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Abstract

Chromatin remodeling complexes have functions in transcriptional
regulation and chromosome maintenance, but it is mostly
unknown how the function of these normally ubiquitous
complexes is specified in the cellular context. Here, we describe
that the evolutionary conserved long non-coding RNA linc-MYH
regulates the composition of the INO80 chromatin remodeler
complex in muscle stem cells and prevents interaction with WDR5
and the transcription factor YY1. Linc-MYH acts as a selective
molecular switch in trans that governs the pro-proliferative func-
tion of the ubiquitous INO80 complex but does not affect its role
in maintaining genomic stability. The molecular switch is essential
for restricting generation of quiescent MuSCs and proliferation of
myoblasts in homeostasis and regeneration. Since linc-MYH is
expressed in proliferating myoblasts but not in quiescent MuSCs,
we reason that the extent of myoblast proliferation has decisive
effects on the size of the quiescent MuSC pool.
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Introduction

Skeletal muscle has a remarkable capacity for regeneration, which
critically depends on the function of adult muscle stem cells
(MuSCs). MuSCs are located on myofibers under the basal lamina
and thus are also named satellite cells (Mauro, 1961). MuSCs are
readily identified by the expression of the paired-box transcription
factor Pax7 (Seale et al, 2000; Oustanina et al, 2004) and mostly rest
in a quiescent state under homeostatic conditions. Upon injury, they
become activated followed by proliferation, differentiation, and
fusion to myofibers. Some activated MuSCs do not submit to
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differentiation during tissue renewal and regeneration but replenish
the MuSC pool (Motohashi & Asakura, 2014; Almada & Wagers,
2016). Since inhibition of MuSC proliferation or ablation of MuSCs
only has effects on skeletal muscles during regeneration or long-
term maintenance, it had been assumed that MuSCs rarely prolifer-
ate under baseline conditions (Murach et al, 2017; Fukada, 2018;
van Velthoven & Rando, 2019). However, recent studies demon-
strate that approximately 10% of MuSCs become labeled by EdU
over a two-week period, suggesting substantial proliferation of
MuSCs even under homeostatic conditions (Pawlikowski et al,
2015).

The definitive amount of MuSCs is determined during postnatal
development in individual skeletal muscles and remains stable after
reaching adulthood, even after multiple rounds of tissue regenera-
tion (White et al, 2010; Keefe et al, 2015). During aging, the number
of MuSCs eventually declines, associated with reduced proliferative
capacity of activated MuSCs (Garcia-Prat et al, 2013). Up to now,
the mechanisms determining the size of the quiescent MuSC stem
cell pool during homeostasis and after injury are incompletely
understood. Different concepts have been proposed, which are
mostly based on the frequency of symmetric and asymmetric cell
divisions, either immediately after MuSC activation or during the
course of MuSC expansion (Almada & Wagers, 2016). However, it is
not clear how this relates to the settlement of satellite cell numbers.
Expansion of MuSCs is assumed to strongly depend on the control
of external signals, derived from the forming stem cell niche, neigh-
boring stromal cells such as fibroadipogenic progenitor cells, or
from infiltrating immune cells stimulating or preventing cellular
proliferation and differentiation of muscle cells (Baghdadi &
Tajbakhsh, 2018; Wosczyna & Rando, 2018). Epigenetic mecha-
nisms also directly contribute to the regulation of MuSC expansion
aside from their pivotal roles in controlling chromatin condensation
and MuSC quiescence (Segales et al, 2016; Robinson & Dilworth,
2018). For instance, the PRC2 component Ezh2 maintains a key
phase of MuSC expansion (Woodhouse et al, 2013), the arginine
methyltransferase Prmt5 regulates MuSC expansion by controlling
p21 expression (Zhang et al, 2015), and HDAC4 directs MuSC prolif-
eration by targeting p21 and Sharpl (Marroncelli et al, 2018). More-
over, HDACI is recruited to muscle gene promotors by YY1 as part
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of the Ezh2 complex to prevent differentiation and promote prolifer-
ation (Caretti et al, 2004). The chromatin architecture is also regu-
lated by chromatin remodeling complexes, which either move,
eject, or restructure nucleosomes by exchanging histone monomers
(Poli et al, 2017). Chromatin remodeling complexes do not only
regulate gene expression but also fulfill different functions to main-
tain genome stability. The enormous functional diversity of chro-
matin remodeler complexes is in part accomplished by changes in
their subunit composition. The core complex of chromatin remodel-
ers, which already consists of several subunits, associates with
distinct transcription factors that determine localization and activity.
For examples, some activities of the INO80 chromatin remodeler
depend on interactions with WDRS (Wang et al, 2014; Zhou et al,
2016) and YY1 (Cai et al, 2007; Vella et al, 2012). Dynamic, cell
stage-dependent changes in complex composition might be critical
to regulate individual modalities of chromatin remodeler complexes
with different functions.

Long non-coding (Inc-) RNAs have recently come into focus as
regulatory factors that often interact directly with proteins to control
their localization and/or activity (Ulitsky & Bartel, 2013; Kopp &
Mendell, 2018). Nuclear IncRNAs are frequently involved in the
epigenetic control of gene expression by recruiting epigenetic regula-
tors to specific sites in the genome or by serving as scaffolds for the
assembly of larger complexes (Quinn & Chang, 2015; Carlevaro-Fita
& Johnson, 2019). Since IncRNAs are typically expressed in specific
cell types at distinct stages (Cabili et al, 2011; Gloss & Dinger,
2016), they might confer cell type specificity to more broadly
expressed epigenetic regulators. Here, we investigated the role of
IncRNAs for the epigenetic control of MuSC activation, expansion,
and muscle regeneration. We screened for IncRNAs that are exclu-
sively expressed at different stages of MuSC proliferation and dif-
ferentiation and identified the evolutionary conserved linc-MYH,
which is co-expressed with the largest myosin cluster in mammals.
We found that linc-MYH interacts specifically with functional
domains of the INO80 chromatin remodeler complex and controls
its composition. Linc-MYH prevents interaction of the INOS80
complex with the transcription factor YY1 and the scaffolding
protein WDRS. Upregulation of linc-MYH during MuSC proliferation
is decisive to limit proliferation of MuSCs and contains the size of
the quiescent MuSC pool, thereby preventing myofiber hypertrophy
during muscle homeostasis and after regeneration. We propose that
Linc-MYH acts as a selective molecular switch for INO80, allowing
stage-specific regulation of distinct INO80 activities in MuSCs.

Results

Linc-MYH is confined to the nucleus of proliferating and
differentiating MuSCs

To explore the function of IncRNAs that are located in nuclei of
MuSCs and hence might be involved in the regulation of epigenetic
processes, we used RNA sequencing data obtained from freshly
isolated, proliferating and differentiating murine MuSCs (Wust et al,
2018). We identified a long intergenic non-coding RNA (lincRNA)
that is expressed in proliferating and differentiated, but not in
freshly isolated MuSCs (Fig 1A). Using previously published data
(Machado et al, 2017; van Velthoven et al, 2017), we confirmed
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that the expression of the lincRNA is similarly absent in quiescent
MuSCs in situ. The lincRNA is located in the murine Myh3-Myh13
gene cluster (Fig EV1A) and was previously named linc-MYH due to
its localization with the myosin heavy chain gene cluster (Sakak-
ibara et al, 2014). The expression of linc-MYH during myogenic dif-
ferentiation of MuSCs parallels the expression of other genes in the
Myh3-Myh13 gene cluster, which is already activated before dif-
ferentiation but further increases in differentiated myotubes
(Fig 1A). Murine MuSCs generate two different isoforms of linc-
MYH consisting of four or five exons, apparently resulting from
alternative transcriptional start sites (Fig EV1B). We also identified
a putative linc-MYH ortholog in the human Myh3-Myhl13 cluster
based on genomic synteny and expression, although no conserva-
tion of the primary IncRNA sequence was recognized between mice
and humans (Fig EVIC and D). The expression of linc-MYH is
strictly confined to skeletal muscle in both mice and humans
(Figs 1B and C, and EV1B), which was confirmed by Genotype-
Tissue Expression (GTEx) project data (https://gtexportal.org/
home/gene/CTC-297N7.7). The expression of linc-MYH is not
detected in limb buds in early embryonic stages, and there is low
expression in hindlimb muscle at late fetal stages and shortly after
birth. However, expression increases in skeletal muscle 3 weeks
after birth and is strongly expressed in skeletal muscle 8 weeks after
birth (Fig 1D).

We did not detect any conserved open reading frame in mouse or
human linc-MYH, suggesting that the linc-MYH is a bona fide non-
coding RNA. To confirm this assumption, we tested the coding
potential of linc-MYH using established tools, including the coding
potential calculator CPC (Kong et al, 2007) and its updated version
CPC2 (Kang et al, 2017), which corroborated the low coding poten-
tial for both linc-MYH variants (Fig EV1E). The CPC2 tool also
revealed a low Fickett score, further confirming that linc-MYH does
not code for a peptide (Fickett, 1982) (Fig EV1F). Since we were
primarily interested in nuclear IncRNAs, we determined the subcel-
lular localization of linc-MYH. Subcellular fractionation of C2C12
myocytes revealed that linc-MYH is predominantly positioned in the
nucleus (Fig 1E). The nuclear localization of linc-MYH was con-
firmed by RNA-FISH experiments using probes targeting Xist and
Adipor RNA as controls (Fig 1F-H). Linc-MYH was detected at
multiple locations in the nucleus, suggesting potential functions of
linc-MYH outside the myosin cluster, unlike Xist, which is confined
to the X chromosome.

Linc-MYH interacts with the INO80 chromatin
remodeler complex

To identify putative epigenetic regulators or transcription factors
that might interact with linc-MYH, we performed RNA-protein
pull-down experiments using nuclear protein extracts from C2C12
skeletal muscle cells. Interacting proteins were isolated using
immobilized, in vitro transcribed linc-MYH RNA, and subsequently
identified by mass spectrometry. Three different control RNA probes
were used to distinguish between molecules that promiscuously
bind to RNA and proteins that interact specifically with linc-MYH.
Analysis of mass spectrometry data by unbiased GO enrichment
analysis revealed a striking enrichment of GO terms related to chro-
matin remodeling complexes (Fig 1I). Only the linc-MYH RNA
probe but not the different control RNA probes pulled down several
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Figure 1. linc-MYH is located in nuclei of proliferating and differentiated myocytes and interacts with the chromatin remodeler complex INO80.

A RNA-seq. of freshly isolated, proliferating, and differentiating satellite cells reveals an increased expression of linc-MYH in proliferating and differentiating MuSCs,

but no expression is found in freshly isolated MuSCs.

B, C Expression of linc-MYH is confined to skeletal muscle in mouse (B) and human (C) tissues.

D Expression of linc-MYH is not detected in limb buds at E10.5 (n = 3), E13.5 (n = 3), and E15.5 (n = 3). Expression of linc-MYH in hindlimb muscle of E18.5, newborn,
and 7-day-old animals (n = 3/3/3). Expression of linc-MYH in m. soleus (soleus), m. tibialis anterior (TA), and m. extensor digitorum longus (EDL) muscle at 3 weeks
(n = 3) and 8 weeks of age (n = 5). Biological replicates were used for all PCR experiments, and data are mean + SEM.

E-H Murine linc-Myh is localized in nuclear extracts of C2C12 cells. Xist (nuclear) and Gapdh (mainly cytoplasmic) were used as controls (n = 2 nuclear/3 cytoplasmic
biological replicates.) Data are mean £ SEM. (F-H) RNA-FISH identifies linc-Myh in nuclei (DAPI, blue) of C2C12 myoblasts. (G) Adipor (cytoplasmic) and (H) Xist

(nuclear) were used as controls.

I,] GO enrichment (I) analysis of proteins pulled down by in vitro transcribed RNA from nuclear extracts of C2C12 myoblasts. Linc-MYH RNA and three control RNAs
were used in duplicate. (J) Heat map of proteins pulled down in the same experiments as in |, demonstrating that INO80 chromatin remodeler complex exclusively
interacts with linc-MYH. Blue color indicates pull-down of the respective protein, and white color indicates that the protein was not detected in the respective

sample.

K, L RNA-IP experiments using an anti-INO80 antibody to isolate the INO8O complex from murine C2C12 cells (K) and human HSMM cells (L). INO80 and INO8O Il in L
refer to replicate INO8O precipitation experiments. Precipitated RNAs were detected by RT-PCR.

components of the chromatin remodeler INO80 complex, while all
RNA probes pulled down prototypical RNA-binding proteins like
hnRNPs (Fig 1J).

To validate the interaction between INO80 and linc-MYH in cells,
we performed RNA immunoprecipitation (RNA-IP) experiments
using an anti-INO80 antibody and extracts from mouse C2C12
myotubes. In the precipitates, RT-PCR analysis detected the mouse
linc-MYH, whereas the two different control IncRNAs were not
detected (Fig 1K). Similar RNA-IP experiments using human
myoblast-derived myocytes (HSMM cells) confirmed our assump-
tion that the putative human linc-MYH ortholog interacts specifi-
cally with the human INO80 complex (Fig 1L).

Linc-MYH restricts the size of the MuSC pool and prevents
hypertrophy of skeletal muscle fibers

We next wanted to understand whether linc-MYH is important for
MusSC function and skeletal muscle physiology in vivo and therefore
generated linc-MYH knockout mice (Appendix Fig S1A-C). Homozy-
gous linc-MYH knockouts were viable and did not display any gross
abnormalities. Importantly, however, we observed a substantial
increase in the mass of skeletal muscles in mutant animals that
correlated with increased body weight compared with wild-type
controls (Fig 2A-D). The higher skeletal muscle weight in linc-MYH
mutants was also associated with an increase in myofiber cross-
sectional area, indicative for myofiber hypertrophy (Fig 2E-J).
Furthermore, we detected a strong increase in myonuclei in muscle
cross sections (Fig 2K) and in isolated myofibers (Fig 2L-N),
suggesting that skeletal muscle hypertrophy in linc-MYH mutants is
driven by enhanced generation of MuSCs that fuse to myofibers.
Initiation of linc-MYH expression in MuSCs occurs concomitant
to the activation of the Myh3-Myh13 gene cluster and is therefore
limited to proliferating MuSCs and differentiated myotubes. Hence,
we were surprised to observe a massive increase in Pax7-positive
MuSCs attached to isolated myofibers (Fig 2L, M and O) and of
Pax7-positive MuSCs on cross sections of tibialis anterior (TA)
muscles (Fig 2P-R). The enlarged MuSC pool in linc-MYH-deficient
muscles did not show a major change in the activation state under
baseline conditions as indicated by the expression of the CalcR (cal-
citonin receptor), a marker for quiescent MuSCs (Yamaguchi et al,
2015; Fig 2P, Q and S). Since activation of MuSCs goes along with
reduction in heterochromatin content in MuSCs, we also performed
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electron microscopy (EM) on skeletal muscle sections of linc-MYH
KO and WT mice. No reduction in heterochromatin was visible in
linc-MYH MuSC nuclei (Fig 2U and V), indicating that the increased
number of MuSCs is not caused by a loss of quiescence of MuSCs in
linc-MYH animals. Nevertheless, we observed a small, but signifi-
cantly increased number of Pax7* /MyoD™ nuclei in TA muscle of
linc-MYH KO compared with wild-type controls (linc-MYH KO:
8.28 +£ 0.58% of all Pax7* cells, WT: 5.93 + 0.6%, n=3/3
animals, Mann-Whitney test, one-tailed P = 0.05), indicating an
increased number of spontaneously activated MuSCs in linc-MYH-
deficient muscle. Consistent with increased numbers of MuSCs in
TA muscles, we observed higher MuSC numbers in preparations of
whole body skeletal muscle of linc-MYH-deficient mice in experi-
ments to isolate MuSCs by FACS (Fig 2T). In line with lower expres-
sion of linc-MYH in soleus muscle weight of soleus muscle and
cross-sectional area of myofibers was unchanged, but we observe
increased numbers of myonuclei and of MuSCs (Appendix Fig S2).
In eight-month-old animals, we observe increased number of both
myonuclei and of MuSCs as well as increased myofiber cross-
sectional area, indicating hypertrophy of the myofibers. Body weight
and weight of TA muscle were not significantly increased in 8-week-
old animals (Appendix Fig S3).

Control of MuSC proliferation by linc-MYH depends on INOSO

To corroborate the molecular interaction between linc-MYH and
INO80, we performed an RNA in situ hybridization-proximity liga-
tion assay (rISH-PLA; Roussis et al, 2017). Since the available
INO80 antibodies worked well for immunoprecipitation but not for
immunofluorescence, we generated a new mouse strain by insertion
of a V5 tag at the C-terminus of INO80 using CRISPR-CAS9-targeted
homology-directed repair (Appendix Fig S1D). The resulting INO80-
V5 mice were crossed to lincMYH™/~ mutants to generate linc-
MYH"/*/INO80-V5 and linc-MYH /~/INO80-V5 animals from
which MuSCs for rISH-PLA were isolated. We detected signals, indi-
cating close proximity of linc-MYH and INO80 in WT myoblasts
using biotinylated linc-MYH-specific probes and an anti-V5 antibody
(Fig 3A-D), which is in line with the linc-MYH/INO8O co-IP and
pull-down results. The interaction of linc-MYH with components of
the INO80 complex suggested that linc-MYH might exert its function
for limiting MuSC numbers via INO80. To investigate this hypothe-
sis, we generated muscle-specific INO80 mutants using the Pax7-Cre

© 2020 The Authors
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Figure 2. linc-MYH keeps the number of MuSCs in check and limits muscle fiber growth.

A, B Body weight (A) of male linc-MYH KO and ctrl mice at 10 weeks (n = 24 KO/17 WT; Student’s t-test, two-tailed, **P < 0.01) and tibia length (B) of male linc-MYH
KO and ctrl mice of 10 weeks (n = 9 KO/13 WT; Student’s t-test, two-tailed, not significant). Data are mean + SEM.

C, D Weight of m. tibialis anterior (TA) and m. digitorum longus (EDL) of male linc-MYH KO and ctrl mice at 10 weeks (n = 9 KO/10 WT for TA, n = 10 KO/11 WT for
EDL; Student’s t-test, two-tailed, **P < 0.01, ***P < 0.001). Data are mean £ SEM.

E-J Size distribution of fibers in cross sections of TA (E, F) and EDL (G, H) muscle in male linc-MYH KO (blue) and ctrl (gray) animals at 10 weeks. A significant increase
in fiber size was observed for TA and EDL muscles of linc-MYH KO mice (n = 5 KO/4 WT for TA, n = 3 KO/3 WT for EDL muscle, two-way ANOVA with Fisher's
multiple comparisons; *P < 0.05, **P < 0.01; > 250 fibers per animal were counted). Data are mean + SEM.

K Numbers of myonuclei in cross sections of TA and EDL muscle (TA: n = 6 KO/6 WT, EDL n = 3 KO/3 WT animals, Mann-Whitney test one-tailed, **P < 0.01,

*P = 0.05). Data are mean + SEM.

-0 Number of myonuclei/fiber and of Pax7”°® (red) MuSCs (red arrows) on myofibers isolated from flexor digitorum brevis muscle. Nuclei were stained using DAPI
(blue). Scale bar in L indicates 50 um for L and M. (N) The number of myonuclei/isolated fiber is increased in linc-MYH KO compared with WT myofibers (n = 4 KO/
4 WT, > 26 fibers/animal; Mann—-Whitney test two-tailed, *P < 0.05). (O) Number of MuSCs on isolated fibers from linc-MYH KO and WT mice (n = 4 KO/4 WT

animals, Mann—-Whitney test two-tailed; ****P < 0.0001). Data are mean + SEM.

P-S Number of Pax7 (red)-positive MuSCs in cross sections of tibialis anterior muscle (P-R); the relative amount of quiescent MuSCs identified by double staining
(yellow arrows) for Pax7 and CalcR (green) does not significantly differ between WT and linc-MYH KO animals (S). Nuclei were stained with DAPI (blue). Scale bar in
P indicates 25 um for P and Q. (n = 3 KO/3 WT animals, Mann-Whitney test one-tailed; *P = 0.05, ns: not significant). All data are mean + SEM.

T The number of MuSC-related events in FACS experiments is significantly increased in linc-MYH-KO animals (n = 7 KO/7 WT, Student’s t-test, two-tailed,

*P = 0.0126). Data are mean + SEM.

U,V Structure of MuSCs and the heterochromatin content of MuSC nuclei is not changed in linc-MYH KO (V) compared with WT mice (U).

allele (Keller et al, 2004) in combination with a floxed Ino80 allele
(Qiu et al, 2016). Germline mutants of INO80 cannot be used for
this purpose, because they are embryonic lethal at early stages of
development (Qiu et al, 2016). Pax7-Cre®*/INO80~/~ mice were
viable and did not show any apparent developmental abnormalities
including regular numbers of Pax7P** MuSCs (Fig 3E-J), which
allowed us to generate linc-MYH ™/ ~/INO80 ™/~ /Pax7-Cre”®s double-
mutant mice (Pax7-Cre”®® dKO). In addition, we used the tamoxifen-
inducible Pax7-CreERT?2 allele together with linc-MYH ™/ ~/INO80~/~
mice to avoid interferences from potentially undetected develop-
mental defects (Murphy et al, 2011). Histological analysis of Pax7-
CreP®® dKO skeletal muscles revealed a complete abrogation of the
increased number of Pax7P°® MuSCs observed in linc-MYH ™/~
mutants (Fig 3E-J), indicating that linc-MYH suppresses an activity
of the INO80 complex that is instrumental to enlarge the MuSC pool.
Identical results were obtained after inactivation of the Ino80 gene
in adult mice after tamoxifen injection, essentially excluding para-
crine, non-cell autonomous functions of the linc-MYH/INOSO
complex in adult MuSCs. Furthermore, and in line with the normal-
ization of MuSC numbers, deletion of INO80 in skeletal muscle of
linc-MYH /~/Pax7-CreP® mice abolished the increased TA muscle
weight observed after deletion of linc-MYH (Pax7-CreP°8/INO80 /"
34.5 mg £+ 0.7 mg, n = 12 animals; Pax7-Cre dKO: 33.1 £+ 0.8 mg,
n =9 animals). Likewise, the increased bodyweight of linc-MYH
animals was normalized by additional deletion of INO80 (Pax7-
CreP*/INO80~/": 19.5 + 0.3 g, n =12 animals; Pax7-Cre dKO:
18.5 + 0.8 g, n = 9 animals).

To obtain further insights into the cellular processes resulting in
increased number of MuSCs after inactivation of linc-MYH, we
administered EAU daily over a two-week period to adult animals.
WT animals showed incorporation of EAU into approximately 12 %
of MuSCs confirming previous studies (Pawlikowski et al, 2015).
More importantly, we observed a great increase in EQUP%°/Pax7"®®
MusSCs in linc-MYH KO mice (Fig 3E-I and K), indicating that more
MuSCs were generated by cell proliferation in a fixed time period;
however after proliferation, these MuSCs return to a quiescent,
CalcR-positive state. In other words, the data suggest that the
absence of linc-MYH enhances proliferation of MuSC-derived
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myoblasts, which eventually increases the number of quiescent
MusSCs. Strikingly, inactivation of INO80 in linc-MYH ™/~ MuSCs
completely abrogated the increase in EdU-labeled quiescent MuSCs
(Fig 3E-I and K) and prevented both muscle hypertrophy and the
increase of myonuclei numbers in fibers (Fig 3L). Taken together,
the data unequivocally demonstrate the critical role of the linc-
MYH/INO80 complex in limiting the size of the quiescent MuSC
pool, restricting expansion of muscle progenitor cells, as well as
highlight the dependency of linc-MYH functions on INO80. In line
with increased proliferation, we noted an increased number of
MyoDP/EAUP°® nuclei in TA muscle of linc-MYH KO mice (linc-
MYH: 5.9 + 1.42 nuclei/mm?, WT: 2.5 £ 0.70 nuclei/mm? n = 3/3
animals, Mann-Whitney test, one-tailed P = 0.05). The number of
MyoDP®*/EAUP®® nuclei exceeds the total number of Pax7P°%/
MyoDP® nuclei in linc-MYH and WT control mice (linc-MYH:
2.0 £ 0.04 nuclei/mm?, WT: 0.9 + 0.02 nuclei/mm? n =3/3),
suggesting that the majority of MyoDP*/EAUP®® nuclei are
myoblasts or nuclei of myoblasts recently fused to myofibers and
contribute to myofiber hypertrophy.

While the majority of MuSCs are in a quiescent state in adult
muscles during steady-state conditions, muscle injury induces acti-
vation and proliferation of MuSCs, followed by differentiation and
functional replacement of damaged tissue. To analyze whether the
increase in MuSCs in linc-MYH mice improves regeneration, we
damaged the TA muscle by CTX injections. Surprisingly, we did not
detect any differences in the extent of muscle regeneration between
WT and linc-MYH mice based on histological assessments, neither
at one nor at 2 weeks after damage (Fig EV2A, B and D-I). Interest-
ingly, 4 weeks after CTX injection, when muscle regeneration was
completed, we observed the same increase in MuSC numbers in
linc-MYH mutant TA muscles compared with WT controls
(Fig EV2J-L) and the same increase in EdU-incorporating MuSCs as
before the damage (Fig EV2M). The size of myofibers again was
increased in regenerated muscles of linc-MYH mutant animals
compared with controls, suggesting that inhibition of linc-MYH
stimulates MuSC proliferation and skeletal muscle growth during
regeneration (Fig EV2C). Additional deletion of INO80 in Pax7-
CrePs/Ino80~/~ as well as in Pax7-CreP*/linc-MYH/~/Ino80~/~

© 2020 The Authors
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dKO eliminated the general myofiber hypertrophy observed 4 weeks
after CTX-induced muscle damage, and also obliterated the tremen-
dous myofiber hypertrophy observed after loss of linc-MYH
(Fig EV2N). More importantly, additional deletion of INO80 resulted
in WT levels of both MuSC and of EAUP°°/PAX7P°® MuSC numbers
4 weeks after CTX-induced damage in INO80 KO and in linc-MYH/
INO80 dKO (Fig EV20 and P), abrogating the increase observed in
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linc-MYH-deficient muscle. Together, our results indicate that linc-
MYH controls proliferation of MuSCs in adult muscle. In line with
absent or low expression of linc-MYH in embryonic and juvenile
stages (Fig 1D), we detected no increase in the number of myonu-
clei, of MuSCs, and of EdU-incorporating MuSCs in linc-MYH-defi-
cient muscle at 3 weeks of age (Fig EV3A-E), corroborating the
view that linc-MYH controls proliferation of adult MuSCs.
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Figure 3. linc-Myh restricts proliferation of MuSCs in an INO80-dependent manner.

A-D RNA in situ hybridization-proximity ligation assay (rISH-PLA) detects the close proximity of a specific RNA with proteins in situ modified from Roussis et al (B, C)
rISH-PLA confirms the proximity of linc-MYH to endogenous INO80-V5 in the nucleus of proliferating WT MuSCs (B). The specific signal is lost in linc-MYH-deficient
MuSCs (C). (n = 3 WT/3 KO biological replicates; Mann-Whitney test, *P = 0.05). Data are mean =+ SEM.

E-lI Representative images of TA muscle sections of 10-week-old mice stained for PAX7 (green) and EdU incorporation (red). MuSCs without (green arrows) and with
EdU-labeling (red arrows) are indicated. (E, F) Deletion of linc-MYH results in increased numbers of muscle stem cells and pronounced increase in the ratio of EdU-
positive MuSCs. (G-1) The increase in both the number of MuSCs and EdU-positive MuSCs in linc-MYH mutant muscle is abolished by constitutive (G: Pax7-Cre/
INO80~'~, In080 KO; H: linc-MYH/~/Pax7-CreP°$/INO80~'~, dKO) and induced (I: linc-MYH~/~/Pax7-CreERT2°°%/INO80~'~, dKO CreERT) deletion of INO8O in Pax7

expressing cells.

J-L  Statistical evaluation of the number of muscle stem cells observed in TA muscles (J). Statistical evaluation of the ratio of EdU-incorporating MuSCs relative to all
Pax7-positive MuSCs (K). Statistical evaluation of the number of myonuclei in myofibers of TA muscles from different genotypes (L); (n = 5 WT/5 linc-MYH KO/4
In080 KO/5 dKO/3 CreERT dKO animals in J/K, n = 6 WT/6 linc-MYH KO/S5 Ino80 KO/6 dKO/3 CreERT dKO animals in L **P < 0.01, ****P < 0.0001, > 31 MSCs/animal
in K; ANOVA test with multiple comparisons against WT. Sidak-Holm correction was used. Data are mean & SEM.).

In contrast to previous shRNA knock-down experiments, claim-
ing a role of linc-MYH in muscle fiber type specification (Sakakibara
et al, 2014), we did not observe any changes in fiber type composi-
tion in linc-MYH /~, Ino80~/~/Pax7-CreP, or in Pax7-Cre dKO
mice (Appendix Fig S4). Moreover, the expression of the respective
transcripts was not altered (Appendix Table S1). To exclude any
potential effects of the linc-MYH ™~ allele on the Myh3-Myh13 gene
locus, we generated an additional linc-MYH-mutant mouse strain.
Using a CAS9/HDR approach, we inserted a poly-A cassette into the
first exon of the linc-MYH gene which is used by both isoforms
(Appendix Fig S1E and F). Insertion of the poly-A cassette prevented
linc-MYH expression completely (Appendix Fig S1G). Analysis of
the linc-MYH poly-A-insertion allele revealed an identical phenotype
to the deletion allele with no alterations in fiber type composition
(Appendix Fig S4) and an increased number of Pax7-positive quies-
cent MuSCs (Appendix Fig S1H).

To analyze the role of the linc-MYH/INO80 complex in the prolif-
eration of MuSCs in vitro, we isolated MuSCs from skeletal muscle
tissue of WT, linc-MYH™/~, Pax7-Cre°s/INO80/~, and Pax7-Cre
dKO mice. Consistent with the in vivo data, MuSCs isolated from
linc-MYH ™/~ skeletal muscle showed increased proliferation rates,
reached confluence much faster compared to WT controls (Fig 4A—
F), and displayed increased EQU incorporation. In the early phase of
MusSC culture (120 h postisolation) that is characterized by a surge
of proliferation of MuSCs, we noticed only a slight increase in EQU
incorporation in linc-MYH-deficient MuSCs compared with WT
MuSCs (Appendix Fig SSA-E). However, 240 h and 315 h after
isolation we observed higher EAU incorporation in linc-MYH KO
MuSCs compared with WT MuSCs (Appendix Fig SSF-0). Deletion
of INO80 in contrast to the in vivo situation resulted in reduced
proliferation of INO80-deficient MuSCs in vitro; however in this
setting, deletion of INO80 in linc-MYH™/~ cells fully prevented
increased proliferation rates and earlier confluence due to the
absence of linc-MYH (Fig 4A-F).

Transcriptome analysis reveals enrichment of YY1 and p53 target
genes in linc-MYH ™/~ MuSCs

Our results so far clearly indicated that linc-MYH exerts its effects
via the INO80 chromatin remodeler complex. Hence, we reasoned
that analysis of transcriptional changes in linc-MYH™/~, Pax7-
CreP**/INO80~/~, and Pax7-Cre dKO MuSCs might provide hints
about the underlying regulatory mechanisms. Comparison of linc-
MYH ™/~ with WT MuSCs revealed enrichment of GO terms associ-
ated with cell proliferation as expected (Fig 4G and J). Importantly,
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we also detected a strong enrichment of genes containing binding
sites for YY1 and p53, suggesting that some effects of linc-MYH on
INO80 might depend on YY1 and/or p53 (Fig 4H, K, I, and L).
Despite increased expression of genes containing YY1-binding sites,
the expression of YY1 or other components of the INO80 complex
was not altered at both mRNA and protein levels, indicating that
linc-MYH might control association of YY1 with the INO80 complex
at the post-translational level (Appendix Table S2, Appendix Fig
S$6). Accordingly, comparison of proliferating Pax7-CreP°s/INO80~/~
and Pax7-Cre dKO MuSCs revealed abrogated enrichment of gene
sets related to proliferation and enrichment of YY1 and p53 target
genes (Fig 4G-L). Additionally, shRNA-mediated knock-down of
YY1 in proliferating MuSCs resulted in loss of the increased prolifer-
ation observed following deletion of linc-MYH (Fig EV4), con-
firming a role of YY1 in linc-MYH/INO80-mediated function in the
control of MuSC proliferation.

Furthermore, we detected a strong attenuation of gene set enrich-
ment in Pax7-CreP°/INO80~/~ and Pax7-Cre dKO MuSCs but not in
linc-MYH ™/~ MuSCs for DNA strand elongation, telomere mainte-
nance, and chromosome maintenance (Appendix Table S3). This
observation fits to the well-documented function of INO80 in
genome maintenance and repair (Min et al, 2013; Cao et al, 2015,
Lee et al, 2017). In line with these results, we observed increased
yH2AX deposition in nuclei of proliferating Pax7-CreP**/INO80~/~
and Pax7-Cre dKO but not in linc-MYH /~ and WT MuSCs (Fig 5A—
G). These findings are in line with the results of the respective gene
set enrichment analysis data (Fig SH-I). We therefore concluded
that linc-MYH specifically controls the function of INO80 in the
regulation of MuSC abundance and proliferation but not in DNA
repair. The data also suggest that the linc-MYH-dependent function
of INO80 might rely on YY1, which is a known interactor of the
INO80 complex (Cai et al, 2007; Wu et al, 2007; Chen et al, 2011;
Runge et al, 2018).

The presence of linc-MYH changes composition of the
Ino80 complex

To directly test the hypothesis that linc-MYH regulates MuSCs abun-
dance by ruling the composition of the INO80 complex and control-
ling association of INO80 with YY1 in a cell stage-dependent
manner, we performed comparative co-IP experiments in WT and
linc-MYH ™/~ skeletal muscle tissues. Immunoprecipitation of INO8O
followed by mass spectrometry identified 14 known interaction part-
ners of INO80 including RUVBL1/2, ACTR5, ACTR8, UCHLS, and
NFRKB, which were pulled down at comparable amounts both in

© 2020 The Authors
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Figure 4. Deletion of INO80 prevents linc-MYH-dependent changes in MuSC proliferation and gene expression.

A-D Isolated linc-MYH KO MuSCs reach confluence much faster than WT MuSCs indicating higher proliferation rates. Deletion of INO80 eliminates the difference
between Pax7-CreP°*/INO80 '~ (Ino80 KO) and linc-MYH™'~/linc-MYH~/~/Pax7-CreP*/INO80 /= (dKO). Images are representative images for cultures after 13 days

in culture.

E Differences in proliferation rates are abolished by additional deletion of INO80 in MuSCs. Cell confluence was monitored by a live cell imaging analysis system for
13 days (n = 7 WT/6 linc-MYH KO/3 Ino80 KO/3 dKO-independent preparations of MuSCs).

F Statistical analysis of cell confluence after 13 days of muscle stem cell proliferation (n = 7 WT/6 linc-MYH KO/3 Ino80 KO/3 dKO-independent preparations of
MusSCs, Student’s t-test, two-tailed; *P < 0.05, ns = not significant). Data are mean £ SEM.

G-I Gene set enrichment analysis (GSEA, broadinstitute.org) of microarray data from proliferating MuSCs. Comparison of linc-MYH = vs. WT proliferating MuSC
transcriptomes shows enrichment of genes related to cell proliferation (G), enrichment of genes containing cis regulatory elements for YY1 (H) and p53 (I).
Enrichments are highly significant using the most conservative familywise-error rate method (FWER). Enrichments were lost in linc-MYH ™~ MuSCs after
additional deletion of INO8O (dKOs) compared with Pax7-CreP°%/INO80 /= MuSCs.

J-L  Heat maps of the 10 most upregulated genes of the respective gene sets depicted in G-I in linc-MYH ™/~ vs. WT MuSCs and in linc-MYH~/~/Pax7-CreP*/INO80 "/~
dKO vs. Pax7-CreP°$/INO80 '~ MuSCs. The expression of upregulated genes in linc-MYH /= was normalized after additional deletion of INO8O (dKOs), indicating
that effects of linc-MYH completely depend on INO8O (WT n = 4, linc-MYH ™/~ n = 4, Pax7-CreP*/INO80 '~ n = 4, Pax7-Cre dKO n = 3 animals used for

independent isolations of MuSCs).

WT and linc-MYH /~ skeletal muscles. Importantly, however, we
detected increased amounts of YY1, WDRS, and TFPT in linc-
MYH /~ compared with WT IP samples based on label-free quanti-
tative mass spectrometry (Table 1). Additional pull-down experi-
ments in combination with Western blot analysis confirmed these
findings. YY1, WDRS5, and TFTP were more abundant in INO8O
pull-down samples from linc-MYH ™/~ compared with WT skeletal
muscles, while interaction of RUVBL1 and RUVBL2 with the INO8O
complex was not affected by the loss of linc-MYH (Fig 6A and B).
No changes in the concentration of RUVBL1/2, YY1, WDRS, or
TFTP proteins were found in input samples, confirming our previ-
ous observation that mRNA expression levels of these molecules are
not affected by the absence of linc-MYH (Appendix Fig S6).

The linc-MYH-dependent switch in INO80 complex formation
was further corroborated in proliferating MuSCs using in situ prox-
imity ligation assays (PLAs). The PLAs revealed increased interac-
tion of YY1 and WDRS with INO80-VS in proliferating linc-MYH ™~/
INO80-V5 compared with linc-MYH ™/ /INO80-V5 MuSCs, while
the interaction between RUVBL2 and INO80 remained unchanged
(Fig 6C-K).

In an attempt to gain a better understanding of the interaction
between linc-MYH and the INO80 complex, we tested different
domains of the human INO80 protein (hINO80) (Fig EVSA and B)
for interaction with linc-MYH. Pull-down experiments in combina-
tion with Western blot analysis revealed that linc-MYH specifically
interacts with hINO80 (Fig EV5B). Overexpression of hINO8O
protein domains in vitro according to the Conaway Lab (Chen et al,
2011) revealed that linc-MYH directly interacts with the N-terminal
parts of the hINO80 protein, namely the NTD and HSA domains
(Fig EV5B). Accordingly, fragments of the hINO80 protein lacking
these domains do not interact with Linc-MYH (Fig EV5B). In line
with this, we identified interaction of linc-MYH with MCRS1
(Fig EVS5C), a protein described to interact with the NTD domain of
hINOS8O (Chen et al, 2011). In contrast to this, we detected no speci-
fic interactions of linc-MYH with ACTR5, ACTRS, INO80C, RUVBLI,
and RUVBL2, although some of these subunits were formerly pulled
down in the context of the INO80 complex. Together with our previ-
ous findings, and the knowledge that TFPT and YY1 also bind,
respectively, to the NTD and HSA domains (Chen et al, 2011), we
propose that the interaction between Linc-MYH and INOS8O exclu-
sively takes part in the NTD and HSA domains of the INO80 protein
complex.
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To test whether the INO80 complex interacts with specific parts
of the linc-MYH sequence, we performed pull-down experiments in
combination with mass spectrometry analysis of the native mINO80
protein with different exons sequences linc-MYH. We revealed inter-
action of INO80 with the last three exons of the linc-MYH variant
AKO010044, two of which are in common with the AK079404. We
detected an interaction of INO80 with the first exon of AK079404.
However, we detected no interaction with the first two exons of
AKO010044 (Fig EV5D). These results were validated by performing
pull-down experiments using exon sequences of linc-MYH in combi-
nation with the overexpressed hINO80 protein. Our results indicate
that exon 4 and 5 sequences of AK010044 strongly interact with the
hINO8O protein, whereas exon 1 (AK079404) as well as exons 2 and
3 (AK010044) display weaker interactions with hINO80 (Fig EVSE).
No interaction with exon 1 (AK010044) was detected. Collectively,
our results reveal that exons 3, 4, and 5 appear to be the sites where
the interaction between linc-MYH and INO80 is mainly taking part,
although the exact structural basis of the interaction remains to be
determined.

These results demonstrate that linc-MYH specifically alters
composition of the INO80 complex in MuSCs by interacting with the
N-terminal parts of INO80. Moreover, linc-MYH directly interacts
with MCRS1, a protein known to interact with the N-terminal
domain of INO80. Together these interactions hinder recruitment of
other N-terminal-binding subunits (Chen et al, 2011), namely the
pro-proliferative YY1 transcription factor and TFPT. In contrast,
linc-MYH does not affect the stoichiometry of core INO80 complex
components such RUVBL1/2 and ACTRS5/8, which are essential for
nucleosome sliding and of ACTR8, needed for recruitment of the
INO80 complex to DNA damage sites marked by yH2AX.

Discussion

Here, we demonstrated that the evolutionary conserved long non-
coding RNA linc-MYH plays a major role in the control of MuSC
proliferation by specifically regulating composition and activity of
the INO80 complex. After deletion of linc-MYH, we observe an
increase in both EdU-incorporating Pax7-positive MuSCs and
MyoD/Pax7-positive MuSCs. However, we do not observe a general
decline of quiescent MuSCs, but rather the opposite since the abso-
lute numbers of quiescent MuSCs are increased. The data clearly

© 2020 The Authors



Christian Schutt et al

H Reactome: activation of ATR in
response to replication stress

(0]

50.6

?

5

%E)o.o o
I TR

WT vs. Pax7-Cre Ino80™";
FDR p-val = 0.007

WT vs. linc-MYH™:
no enrichment

J linc-MYH - INO80

R}

linc-MYH KO

E Low y-H2AX

-
(¢
<

percentage of cells

| Reactome: chromosome

maintenance

©
~

©
o

enrichment score

LA 1) 0 MJ

WT vs. Pax7-Cre Ino80™:
FDR p-val = 0.007

WT vs. linc-MYH™"

no enrichment

INO8O deleted

ot P

ACTRS
)
; i YH2AX

Figure 5. linc-MYH does not regulate the function of INO80 during replication stress.

A-D y-H2AX staining of proliferating MuSCs from WT (A), linc-MYH-deficient (B), Pax7-CreP°*/INO80 KO (C), and linc-MYH/INO80 dKO (D) mice. Deletion of INO8O results
in increased y-H2AX signals, while deletion of linc-MYH has no effects (asterisk: low y-H2AX signals, arrow: y-H2AX-foci detected in nuclei, arrowhead: pan-nuclear

v-H2AX signal.

F y-H2AX pan-
nuclear

ek

*k ns

S
N
@

N W
@ <

percentage of cell
—
>
w

The EMBO Journal

G y-H2AX foci

0.8 .
ns

mmm enriched in WT

mmm enriched in Ino80

A

enrichment profile

— hit

E-G Statistical evaluation of the presence of y-H2AX signals in MuSCs of different genotypes (n = 3/3/3/3 animals used for independent isolations of MuSCs, two
technical replicates for each animal, and at least 164 cells were counted, Mann-Whitney test, **P < 0.01. Data are mean + SEM).
H,1 Gene set enrichment analysis of microarray data obtained for proliferating MuSCs shows enrichment of genes related to activity of ATR in response to replication
stress recovery (H) and enrichment of genes involved in chromosome maintenance (I) in WT compared with Pax7-CreP®® INO80~/~ MuSCs. Enrichment of these or
similar gene sets was not observed when comparing WT to linc-MYH = MuSCs.
J Model of the role of INO80 and linc-MYH in the recognition of y-H2AX and DNA repair. The DNA repair function of the INO80 complex does not dependent on its

interaction with linc-MYH.

argue for a function of linc-MYH in proliferating MuSCs, which fits
well to the expression profile of the linc-MYH gene that is not tran-
scribed in quiescent and freshly isolated MuSCs but in proliferating
muscle stem cells and in myotubes.

© 2020 The Authors

Linc-MYH is embedded in the Myh3-Myhl3 cluster which
becomes activated at late stages of proliferation and in differentiat-
ing myocytes. Thus, the Myh3-Myh13 cluster seems to provide the
regulatory context for linc-MYH expression. Further regulatory cues
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Table 1. Identification of linc-MYH-dependent INO8O interaction
partners

Coefficient WT vs. Protein
linc-MYH KO name Protein description
-16.17 TFPT (AMIDA, TCF3 fusion partner homolog
INOSOF)
—7.49 KLC2 Kinesin light chain 2
—7.16 WDR5 WD repeat-containing protein
5
—7.01 YY1l Transcriptional repressor
protein YY1
—691 ACTL6a (ARP4) Actin-like protein 6A
-124 NFRKB Nuclear factor related to
(INO80g) kappa-B-binding protein
—-0.83 ACTRS8 (ARPS) Actin-related protein 8
—0.56 UCHLS Ubiquitin carboxyl-terminal
(UCH37) hydrolase isozyme L5
—0.53 INO80 DNA helicase INO80
—-0.19 RUVBL1 RuvB-like 1
(TIP49a)
-017 RUVBL2 RuvB-like 2
(TIP49b)
-017 ACTR5 (ARPS) Actin-related protein 5
7.00 RABS5c Ras-related protein Rab-5C
7.44 HIST2H2AGC; Histone H2A; type 2-C; type 2-
HIST2H2AAL A
761 INO8Oc (IES6) INO80 complex subunit C

Proteins interacting with INO80 in WT and linc-MYH-deficient TA muscle
were identified by co-immunoprecipitation in combination with label-free
quantitative mass spectrometry. Three independent Co-IP experiments were
performed using muscle tissues from WT (n = 3) and linc-MYH KO (n = 3)
animals. A coefficient for relative abundance of individual proteins in WT/
linc-MYH KO Co-IP samples was calculated, and results were filtered for
known INO8O interacting proteins based on the NCBI record of the human
INO8O interactome (https://www.ncbi.nIm.nih.gov/gene/?term=INO80). The
calculations revealed increased abundance of TFPT, WDRS, and YY1 and
reduced abundance of INO80c in INO80 Co-IP experiments. Other core-
components of the INO80 complex such as Ruvbl1/2, ACTR5, ACTRS8, and
NFRKB were unaltered.

specific for linc-MYH might exist (Sakakibara et al, 2014), and these
result in absent or low expression in embryonic and juvenile muscle
and in high expression in adult muscle and differentiating adult
MuSCs. From a teleological point of view, such a scenario makes a
lot of sense: Cells that are committed to myogenic differentiation
and therefore start to activate genes required for sarcomere forma-
tion need to turn off proliferation. Co-expression of sarcomere genes
and of an anti-proliferative gene such as linc-MYH make sure that
both processes are synchronized, reaching a peak in differentiated
non-proliferating myotubes, which express the highest levels of
Myh genes and linc-MYH. The model might also explain, at least in
part, why myogenic cells become refractive to growth factor-depen-
dent stimulation of cell proliferation shortly before differentiation.
Apparently, not only paucity of external signals restricts prolifera-
tion but also cell autonomous mechanisms that were set in motion
to limit expression of pro-proliferative genes (Moore et al, 1991;
Pawlikowski et al, 2017).

12 of 22 The EMBO Journal ~ 39: 105098 | 2020

Christian Schutt et al

The function of linc-MYH for regulation of MuSC proliferation
strictly depends on INO80. Several lines of evidence in vivo and
in vitro indicate that without presence of INO80 in MuSCs linc-
MYH-deficient MuSCs lose their proliferative advantage and show
normalized expression of genes involved in proliferation. We
demonstrated that the interaction of linc-MYH with INO8O alters the
complex composition, thereby conferring cell stage and cell type-
specific functions to this ubiquitously present complex. The core
INO80 complex includes over 15 subunits, which serve different
functions, and several accessory factors (Chen et al, 2011; Tosi
et al, 2013; Aramayo et al, 2018). By preventing recruitment of
YY1, linc-MYH targets a specific modality of the INO80 complex,
related to the regulation of cell proliferation. YY1 is well known to
promote proliferation of myoblasts, MuSCs, and other cells (Wang
et al, 2017; Chen et al, 2019), either by direct transcriptional regula-
tion, or via other mechanisms involving stability of proteins (Chen
et al, 2019). Although it was already known that several transcrip-
tional effects of YY1 are mediated by interaction with INO8O0, the
regulation of this interaction has been enigmatic (Cai et al, 2007).
Our experiments reveal that linc-MYH interacts with N-terminal
parts of INO80 as well as with the MCRS1 protein also found at the
N-terminus of INO80 protein. These interactions obstruct recruit-
ment of N-terminal-binding INO80 extrinsic subunits including
TFPT and YY1 (Chen et al, 2011). Numerous genes containing YY1
target sites in promoter regions were upregulated in linc-MYH-defi-
cient MuSCs in an INOS80-dependent manner, providing clear
evidence that linc-MYH prevents access of YY1 to the INOS80O
complex. YY1 targets include genes known to drive cell proliferation
such as Ccndl (Wang et al, 2017) and Eif4gl (Ramirez-Valle et al,
2008; Jaiswal et al, 2018). Knock-down of YY1 eliminates the dif-
ferences in MuSC proliferation between linc-MYH KO and control
MuSCs, additionally supporting the notion that the prevention of
YY1 interaction with the INO80 complex is an important feature of
linc-MYH function.

We also observed upregulation of p53 target genes after deletion
of linc-MYH, which might be due to the previously described co-
activation of p53 target genes by YY1 (Yakovleva et al, 2004). The
upregulation of p53 target genes might support MuSC integrity
during increased proliferation (Begus-Nahrmann et al, 2009; Liu
et al, 2018) and help myoblasts to return to quiescence (Flamini
et al, 2018) as it has been described for hematopoietic stem cells
(Liu et al, 2009). Linc-MYH reduces association of the INO8O
complex with WDRS, which might represent a more indirect means
to limit proliferation of MuSCs. WDR5 is a known adaptor protein
that might connect the INO80 chromatin remodeler to the transcrip-
tional activator MLL. In fact, the interaction of INO80 and WDRS5
has been previously described to support cell type-specific transcrip-
tional regulation (Cai et al, 2010; Wang et al, 2014; Zhou et al,
2016). Hence, exclusion of WDRS from INO8O via linc-MYH might
reduce transcription of genes supporting proliferation of MuSCs. It
is possible that recruitment of WDR5 to the INO80/YY1 complex
specifically enhances transcriptional activity of the pro-proliferative
YY1/INO8O complex, although we did not investigate these possibil-
ities. However, we did not detect components of the MLL complex
in the INO80 pull-down experiments. Thus, interaction of the WDR5
adapter protein with INO80 might have a different MLL-independent
function as previously described in a different context (Dias et al,
2014).
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Figure 6. linc-MYH modulates INO80 complex composition by reducing incorporation of YY1 and WDR5.

A, B Co-Immunoprecipitation of INO80 complex subunits from TA muscles of WT and linc-MYH KO mice followed by Western Blot analysis. (B) Statistical analysis of Co-
IP/Western Blot data. The amount of RUVBL1 and RUVBL2 in the INO80 complex is not changed after deletion of linc-MYH, while the amounts of YY1, WDRS, and
TFPT pulled down by INO8O increase (n = 3 WT/3 linc-MYH KO animals; one-way ANOVA, multiple comparisons by Fishers LSD test, *P < 0.05). Data are
mean £ SEM.

C—K Proximity ligation assays between INO80 and YY1 (C, D), INO80 and WDRS (F, G), and INO80 and RuvBI2 (I, ]) in proliferating MuSCs. Red signals indicate close
proximity of INO80-V5 and the respective interacting protein. Nuclei were stained using DAPI (blue). Statistical evaluation of proximity ligation assays indicating
increased interactions of INO80-V5 and YY1 (E, n = 3/3 animals, three independent wells per animal, two-tailed students t-test, *P < 0.05) and of INO80-V5 to
WDRS (H, n = 2 (WT)/2 (KO) animals, three independent wells per animal, two-tailed students t-test, **P < 0.01). No increase in proximity was detected between
Ino80-V5 and Ruvbl2 (K, n = 2 (WT)/2 (KO) animals, three independent wells per animal, two-tailed Student’s t-test, ns: not significant). Specificity of all analyzed
signals was analyzed using single primary or single secondary antibodies in PLA assays. No signals were detected for these controls. Data are mean + SEM.

Remarkably, linc-MYH did not affect the stoichiometry of core double-strand breaks and allow base excisions repair. This obstacle

nucleosome-sliding INO80 complex components such as RUVBL1/2 can be resolved by modulation of nucleosome structures via chro-
and ACTR5/8 (Aramayo et al, 2018; Brahma et al, 2018; Euster- matin remodelers providing access of signaling and repair machiner-
mann et al, 2018), nor the function of the INO80 complex in DNA ies to damaged DNA (Morrison, 2017). INO80 seems particularly
repair and recovery from replication stress (Vassileva et al, 2014). important in this respect. Several studies demonstrated that the
Packaging of DNA into chromatin is a major obstacle to repair chromatin remodeling and nucleosome-sliding properties of the
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INO80 chromatin remodeler are crucial to deal with consequences
of DNA damage and replication stress in different organs and
mammalian cell types (Ayala et al, 2018; Eustermann et al, 2018).
The ACTR8 subunit is essential for recruitment of the INOS80
complex to DNA damage sites marked by yH2AX, thereby facilitat-
ing DNA repair (Kashiwaba et al, 2010; Vassileva et al, 2014). We
found that linc-MYH did not affect the presence of ACTRS8 in the
INO80 complex, allowing normal replacement of yH2AX in linc-
MYH mutant MuSCs. Accordingly, we only observed attenuated
enrichment of gene sets associated with DNA strand replication and
telomere maintenance in INO80 and INO80/linc-MYH mutant
MuSCs but not in linc-MYH mutant MuSCs. The specific effect of
linc-MYH on the pro-proliferative function of the INO80 complex
without affecting DNA repair functions is important: Increased
expression of pro-proliferation genes and enhanced cell proliferation
generates more replication stress, which has to be handled. Mole-
cules acting on complexes regulating both DNA repair and cell
proliferation need to avoid reduction in DNA repair activities when
regulating proliferation.

The crucial role of linc-MYH in controlling INO80 complex
formation and transcriptional activity for regulation of MuSC prolif-
eration also has important consequences for skeletal muscle physi-
ology. We found that the increase in proliferating MuSCs in skeletal
muscles of linc-MYH mice resulted in myofiber hypertrophy as indi-
cated by increased cross-sectional areas. Since myofibers in linc-
MYH mutant animals contain increased myonuclei contents and
show no signs of endomitosis, we reason that muscle hypertrophy
is caused by the fusion of supernumerous MuSCs to myofibers
(Abmayr & Pavlath, 2012). One might wonder why evolution has
shaped a role for linc-MYH to limit skeletal muscle hypertrophy,
which is widely assumed to be beneficial. Yet, unnecessarily
increased muscle mass boosts energy demand and is an evolution-
ary liability when food supply is limited. In fact, gene variants caus-
ing hypermuscularity, particularly in humans, are relatively rare. A
popular example is the myostatin gene, which prevents skeletal
muscle hypertrophy (Schuelke et al, 2004; Das et al, 2019). It has
been argued that energy expenses in the skeletal musculature have
been traded for enhanced growth of energetically costly brains,
essentially postulating reciprocal evolution of brain and muscles
(Bozek et al, 2014).

Increased proliferation of MuSCs might be beneficial for regener-
ation of skeletal muscle. Yet, we did not detect signs for enhanced
skeletal muscle regeneration in linc-MYH so far, which might in part
be due to the CTX damage model, causing severe depletion of
MuSCs (Hardy et al, 2016). Failure to detect an advantage of linc-
MYH-deficient mice in the early stage of muscle regeneration might
be explained by the massive stimulation of MuSC proliferation by
external cues dominating the control of proliferation of MuSCs early
after CTX damage, while linc-MYH rules the control of MuSC prolif-
eration under conditions of muscle homeostasis. This is mirrored in
the MuSCs in vitro, where the early strong proliferation in response
to isolation is not significantly different between WT and linc-MYH-
deficient MuSCs, but higher proliferation is observed in linc-MYH-
deficient MuSCs at later stages of MuSC proliferation. In vivo in later
stages, we found exaggerated hypertrophy of individual myofibers
after CTX-induced muscle damage, which increased heterogeneity
among muscle fibers compared with undamaged muscles from linc-
MYH mutants and regenerated muscles of control animals. We did
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not analyze effects of a loss of linc-MYH in pathological conditions
or during aging, which might generate a different scenario, in partic-
ular since aging goes along with a severe decline of MuSC prolifera-
tion and a reduction in MuSCs (Garcia-Prat et al, 2013). We
observed increased MuSC numbers and proliferation in 8-month-old
mice, and it would be interesting to investigate whether the
increased proliferation rate of linc-MYH KO MuSCs prevents some
consequences of skeletal muscle aging and thus might be used for
therapeutic purposes.

Much to our surprise and in addition to increased proliferation,
we observed a strong increase in quiescent MuSCs in linc-MYH-defi-
cient muscles, although linc-MYH is not expressed in quiescent but
only in proliferating MuSCs. The increase in quiescent MuSCs is
stable, depends on the presence of INO80 in MuSCs, and is re-estab-
lished even after extensive muscle damage and subsequent regener-
ation. The most plausible explanation for this finding is that the
extent of MuSC proliferation determines the size of the quiescent
MuSC population. Increased numbers of proliferating MuSCs might
enhance the chance of stochastic or nonrandom asymmetric cell
divisions, required for formation of the stem cell niche (Almada &
Wagers, 2016; Feige et al, 2018). Such a process has to occur rela-
tively late during MuSC expansion, at a time point when the linc-
MYH gene within the Myh3-Myh13 cluster is activated. Nonetheless,
we cannot rule out a more indirect mechanism, in which an
enlarged population of late-stage proliferating MuSCs signals back
to still resting MuSCs, thereby regulating early cell decision events
that determine the fate and size of the quiescent MuSC pool.

In summary, we identified a novel mechanism that limits expan-
sion of MuSCs during postnatal skeletal muscle development and
regeneration by upregulation of the evolutionary conserved long
non-coding RNA linc-MYH. Linc-MYH acts as a selective molecular
switch by preventing association of YY1 and WDRS5 with the INO8O
chromatin remodeler complex. Incorporation of linc-MYH into the
INO80 complex eradicates the pro-proliferative capacity of the
complex but leaves its DNA repair functions intact. Removal of the
linc-MYH-dependent molecular switch enhances proliferation of
MusSCs, causes hypertrophy of skeletal muscle fibers, and increases
the number of quiescent MuSCs. The linc-MYH example provides a
paradigm of how IncRNAs add new layers of regulation to specifi-
cally control complex cellular functions in mammalian cells.

Materials and Methods

Animal models

The genomic locus coding for both isoforms of linc-MYH (AK010044
and AK079404) was deleted from the mouse genome by homolo-
gous recombination. A 16.7 kb genomic fragment ranging from
GCGGCCGCTGTGCTTTCCACCTCACCAC to ATAGCGTCCATAGTTC
TGGAGGTCC was inserted into a pKO II vector containing a diph-
theria toxin selection cassette by Gap-repair (Warming et al, 2005)
using a bMQ mouse BAC clone (BMQ105-D23; Source BioScience;
#BMQ105-D23; Adams et al, 2005). An Ascl site was inserted into
the Aval digested vector using oligonucleotides, and a loxP-flanked
neomycin resistance cassette was inserted using this site. Homolo-
gous recombination events in embryonic stem (ES) cells were
detected by Southern Blot by a PCR-generated probe
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(CGAACAGTGCTTCTCCAAGAAGGT/TATCAGGGAGGAAGTCTTCA
GGTC) using Aval digested genomic DNA. Mice were generated
from ES cells using standard procedures. The neomycin resistance
cassette was removed by FLP recombination using ACTB-FLPe mice
(Rodriguez et al, 2000) to generate the linc-MYHX®//7) allele.
Genotypes of mice were determined by PCR using oligonucleotides
(AGCTCTGAAACTCCAGAATCTGCCT, CCGCCCTGAGCAGAAT
GAATGGACG, CTCGTTGTCAGTTCTGTATAGACCC). The 266-bp
fragment identifies the WT allele, and the 417-bp fragment identifies
the FLP-deleted allele.

A second linc-MYH loss of function model was generated by
insertion of a poly-A cassette into the third exon of 2310065F04Rik-
201/ENSMUST00000125538.7/AK010044 using  CRISPR-CAS9-
targeted homology-directed repair. Insertion of the cassette also
represses transcription of the variant 2310065F04Rik-202/
ENSMUST00000153497.1/AK079404. The guide RNA CAGCTCATT
GAACAGTCGAG was inserted into pSpCas9(BB)-2A-Puro (PX459)
V2.0 (addgene#62988), and the resulting vector was transfected into
ES cells together with the oligonucleotide (ACAAATGAGCCTGGTC
AGAGATTGTGAGCCCTGCCTTTGAATCACCTGGGTAGATCTGCA
AGTTACTGATAATTCTGGTTACAAATAAAGCAATAGCATCACAAA
TTTCACAAATAAAGCATTTTTTTCAGGGTCCAAGCTCCAGGCTTTT
CCAAAGTTCCTTCCACGGTTGTGATGTGCAGGAAGAACTGAAAGG
CCCT) using the Lipofectamine protocol (Ran et al, 2013). ES cells
were selected using puromycin (2 mg/ml, 1 day after transfection
for 2 days), and recombinant clones were identified by PCR
(GTCTTACATTACCTACCTAGAAGGA, GGTTACAAATAAAGCAA
TAGCATCA/CCTGTCAGAAACCTCAGATACCATC). PCR fragments
of 237-bp indicate the WT allele, while the 259-bp fragment indi-
cates presence of the poly-A allele. Mice were generated from ES
cells using standard procedures. Chimeric mice were mated to
C57BL/6, and animals used for analysis were backcrossed to C57BL/
6 for >3 generations. For MuSC and muscle-specific deletion of
INO8O, a floxed Ino80 allele (Qiu et al, 2016) and a Pax7-Cre driver
strain were used (Keller et al, 2004). To delete INO80 in adult MuSCs,
the Pax7-CreERT?2 allele (Murphy et al, 2011) was used together with
tamoxifen injections (75 mg/kg BW for 5 days at 6 weeks of age).

A V5 tag was inserted at the C-terminus of INO80 using CRISPR-
CAS9-targeted homology-directed repair. The guide RNA
(gCCTCTGGAGGACGGTAACCA) was inserted into pSpCas9(BB)-
2A-Puro (PX459) V2.0 (addgene#62988), and the resulting vector
was transfected into ES cells together with the oligonucleotide
(CCTAAAAGCCTCCACATGACCAGCAGCCTAGCCTCAGACTCCTTG
ATCCGGAAACAAGGCAAAGGCACCAACCCCTCTGGAGGACGCCCC
GTGGTTGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA
CGTAGTAATAACCATCGTAACCATCTCTGCCCTCTAGCTTCCTTCA
ACCAAACCAGGGGCTACA) using the Lipofectamine protocol as
above. Recombinant clones were identified by PCR using the
oligonucleotides (GTCCGACCTGCTGGCCTTGCAG/GCCATCCAAA
GACCACCTATGGC). The 266-bp PCR fragment identifies the WT
allele and the 332-bp fragment the Ino80-V5 allele. For FACS isola-
tion of MuSCs, the transgenic Pax7-ZsGreen reporter (Bosnakovski
et al, 2008) was mated to the respective mouse lines.

Mice were kept in IVC with ad libitum access to water and food.
All animal experiments were done in accordance with national and
European community guidelines and were approved by the Commit-
tee for Animal Protection of the State of Hessen (Regierungspraesid-
ium Darmstadt).

© 2020 The Authors

The EMBO Journal

EdU and Cardiotoxin administration in adult mice

Mice were intraperitoneally injected using 10 pl/g BW labeling solu-
tion (5 mg/ml EdU in 0.9% saline; Thermo# E10187) to identify
newly synthesized DNA in vivo. Adult mice were injected daily for
14 days and 3-week-old animals for 5 days; skeletal muscle tissue
was recovered 24 h after the last injection. Cardiotoxin injection
into the TA muscle was performed as described previously (Boon-
sanay et al, 2016). Briefly, animals were anesthetized by intraperi-
toneal injection of Ketamine/Xylazine and one leg of the animal was
shaved. The needle of the 0.06 mg/ml cardiotoxin-containing
syringe (Sigma#C9759-5MG) was inserted along the center of the TA
muscle from foot toward the knee and 50 pl of a 0.06 mg/ml cardio-
toxin solution was injected into the TA muscle while retracting the
needle. For analgesia, the animals received metamizole via the
drinking water (1.6 g/1 Novaminsulfon; Zentiva).

RNA-Fluorescence in situ hybridization (RNA-FISH)

linc-MYH FISH was done using the ViewRNA ISH cell assay kit from
Panomics (#QVC0001) with probe sets detecting linc-MYH (VX1-
99999-01; Alexa Fluor 546, custom-designed against AK010044),
Xist (VB4-18068, Alexa Fluor 488), and Adipor (VB4-16777, Alexa
Fluor 488). Hybridization and detection were performed according
to the supplier’s instructions with fixation of differentiated C2C12
(ATCC) cells in 1% formaldehyde for 10 min and one hour of
trypsin incubation.

RNA-protein pull-down

Proteins interacting with candidate RNA molecules were identified
by an in vitro RNA—protein pull-down approach in combination
with MS analysis. Control IncRNAs were used in addition to linc-
MYH isoforms to detect unspecific RNA-protein interactions.
Templates for RNA synthesis were obtained by PCR amplification
using Phusion DNA polymerase (Thermo Scientific, F-553L) based
on a plasmid template and primers supplying a T7 promoter
sequence (linc-MYH, AK079404: Source BioScience#9830118E10,
GTAATACGACTCACTATAGGGCTCTCTCTCGGCTCAGCCCTGAGTG
TCTCCAGAGG, ATCACAACATCCTTGTGGGGGATTTA-TTGC) or by
linearization of plasmid templates (AK142388, Fantom#D430033102,
Apal; MG243346, Fantom#D430033102 plus PCR amplified 5
sequence, Apal; AK009488: BioScience#2310024A14,
BamHI). Templates for individual exons or parts of exons and
templates for controls were amplified using oligonucleotides
described in Appendix Table S4. An additional control was prepared
using a plasmid template (AK086006, Fantom#D830044D09,
BamHI). RNA was synthesized from templates by the T7 RiboMAX™
Express Large Scale RNA Production System (Promega #P1320)
following the manufacturer’s instructions, but with transcription
time extended to 2 h. 50 pmol of RNA was biotinylated using the
Pierce™ RNA 3’ End Desthiobiotinylation Kit (Thermo Scientific
#20163). Biotinylated RNA was recovered by mini Quick Spin RNA
Columns (Roche#11814427001). Nuclear proteins of C2C12
myocytes were isolated using the NE-PER Nuclear Protein Extraction
Kit (Thermo#78833). The interaction of linc-MYH with human
INO80 was investigated using HEK293 (ATCC) cells overexpressing
FLAG-tagged full-length INO80 or fragments of human INOSO.

Source
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These plasmids were a gift from Joan Conaway (addgene plasmid#:
44149, 29440, 29441, 29443, 29446; Chen et al, 2011). In addition,
we used extracts of HEK293 cells expressing MCRS1 from a custom
gene synthesized vector (Appendix: MCRS expression vector;
BioCat). The plasmids were transfected using Lipofectamine 3000,
and cells were lysed 48 h after transfection in extraction buffer
(0.1 M Tris-HCIl pH 8.0, 0.01 M EDTA, 10% SDS, Aqua dest, 1x
cOmplete Protease Inhibitor cocktail, Roche #4693132001) by soni-
cation. Biotinylated RNA and protein extracts were processed using
the Pierce™ Magnetic RNA-Protein Pull-Down Kit (Thermo Scientific
#20164) according to the manufacturer’s instructions with some
modifications (four instead of three washing steps before elution of
RNA-bound proteins). In case of C2C12 cell extracts, the eluted
proteins were prepared for mass spectrometry analysis by in solu-
tion digest. In case of HEK293 cell extracts, the eluted proteins were
analyzed by Western blot.

RNA immunoprecipitation (RNA-IP)

RNA immunoprecipitation followed published protocols (Moran
et al, 2012; Schweisgut et al, 2017). 50 pl Dynabeads® Protein A
(Thermo Scientific 10001D) was washed twice with 300 pl RIPA
Buffer (50 mM Tris—HCl pH 7.4, 1% NP-40, 0.25% sodium-deoxy-
cholate, 150 mM NaCl, 1 mM EDTA) using a magnetic stand for
separation of the beads. Beads were incubated with 8 pg of the
respective antibody in 500 pl RIPA anti-Ino80 antibody (anti-INO80:
Abcam#ab197043 (C2C12 cell IPs) or Abcam#ab118787 (HSMM cell
IPs); IgG: Invitrogen#10400C) for 2 h at 4°C on a rotating wheel.
C2C12 cells (ATCC #CRL-1772™; DMEM 4.5 g/1 Glucose, 10% FCS,
1% Pen/Strep/Glutamine) were grown to confluence, and myotube
differentiation was induced for 4-5 days using differentiation
medium (DMEM 4.5% Glucose; 2% horse serum, Thermo Scientific
#16050130; 1% Pen/Strep/Glutamine). C2C12 cells (six 15-cm
plates for one experiment) were trypsinized, washed two times
using PBS, and re-suspended at 2 x 10° cells/ml. HSMM (Lonza
#CC-2580; six 15-cm plates for one experiment) cells were incubated
in SKGM™-2 (Lonza #CC-3245) medium until they reached 80%
confluence followed by culture in DMEM-F12 (Thermo Fisher
#11320-033). Cell suspensions were incubated with 1% formalde-
hyde (Thermo #28908) for 10 min at room temperature. Thereafter,
glycine was added to a final concentration of 0.125 mM, and cells
were washed two times using PBS and re-suspended in 2.4 ml RIPA
buffer including cOmplete proteinase inhibitor  (Roche#
04693159001) and RNasin 1:100 (Promega# N2615). Cells were
lysed using a Covaris Evolution E220 (1 min, 100 W peak power,
200 cycles/burst, 2.0 duty factor), and cell debris was removed by
centrifugation (5,000 g, 5 min). 100 pl of the lysate was saved for
RNA isolation (input). Antibody-bound beads were washed twice
using 400 pl RIPA and incubated over night with 1 ml cell lysate on
a rotating wheel at 4°C. After incubation, beads were separated from
the supernatant, which was saved for subsequent analysis, and
washed 4 times using 500 pl RIPA (4°C). Thereafter, beads were
washed 4 times using 500 pl of high-salt RIPA (50 mM Tris—-HCI pH
7.4, 1% NP-40, 0,25% sodium-deoxycholate, 150 mM NaCl, 1 mM
EDTA, 4 M Urea) and once using PBS. The pellet was re-suspended
in 100 pl Buffer C (Tris-HCl 50 mM pH 7,4, NaCl 150 mM, 5 mM
EDTA pH 8.0, 10 mM DTT, 1% SDS), 10 pul Proteinase K (Thermo
Scientific #£00491), and 1 pl RNasin (Promega #N2511) was added.
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Samples were incubated at 42°C for 30 min, followed by 4-h incuba-
tion at 65°C, and 1 ml TRIzol was used for RNA isolation. RNA was
further purified using RNAeasy clean-up kit (Qiagen #74104), and
RNA was eluted in 30 ml, 8 ul of RNA was used for RT reaction,
and PCR was performed using specific oligonucleotides (linc-MYH,
AK010044: CTATGTTTTGCCAGCTCCTGCTATG, AACACTATAGC
CCTCAAGATGGGAGG; ctrl-IncRNA1, AK07210: GTCTCACCATTCC-
TAGGCTGCCAGC, CAAGGCCACTCTGATGGAGGCACT; ctrl-
IncRNA2, AK014378: GTCCTGAGCAGTCCAGGCTGGAAGC, CGACA
ACTCAGTGCTCAGGAATGTC; hsa-linc-Myh, AK097500: CATGGT
CTTGACACTTTGAGGACTA, TTGCATAAATGAGTCCGATGCACAG;
hsa-Gapdh: ACCACAGTCCATGCCATCAC, CATGCCAGTGAGCTT
CCCGT).

Isolation of myofibers and immunostaining

To isolate myofibers, the flexor digitorum brevis muscle was
extracted from hind limb feet and digested in 1 ml 0.1% Collage-
nase P Solution (Sigma-Aldrich #11213873001) in DMEM (Sigma-
Aldrich #D5796) for two hours. Fibers were isolated by pipetting the
digested muscle up and down with a Pasteur pipette until individual
single fibers were visible. The single fibers were transferred to
DMEM with 10 % FCS (Gibco#10270106) and 1% PSG (Thermo
Fisher Scientific #10378016) in a FACS sorting tube (Fisher Scientific
#352235). Immunofluorescence staining was performed as described
for cryosections, but free floating fibers were collected at the bottom
of the staining tube by gravity.

Immunofluorescence stainings

For immunofluorescence staining, 10 pm cryosections mounted on
Superfrost Ultra Plus slides (Thermo#J3800AMNZ) were used.
Tissue sections were dried at room temperature, fixed for 5 min
using 4% paraformaldehyde/PBS, washed three times 10 min using
0.3% Triton X-100/PBS, and incubated in blocking solution (0.01 %
Triton X-100, 1/10 Blocking One (Nacalai#03953-95)/PBS). When
using mouse monoclonal antibodies, Mouse-on-Mouse Blocking
Reagent (Vector labs#MKB-2213) was added 1:25 to the blocking
solution. After blocking, sections were washed 10 min using PBS
and sections were incubated with primary antibodies (mouse anti-
PAX7, R&D systems#MAB1675; rabbit anti-Laminin, Sigma#L9393
or rabbit anti-CalcR, Bio-Rad #AHP635, rabbit anti MyoD, Abcam
#ab64159, rabbit anti-yH2AX, Cell Signaling #2577) in solution A
(Nacalai Tesque #02272-74) at 4°C overnight. Sections were washed
three times 10 min in 0.01% Triton X-100/PBS. Subsequently,
sections were incubated with secondary antibodies (goat anti-mouse
IgG-Alexa Fluor488, Jackson#115-545-205; goat anti-mouse IgG-
Alexa Fluor 594, Jackson#115-585-205; goat anti-rabbit IgG-Alexa
488, Thermo#A11070; goat anti-rabbit IgG-Alexa 680,
Thermo#A21076) in solution B (Nacalai Tesque # 02297-64) for 1 h
and washed two times using 0.01% Triton X-100/PBS. DAPI
(Sigma-Aldrich #10236276001) was applied 1:1,000 in 0.01% Triton
X-100/PBS for 5 min, and after a final washing step, sections were
embedded in Fluoromount W (Serva #21634.01). Staining for EQU
incorporation was done after the three Triton X-100 washing steps
according to the supplier’s manual. The Click-iT™ Plus EdU Alexa
Fluor™ 594 Imaging Kit (Thermo Fisher #C10639) was used for all
EdU experiments.
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Identification of skeletal muscle fiber types was performed as
described previously (Wust et al, 2018). Concentrated monoclonal
antibodies against 1 MyHC (DSHB #BA-DS5), 2A MyHC (DSHB #SC-
71), 2B MyHC (DSHB #BF-F3) (developed by S. Schiaffino, obtained
from DSHB) in combination with AffiniPure goat anti-mouse IgG,
Fcy subclass 2b—DyLightTM405 (111-475-207), goat anti-mouse
IgG, Fcy subclass 1—Alexa Fluor® 488(115-545-205), and goat anti-
mouse IgM p chain—Alexa Fluor® 594 (115-585-075; Jackson
ImmunoResearch) were used. Tissues were snap-frozen on liquid
nitrogen, and 10 pm cryosections were mounted on Superfrost ultra
plus slides (Thermo Scientific #J3800AMNZ). Tissue sections were
dried at RT, fixed with 4% PFA/0.1% sodium-deoxycholate/0.02%
NP-40/PBS for 5 min, washed 3 times with PBS, and blocked in 2%
FCS, 0.5% NP-40/PBS for 1 h. Sections were incubated with
primary antibodies (1:100) overnight at 4°C, washed three times
with PBS, and incubated with secondary antibodies (1:500),
followed by washing three times with PBS and embedding in Fluo-
romount W (Serva #21634.01).

Transmission electron microscopy

Tissues were fixed by perfusion with 1.5% paraformaldehyde, 1.5%
glutaraldehyde, and 0.15 M HEPES and were kept in fixative for at
least 24 h at 4°C. Thereafter, tissue was fixed in 1% osmium tetrox-
ide solution (Sigma #75633) and incubated in uranyl-acetate (Agar
Scientific #AGR1260A). Tissues were dehydrated in an ascending
series of ethanol and embedded in Agar 100 Resin (Agar Scientific
#AGR1031). Muscles we sectioned using an ultra-microtome and
analyzed using a TEM Zeiss EM 902 and Zeiss LEO 906.

Fluorescence-activated cell sorting (FACS)-based MuSC isolation
and culture

Skeletal muscle tissue was dissected from individual mice and trans-
ferred into DMEM (Thermo#31966-021) containing 2% penicilin—
streptamycin (Sigma #P0781-100 ml). The tissue was minced using
a Mcllwain Tissue Chopper (TC752), and tissue debris was removed
by brief centrifugation (1 min, 1,200 g). The supernatant was
digested with occasional vortexing using Dispase (BD #354-235;
1:10 in solution) for 30 min, followed by Collagenase II digestion
(Worthington # LS004185; 1:10 in solution) for 30 min. Thereafter,
fetal calf serum (Sigma-Aldrich #F7524-500ML, 10% f.c.) was added
to the suspension. The cell suspensions were filtered using 100 um,
70 um, and 40 pum cell EASYstrainer (Greiner#54200, 542070 and
542040), and cells were collected by centrifugation (5 min, 1,200 g).
Cells were incubated in 200 pl cell sorting buffer (CSB: 1x PBS,
1 mM EDTA, 25 mM HEPES pH7.0, 1% FCS) containing anti-CD45-
APC, anti-CD31-APC, and anti-Ly-6A/E (Sca-1)-APC antibodies
(eBioscience #17-0451, 17-0311, 17-5981, 1:100 each) for 30 min at
4°C. Cell suspensions originating from mice without ZsGreen
marker gene expression were incubated for one hour with anti-
CD45-APC, anti-CD31-APC, and anti-Ly-6A/E (Sca-1)-APC and addi-
tionally with anti-CD34-Alexa 450 (eBioscience #48-0311-80; 1:100)
and anti-integrin-FITC (MBL #K0046-4; 1:100) antibodies. Cells were
washed, centrifuged (5 min, 1,200 g), and re-suspended in 200 pl
CBS containing 30 pl anti-APC MicroBeads (Miltenyi #130-090-855)
for 20 min at 4°C. CSB, CD31, CD45, and Sca-1-positive cells were
depleted using the Miltenyi AutoMACS. Pax7-ZsGreen-labeled
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MuSCs were stained with DAPI (Invitrogen, #D1306), and samples
with antibody labeling were stained with propidium iodide (Sigma-
Aldrich, #P4864-10ML) to allow identification of dead cells. FACS
sorting was done using a BD Aria IIl. Debris and clumps were
excluded using forward and side scatter parameters. Dead cells were
excluded using DAPI/PI, and residual APC-positive cells were
excluded. Pax7-ZsGreen-labeled cells were analyzed and sorted
using 488 nm excitation and emission at 530/30 nm. Antibody
labeled MSCs were isolated based on co-detection of CD34-Alexa
450 (ex. 405 nm, em 450/40 nm) and Integrin-FITC (ex. 488 nm,
em: 530/30 nm) signals. Isolated cells were cultured on Matrigel
(Fisher # CB356238) covered dishes in proliferation medium
(DMEM + GlutaMAX™ #31966-021, 20% FCS, 2% PS). Cells were
seeded at a density of 6,000 cells/cm’. Half of the medium was
exchanged every 2 days. Upon confluence, medium was exchanged
to differentiation medium (DMEM 4.5% Glucose; 2% horse serum,
Thermo Scientific #16050130; 1% Pen/Strep/Glutamine).

Analysis of cell confluence

Confluence of MuSCs during proliferation and differentiation was
determined using an IncuCyte Zoom system (Essen BioScience).
The basic analyzer tool was adjusted to segment satellite cells from
background as recommended by the company’s technical notes
using representative phase contrast images. Conditions were set for
a minimum area of 180 ym? and a maximum of 5 x 107 um2.
Pictures of cells were taken at least every 3 h. MuSCs were cultured
in clear bottom 96-well plates (Greiner #655090) as described
above.

Knock-down experiments

For knock-down of YY1 in activated MuSCs, isolated MuSCs were
transfected with shRNAs against Yyl (Sigma-Aldrich Mission
shRNA library, clone#pLKO1#TRCN0000054555) 72 h after isolation
of the MuSCs. Lipofectamine 3000 (Thermo#L3000015) was used
according to the manufacturers’ instructions. Cell confluence was
monitored with the IncuCyte Zoom system for 95 h every 60 min as
described. RNA was isolated using the miRNeasy Mini Kit (Qiagen
#1038703). RT reaction and qPCR were done as described below
using Yyl-specific oligonucleotides (TTCAGAATAATCAGGAGGT
GAGTTC, GCGAGTTCTCGGTCACCATGTGGTC).

RNA isolation and cell fractionation

RNA was isolated from PBS-perfused tissues or cultured cells using
the TRIZOL method according to the manufacturer’s instructions.
To separate nuclear and cytoplasmic RNA, C2C12 cells were grown
to confluence on a 10-cm cell culture dish, washed twice with ice-
cold PBS, and recovered in 1 ml PBS using a cell scraper. Cells were
centrifuged at 1,000 g for 10 min, and the cell pellet was re-
suspended in 200 pl of cell lysis buffer (10 mM Tris pH 8.0,
140 mM NaCl, 1.5 mM MgCl,, 0.5% NP-40). Re-suspended cells
were kept on ice for 5 min, flicked from time to time, and centri-
fuged at 1,000 g for 3 min. The supernatant was recovered as cyto-
plasmic fraction. RNA was isolated from the cytoplasmic fraction
after addition of 700 ul of TRIzol. The remaining pellet was re-
suspended twice in cell lysis buffer followed by centrifugation for
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3 min at 1,000 g and once using a wash buffer (cell lysis buffer with
additional 1% Tween-40 and 0.5% deoxycholic acid). The remain-
ing pellet, representing the nuclear fraction, was re-suspended in
700 pl TRIzol, and RNA was isolated. In addition, a human tissue
RNA collection (Clontech human total RNA master panel II
cat#636643) was used for RT-PCR experiments.

Transcriptome analysis and RT-PCR

Quality of isolated RNAs was confirmed using the Agilent 2100
Bioanalyzer in combination with Agilent RNA 6000 Pico or Nano
KIT. RNA isolated from in vitro cultured MuSCs was analyzed using
the mouse Clariom™ D Pico Assay Kit. RNA isolated from mouse
tissues was analyzed using the mouse Clariom D Assay Kit strictly
following the manufacturer’s protocols. Data were analyzed using
the Affymetrix Expression Console 1.4 with sst-RMA and DNASTAR
Arraystarl5. Gene set enrichment analysis (Subramanian et al,
2005) was performed using default parameters with permutation
type gene sets. The maximum gene set size was adjusted from 50 to
1,000. For (g)RT-PCR, RNA was reverse transcribed using Super-
script II (Thermo# 18064-022) and gene-specific oligonucleotides
were used to the detect the transcripts (mmu-linc-MYH: GTGCAGC
CAGAACAAGACAGACAGT, GTGGTAATTGTAGGTGGTGAGCAGA
(GAGCTGGCAAAACATAGTCCCTTCT for gqRT-PCR), hsa-linc-MYH:
CATGGTCTTGACACTTTGAGGACTA, TTGCATAAATGAGTCCGAT
GCACAG, hsa-/mmu-GAPDH, ACCACAGTCCATGCCATCAC, CAT
GCCAGTGAGCTTCCCGT). For quantitative RT-PCR, the KAPA
SYBR FAST kit (Kappa Biosystems #KK4618) was used together
with the Applied Biosystems StepOnePlus real-time PCR system.

Immunoprecipitation of the INO80 complex

For immunoprecipitation, protein extracts were prepared from TA
muscle of WT and linc-MYH KO mice or from INO80-V5 and
linc-MYH KO/INOS80-V5 animals. Isolated TA muscle was frozen
in liquid nitrogen until further use. Tissue was disrupted by the
Covaris cryoPREP™ Extraction System (cryoPREP™ CP02) using
the Tissuetube™ (#TT05) and three times maximum power
disruption. The sample was transferred into an Eppendorf tube
with 10 pl/mg tissue RIPA buffer (50 mM Tris-HCl pH 7.4, 1%
NP-40, 0.25% sodium-deoxycholate, 150 mM NaCl, 1 x Protease
Inhibitor Cocktail III (Merck#539134)) and was homogenized
using a Ultrasonic Homogenizer (Bandelin Sonopuls with MS72
probe) using cycle 5, 30 % power for 30 s. The lysate was incu-
bated at 4°C on a rotating wheel for 30 min, followed by a
20,000 rcf centrifugation at 4°C for 20 min. The supernatant was
stored as protein lysate at —80°C until further use. 60 pl/sample
G-Sepharose-beads (Millipore#P3296) was washed twice using
1 ml RIPA buffer, incubated in 1 ml 3% BSA (Sigma#A7284)/
RIPA at 4°C on a rotating wheel for 1 h, washed twice using
1 ml of RIPA, and re-suspended in 60 ul of RIPA. 1 ml of protein
lysate (2 mg/ml) was incubated with 30 pl bead suspension to
scavenge proteins binding non-specifically to the beads at 4°C on
a rotating wheel for 1 h. The supernatant was recovered and
10 pg of anti-INO80 (Proteintech #18810-1-AP), or 4 pg of anti-V5
antibody (Abcam #ab27671) was added, respectively. 30 ul of
blocked beads was added to the IP-mixture followed by incuba-
tion at 4°C on a rotating wheel overnight. Beads were washed
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three times using 1 ml RIPA at 4°C on a rotating wheel for
10 min each time, and co-precipitated proteins were identified by
mass spectrometry. For Western blot analysis, beads were re-
suspended in Laemmli buffer at 95°C for 5 min and equal
amounts of sample were used for analysis.

Western blot analysis

Muscle tissue of 6- to 25-week-old mice was lysed in RIPA buffer
(50 mM Tris-HCl pH7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-
Deoxycholate, 1x cOmplete Protease Inhibitor cocktail, Roche
#4693132001) by sonication. HEK 293 cells were lysed as
described for the RNA-protein pull-down. 10-40 mg of protein
extracts was separated using a 9% Bis-Tris SDS-PAGE for muscle
tissue protein extracts and precast protein gels (Thermo
#NBP0321BOX) for cellular protein extracts. Proteins were blotted
onto nitrocellulose membranes. The following antibodies were
used after blocking membranes with 3% BSA in TBS-T: Anti-
RuvBI1 (1:1,000; Proteintech #10210-2-AP), anti-RuvBI2 (1:1,000;
Bethyl #A302-536A), anti-TFPT (1:500; Proteintech#10097-2-AP),
anti-WDR5 (1:1,000; Bethyl #A302-430A), anti-YY1 (1:1,000; Cell
signaling #46395), RalA (1:5,000; Becton Dickinson #R23520),
anti-V5 (1:5,000; Invitrogen #R960-25), and anti-FLAG (1:1,000,
Sigma-Aldrich #F1804). Secondary antibodies were anti-mouse-
HRP (1:5,000, Thermo #31450) and anti-rabbit-HRP (1:5,000,
Thermo #31460).

In situ proximity ligation assay

The in situ proximity ligation assay (PLA) was performed on fixed
primary proliferating MuSCs using the DuoLink PLA fluorescence
technology (Sigma-Aldrich#DU092101), following the manufac-
turer’s protocol. About 2,000 isolated muscle satellite cells were
seeded per well of a 96-well plate and grown to a confluence of
about 80%. Cells were fixed using 4% PFA for 7 min at room
temperature. Myoblasts were then permeabilized with 0.3% Triton
X-100 in PBS three times for 5 min at room temperature. After two
washing steps with PBS, cells were incubated with blocking solution
in a humid chamber for 60 min at 37°C followed by incubation with
primary antibodies for 1 h at room temperature. The assay was
always performed with pairs of antibodies produced in mouse or
rabbit, diluted 1:5,000 in antibody diluent. An anti-V5 tag antibody
(Thermo Scientific; 37-7,500) recognizing the endogenous V5-
tagged INO80 was used in combination with anti-YY1 (Cell Signal-
ing#46395), anti-WDR5 (Bethyl#A302-429A), and anti-Ruvbl2
(Bethyl#A302-536A) antibodies, respectively. PLA probe incubation,
ligation, and signal amplification were performed according to the
manufacturer’s protocol. After two washing steps with PBS, DAPI
was diluted 1:5,000 in PBS and added to the cells for 5 min at room
temperature.

RNA in situ hybridization-proximity ligation assay (rISH-PLA)

Interaction between linc-MYH and INO80 was confirmed using the
rISH-PLA assay (Roussis et al, 2017). Five biotinylated 2’-O-Methyl
RNA oligonucleotides against linc-MYH were designed using the
Stellaris design tool (https://www.biosearchtech.com/support/edu
cation/stellaris-rna-fish:  [Btn]GCCATTTGGTATACAGTCTGC[mA]
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[mC][mG][mU], [Btn]CTCGTTGTCAGTTCTGTATAGACCC[mA][m
C][mG][mU], [Btn]CATTAGCTGTGGCTACATTA[mA][mG][mU][m
C], [Btn]AGATTAGGGATGCTGCCTTG[mA][mC][mG][mU], [Btn]
TGTCACTGGGGACTCAATAC[mA][mC][mG][mU]), anti-biotin anti-
body (Abcam #ab53494) and an anti-V5 tag antibody (Thermo
Scientific; 37-7500) was used in the assay. The assay was performed
as described using freshly isolated MuSCs grown on Greiner
CELLSTAR® 96-well plates (Greiner #M0562-32EA) until the cells
reached proliferating stage (72 h). The growth medium was
removed, and the cells were fixed using 4% paraformaldehyde for
seven minutes.

Mass spectrometry

For immunoaffinity precipitations, equal sample volumes were
separated by polyacrylamide electrophoresis (NuPAGE 4-12% Bis-
Tris gel, Thermo Fisher Scientific) prior to in-gel digestion (Shev-
chenko et al, 2006). Gel lanes were cut into seven blocks and diced
finely. Gel-embedded proteins were subsequently reduced (10 mM
dithiothreitol) and alkylated (55 mM iodoacetamide), followed by
overnight digestion using trypsin (Serva). Peptides were gradually
eluted from the gel by increasing concentrations of acetonitrile.

IncRNA-pull-downs were digested off-bead as follows: The pellet
of magnetic beads was re-suspended in 6 M urea/2 M thiourea and
proteins sequentially reduced (10 mM dithiothreitol) and alkylated
(55 mM iodoacetamide) shaking at room temperature for 30 min,
each. After a 3-h peptidolysis using 0.5 pg of Lys-C (Promega) with
shaking at room temperature, samples were diluted four-fold with
100 mM triethylammonium bicarbonate. After addition of 0.5 pg
trypsin (Serva), samples were incubated overnight while shaking,
followed by magnetic removal of the beads.

Peptides from both sample types were finally desalted, concen-
trated, and stored on stop and go extraction (STAGE) tips (Rappsil-
ber et al, 2003). Samples were subsequently analyzed by liquid
chromatography/tandem mass spectrometry (LC-MS?) using in-
house packed reverse-phase column emitters (70 pm ID, 15 cm
length, ReproSil-Pur 120 C18-AQ, 1.9 um, Dr. Maisch GmbH) and a
buffer system including 5% acetonitrile, 0.1% formic acid, and 80%
acetonitrile, 0.1% formic acid. Peptide/spectrum matching, protein
group assembly, false discovery rate control (1% on the peptide and
protein group level, both), and label-free quantitation were
performed using the MaxQuant suite of algorithms (Cox & Mann,
2008; Cox et al, 2014) (IP: v. 1.6.1.0; IncRNA: v. 1.6.3.4) against the
murine UniProt database (canonical and isoforms; IP: downloaded
on 2018/02/09, 83082 entries; IncRNA downloaded on 2019/08/19,
86161 entries).

Analysis of IP data was done using a limma-based (Ritchie et al,
2015) in-house R pipeline (https://github.com/bhagwataditya/auto
nomics), including differential expression analysis and over-repre-
sentation against gene ontology categories analysis using a Fisher
exact test against the detectome. Only GO terms related to cellular
components located in the nucleus were considered. Gene sets
> 500 were excluded from the analysis to exclude general cate-
gories. RNA-protein pull-down data were analyzed by gene set
enrichment analysis using the GESA tool (Subramanian et al, 2005).
The summarized detectome of all RNA-protein pull-down samples
was used to generate the reference *.chip-file. Enrichment analysis
was applied to LFQ intensities of detected proteins. The Molecular
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Signatures Database (MSigDB) GO.all.v7.0.symbols.gmt gene sets
were employed, with default settings except permutation type set to
gene_set and using classic enrichment statistics. Results were fil-
tered for gene sets with FDR P < 0.05 and for gene sets related to
nuclear functions.

Quantification and statistical analysis

ImageJ was used for quantification of fiber cross-sectional areas
using the wand tool with manual correction of misalignments.
Investigators were blinded for different samples. Data containing
replicate values were tested for Gaussian distribution of values
using GraphPad PRISM 6. All data are presented as mean + SEM.
When normality of the data was confirmed, Student’s t-test was
used as indicated in the legends. When normal distribution of data
was not demonstrated, non-parametric statistical tests were used.

Data availability

Microarray data are available at Arrayexpress (E-MTAB-8592;
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8592/).

Expanded View for this article is available online.
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