No. 12

A Ctrl TSB Ctrl TSB Ctrl TSB B Ctrl TSB
OIP5-AST:miR-7 TSB OIP5-AST:miR-7 TSB OIP5-AST:miR-7 TSB Bl OIP5-AS1:miR-7 TSB
miR-7-5p miR-7-3p pre-miR-7 0IP5-AS1
25 o . 25 25
. . e
20 20 20
2 N S 3 3 s
3 15 3 15 G 15 8
3 3 1. B 1 3
K ° © ®
) 2 Py 2 2
Z 10w F 10 m® 0™ 10T S o {mi NS 5
3 : ] ;) &
Z o5 | H 05 05
0 0. 0.
0 16 36 0 16 36 0 16 £ 0 16 36
Differentiation (h) Differentiation (h)
C Ctri TSB OIP5-AST:miR-7 TSB D E
MYMX mRNA
e i 10 *x
50 100 P Ctrl TSB
° s OIP5-AST:miR-7 TSB
< 40 . X 80 o S
= 3 26
£ 30 ) 3 60 °
3./ B : 5 .
o} B s
§a o £ s
c UJ. . .
5 10 20 : 2
#* *e -
aftese .
Ctrl  OIP5-AS1:miR-7 Ctrl  OIP5-AS1:miR-7 0 16 36
TSB TSB TSB TSB Differentiation (h)
F H !
Ctrl TSB OIP5-AS1:miR-7 TSB MYMXIUTR —] FL '—3'WT
Ctrl TSB OIP5-AS1:miR-7 TSB

kDa 8 16 48 72 8 16 48 72 Diff(h)

— MYMX 3'U, — FL '—3’7“\1(
~ MymMX I ctri TSB

2
8

s 100 84 25 25 1 25 18 20 OIP5-AST:miR-7 TSB L E 80
46 +14 477 301 $01 +01 #02 02 . o o R
260 - = (] * 23 60
- 2 SE
1% MYH 8 S50
.o . e T3
2
3 20
. &2 100 9 54 %
13 112 03 £19 é ]
100- 3 Ctrl OIP5-AST:miR-7
- e et e @Dede® s & TSB TSB

pSICHECK2-  psiCHECK2-
-MYMX(3'WT) -MYMX(3'mut)

OIP5-AS1:miR-7 TSB  Diff.

vs. Ctrl TSB vs. Prolif.
miR- trl + Ctrl antagomil h) 0 24 48
J R-7 K Ctrl TSB + Ctrl antagomiR L ®
@ antagomiR Ctrl TSB + miR-7 antagomiR > sLoziAs SEC
OIP5-AS1:miR-7 TSB + Ctrl antagomiR canns1 |
/‘ BT miR7 OIP5-AS1:miR-7 TSB + miR-7 antagomiR :ﬁg’; N,
e
TSB o L
0IP5-AS1 - o
409 —e 100 i =

° . q'
E M X 80

Ctrl TSB 230 ol )

Ctrl antagomiR miR-7 antagomiR N : < 60 * 5
T 20 e c
2 c
: R
< 3
2
sl @ * 2 %
.

'SAM
K2
'RX
TMEM213
RACT
‘GLN3
ccoc120
TRAF5
M N MEF2C mRNA
OIP5-AS1:miR-7 TSB "
Ctrl antagomiR miR-7 antagomiR *x
E 5 —_—
motile cilium .
proton-transporting ATP synthase complex, coupling factor F(o) | [N ° 4
sarcoplasmic reticulum membrane | [N . 2
mitochondrial proton-transporting ATP synthase complex | [N padjust & H
proton-transporting ATP synthase complex | N I oots 5 3 "
mitochondrial respiratory chain complex || I 000 3 —_—
NADH dehydrogenase complex I oors 2, .
respiratory chain complex || [N Zg;g 2 o
muscle myosin complex | I . .ee
myosin Il complex | I '3
striated muscle thin filament | [N 0
3 -2-10 1
NES IgG HuR  1gG HuR
CtiTSB  OIP5-AST:MEF2C TSB

Ctrl TSB

OIP5-AS1:miR-7 TSB OIP5-AS1:miR-7 TSB
Ctrl TSB OIP5-AS1:miR-7 TSB OIP5-AST:MEF2C TSB  OIP5-AS1:MEF2C TSB OIP5-AS1:MEF2C TSB

OIP5-AS1:miR-7 TSB + OIP5-AS1:MEF2C TSB
s
[ -
40 e 100
* < ... e
30 o° < « —
. -
20 —_— .
. RN
- N B
10 2
.
0 S a0

Figure 7. TSB of OIP5-AS1:miR-7 attenuates myotube formation by inhibiting OIP5-AS1-directed miR-7 degradation. (A) AB678 myoblasts were trans-
fected with TSB (Ctrl TSB or OIP5-AS1:miR-7 TSB); 24 h after transfection, AB678 myoblasts were induced to differentiate, and were collected at the

o

@
3

@
3

Fusion index (%!
IS
8

# of nuclei / myotube




tally test whether OIP5-AS1 affects miR-7 levels (and con-
sequently M YM X mRNA) on one hand and MEF2C levels
(by recruitment of HuR) on the other hand, we designed
an additional TSB (OIP5-AS1:MEF2C TSB), which can
specifically interfere with the interaction between MEF2C
mRNA and OIP5-ASI at the segment where the two
RNAs bind (20). Compared with transfection of control
TSB, transfection of OIP5-AS1:MEF2C TSB in human
myoblasts significantly reduced the binding of OIP5-ASI
to MEF2C mRNA, as determined by OIP5-A4S1-directed
ASO pulldown followed by RT-qPCR analysis (Supplemen-
tary Figure S7A). In agreement with this finding, transfec-
tion of OIP5-AS1:MEF2C TSB also prevented the bind-
ing of HuR to the MEF2C mRNA (Figure 7N), in turn
reducing MEF2C mRNA levels (Supplementary Figure
S7B). These results supported the notion that the OIPS5-
AST:MEF2C TSB was able to block OIP5-AS1-mediated
stabilization of MEF2C mRNA. We further compared the
effect of transfecting individually OIP5-AS1:miR-7 TSB or
OIP5-AS1:MEF2C TSB or transfected them together. In-
dividual transfections of OIP5-AS1:miR-7 TSB (50 nM)
and OIP5-ASI:MEF2C TSB (50 nM) attenuated myoge-
nesis, but co-transfection of both OIP5-AS1:miR-7 and
OIP5-AS1:MEF2C TSB (at 25 nM each) had a much more
robust effect reducing myogenesis than either TSB alone,
as determined by measuring MYH expression and moni-
toring myotube formation (Figure 70 and P, and Supple-
mentary Figure S7C). These results strongly support the
notion that OIP5-ASI has dual roles in myogenic gene
expression program, one as a scaffold IncRNA by bind-
ing to long MEF2C mRNA to recruit stabilizing RBP
HuR, as reported previously (20), and another as a plat-
form to bind miR-7 and trigger TDMD, in turn promoting
myogenesis.

Together, our findings support a model whereby a rise in
IncRNA OIP5-AS1 levels during myogenesis reduced miR-
7 via TDMD, in turn enhancing stability and translation of
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MYMX mRNA, increasing the levels of fusogenic protein
MYMX and promoting myotube formation (Figure §).

DISCUSSION

Muscle development and regeneration are complex and
tightly orchestrated processes that involve profound
changes in gene expression programs. An essential step
in myogenesis, myotube formation requires the fusion of
myoblasts to form a multinucleated myofiber, the func-
tional unit of skeletal muscle. Although many molecular
factors controlling myogenesis have been described, little
is known about the gene expression programs specifically
driving myoblast fusion. Here, we present evidence that
OIP5-AS1, a IncRNA abundant in muscle, is elevated
early during myogenesis and its association with miR-7
leads to TDMD-dependent reduction of miR-7 levels
during myogenesis. The ensuing loss of miR-7 derepresses
MYMX production and promotes myogenesis. The effects
of miR-7 were linked to its interaction with the MYMX
mRNA, which encodes a small protein, MYMX, that
promotes myoblast fusion. A key piece of evidence in this
regulatory paradigm was obtained by using a TSB directed
at the miR-7 interacting site in OIP5-AS1, which repressed
TDMD, permitted miR-7 to increase, reduced MYMX
production and attenuated myotube fusion.

TDMD implicated in modulating myogenesis

Most miRNAs are believed to be relatively stable, but
TDMD was recently identified as a novel mechanism for
select miRNA degradation. Several miRNAs have been
proposed to be regulated by TDMD, but few have impli-
cated TDMD in specific biological processes. Most reported
studies on TDMD were conducted in the brain, as shown
for the degradation of miR-132 and miR-124 by artificial
constructs in primary neuronal cells (54) and by neuronal

indicated times. The levels of miR-7 (left), miR-7-3p (middle) and pre-miR-7 (right) were measured by RT-qPCR analysis. (B) In cells prepared as described
in panel (A), the levels of OIP5-A4S1 were measured by RT-qPCR analysis. (C) AB678 myoblasts were transfected with Ctrl TSB or OIP5-AS1:miR-7 TSB;
24 h later, they were placed in differentiation medium for 72 h, and differentiation was monitored by assessing MY H levels by immunofluorescence, and the
fusion indices and numbers of nuclei per myotube (D) were quantified after assessing five separate fields per experiment. (E) In cells prepared as described
in panel (A), the levels of M YMX mRNA were measured by RT-qPCR analysis. (F) AB678 myoblasts were transfected with Ctrl TSB or OIP5-AS1:miR-7
TSB; 24 h later, they were placed in differentiation medium, and collected at the times shown after the induction of differentiation. The levels of MYMX,
MYH and loading control HSP90 were assessed by western blot analysis. Bands were quantified by densitometry and the relative intensities are indicated.
(G) Twenty-four hours after co-transfecting the plasmids bearing wild-type or mutant M YMX 3'UTR with Ctrl TSB or OIP5-AS1:miR-7 TSB, AB678
myoblasts were induced to differentiate for 24 h, whereupon RL/FL ratios were determined. As described in Figure 6, EGFP-labeled AB678 cells were
transfected with Ctrl TSB (left) or OIP5-AS1:miR-7 TSB (right) and further mixed with mCherry-labeled AB678. The fusion ability was monitored by
representative confocal images (H) showing homologous fusion (EGFP+ or mCherry+) and heterologous syncytia (both EGFP+ and mCherry+), and the
heterologous fusion index (I) was quantified after assessing five separate fields per experiment. AB678 myoblasts were transfected with Ctrl TSB or OIP5-
AS1:miR-7 TSB along with either Ctrl antagomiR or miR-7 antagomiR; they were then placed in differentiation medium for 72 h, and the progression of
differentiation was monitored by assessing MYH levels by immunofluorescence (J), and by measuring fusion indices and numbers of nuclei per myotube
(K) in five separate fields per experiment. (L) Expression levels of 37 myogenesis-associated mRNAs that are predicted targets of miR-7, are significantly
downregulated after introducing OIP5-AS1:miR-7 TSB (by 0, 24 or 48 h of differentiation) and are upregulated during myogenesis for 24 h (see also Supple-
mentary Figure S6). Significance was established using Pygj < 0.05, and logo FC > 1 (Prolif: proliferating; Diff: differentiated). (M) GSEA of differentially
expressed genes in OIP5-AS1:miR-7 TSB treated cells. GO annotations based on cellular components; top 10 gene sets were established using normalized
enrichment score. (N) AB678 myoblasts were transfected with Ctrl TSB or OIP5-AS1:MEF2C TSB; 24 h later, they were placed in differentiation medium
for 24 h, and the binding of HuR to MEF2C mRNA was assessed by cross-linking RIP analysis; data were normalized to the levels of GAPDH mRNA
in each IP sample and represented as the enrichment of each mRNA in HuR IP samples relative to the levels of the mRNA in IgG IP samples. AB678
myoblasts were transfected with Ctrl TSB, OIP5-AS1:miR-7 TSB, OIP5-ASI:MEF2C TSB (50 nM each) or with a cocktail of OIP5-AS1:miR-7 TSB (25
nM) plus OIP5-AS1:MEF2C TSB (25 nM); 24 h later, they were placed in differentiation medium for 72 h, and differentiation was monitored by assessing
MYH levels by immunofluorescence (O), and by measuring the fusion indices and the numbers of nuclei per myotube (P) in five separate fields per exper-
iment. Data in panels (A), (B), (D)~(G), (I), (K), (N) and (P) represent the means + SEM from at least three independent experiments. Significance was
established using Student’s #-test. *“ P < 0.01; *** P < 0.001. Other data are representative of three or more biological replicates.



7130 Nucleic Acids Research, 2022, Vol. 50, No. 12

= =
. - —p -
- e
-
Myoblasts Fused myoblasts

Proliferating

I (Gl

Differentiated

—N\ miR-7 L N
oy - =
= OIP5-AS1
T Ym %
- TDMD
TSB
miR-7
degradation
miR-7
Y e
 Ym
______ S /—*’—01. AAAAA —— P \AAAA
- MYMX mRNA MYMX mRNA
l degradation
&M
\\ /,'
’ — T
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miR-7 decay, in turn keeping M YM X mRNA unstable and repressing myogenesis. In sum, through a TDMD mechanism, OIP5-AS1 promotes fusogenic

protein MYMX expression and enhances myotube formation.

RNAs NREP and OIP5-AS1, which direct the degradation
of miR-29 and miR-7, respectively, and thereby affect neu-
ral activity (22,27,54). To our knowledge, this study repre-
sents the first instance of TDMD implicated in human myo-
genesis. We found that OIP5-AS1, which is specifically el-
evated in skeletal muscle, reduced miR-7 expression upon
myogenic differentiation, and we further discovered that ex-
pression of the muscle-specific fusogenic protein MYMX
was regulated by this myogenic TDMD. In short, TDMD
involving these two noncoding RNAs might directly influ-
ence muscle development as well as adult muscle regenera-
tion.

By global CRISPR /Cas9 screening, a general mechanism
of TDMD was recently suggested whereby the ubiquitin
ligase ZSWIMS controlled miRNA degradation by induc-
ing the proteolysis of loaded Argonaute (AGO) (44,45). In
agreement with this mechanism, we found that silencing in-
terventions directed at the ZSWIME mRNA led to a rise in
miR-7 levels (Figure 1K and Supplementary Figure S1B).
However, OIP5-AS1 is a long IncRNA, with some isoforms
spanning >8 kb, and thus it can serve as a platform for
binding of many RNA-binding proteins (RBPs), includ-
ing AGO?2 (55). Accordingly, the interaction of OIP5-AS1

with myogenic RBPs such as HuR, IGF2BP2 and KHSRP
[POSTAR database (20,55,56)] could influence the binding
of AGO/miR-7 with OIP5-AS1 by direct competition or by
changing regional RNA conformation in ways that expose
or hide miRNA-binding sites, consequently promoting or
suppressing TDMD. Further work is warranted to clarify
whether RBPs known to interact with OIP5-AS! and influ-
ence myogenesis, such as HuR, might affect TDMD.

Role of miR-7 in MYMX expression during myogenesis

The abundance of miR-7 positively correlates with muscle
aging and negatively correlates with muscle health in mice
and humans (23-25). Here, we found that miR-7 levels de-
creased during myogenesis, and discovered that this reduc-
tion was at least partly due to OIP5-A4S1-directed degrada-
tion (Figures 1 and 7). Overexpression of miR-7 suppressed
human myotube formation and myogenesis (Figure 2), and
the miR-7 antagomiR strongly promoted myotube forma-
tion (Figure 2). In light of growing evidence that miRNAs
and antagomiRs can be used therapeutically, further exam-
ining whether antagonizing miR-7 can regulate muscle re-
generation and muscle aging is warranted. We sought to



study this question in mice using the site blocker (OIP5-
AS1:miR-7 TSB), but unfortunately, the miR-7 site is not
conserved on the mouse Mymx mRNA and thus the mouse
is not a good model for the effect of this TSB. Systematic
analysis of miRNA target sites revealed that nonconserved
sites of miRNAs are several times more abundant than
conserved sites, although both reduce mRNA stability and
translation (57,58). Other relevant studies document the
fact that nonconserved sites of human- and primate-specific
miRNAs have important roles in developmental and dis-
ease processes (59); for example, repression of MeCP2 levels
by miRNA miR-483-5p occurred specifically in fetal brain
from humans but not mice (60). Additionally, 3 UTRs from
orthologous genes increase in miRNA target sites from in-
vertebrates to humans; in this regard, Cacchiarelli et al.
proposed that human 3'UTRs may acquire evolutionary
advantage via specific miRNA target sites (61). Although
mouse and human myogeneses are highly conserved, the
expression of some myogenic factors varies between hu-
mans and mice (62,63), suggesting the existence of evolu-
tionary mechanisms such as selective regulation of MYMX
expression by miR-7 to fine-tune myogenesis in humans but
not in mice. Interestingly, however, miR-7 overexpression
was recently found to be beneficial in myoblasts from my-
otonic dystrophy (DM) patients by repressing autophagy
(64), suggesting a distinct function of miR-7 in DM. In this
paradigm, the OIP5-AS1:miR-7 TSB might recapitulate the
beneficial effects observed by increasing miR-7 levels.

Although MYMX has been found to be a key regulator
of the fusion of myoblasts into multinucleated myotubes, lit-
tle is known about the molecular mechanisms that regulate
MYMX levels. Previous reports have shown that MYOD
and MYOG may induce expression of MYMX transcrip-
tionally (31,65). During myogenic differentiation, MYMX
is elevated early and decreases rapidly when MY H levels in-
crease (Figure 4). Interestingly, the putative transcriptional
regulator MYOG remains elevated at later time points (Fig-
ure 4), indicating that the drop in MYMX production likely
occurs via post-transcriptional mechanisms. Here, we iden-
tified miR-7 as a repressor of MYMX production, as it sup-
presses MYMX mRNA stability and translation, adding
one more dimension of control of MYMX biosynthesis
and reduction (Figure 5). Whether RBPs and possibly post-
translational events (i.e. MY MX protein stability) also con-
tribute to the regulation of MYMX levels awaits future
analysis.

Application of TSB in therapeutic paradigms

We found that a small oligonucleotide TSB (OIP5-
AS1:miR-7 TSB) interfered with the binding of miR-7 to
OIP5-ASI1 and hence prevented miR-7 degradation, while
another TSB (OIP5-AS1:MEF2C TSB) interfered with
the interaction between two long RNAs, OIP5-ASI and
MEF2C mRNA (Figure 7). These observations align with
a similar approach reported recently using small ASOs to
block RNA-RNA interactions (66) and suggest that TSBs
could be used more broadly to study IncRNA interactions
with other RNAs and RBPs.

Unlike strategies to silence a target gene, TSBs only inter-
fere with the interaction of two specific RNAs, and therefore

Nucleic Acids Research, 2022, Vol. 50, No. 12 7131

they are expected to be less likely to cause the unwanted side
effects seen after antagonizing an miRNA or treating with
an siRNA, while still having the advantages of being small
oligonucleotides with therapeutic capacity (66-68). ASOs,
a family of molecules that includes TSBs, are intensely in-
vestigated for therapeutic use (69,70), including ASOs for
muscle-related diseases such as Duchenne muscular dystro-
phy (71,72). The specific modifications on TSBs have been
reported to reduce off-target effects (70,73,74).

Beyond myogenesis, both OIP5-AS! and miR-7 have
been reported to regulate tumorigenesis with pro- and anti-
cancer influence (75,76). For instance, in glioma, OIP5-AS1
is pro-oncogenic (77,78) and miR-7 acts as a tumor suppres-
sor (79-81). Whether these RNAs are implicated in TDMD
in glioma and the TSB directed at OIP5-AS1:miR-7 can be
exploited therapeutically deserve future study.

In summary, we present a new paradigm whereby a
IncRNA, OIP5-AS1, helps to orchestrate a complex bio-
logical process by associating with an miRNA, miR-7, en-
hancing its degradation and thus derepressing production
of a protein that promotes myoblast fusion, MYMX. This
proof-of-principle study highlights the potential usefulness
of small oligonucleotides (TSB) to interfere selectively with
RNA-RNA interactions for therapeutic benefit.
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