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YY1 regulates skeletal muscle regeneration
through controlling metabolic reprogramming

of satellite cells
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Abstract

Skeletal muscle satellite cells (SCs) are adult muscle stem cells
responsible for muscle regeneration after acute or chronic injuries.
The lineage progression of quiescent SC toward activation, prolifer-
ation, and differentiation during the regeneration is orchestrated
by cascades of transcription factors (TFs). Here, we elucidate the
function of TF Yin Yangl (YY1) in muscle regeneration. Muscle-
specific deletion of YY1 in embryonic muscle progenitors leads to
severe deformity of diaphragm muscle formation, thus neonatal
death. Inducible deletion of YY1 in SC almost completely blocks the
acute damage-induced muscle repair and exacerbates the chronic
injury-induced dystrophic phenotype. Examination of SC revealed
that YY1 loss results in cell-autonomous defect in activation and
proliferation. Mechanistic search revealed that YY1 binds and
represses mitochondrial gene expression. Simultaneously, it also
stabilizes Hifla protein and activates Hifla-mediated glycolytic
genes to facilitate a metabolic reprogramming toward glycolysis
which is needed for SC proliferation. Altogether, our findings have
identified YY1 as a key regulator of SC metabolic reprogramming
through its dual roles in modulating both mitochondrial and glyco-
lytic pathways.
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Introduction

Skeletal muscle has a robust regenerative capacity, with rapid
reestablishment of full power occurring even after severe damage
that causes widespread myofiber necrosis. The cells responsible for
muscle regeneration are resident muscle stem cells, also called satel-
lite cells (SCs) which are located in a niche beneath the ensheathing
basal lamina on the surface of the myofibers and maintained in a
quiescent stage (Aziz et al, 2012; Bentzinger et al, 2012; Relaix &
Zammit, 2012). Most satellite cells in postnatal muscles originate
from a population of embryonic precursors that express paired box
protein 7 (Pax7) and/or the related Pax3. These cells are of meso-
dermal origin and arise from a dorsal structure of the developing
somite (known as the dermomyotome). Under the control of Pax3,
the cells delaminate from the ventrolateral lips of the dermomy-
otome and migrate to the sites of limb and diaphragm to provide
myogenic progenitor cells at these sites. In mouse, during fetal
stages E12.5-E17.5, the level of Pax3 protein is reduced, accompa-
nied by the appearance of Pax7" progenitors contributing to the
formation of fetal myofibers and establishment of the major source
of postnatal satellite cells (Buckingham, 2007; Buckingham &
Relaix, 2007; Bentzinger et al, 2012). Upon injury in adult muscle,
SCs are rapidly activated, undergo proliferative expansion, and
eventually differentiate and fuse to form new myofibers (Aziz et al,
2012; Bentzinger et al, 2012; Relaix & Zammit, 2012). A subset of
SCs undergoes self-renewal and return to quiescent state to replen-
ish the adult stem cell pool. SCs are inextricably linked to Pax7
which is expressed and maintained in virtually all quiescent SCs in
adult mouse muscles (Seale et al, 2000; Buckingham, 2007;
Buckingham & Relaix, 2007), thus provides a valuable target locus
to facilitate genetic manipulation of the SC genome.
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In the process of regeneration, activation of SCs following
muscle injury results in the expansion of myogenic cell pool and
leads to the initiation of myogenic program. This program, orches-
trated by a regulated cascade of myogenic regulatory factors
(MRFs) including MyoD, Myf5, myogenin, and MRF4, together with
Pax3 and Pax7, drives the myogenic lineage progression (Aziz
et al, 2012; Bentzinger et al, 2012). Besides MRFs, the intrinsic
complexity of myogenesis arises also from hierarchical interactions
between transcriptional regulators, regulatory RNAs, and chro-
matin-remodeling factors. Yin Yangl, YY1, is a ubiquitously
expressed TF which regulates various processes of development
and differentiation (Gordon et al, 2006). Previous work from our
group and others identified YY1 as an epigenetic repressor of multi-
ple muscle genes and muscle relevant miRNAs/lincRNAs during
myoblast differentiation into myotube (Wang et al, 2007, 2008; Lu
et al, 2012, 2013; Zhou et al, 2012a) Deregulation of the YY1-regu-
lated molecular circuitries leads to aberrant myogenic differentia-
tion, which contributes to pathogenesis of muscle diseases
including rhabdomyosarcoma and Duchenne muscular dystrophy
(DMD; Wang et al, 2008, 2012; Zhou et al, 2012a). Altogether,
these studies performed mainly on C2C12 myoblast cell line high-
light the importance of YY1 in myoblast differentiation and under-
score a need to determine the full spectrum of YY1 function in SC
lineage progression and in vivo.

Beside the transcriptional control, metabolic control is emerging
as a key regulatory mechanism of SC fate transition. Increasing
evidence demonstrates that SC functions are largely controlled by
two major metabolic states of the cell: oxidative (occurring in the
mitochondria) and glycolytic (occurring in the cytoplasm; Garcia-
Prat et al, 2017). Glycolysis is the enzymatic conversion of glucose
to pyruvate, which generates two net ATP molecules per molecule
of glucose. In contrast, cells in oxygen-rich environments can use
oxidative phosphorylation (OXPHOS) for more efficient ATP produc-
tion, which nets an average of 34 additional ATP molecules per
glucose by oxidizing pyruvate to acetyl coenzyme A (Acetyl-CoA),
then to carbon dioxide and water in the mitochondrial tricarboxylic
acid (TCA) cycle. As a major location of energy production, mito-
chondria play a fundamental role in cell metabolism, and its func-
tion is therefore subject to tight quality control. Outstanding
questions relevant to SCs include the metabolic status of quiescent
satellite cells (QSCs) and how metabolism controls the transition of
QSC to activated and differentiated states. Recent evidence indicates
that QSCs have mitochondrial activity probably due to the aerobic
SC niche, and their activation into more committed progenitors is
accompanied by an increased usage of glycolytic pathway (Ryall
et al, 2015). This so-called Warburg metabolism (aerobic glycolysis)
originally discovered in cancer cells is believed to allow SCs to
respond to the rapid increase in energy demand that characterizes
the activated state; it also provides glycolytic intermediates which
are chemical building blocks that are critical for synthesis of amino
acids, lipids, and nucleic acids, which is important for SCs that need
to continually replicate and divide. The metabolic reprogramming
has been observed in many stem cells (Ryall et al, 2015). For exam-
ple, emerging lines of evidence suggest that metabolic reprogram-
ming is required at each step of the conversion of differentiated cells
such as fibroblasts to iPSCs and the subsequent conversion to dif-
ferentiated cells such as neurons (Gibson & Thakkar, 2018). Thus,
metabolic reprogramming is not just passive bystanders but may
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modulate stemness, cell differentiation, and reprogramming.
Nevertheless, our knowledge of metabolic programming in SC
is incomplete; how SCs achieve the successful use of glycolysis
during their activation remains unclear and becomes a focus of this
investigation.

In this study, utilizing several genetic mouse models, we initi-
ated a thorough analysis of YY1 function in skeletal muscle devel-
opment and regeneration. Conditional deletion of YY1 in Pax7
expressing cells led to failure of diaphragm muscle development,
thus the neonatal death. Inducible deletion of YY1 in SCs severely
impaired the process of acute injury-induced muscle regeneration.
Moreover, deletion of YY1 in a dystrophic mdx mouse exacer-
bated the chronic injury-induced dystrophic phenotype. Further
examination revealed the YY1 deletion resulted in cell-autono-
mous defect in SC activation and proliferation, pointing to YY1 as
a key regulator of SC expansion. In search for molecular mecha-
nisms underlying the above phenotypes, global profiling of YY1
regulated transcriptome and binding events revealed that during
SC activation YY1 binds and directly represses mitochondrial gene
expression; simultaneously, it also stabilizes Hifla protein to acti-
vate Hifla-mediated glycolytic genes. Loss of YY1 led to up-regu-
lation of mitochondrial genes and inhibited glycolysis, thus
causing the defect in SC activation. Altogether, our findings have
identified YY1 as a key regulator of SC metabolic reprogramming
through its dual roles in modulating both mitochondrial and
glycolytic pathways.

Results

Conditional deletion of YY1 in muscle progenitor cells causes
defect in muscle development

Constitutive ablation of YY1 in mice results in peri-implantation
lethality (Donohoe et al, 1999). To investigate the roles of YY1 in
SC function and muscle regeneration, YY1 was selectively ablated
in Pax7-derived cells by crossing Pax7“™ knock-in mice expressing
Cre recombinase from the Pax7 locus (Pax7°"; Keller et al, 2004)
with mice bearing floxed YY1 alleles (Fig EV1A, exon 1 is flanked
by loxP sites; YY17!: Affar el et al, 2006). Conditional knock out
allele, Pax7°"/*; vY1¥! (thereafter referred to as YY1°%°), and
control (Ctrl), Pax7*/*; YY1V " littermates, were produced in F2
generation and used for the study (Fig 1A). We first confirmed the
successful deletion of YY1 in YY1 by staining for both Pax7 and
YY1 in the embryos. As reported before (Donohoe et al, 1999), YY1
is ubiquitously expressed and relatively elevated in somite, limb
bud, and tail tip. At E12.5 day, there was already a complete dele-
tion of YY1 in Pax7* cells in myotome by immunofluorescence (IF)
staining (merging of Pax7/red with YY1l/green in Ctrl yielded
yellow cells, which were rarely found in YY1°K°; Fig 1B). When
examining limb buds (Fig 1C), the majority of cells in YY1°¥°
appeared red; a few were yellow probably because Pax7 was not
fully activated in these cells yet (Pax7 does not express in limb bud
until ~ E11.5; Hutcheson et al, 2009). Unexpectedly, YY1°€° mice
died soon after birth even though they were only slightly smaller
than the Ctrl and heterozygous (Het, Pax7<"*; YY17°¥*) mice
and showed no overt morphological deformity (Figs 1D and EV1B).
These pups appeared unable to breathe despite frequent gasping
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and died within an hour after birth, which prompted us to examine
their lungs. Indeed, postmortem analysis indicated that the lungs
were not able to fill with air, thus sank in water (Fig 1E); histologi-
cal examination revealed collapsed alveoli (Fig 1F), confirming that
the lungs failed to inflate at birth. Since diaphragm (Dp) muscle is
critical for the opening of newborn lung (Borensztein et al, 2013;
Merrell & Kardon, 2013) and Pax7* muscle progenitors are impor-
tant for Dp muscle development (Babiuk et al, 2003; Merrell &
Kardon, 2013), we suspected there may be a defect in Dp muscle
formation resulting from the YY1 deletion in Pax7" progenitors.
Indeed, the YY1°“° Dp muscle appeared much thinner (Fig 1G),
containing markedly reduced MyHC™ muscle fibers visualized by
hematoxylin and eosin (H&E) and immunohistochemistry (IHC)
staining on multiple pairs of littermate embryos (E18.5 day;
Fig 1H). IF staining with MyHC and troponin T proteins also con-
firmed the massive loss of muscle fibers in the YY1¥° Dp (Fig 11
and J). Further examining the limb muscles which are also devel-
oped from Pax7* progenitors, we found the basic pattern of
hindlimb muscles was present in PO YY1°“° mice, but each muscle
appeared slightly smaller and the number of MyHC ™ or TnT " fibers
was also decreased (52 and 54%) compared to Ctrl littermates
(Fig 1IK-M) while the size of myofibers (measured by cross-
sectional area, CSA) was increased (Fig EVIC). These results
suggested the deletion of YY1 in Pax7-expressing muscle progeni-
tors causes a defect in body/limb muscle formation, highlighting a
critical need for YY1 during embryonic/fetal muscle development.
To further test this notion, we examined the progenitor cells along
developmental stages. At the early embryonic stage (E12.5 day),
staining for Pax7 or MyoD did not reveal obvious reduction in the
number of progenitors in myotome, nor was there any evident
defect in the myotome structure (Fig EV1D). However, when exam-
ined at days E14.5 (Fig EV1E) and E18.5 (Figs 1N and EV1F), a
marked decrease in the number of Pax7" (35%) or MyoD"* (39%)
cells was found in the limb muscle. Similarly, the number of Pax7*
cells was also reduced in the Dp muscle of iKO vs. Ctrl mouse
(Fig 10). Altogether, the above results suggested YY1 plays a criti-
cal role in muscle development and the expansion of Pax7 " progen-
itor pool during embryonic/fetal myogenesis.
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Inducible ablation of YY1 in adult muscle severely hampered
injury-induced muscle regeneration

To circumvent the developmental defect and neonatal death, we
next employed an inducible Cre driver in which tamoxifen (TM)-
inducible CreER protein is expressed from a modified Pax7 locus,
Pax7ERT2 (Lepper et al, 2009). Mice with the Pax7 ™ ERT2/ * 3]lele
were crossed to YY1”" mice, to generate Pax7""*"%/*;yy1”" mice
(termed YY1™9) to permanently disrupt YY1 function in adult
Pax7* SCs upon the administration of TM. Pax7¢meERT2/*,
YY1*/* mice treated with TM were used as control (Ctrl). Following
the administration of five consecutive doses of TM (Fig 2A), SCs
were FACS-isolated and cultured; YYI mRNA was efficiently
depleted (94 %, Figs 2B and EV2A). Consistently, DNA analysis also
showed lack of YY1 gene in the YY1*© genome (Fig EV2B). IF stain-
ing for YY1 protein also revealed it was eliminated from freshly
isolated Pax7" SCs (FISCs) whereas readily detected in the Ctrl
(Fig 2C). Furthermore, when examining freshly isolated extensor
digitorum longus (EDL) myofibers from Ctrl or YY1*° mice, loss of
YY1 in SCs was also readily seen with an ablation efficacy of 94%
(Figs 2D and EV2C). Lastly, on muscle cryosections YY1 protein
was not detected in the majority of Pax7-expressing QSCs from
YY1*®mice, where only 6% SCs escaped recombination and
remained YY1* (Fig 2E). Importantly, TM-treated YY1*° mice
remained viable and displayed no obvious phenotype or changes in
body weight under physiological conditions up to 1 year after TM
injection. In addition, 3 weeks after TM injection, we found no obvi-
ous change in the number of SCs isolated by FACS between Ctrl and
YY1'X© littermates (Fig 2F). Consistently, the number of SCs on
single myofibers did not differ between the littermates 3 days or
2 months after the TM treatment (Fig EV2D and E), indicating YY1
loss did not have impact on SC maintenance.

Next, to study the role for YY1 in muscle regeneration, we
employed a commonly used cardiotoxin (CTX)-induced muscle
injury-regeneration model (Chen et al, 2017). Tibialis anterior
(TA) muscles of Ctrl or YY1 animals were subjected to a single
CTX injury and then allowed to recover for 3-60 days before anal-
ysis of the regenerated tissue (Fig 2G). YY1X© mice exhibited

Figure 1. Conditional deletion of YY1 in muscle progenitor cells causes defect in cell expansion.
A Breeding scheme for generating conditional knock out (YY1¥9), Pax7<"*; YY1 and control (Ctrl), Pax7*/+; YY17* littermates.

B,C Immunofluorescent (IF) staining of Pax7 and YY1 was performed on cryosections of myotome or limb bud from Ctrl or YY:

in Pax7-expressing progenitors. Scale bar = 100 pum.

Representative images of Ctrl, heterozygous (Het), and YY1©

Excised lungs from PO Ctrl or YY1<“© pups were placed in a beaker for sinking test. The lung from YY1

1K mice to confirm the ablation of YY1

newborn (PO) mice or embryos at E18.5 day.

O pup sank whereas Ctrl floated.

Representative images of diaphragms (Dps) isolated from PO Ctrl or YY1K° |ittermates.
The above Dps were used for H&E or immunohistochemistry (IHC) staining for MyHC. Representative images from three pairs of littermates are shown. Scale

D
E
F PO lungs were stained with hematoxylin and eosin (H&E), and representative images are shown. Scale bar = 100 pm.
G
H

bar = 100 um.

I,J  The above harvested Dps were subjected to IF staining for MyHC or troponin T (TnT) together with laminin. Scale bar = 50 um. Quantifications of positively

stained fibers per area are shown on the right (n = 3 mice, each).

Representative images of H&E staining of hindlimb muscles isolated from Ctrl or YY1%© embryos at E18.5 day. Scale bar = 400 um (left) or 50 um (right).

L, M The above harvested limb muscles were subjected to IF staining for MyHC or TnT together with laminin. Scale bar = 400 um (left) or 50 um (right).
Quantifications of the numbers of MyHC* or TnT* fibers per area are shown on the right (n = 3 mice, each).

N, O The above harvested limb (N) or diaphragm (0) muscles were subjected to IF staining for Pax7 and laminin. Scale bar = 100 pum (N) or 50 pm (O). Quantification
of the numbers of Pax7* muscle progenitor cells per area is shown on the right (n = 3 mice, each).

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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Figure 1.

normal muscle size and morphology in the absence of injury
(Fig 2G, day 0). The CTX injection quickly induced extensive muscle
damage and infiltration of inflammatory cells in both Ctrl and YY1*°
muscles (Fig 2G). Strikingly, muscle regeneration was severely
disrupted in YY1'®© mice. In Ctrl muscle, during the acute phase of

4 of 23 The EMBO Journal ~ 38: €99727 | 2019

regeneration (1-7 days after injury), SC descendants fused to form
small new myofibers expressing embryonic myosin heavy chain
(eMyHC) characterized by centrally localized nuclei; these eMyHC
fibers were readily seen at day 5 (Fig 2H). In contrast, YY1'*° muscle
was composed of degenerating myofibers, fibrotic tissues, and
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inflammatory cells at this phase; eMyHC* regenerating fibers were
rarely seen until day 7 when the Ctrl muscle was composed of regen-
erated myofibers with larger size that had down-regulated eMyHC
(Fig EV2F). Fourteen days after injury, muscle damage and
inflammatory cells in Ctrl muscle were largely cleared, and the regen-
erated myofibers continued to grow and mature, as their sizes
became homogenous (Fig 2G). In contrast, YY1 muscle was still
occupied by damaged fibers and inflammatory cells, with only traces
of regenerating myofibers (Fig 2G). If left to 60 days after injury, Ctrl
muscle had fully regenerated, and muscle architecture was largely
restored, with the normal myofiber hypertrophy seen after injury
(Fig 2I). In contrast, YY1'¥© muscle nearly failed to regenerate and
reconstitute muscle structure, instead it displayed severe atrophy
with markedly reduced fiber size (Fig 2I and J) and evident fibrosis
(Fig 2I). Collectively, these results suggested that YY1 deletion leads
to severe loss of regenerative capacity, and thus, the expression of
YY1 in SCs is essential for timely and proper repair of damaged
skeletal muscle tissue after acute injury.

Muscle regeneration requires activation and proliferation of satel-
lite cells and subsequent differentiation of myoblasts into myotubes.
Considering embryonic deletion of YY1 caused a defect in the
expansion of muscle progenitors (Fig 1N and O), we asked whether
the expansion of SC pool in YY1™¥° mice had been compromised.
Indeed, 3 days after CTX injection, the number of SCs sorted by
FASC from YY1'X° vs. Ctrl was largely reduced (66%; Fig 2K);
consistently, staining of the above injured muscles for Pax7 or
MyoD also revealed a significant reduction in Pax7* or MyoD ™ cells
in YY1'*© muscle (Fig 2L and M, 73 and 67 %, respectively). Inter-
estingly, staining of Pax7 4 weeks after CTX injury revealed no dif-
ference in the number of Pax7* cells per 100 fibers between Ctrl
and YY1™© mice (Fig 2N), suggesting YY1 loss may not impact the

The EMBO Journal

ability of SC to self-renew and return to quiescent stage. Consis-
tently, no significant change was found on the number of asymmet-
rically dividing Pax7“MyoD ™ cells when monitoring the planar and
apico-basal cell divisions and recording daughter cells in doublets
that were identical (symmetric) or non-identical (asymmetric cell
division; Fig EV2G). Nevertheless, when the mice were subject to
the second CTX injury 28 days after the first injury (Fig 20),
compared to the first injury, YY1™° mice suffered from an even
more severely hampered regeneration (Fig 2P-S, 88% reduction in
eMyHC" fibers in iKO vs. Ctrl) and nearly complete loss of SC
expansion (Fig 2T, 91% loss of Pax7* cells in iKO vs. Ctrl). Alto-
gether, the above results confirmed the key role of YY1 in SC expan-
sion during acute injury-induced muscle regeneration.

YY1 deletion aggravates dystrophic phenotype in mdx mice

To further solidify the impact of YY1 deletion on injury-induced
muscle regeneration, we next employed a mdx mouse, in which
mutation in dystrophin gene leads to continuous degeneration and
regeneration of myofibers accompanied by repeated activation and
enhanced turnover of SCs, mimicking the phenotype of human DMD
(Bulfield et al, 1984). YY1'%© mice were crossed with mdx mice to
generate double KO (dKO) mice. Two-month-old Pax7¢mERT2/+,
YY1”%; mdx mice were treated with five consecutive doses of TM to
delete YY1 in SCs; Pax7 " ERT2/*. yy1*/%: mdx mice treated with
TM were used as control (Ctrl; Fig 3A and B). After 4 months,
YY1%© had a much smaller body size than Ctrl littermates (Fig 3C).
The size and weight of limb muscles including TA, gastrocnemius
(GAS), and quadruple (Quad) were all markedly reduced (50, 53,
and 45%; Fig 3D and E). Likewise, Dp muscle was markedly thinner
(Fig 3F). Further histological examination revealed a reduced

Figure 2. Inducible ablation of YY1 in adult mouse muscle blocks injury-induced muscle regeneration.

A Schematic outline of the tamoxifen (TM) administration used in the study and experimental design for testing the effect of YY1 deletion on cardiotoxin (CTX)-
induced muscle regeneration process for control (Ctrl), Pax7<"*ER"*: YY1*/* and inducible knock out (YY1™°), Pax7<"FR™%*; yy17 mice.

B SCs were FACS-sorted 3 days after the last TM injection and cultured for 1.5 days; RT-qPCR detection of YY1 mRNA shows the ablation in YY1 cells.

C-E IF staining for Pax7 and YY1 on (C) freshly isolated FISCs or (D) single myofibers from EDL muscles or (E) cryosections from TA muscles showing the deletion of YY1

protein from YY1 cells. Scale bar = 100 pm in (C) or 50 um in (D, E).

F Representative FACS plots. About 100,000 cells from 2-month-old Ctrl and YY1™© mice were sorted by FACS 3 weeks post-TM injection. The percentage of SCs was

shown. (n = 3 mice, each).

G H&E staining was performed on the injured TA muscles collected from the designated times post-CTX injection to visualize the degree of regeneration. Scale

bar = 100 um.

H IF staining for eMyHC on the TA muscles 5 days post-CTX injury. Quantifications of the number of eMyHC" fibers are shown on the right (n = 3, each). Scale bar = 50 pm.

| Left: representative images of TA muscles isolated from Ctrl or YY1'©

visualize the degree of fibrosis. Scale bar = 100 pm.

mice 60 days post-CTX injury. Right: Masson’s trichrome staining of the above muscles to

J Cross-section area (CSA) of individual myofibers in TA muscles 4 weeks after injury was measured. The distribution for CSA was calculated (n = 3 mice).
Representative FACS plots showing the percentage of SCs sorted from TA muscles 3 days after CTX injury of Ctrl and YY1'*° mice.

L, M Immunostaining for Pax7 or MyoD together with laminin was performed on the TA muscles 3 days post-CTX injury. Scale bar = 100 pm. Quantifications of the
numbers of Pax7* or MyoD* SCs per area are shown on the right (n = 3 mice, each).

IF staining for Pax7 and laminin on TA muscles 4 weeks after CTX injury of Ctrl or YY:

shown on the right (n = 3 mice, each). Scale bar = 100 um.
Schematic outline of the second CTX injury 28 days after the first injury.

Representative images of above TA muscles 7 days after second injury.

»w oo VO

area are shown on the right (n = 3 mice, each). Scale bar = 100 pm.

1© mice. Quantifications of the numbers of Pax7* SCs per 100 fibers are

H&E staining was performed on TA muscles of Ctrl or YY1'“° mice 7 days after second CTX injury. Scale bar = 400 um (left) or 100 pm (right).

Quantifications of the weight of above TA muscles from three pairs of littermate mice.
IF staining for eMyHC and laminin on TA muscles 7 days after the second CTX injury of Ctrl or YY:

19 mice. Quantifications of the number of eMyHC" fibers per

T IF staining for Pax7 and laminin on the above muscles and the quantifications of the number of Pax7* SCs per area are shown on the right (n = 3 mice, each).

Scale bar = 100 pm.

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): N.S = non-significant, *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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number of muscle fibers (Fig 3G and H, MyHC staining) accompa-
nied by an exacerbation of fibrosis (Fig 31 and J, collagen and
trichrome staining) in both limb (TA) and Dp muscles. Moreover, a
higher number of hypertrophic myofibers was found in YY19%© vs.
Ctrl mice (Fig 3K). Altogether, the above findings suggested that the
deletion of YY1 in SCs of mdx aggravates dystrophic phenotypes.
Expectedly, a largely reduced number of SCs (70%) was sorted out
by FACS from TA muscles of YY19© ys. Ctrl mice (Fig 3L); consis-
tently, the number of Pax7" cells was also largely reduced by 71%
(Fig 3M), suggesting YY1 deletion led to a defect in SC expansion
during the regeneration in a chronic muscle injury setting. Lastly, to
confirm the functional consequence of the weakened muscles in
YY19C, the mice were subjected to muscle functional test by detect-
ing the maximal isometric tetanic force on EDL and soleus (SOL)
muscles. As expected, the muscles from YY19© showed impaired
tetanus force (Fig 3N and O, reduced by 43 and 54 %, respectively)
compared to the Ctrl. Altogether, the above findings led us to
conclude that YY1 plays an essential role in maintaining SC pool and
enables continuous muscle regeneration under chronic injury.

YY1 deletion leads to cell-autonomous defect in SC activation
and proliferation

To further investigate the cellular mechanism underlying the
hampered SC pool expansion in YY1° mice, we first examined YY1
expression dynamics in SCs and found it was lowly expressed in
FISCs but quickly induced upon SC activation and its level contin-
ued to increase into 48 h as SCs fully activated and proliferated
(Figs 4A and B, and EV3A); this pattern was concomitant with a
sharp increase in YY1 mRNA level in the acute SC activation/prolif-
eration phase after CTX injection (Fig EV3B). The above data led us
to speculate that YY1 may promote the proliferative expansion of
SCs. To test this notion, freshly isolated SCs (FISCs) by FACS sorting
were cultured and labeled by 5-ethynyl-2’-deoxyuridine (EdU;
Fig EV3C). YY1-depleted SCs showed a marked reduction in the
number of EAU ™ cells at 48 h in culture (Figs 4C, and EV3D and E),
reflecting a proliferative delay; this was also confirmed by a marked
reduction in the number of Pax7 *MyoD* cells (Figs 4D and EV3F).
Furthermore, when freshly isolated EDL myofiber explants were
cultured for 2 days to allow SC activation and proliferation on the

Figure 3. YY1 deletion aggravates dystrophic phenotype in mdx mice.

ld KO

Outline of the TM administration scheme to obtain Ctrl or YY: mice.
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fibers, the number of Pax7*MyoD" cells from YY1™° myofibers
was also significantly reduced compared with the Ctrl (Fig 4E,
42%). The proportion of Pax7*"MyoD" cells (Fig EV3G), on the
other hand, showed no significant difference, suggesting that
although the cell proliferation was delayed the lineage progression
was not blocked. Consistently, when stained for Ki67 and Pax7, a
much lower number of double positive cells was found on the
YY1iKO myofibers (Fig 4F, 56.24%). When further examined in vivo
(Fig EV3H), EdU labeling in regenerating muscles for 12 h also
revealed a reduced (12%) number of proliferating SCs at 2.5 days
after CTX injury (Fig 4G). Altogether, the above results solidified
the delayed proliferation caused by YY1 loss. To pinpoint the possi-
ble defect in the earlier stage, i.e., activation of quiescent SCs to
enter the first cell division, we found that at 24 h before SCs entered
the first cell cycle (Tang & Rando, 2014), the number of EAU ™" cells
was reduced (10%) in YY1° SCs (Fig 4H), indicating a possible
defect at the very early activation stage. To solidify the notion, we
found the percentage of MyoD™ cells was significantly decreased
when examining the single myofibers cultured in growth medium
for 12 or 24 h (Fig 41 and J) but not 48 h (Fig EV3I). Lastly, lentivi-
ral re-expression of YY1 in YY1KO cells (Fig EV3J) indeed restored
the proliferative capacity of these cells (Fig 4K), pinpointing YY1
loss as the cause of the defect. Interestingly, YY1'*° SCs did not
show an increased propensity for differentiation as seen in other
cases (Zhu et al, 2016); the number of Myog MyoD" cells on
YY1%© myofibers at day 3 in culture was instead largely reduced
(97% of Ctrl level, Fig 4L). In addition, SCs from YY1*° mice did
not form MyHC ™ myotubes efficiently when differentiated (50% of
Ctrl level, Fig 4M). Furthermore, TUNNEL assay revealed no
evident apoptosis (Fig EV3K). Altogether, the above results demon-
strated that inducible YY1 deletion in Pax7-expressing SCs causes
cell-autonomous defect in their activation and proliferation capacity.

Transcriptomic and global binding profiling reveals YY1
repression of mitochondrial genes in SCs

To probe into the molecular mechanisms underlying YY1 influence
on SCs activation/proliferation, we performed RNA sequencing
(RNAseq) to interrogate the transcriptomic changes caused by YY1
loss. Total RNAs from ASCs (cultured for 36 h) were extracted and

SCs were FACS-sorted 4 months after the last TM injection; RT-qPCR detection of YY1 mRNA shows the ablation in YY19%C cells.

Representative images of Ctrl or YY19©

Quantifications of muscle weight from three pairs of littermate mice.

Representative images of Dp muscles isolated from Ctrl or YY19<°

A

B

C mice 4 months after the TM administration.

D Representative images of limb muscles (tibialis anterior, TA; gastrocnemius, Gas; quadruple, Quad) from Ctrl or YY:
E

F

G

1950 mice.

mice 4 months after the TM injection.

,H (G) H&E or (H) MyHC staining was performed on TA or Dp muscles from Ctrl or YY19° mice. Quantifications of the numbers of MyHC* fibers per area of TA or Dp

muscles are shown on the right (n = 3 mice, each). Scale bar = 100 pum.

I,]  (l) Collagen 1 or (J) Masson’s trichrome staining was performed on TA or Dp muscles from Ctrl or YY:

190 mice. Scale bar = 100 pm.

K The distribution of fiber size measured by CSA in TA muscles from three pairs of 6-month-old Ctrl and YY19° mice was calculated (n = 3 mice, each).

L Representative FACS plots showing the percentage of SCs sorted from 6-month-old Ctrl and YY:
mice. Quantifications of the numbers of Pax7* SCs per 100 fibers are shown on the right (n = 3

M IF staining for Pax7 and laminin on TA muscles of Ctrl or Yy19<°

mice, each).

194 mice (n = 3 mice, each).

N, O EDL or SOL muscles from Ctrl or YY1¢“° mice were subjected to measurement of maximal isometric tetanic force. Left: representative trace images of normalized
tetanic force. (Right): quantification of the force by normalizing with cross-sectional area (CSA; n = 3 mice, each).

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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subject to PolyA™ RNAseq. A total of 979 genes were up-regulated
whereas 924 down-regulated in YY1'X© vs. Ctrl (Fig 5A; Table EV1).
Forty-nine lincRNAs were found differentially expressed, which is in
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prominent among the down-regulated transcripts (Fig EV4B;
Table EV1), consistent with the observed delay in cell activation/
proliferation (Fig 4). Interestingly, the up-regulated genes were
dominant by mitochondrion-related GO terms such as “mitochon-
drial membrane”, “mitochondrial envelope”, and “mitochondria
part” (Fig 5B and C; Table EV1). Gene set enrichment analysis
(GSEA) also disclosed that the up-regulated genes were enriched in
oxidative phosphorylation (OXPHOS) pathway (Fig 5D). Specifi-
cally, among the enriched mitochondrial genes, genes related to (i)
electron transport chain, including Ndufa2, Ndufb3, Uqcrll, and
Cox7a2; (ii) mitochondrial translation, including Mrpll1, Mrpl52,
Mrpl13, and Chchdl; (iii) purine nucleoside triphosphate metabolic
process, including ATPSj2, ATPSfl, ATPSo, and Nmel; and (iv)
mitochondrial transmembrane transporter, including Tomms5,
Timm9, and Slc25a33, were found on the top of the list
(Table EV1). Additionally, an array of genes such as SodI, NoxI,
and Txnl, correlated to regulate cellular redox homeostasis, were
also up-regulated (Table EV1). The above RNAseq results were
further confirmed by RT-qPCR on several selected genes including
AtpSl, Cox4il, Ndufa2, Ndufb3, and Ugqcrll (Fig SE). Examining
more closely into the expression of Complexes I-V, we found that
the majority of subunits in Complexes I, III, IV, and V were up-regu-
lated by RNAseq (Fig EV4A), which was substantiated by the
elevated protein expression levels of Sdhb (Complex II subunit,
30 kDa), Uqcrc2 (Complex III subunit, 48 kDa), and Atp5a (Com-
plex V subunit, 55 kDa) using a mitoprofile antibody cocktail for
Western detection (Fig 5F). Curious about the potential expression
changes in myogenic genes, by GSEA, we found that down-regu-
lated genes were not enriched in myogenic genes, further supporting
a role for YY1 in cell proliferation but not lineage progression
(Fig EV4C and D). Furthermore, when total RNAs from FISCs were

Figure 4. YY1 deletion leads to cell-autonomous defect in SC pool expansion.

The EMBO Journal

subject to transcriptomic profiling (Fig 5G; Table EV2), mitochon-
drion-related genes were also markedly enriched in the up-regulated
panel of genes (Fig SH; Table EV2), including Cox8b, Nme4,
Slc25a29, Nntl, Cox7al, Rars2, Lars2, and Hscb (Figs SI, and EV4E
and F), despite the down-regulated genes were enriched for “extra-
cellular region part” etc. (Fig EV4G; Table EV2), distinct from those
identified in ASCs. Together, the above findings led us to speculate
that YY1 functions to repress mitochondrial genes and oxidative
phosphorylation.

To further pinpoint whether YY1 represses the mitochondrial
genes through direct binding and transcriptional regulation,
genome-wide chromatin immunoprecipitation coupled with massive
parallel sequencing (ChIPseq) was performed on chromatins from
ASCs isolated from C57B/L wild-type mice, which led to the identifi-
cation of a total of 2,031 binding peaks (Table EV3). Expectedly,
these peaks distributing in intergenic, gene body, and promoter
regions (Fig 5J) were enriched for a bona fide YY1 binding motif
(Fig 5K). Gene Ontology (GO) analysis revealed terms such as
“nucleoplasm” and “mitochondrial small ribosomal subunit” were
prominent among genes with YY1 binding at promoters (Fig EV4H).
When intersecting with the 979 genes up-regulated from RNAseq,
90 were found to be likely direct targets of YY1 with binding in
promoter regions (Fig 5L), whereas the majority of genes may be
indirectly activated upon YY1 deletion. Strikingly, these genes were
extremely enriched for mitochondrion/OXPHOS-related terms, such
as “respiratory chain”, “mitochondrial part”, and “electron transport
chain”, but “cell cycle” or “cell division” related terms no longer
appeared (Fig 5M; Table EV3). From both the ChIPseq (Fig 5N) and
ChIP—gPCR validation (Fig 50O), these mitochondrial genes were
bound by YY1 in their transcriptional start site (TSS) regions,
suggesting a direct transcriptional regulation. Of note, the majority

A FACS-isolated SCs from Pax7-nGFP mice were cultured for the designated time (0, 24, 48, or 72 h). YY1 expression was quantified by RT-gPCR. 18S was used as the

normalization control.

B  Flow cytometric analysis of YY1 protein or IgG control in FACS-isolated SCs cultured for the designated time (O, 24, or 48 h). YY1 protein level is normalized to IgG
levels. The numbers indicate the normalized level of YY1 protein relative to that of FISCs.

C  Anequal number of FACS-isolated SCs from Ctrl or YY1'*® mice were cultured for 48 h and EdU-labeled for 8 h, followed by immunostaining for Pax7 (green) and
EdU (red). Quantifications of the percentage of EdU* cells are shown on the right (n = 3 mice, each). Scale bar = 100 pm.

D The above cells were also IF-stained for Pax7 (red) and MyoD (green). Quantifications of each population, Pax7*MyoD* or Pax7~MyoD*, are shown on the right

(n = 3, each). Scale bar = 100 pm.

E Single EDL myofibers were cultured for 48 h before staining for Pax7 (red) and MyoD (green). Quantifications of the numbers of each population, Pax7*MyoD ™,
Pax7~MyoD*, or Pax7*MyoD*, are shown on the right (n = 3 mice, each). Scale bar = 50 pum.
F  Pax7 (green) and Ki67 (red) staining was performed on the above single EDL myofibers. Scale bar = 50 pm. Quantifications of the numbers of each population,

Pax7*Ki67~, Pax7 Ki67*, or Pax7*Ki67*, are shown on the right (n = 3 mice, each).

G SCs expansion in vivo was determined by EdU labeling for 12 h 2.5 days after CTX injury. Quantifications of the numbers of EdU* cells are shown on the right (n = 3

mice, each). Scale bar = 100 um.

H  An equal number of FACS-isolated SCs from Ctrl or YY1’ mice were cultured for 24 h and EdU-labeled for 12 h, followed by immunostaining for Pax7 (green) and
EdU (red) was performed. Quantifications of the percentage of EAU™ cells are shown on the right (n = 3 mice, each). Scale bar = 100 pm.
I,] Single EDL myofibers were cultured for 12 (I) or 24 ()) h in growth media before staining for Pax7 (green) and MyoD (red). Scale bar = 50 pm. Quantifications of the

proportion of MyoD* cells are shown on the right (n = 3 mice, each).

K FACS-isolated SCs from YY1™© mice were infected with YY1-expressing or control viruses, followed by immunostaining for Pax7 (green) and MyoD (red) 36 h post-
transfection. Scale bar = 100 pum. Quantifications of the numbers of each population, Pax7*MyoD ™, Pax7~MyoD*, or Pax7*MyoD", are shown on the right (n = 3

mice, each).

L  Single EDL myofibers were cultured for 3 days, followed by immunostaining for myogenin (red) and MyoD (green). Scale bar = 50 um. Quantifications of the
numbers of each population, MyoD*Myog*, MyoD~Myog*, or MyoD*Myog ™, are shown on the right (n = 3 mice, each).

M FACS-isolated SCs were cultured for 2 days in proliferation medium followed by 2 days in differentiation medium; the degree of differentiation was assessed by IF
staining of MF20*. Scale bar = 100 um. Quantifications of the numbers of MF20* area per nucleus are shown on the right (n = 3 mice, each).

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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of the above YY1 ChIPseq peaks in ASCs did not overlap with those
previously identified in C2C12 myoblasts (Fig EV4I), reflecting the
intrinsic  difference between the isolated satellite cells and
the myoblast cell line. Nevertheless, the 466 peaks shared between
the ASC and C2C12 datasets were associated with genes enriched
high in “mitochondrion part” “mitochondria” (Fig EV4J), again
pointing to YY1 as a key regulator of mitochondria function in
myoblast cells. Altogether, our findings suggested that YY1 acts to
bind and repress mitochondrial genes upon SC activation. Since it is
known that polycomb repressive complex 2 (PRC2) can interact
with YY1 to deposit H3K27me3 marks and repress multiple
myogenic loci in myoblasts (Caretti et al, 2004; Wang et al, 2008),
we asked whether this synergism also occurs to repress mitochon-
drial loci in SCs. Indeed, examining available Ezh2 ChIPseq data
(Mousavi et al, 2012), we found that co-binding of Ezh2 with YY1 is
evident on a list of mitochondrial genes that were up-regulated in
YY1'%€ cells (Fig EV4K). Further validation by ChIP-PCR using anti-
bodies against Ezh2 or Suzl2 confirmed the PRC2 binding on
several mitochondrial genes (Fig SP and Q) as well as the enrich-
ment of H3K27me3 on the same loci (Fig SR). In line with this,
Ehz2 loss in mouse was shown to cause a defect in SC proliferation
and muscle regeneration (Juan et al, 2011), phenocopying YY1'%°.
Moreover, in order to substantiate that YY1 represses mitochondrial
genes through its direct DNA-binding activity, re-expression of a
wild-type (WT) YY1 restored the elevated mitochondrial genes in
iKO SCs, but a mutant YY1 (S365D) lacking DNA-binding activity
failed to do so (Alexander & Rizkallah, 2017); similarly, a second
mutant, YY1 (1-394), lacking DNA-binding domain also did not
restore the mitochondrial expression in iKO SCs (Figs 5S and EV4L).
Lastly, as YY1/PRC2 was previously reported to repress Pax7
expression, upon p38 activation (Palacios et al, 2010), we tested
whether Pax7 expression is increased by YY1 loss and surprisingly
found Pax7 was decreased in iKO vs. Ctrl SCs (Fig EV4M); this is

The EMBO Journal

probably because the YY1/PRC2 repression on Pax7 occurs upon
myoblast fusion to myotube but not in actively proliferating
myoblast cells (Palacios et al, 2010). In addition, treatment of ASCs
with SB202190 (SB), a p38 inhibitor, led to up-regulation of mito-
chondrial genes in Ctrl but not YY1 cells; overexpressing YY1
restored mitochondrial gene expression in iKO when the cells were
treated with SB, altogether suggesting that YY1/PRC2-mediated
repression of mitochondrial genes is p38-dependent (Fig EV4AN-P).

YY1 loss leads to a defect in activating glycolytic pathway during
SC activation via decreasing Hifla protein

Altogether, the above genome-wide interrogation revealed a key role
of YY1 in repressing mitochondrial genes in ASCs, leading us to
speculate that mitochondrial function needs to be inhibited during
SCs activation and proliferation. Indeed, a role for the metabolic
switch from fatty acid oxidation to aerobic glycolysis is thought to
occur to support increased macromolecule biosynthesis during SC
activation (Ryall et al, 2015). In line with this notion, we found that
treatment of ASCs with a glycolytic inhibitor 2-Deoxy-D-glucose
(2-DG) drastically reduced ATP production even at 1 mM concentra-
tion, whereas treatment with a respiration inhibitor sodium azide
(NaNj3) caused a decrease of ATP production at 1 mM but the level
bounced back at higher concentrations (10 and 20 mM; Fig 6A).
Consistently, 2-DG treatment markedly inhibited SC proliferation
(98% reduction) while NaNj; caused much milder effect (62%
reduction) compared to PBS-treated cells by MTS assay (Fig 6B);
EdU labeling assay also confirmed the above result showing a 81 %
reduction in EQU™ SCs upon 2-DG treatment (Fig 6C). The above
hypersensitivity to the cytotoxicity of 2-DG indicated ASCs are
indeed more dependent on glycolysis than OXPHOS. We thus
suspected that in addition to the elevated mitochondrial genes, the
YY1™C cells might also suffer from hindered activation of glycolytic

Figure 5. Transcriptomic and binding profiling reveals YY1 repression of mitochondrial genes in SCs.

A RNAseq was performed with RNAs extracted from ASCs (FACS purified and cultured for 36 h) of YY1'*© or Ctrl mice; scatter plot shows differentially expressed genes

with a fold change > 2 (red dots) in YY1'© vs. Ctrl.

B Gene ontology (GO) analyses of the above up-regulated genes. The top 10 enriched GO terms are displayed on the Y axis and adjusted P values on the X axis.

C Genomic snapshots showing the examples of mitochondrial genes (Ugcrll, Mrpl1l, Apo5o, and Nme4) up-regulated in YY1 vs. Ctrl cells.

D GSEA analysis shows oxidative phosphorylation gene set is enriched in YY1'%© vs. Ctrl cells (P-value < 0.0001).

E RT—qPCR validation of the expression of the selected up-regulated mitochondrial genes in YY1™© vs. Ctrl.

F Protein levels of the respiratory chain complexes I-V components in YY1'C vs. Ctrl ASCs were detected using a mitoprofile antibody cocktail. f-actin was used as
the loading control.

G RNAseq was performed using RNAs from freshly isolated SCs (FISCs); scatter plot shows differentially expressed genes with a fold change > 2 (red dots) in YY1'° vs.
Ctrl.

H GO analysis for the up-regulated genes in YY1'C vs. Ctrl.

| Genomic snapshots show the selected mitochondrial genes (Cox8b, Nme4, Slc25a29, Nnt) up-regulated in YY1'© vs. Ctrl FISCs.

J ChiPseq was performed using chromatins from WT ASCs, and the genomic distribution of 2,031 YY1 binding peaks is shown.

K De novo motif prediction by DREME revealed the enrichment of canonical YY1 motifs in the above binding regions.

L Venn diagrams show the overlapping (90 genes) between the above identified binding target genes (1,387) and the up-regulated genes from ASC RNAseq (979).

M GO analysis of the above 90 genes revealed an extreme enrichment of mitochondrial-related terms.

N Genomic snapshots of two of the above identified mitochondrial genes (Tomm40! and Ndufa13) that are bound by YY1 in their TSSs (ChIPseq tracks) and up-
regulated by YY1 deletion (RNAseq tracks).

(o] ChIP-gPCR validation of YY1 binding on some mitochondrial genes. Negative control (NC) represents a genomic region on Chromosome 11 with no YY1 binding

peak identified. Enrichment fold was calculated as the amount of amplified DNA from YY1 binding sites normalized to values obtained from IgG control.
P-R ChIP-gPCR was performed to show the enrichment of Ezh2 (P), Suz12 (Q), and H3K27 me3 (R) binding on selected mitochondrial genes.
A construct to express wild-type YY1(WT) or two mutants lacking DNA-binding activity, YY1(1-394) and YY1(S365D), were transfected into YY1 cells; the

expression of mitochondrial gene was measured.

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): N.S = non-significant, *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

© 2019 The Authors
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metabolism; both defects contribute to the delayed activation/prolif-
eration. Indeed, a reduced (22%) level of glucose uptaking was
found in YY1'X© vs. Ctrl (Fig 6D). Also, measurement of the basal
extracellular acidification rate (ECAR, a marker of glycolysis) by
Seahorse extracellular flux bioanalyzer revealed a 48% decrease in
glycolytic usage in YY1'X© cells (Fig 6E); this was further strength-
ened by a reduced (46 %) level of lactate production (Fig 6F) as well
as an evident decrease (70%) of ATP production (Fig 6G).

To answer what causes the reduced glycolysis in YY1© cells,
analyses of RNAseq data revealed a striking down-regulation of a
panel of glycolytic genes even though glycolysis-related terms were
not enriched in GO analysis of the 924 down-regulated genes; these
genes encode glucose transporters and enzymes involved in virtu-
ally every step of glucose metabolism, including GlutI, Hk2, Enol,
Ldha, and Pdkl (Figs 6H and I, and EVSA and B; Table EV1),
suggesting YY1 may modulate the expression of these genes.
Indeed, their expressions could be largely rescued by re-expression
of WT YY1 in YY1¥© cells (Fig 6J). Nevertheless, no direct binding
of YY1 was identified on their TSS regions by ChIPseq (Table EV3).
To search for plausible mechanisms explaining their down-regula-
tion, we noticed that the majority of these genes, including Glutl,
Hk2, Gpi, Pfkl, Pfkfb3, Aldoa, Enol, Pkm, Ldha, and Pdkl, are
known trans-activated targets of hypoxia-inducible factor-1 (Hiflo;
Ito & Suda, 2014), raising an intriguing possibility that the compro-
mised glycolysis in YY1© cells is mediated by Hifla. Xie et al
(2018) in fact recently demonstrated the possible induction of Hifla
in SC proliferation, which nevertheless needs to be confirmed and
the exact mechanism behind its involvement in SC, remains unclear.
Similar to YY1, an increase in Hifla protein was observed in ASCs
vs. FISCs (Fig EV5C), suggesting a potential promoting role during
SC activation/proliferation. Expectedly, knock-down of Hifla
reduced the EdU™ SCs (Fig 6K) and the expression of cell cycle
genes as well as glycolytic genes (Fig 6L). Of note, despite the popu-
lar notion that hypoxia is a strong driver of Hiflo expression

The EMBO Journal

through its stabilizing effect, a steady level of Hifla protein was
detected in ASCs cultured in normoxic condition (21% O,; Fig 6M),
which could be further stabilized in hypoxic condition (1% O,;
Fig EV5D). Expectedly, Hifla protein level was significantly
decreased in YY1 cells vs. Ctrl by Western blotting (Fig 6M,
54%) and flow cytometric assay (Fig 6N, 26%), suggesting YY1
increases Hiflo protein levels in ASCs. Consistently, lentiviral re-
expression of YY1 in YY1'X© cells led to detectable restoration of
Hifla protein level by flow cytometric assay (Fig 60).

To answer how YY1 regulates Hifla, since no direct binding of
YY1 on the Hiflo promoter/enhancer was detected to suggest a tran-
scriptional regulation, we considered the stabilizing effect of YY1 on
Hiflo protein. Indeed, treatment with cycloheximide (CHX) indi-
cated the degradation rate of Hifla protein was much higher (2.23-
fold) in YY1™© compared to Ctrl cells (Fig 7A-C). To further ask
how YY1 stabilizes Hifla protein, we noticed a prior study reported
the physical interaction of both proteins in HCT116 cells (Wu et al,
2013). Indeed, by co-immunoprecipitation (Co-IP), a steady interac-
tion was detected between endogenous YY1 and Hifla proteins in
C2C12 myoblasts in normoxic condition (Fig 7D and E), suggesting
YY1 may stabilize Hifla through physically interacting with it to
prevent its degradation.

To further demonstrate the causative involvement of Hiflo in the
phenotypes of YY1'*C, we found that overexpression of a constitu-
tively active form of Hifla, HIFlo (P402A/P564A; Esteban et al,
2006; with double mutations on two propyl residues, P402A and
P564A, to prevent degradation, thus named Hifla-DM) in YY1¥©
cells (Fig EVSE) fully rescued the abundance of glycolytic genes,
including Glutl, Gapdh, Enol, Pgaml, Pkm, and Ldha (Fig 7F).
Consequently, cell proliferation was also rescued by EdU labeling
assay (Fig 7G). Supportively, overexpression of a wild-type Hifla
that could not be stabilized failed to rescue the proliferative defect
in YY1 cells (Fig EVSF). Altogether, the above results thus
suggested that Hifla protein destabilization upon YY1 loss might

Figure 6. YY1 loss leads to a defect in glycolytic switch during SC activation via Hifla destabilization.

A An equal number of FACS-isolated SCs from C57 mice were cultured for 24 h and treated with O, 1, 10, or 20 mM 2-DG (glycolytic inhibitor) or NaNs (respiration
inhibitor) for 3 h before measurement of ATP production. The relative ATP levels normalized to the 0 mM values are plotted. N = 3 mice.

B SCs from C57 mice were treated with 10 mM 2-DG or 10 mM NaNjs for 36 h before measurement of proliferation rate by MTS assay (n = 3 mice, each).

C SCs from C57 mice were treated with 10 mM 2-DG for 24 h and subject to EdU labeling for 6 h. The percentage of Pax7*/EdU* cells over the total number of Pax7*

cells was quantified (n = 3 mice, each).

D Ctrl and YY1™© ASCs were stained with 60 pg/ml 2-NBDG for 45 min, and the fluorescence intensity (MFI) of 2-NBDG was measured by flow cytometry (n = 3 mice,

each).

E-G An equal number of Ctrl and YY1’ cells were cultured for 36 h; basal extracellular acidification rate (ECAR) level (E), lactate concentration (F), and ATP production

(G) were measured and normalized with cell numbers. N = 3 mice.

H Genomic snapshots depict RNAseq profiles of the selected glycolytic genes (Hk2, Glutl, Ldha, Pdk1, and Enol) down-regulated in YY1*© vs. Ctrl ASCs.
| Expression of the selected glycolytic genes was quantified by RT-qPCR. Hsp90ab1 was used as the normalization control.
J Re-expression of YY1 by transfecting YY1™® ASCs with a YY1 WT expressing plasmid led to up-regulation of glycolytic genes including Glut1, Pfkl, Gapdh, Enol,

Pgam1, and Pkm. Hsp90ab1 was used as the normalization control.

K FACS-isolated SCs from Pax7-nGFP mice were transfected with Hiflo or control siRNAs and EdU-labeled for 5 h. The percentage of MyoD*EdU* cells over the total

number of MyoD* cells was quantified. Scale bar = 100 pm. N = 3 mice.

L The expression of glycolytic genes and cell cycle-related genes was detected by RT-gPCR in the above transfected cells. f-actin was used as the normalization

control.

M Hifla protein level was detected by Western blotting in YY1'© vs. Ctrl ASCs. -actin was used as the loading control.
N Left: image of flow cytometric analysis of Hifla protein or IgG control in YY1'© vs. Ctrl ASCs. Right: relative mean fluorescence intensity (MFI) of Hiflo protein is

shown. N = 3 mice.

(o] YY1'*© ASCs were transfected with empty YY1 WT viruses; the relative expression level of Hifla protein was detected by the above described flow cytometric

analysis N = 3 mice.

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): N.S = non-significant, *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

© 2019 The Authors
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lead to comprised glycolysis, which partially mediates the prolifera-
tion defect seen in YY1 cells. As suggested by a prior report (Ryall
et al, 2015), the glycolytic pathway is central to cell proliferation
because of its ability to provide building blocks for macromolecule
synthesis. Consistently, when examining the RNAseq data closely,
we indeed found some pentose cycle enzymes key to nucleotide
synthesis were down-regulated (Figs 7H and EV5G). In addition,
several genes regulating amino-acid transporters and key to protein
synthesis were also down-regulated (Figs 7I and EV5H). To connect
the glycolysis with MyoD function, interestingly, we found treat-
ment of 2DG significantly lowered MyoD level (Fig EV5I), indicating
glycolysis controls MyoD level. However, re-expression of MyoD in
iKO cells failed to rescue the defective proliferation (Fig EV5J and
K), suggesting MyoD alone does not mediate YY1 and glycolytic
control of cell activation. Altogether, our findings led us to believe
that during SCs activation YY1 orchestrates metabolic rewiring
through up-regulating Hifla which activates many glycolytic genes
and simultaneously repressing mitochondrial genes transcription-
ally; the dual functions allow it to contribute to the full expansion of
SCs. In line with this idea, we found the two YY1 mutant constructs
lacking transcriptionally activities but possessing protein interacting
domain only partially rescued the defective proliferation of YY1¥©
SCs (Fig 7J and K).

Lastly, it is interesting to mention that despite the marked
increase in many mitochondrial genes, measurement of the basal
oxygen consumption rate (OCR, an indicator of mitochondrial
oxidative activity) by the Seahorse surprisingly revealed a 36%
reduction in YY1 vs. Ctrl ASCs (Fig EV5L). Consistently, Mito-
Tracker labeling of mitochondria in the fixed YY1® ASCs showed
reduced formation of tubular structures characterizing mature mito-
chondria (Fig EV5M). Quantitative measurement of the mitochon-
drial membrane potential by staining with JC-1 in living cells also
showed a mild (37%) but reproducible decrease (Fig EVSN and O).
It is possible that the compromised OXPHOS in YY1 cells proba-
bly resulted from a decreased substrate (pyruvate) flow into mito-
chondria as a consequence of glycolytic suppression, thus reducing
respirational rate despite the elevated mitochondrial gene levels. In
line with this notion, we found treatment of YY1'X© cells with
sodium pyruvate could partially rescue the decreased mitochondrial
activity (Fig EV5N and O).

Figure 7. YY1 stabilizes Hifla protein through direct interaction.

The EMBO Journal

Discussion

In this study, we elucidated YY1 function in injury-induced muscle
regeneration as well as embryonic muscle development via the use
of multiple genetic mouse models. The phenotypic characterization
uncovered that ablation of YY1 profoundly impacts the process of
regeneration in both acute and chronic injuries as well as the
embryonic muscle formation, underscoring the key functions of YY1
in regulating both skeletal muscle regeneration and muscle develop-
ment. Loss of YY1 caused an intrinsic delay in SC activation and
proliferation, which contributes to the severely disrupted regenera-
tive ability in the mutant mouse. Further genome-wide interrogation
led to the revelation of YY1 as a crucial factor in controlling meta-
bolic reprogramming during SC proliferation through direct repres-
sion of mitochondrial genes transcriptionally and simultaneously
enhancing glycolytic pathway via Hifla stabilization (Fig 8).

As a TF discovered more than two decades ago, roles of YY1 have
been studied in many cellular processes (Gordon et al, 2006; He &
Casaccia-Bonnefil, 2008). Here, we for the first time illuminated its
function in regulating adult satellite cell activity in the process of
in vivo muscle regeneration. The iKO cells in culture displayed an
evident reduction in their proliferative rate; the activation step also
appeared to be inhibited (Fig 4H-J), underscoring its key function in
the very early steps of SC activities. Nonetheless, the lineage progres-
sion of FISCs grown in culture did not seem to be blocked as the
percentage of Pax7“MyoD ™ cells did not differ in Ctrl vs. iKO cells;
by 48 h, almost all iKO SCs were MyoD* (Fig EV3G). When analyz-
ing the in vivo regenerative process, YY1%O mutant mouse, on the
other hand, suffered from severe block of regenerative process upon
acute injury, suggesting that in addition to the intrinsic delay of SC
pool expansion, YY1 deletion may have caused other defects, for
example, in SC cross-talking with the niche environment; this
warrants further investigation in the future.

To probe into the mechanisms underlying the delayed prolifera-
tion in YY1™© cells, we have uncovered a role for YY1 in regulating
dual pathways in metabolism. First, mitochondrial gene loci are
directly bound and repressed by YY1 genes in a complex with PRC2;
this action of YY1 is thus dependent on its transcriptional function,
and the mutants lacking DNA-binding activity could not restore the
mitochondrial expression in iKO cells (Fig 5S). Notably, several prior

A, B Ctrl or YY1™© ASCs were treated with CHX (cycloheximide) for 90 min, and Hif1lo protein was measured by flow cytometry. The numbers indicate the degradation

rate after CHX treatment. N = 3 mice.

C  The relative degradation rate was calculated by the ratio of degradation rate in YY1'C (11.14% =+ 1.71%) vs. Ctrl (5.08% + 0.796%). N = 3 mice.
D Lysates from C2C12 myoblasts (GM) were subject to co-immunoprecipitation (Co-IP) assays with anti-YY1 or anti-IgG antibodies and blotted with anti-Hifla or

anti-YY1 antibodies.

E The above lysates were also immunoprecipitated with anti-Hiflo or anti-IgG antibodies and blotted with anti-YY1 or anti-Hifla antibodies.
F ASCs from YY1'© mice were infected with pRlenti-Hifla (P402A/P564A; Hifla-DM) viruses to overexpress a non-degradable Hiflo protein or GFP-expressing viruses.
ASCs from Ctrl mice were also infected with the GFP viruses. Thirty-six hours after infection, the expression of target glycolytic genes was detected by RT-qPCR.

Hsp90ab1 was used as the normalization control.

G SCs were isolated from Ctrl or YY1'® mice and infected with the above viruses. EdU labeling was then performed for 55 h. The percentage of MyoD*EdU* cells over

the total number of MyoD™ cells was quantified. Scale bar = 100 um. N = 3 mice.

H,| Heat maps indicating gene expression levels (Log2[FPKM]) of pentose cycle enzymes (H) and amino acid transporter (1) in YY1™© vs. Ctrl.
J, K YY1 ($365D) (J) or YY1 (1-394) (K) mutant was expressed in YY1'© ASCs and cells were then EdU-labeled for 6 h. A GFP-expressing plasmid was used as the negative
control. The percentage of Pax7*/EdU* cells over the total number of Pax7* cells was quantified.

Data information: Error bars represent SD’s of the mean. Student’s t-test (two-sided): N.S = non-significant, *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

© 2019 The Authors
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Figure 7.

studies have shed light on the important regulatory roles of YY1 in
mitochondrial function and oxidative phosphorylation in various
cells. For example, Blattler et al (2012) demonstrated that skeletal
muscle tissue-specific YY1 KO mice have severely defective mito-
chondria morphology and oxidative function associated with exercise
intolerance. Perekatt et al (2014) also disclosed that YY1 is essential
for intestinal stem cell renewal; loss of YY1 promotes the intestinal

16 of 23 The EMBO Journal ~ 38: €99727 | 2019

stem cells to exist from their niche and proliferation of the cells is
unaffected. Very interestingly, in contrast to our findings, YY1 was
found to be an activating factor for mitochondrial genes and functions
in these studies. For example, in intestinal stem cells YY1 binds to
mitochondrial complex I genes and is required for their expression;
mitochondrial structure and function are compromised upon YY1
loss (Perekatt et al, 2014). These rather opposing findings suggest

© 2019 The Authors
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Figure 8. Schematic model of the role of YY1 during adult muscle regeneration.

YY1 controls the activation of SCs by acting as a switch of metabolic reprogramming. In Ctrl SCs, its expression is increased during SC activation upon injury-induced muscle
damage and it transcriptionally suppresses mitochondrial gene expression through direct binding to their TSS regions together with PRC2 repressive complex. Meanwhile, it
also stabilizes Hiflo protein to facilitate its trans-activating of glycolytic genes. As a result, successful activation of glycolytic pathways occurs, allowing SCs to activate and
proliferation to drive the repairing of the damaged muscle. When YY1 is deleted in the YY1 mouse, Hiflo level is decreased due to protein destabilization, leading to a
reduction in glycolytic gene expression and glycolytic rate. Meanwhile, although the expression of mitochondrial genes is up-regulated, OXPHOS could not be increased
possibly because of reduced flow of pyruvate substrate into mitochondria. As a result of the inhibited metabolic reprogramming, SC activation is repressed and the
regeneration is compromised. Quiescent SCs are defined by expression of Pax7 and lack of MyoD expression (Pax7*MyoD ™), activated and proliferating myoblasts by the
concomitant expression of Pax7 and MyoD (Pax7*MyoD"), differentiating myocytes by expression of MyoG (Pax7~MyoG*), and differentiated myotubes are marked by
expression of Myosin heavy chain (MyHC). Error bars represent SD’s of the mean. Student’s t-test (two-sided): *P < 0.05, **P < 0.01, ***P < 0.001.

that YY1 binding to mitochondrial genes can cause pleiotropic
regulatory effects depending on the cellular context. Considering
the ubiquitous expression of YY1 in many types of stem cells, we
suspect it can act as a key TF regulating mitochondrial function in
linking stem cell metabolism to their lineage progression.

In addition to directly controlling the expression of mitochon-
drial genes, we for the first time showed that YY1 could also modu-
late glycolytic pathway through stabilizing Hifloo protein, thus
underpinning YY1 as a metabolic controller with dual functions
simultaneously modulating two main bioenergetic pathways to
facilitate the proliferative growth of SCs. Hifla is emerging as a key
regulator of glycolysis via direct trans-activation of many glycolytic
genes (Ito & Suda, 2014); here, we for the first elucidated its func-
tionality and mechanism in regulating SC metabolism and extended
findings from two prior reports (Yang et al, 2017; Xie et al, 2018).
In the study by Yang et al, when both Hifla and Hif2a genes were
deleted by Pax7CreER, an obvious delay was observed during CTX
injury-induced muscle regeneration (Fig 4); nevertheless, no single
mutant was made to further investigate their separate roles. In the
more recent report by Xie et al studying Hif2a functionality, overex-
pression of Hifla in SCs was shown to promote cell proliferation

© 2019 The Authors

although no further mechanistic insight was provided. We showed
that YY1 regulation of Hifla most likely occurs through the physical
interaction of both proteins, which is independent of its transcrip-
tional activity (Fig 7D and E). It is also interesting to point out that
our dissection of YY1-Hifla connection in SCs was mainly conducted
in a normoxic condition, leading to the unexpected finding that YY1
can stabilize Hifla protein in normoxia. In contrast to the common
belief that Hifla function is dependent on hypoxia, the normoxic
Hiflo protein appears to exert an important function in regulating
SC activation. During the course of the preparation of this manu-
script, Wu et al (2018) recently reported that YY1 alters tumor cell
metabolism by activating glucose-6-phosphate dehydrogenase
(G6PD), which is in line with our finding; nonetheless, the YY1 acti-
vation of G6PD was shown to be directly at transcriptional level,
distinct from the mechanism presented in our study.

Taken together, our study demonstrates that YY1 plays dual
roles in suppressing mitochondrial genes and increasing Hifla to
facilitate a smooth activation of glycolytic pathway that is needed
for SC activation/proliferation. Interestingly, although its function
in the proliferative stage appears to repress mitochondrial
activation and to enhance glycolysis, it becomes an activator of
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mitochondrial genes and oxidative phosphorylation in the differen-
tiation stage according to Blattler et al (2012). This is reminiscent
of a recent report showing YY1 activates genes involved in mito-
chondrial bioenergetics in B cells (Kleiman et al, 2016). This dual-
ity of YY1 function thus renders YY1 a key regulator of metabolic
remodeling driving the entire SCs lineage progression from activa-
tion to differentiation. This seemingly opposite regulatory abilities
on mitochondrial genes stem from its competence to form distinct
co-repressive or co-activating complexes at different stages. Specifi-
cally, we found that YY1 and PRC2 synergistically repress mito-
chondrial loci in ASCs, while PGCla was shown to be recruited
by YY1 to increase mitochondrial genes in skeletal muscle tissue
(Cunningham et al, 2007). To summarize, our findings demon-
strated that this metabolic reprogramming orchestrated by YY1
plays a direct role in controlling stem cell fate. Better deciphering
the interplay between bioenergy and stem cell differentiation
should improve our ability to manipulate stem cells in vitro, which
is of great interest for the development of regenerative medicine
(Chen & Chan, 2017; Schell et al, 2017).

Materials and Methods

Animal studies

Pax7°™ (Keller et al, 2004), Pax7"ERT2/* (Lepper et al, 2009), and
Tg: Pax7-nGFP mouse strains (Sambasivan et al, 2009) were kindly
provided by Dr. Shahragim Tajbakhsh. YY1"! (Affar el et al, 2006)
and C57BL/10 ScSn DMDmdx (mdx) mouse strains were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). The YY1
conditional KO (YY1°%©) strain (Ctrl: Pax7*/"; YY17*, YY1°KO:
Pax7"/*; YY1"%) was generated by crossing Pax7“™ mice with
YY1¥! mice. The YY1-inducible conditional KO (YY1®) strain (Ctrl:
Pax7CreERT/ Fo vy 1/t yy RO pax7CreERT/ 0 yy1Y mice) was
generated by crossing Pax7"EX2/* mice with YY1”'mice. The YY1/
mdx double KO (YY19©) strain (Ctrl: Pax7 "R/ *; yy1*/*; Mdx,
YY19KO: pax7CreERT2/+. yy1¥/f Mdx) was generated by crossing
YY1¥© with mdx mice. Primers used for genotyping are shown in
Table EV4. Inducible conditional deletion of YY1 was administered
by tamoxifen (TM; T5648, Sigma) intraperitoneally (IP) at 2 mg
per 20 g body weight. For cardiotoxin (CTX) studies, approxi-
mately 2-month-old mice were injected with 50 pl of 10 pg/ml
CTX (Latoxan, France) solution into TA muscles. Muscles were
harvested at designated time points for further analysis. All
animal handling procedures and protocols were approved by the
Animal Ethics Committee at Chinese University of Hong Kong
(CUHK). For EdU incorporation assay in vivo, 2 days after CTX
injection, EdU injection via intraperitoneally (IP) at 0.25 mg per
20 g body weight was performed, followed by FACS isolation of
SCs 12 h later. Cells were then collected and fixed with 4% PFA.
EdU-labeled cells were visualized using “click” chemistry with an
Alexa Fluor® 594-conjugated azide. Pictures were captured with a
fluorescence microscope (Leica).

In vitro muscle functional test

The test was performed according to previous method (Zhang et al,
2016). Dissected EDL/SOL muscles with intact tendons were
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mounted into warmed 95 % 0O,/5% CO,-bubbled Krebs solution. One
tendon was attached to a force transducer (In Vitro Muscle Test
System 1200, Aurora Scientific Inc., Aurora, ON, Canada); the other
end was tied to a hook connected to the lever arm of a position feed-
back motor. The optimum length (LO) was adjusted based on the
maximal twitch force. Muscles were stimulated with supramaximal
intensity at 100 Hz for 400 ms for tetanic force measurements.
Specific tetanic force values were calculated by peak tetanic force
normalized to the muscle physiological CSAs (PCSAs).

Cell culture

Mouse C2C12 myoblast cells (CRL-1772) and 293 T cells were
obtained from ATCC and cultured in DMEM medium (12800-017,
Gibco) with 10% fetal bovine serum (10270-106, Gibco), penicillin/
streptomycin (1x; 15140-122, Gibco) at 37°C in 5% CO, incubator.
SCs were cultured in F10 medium (F0723, Merck Millipore) with
20% fetal bovine serum, penicillin/streptomycin (1x), and 2.5 ng/
ml basic fibroblast growth factor (13256, Life Technologies). To
induce SCs differentiation, cells were switched to F10 medium with
2% horse serum (126050088, Invitrogen). To inhibit protein degra-
dation, SCs were treated with 6 pM MG132 (M8699, Sigma) for 2 h.
To inhibit protein synthesis, SCs were treated with 100 pg/ml cyclo-
heximide for 90 min. To provide alternate carbon substrate to
YY1X© cells, SCs were treated with 100 pM sodium pyruvate
(11360070, Thermo Fisher) for 24 h. For hypoxic treatment, cells
were exposed to hypoxia in vitro in New Brunswick™ Galaxy® 48 S
incubator (MG Scientific, USA) with 1% oxygen for indicated time.
Transient transfection of plasmids or siRNA was conducted with
Lipofectamine 2000 (11668-019, Invitrogen) following manufac-
turer’s protocol. For viral infection, pRlenti-GFP or pRlenti-Hifla
(P402A/P564A; Hiflar double mutant or Hifla-DM), pSL5 or pSL5/
YY1 along with the packaging plasmids was transfected into
HEK293T cells. Forty-eight hours after transfection, culture super-
natant was collected and used for infecting SCs. To investigate the
effect of p38 signaling on mitochondrial genes, cells were treated
with 10 pM SB202190 (S7076, Sigma) for 24 h (Wang et al, 2018).

FACS isolation of SCs

SCs were sorted based on established methods (Cheung et al, 2012).
Briefly, hindlimb muscles from mice were digested with collagenase
II (800 units/ml) for 90 min at 37°C, and then digested muscles
were triturated and washed in washing medium [Hams F-10 media
(Gibco), 10% HIHS (Gibco), penicillin/streptomycin (1%, Gibco)]
before SCs were liberated by treating with collagenase II (800 units/
ml)/dispase (11 unit/ml) for 30 min. Mononuclear cells were fil-
tered with a 45-mm cell strainer and incubated with primary anti-
bodies (Vcaml-biotin, CD31-fluorescein isothiocyanate [FITC],
CDA45-FITC, and Scal-Alxa647). The Vcaml signal was amplified
with streptavidin-PE-cy7. All antibodies were used at a dilution of
1:75. The BD FACSAria IV cell sorter (BD Biosciences) was used for
SC sorting following the manufacturer’s instructions.

Myofiber isolation

As described before (Zhou et al, 2015; Chen et al, 2017), extensor
digitorum longus (EDL) muscles were dissected and digested with
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Collagenase II (800 units/ml) in DMEM media (Gibco) at 37°C for
75 min. Single myofibers were released by gentle trituration with
washing medium (mentioned above). Fibers were cultured in Ham’s
F10 medium with 10% HS and P/S (1x) or Ham’s F10 medium
supplemented with 10% FBS and 2.5 ng/ml basic fibroblast growth
factor at designated time points. Fixation was carried out in 4%
paraformaldehyde at room temp for 15 min.

Cell proliferation assay

EdU assay was conducted following manufacturer’s instructions
(C10339, Thermo Scientific). Growing cells on coverslips were
incubated in culture medium with 10 uM EdU for designated
times. Cells were then washed for three times in PBS and fixed
with 4% PFA for 20 min. EdU-labeled cells were visualized using
“click” chemistry with an Alexa Fluor® 594-conjugated azide.
Pictures were captured with a fluorescence microscope (Leica).
MTS assay was conducted using CellTiter 96® Aqueous One Solu-
tion Reagent (Promega, Madison, WI) following the manufacturer’s
instructions. Briefly, cells were seeded at a density of 10 x 10°
cells/well (SCs) in a 96-well plate and cultured for 12 h, followed
by treatment of 10 mM 2-DG/NaNj for 36 h. The proliferation was
measured with absorbance at 490 nm with background subtraction
at 650 nm.

TUNEL assay

TUNEL assays to monitor apoptosis were carried out with the In Situ
Cell Death Detection Kit (Roche) according to the manufacturer’s
protocol. Briefly, freshly isolated cells on coverslips were cultured
for 36 h, followed by washing twice in PBS and fixing with 4% PFA
for 15 min. TUNEL staining was carried out by adding reaction
mixture of label solution and enzyme solution for 60 min at dark.
Fluorescent images were captured with a fluorescence microscope
(Leica).

Cellular bioenergetics

Cellular bioenergetics was analyzed on a Seahorse extracellular flux
bioanalyzer (XF24) based on previously described methods (Ryall
et al, 2015). Briefly, cells were seeded at a density of 50 x 10° cells/
well (SCs) in a Seahorse XF24 plate. Cells were cultured for 36 h in
growth media. Immediately prior to the assay, cultured cells were
washed twice in minimal assay media (Seahorse Biosciences, 37°C,
pH 7.40) supplemented with 25 mM glucose and 1 mM sodium
pyruvate. All cells were equilibrated in minimal assay media for 1 h
in a non-CO, incubator immediately prior to the assay. The basal
rate of extracellular acidification rate (ECAR) was measured in tripli-
cate for 2 min (over a total of 15 min) from the rate of decline in O,
partial pressure (OCR) and rate of change in assay pH (ECAR).

Lactate assay

The lactate level in cell supernatant was measured using the Lactate
Assay Kit (1200011002, Eton Bioscience, USA) according to the
manufacturer’s instructions. Briefly, cells were seeded at a density
of 20 x 10° cells/well (SCs) in a 96-well plate and cultured for 40 h,
and the cell culture supernatant was then collected and mixed with
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L-Lactate assay solution for 30 min at 37°C incubator. The concen-
tration of L-Lactate was measured with an absorbance at 490 nm.

Measurement of glucose uptake

Briefly, cells were seeded at a density of 20 x 10* cells/well (SCs) in
a 12-well plate and cultured for 36 h. Cells were then rinsed twice
with NO-glucose medium with 20% FBS and incubated with 60 ng/
ml 2-NBDG for 45 min. Trypsinized cells were then analyzed by
flow cytometer BD FACSAria Fusion (BD Biosciences). Raw data
were analyzed by FlowJo software.

MitoTracker fluorescence staining

MitoTracker®Red CMXRos (M7512, Invitrogen) was added into
growth media of SCs at a final concentration of 10 nM for 3 min,
followed by washing with PBS and fixing the cells with 4%
paraformaldehyde. Images were visualized by 100x oil lens of a flu-
orescence microscopy (Leica).

Measurement of mitochondrial membrane potential

Briefly, SCs were seeded at a density of 20 x 10* cells/well in a 12-
well plate and cultured for 36 h. Trypsinized cells were stained with
2 uM 5,5,6,6'-tetrachloro-1,1’,3,3/-tetraethyl-benzimidazolylcarbo-
cyanine chloride (JC-1; Invitrogen) and analyzed by flow cytometer
FACSCanto II Analyzer (BD Biosciences). Raw data were analyzed
by FlowJo software.

ATP measurement

ATP concentrations in cells were determined luminometrically using
an ApoSENSOR™ Cell Viability Assay Kit (K254, Biovision, USA)
according to the manufacturer’s instructions. Briefly, cells were
seeded at a density of 10 x 10% cells/well (SCs) in a 96-well plate
and cultured for 36 h. Cells were lysed with Nuclear Releasing Buf-
fer for 5 min; 10 pl ATP Monitoring Enzyme was added to the cell
lysate, and the concentration of ATP was measured with a lumi-
nometer (PerkinElmer).

Plasmids

The full-length YY1 expression plasmid was described before (Wang
et al, 2008). The full-length Myod expression plasmid was described
before (Skapek et al, 1996). pRlenti-GFP or pRlenti-Hiflo (P402A/
P564A; carrying the following substitutions: P402A and P564A) was
a kind gift from Prof. Miguel Esteban (GIBH, Guangzhou, China;
Esteban et al, 2006). pSL5 or pSL5/YY1 was a kind gift from Prof.
Guangchao Sui (NEFU, Harbin, China; Wan et al, 2012). pRlenti-
YY1 (1-394) and pRlenti-YY1 (S365D) expressing vector were
constructed by PCR amplification from pCEP4F-YY1(1-399) or pCS2
(+)Flag-YY1(S365D), following by T-A cloning into pRlenti-GFP
using BamH I and EcoR T sites.

Real-time PCR

Total RNAs from satellite cells were extracted using TRIzol reagent
(Life Technologies) according to the manufacturer’s protocol.
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Real-time PCR was performed by using SYBR Green Master Mix
(Applied Biosystem) on ABI PRISM 7900HT (Applied Biosystem).
HSP90 was used for normalization. All the experiments were
designed in triplicates. Primers used for RT-qPCR are shown in
Table EV4.

Immunoblotting, immunofluorescence,
and immunohistochemistry

For Western blot assays, in vitro cultured cells were harvested,
washed with ice-cold PBS, and lysed in cell lysis buffer. Whole-cell
lysates were subjected to SDS-PAGE, and protein expression was
visualized using an enhanced chemiluminescence detection system
(GE Healthcare, Little Chalfont, UK) as described before (Wang
et al, 2007). The following dilutions were used for each antibody:
YY1 (Santa Cruz Biotechnology; 1:1,000), o-tubulin (Sigma;
1:5,000), Hifla (Abcam; 1:1,000), B-actin (ImmunoWay; 1:5,000),
and OXPHOS Rodent WB Antibody Cocktail (Abcam, 1:250). For
immunofluorescence staining, cultured cells and myofibers were
fixed in 4% PFA for 15 min and blocked with 3% BSA within 1 h.
Primary antibodies were applied to samples with indicated dilution
below, and the samples were kept at 4°C overnight. For Pax7
staining on frozen muscle sections, an antigen retrieval step was
performed before blocking through boiling samples in 0.01 M citric
acid (pH 6.0) for 5 min in a microwave. After 4% BBBSA (4%
IgG-free BSA in PBS; Jackson, ref: 001-000-162) blocking, the
sections were further blocked with the donkey anti-mouse IgG
(H+ L; 1/100 in PBS; Jackson, ref: 115-007-003) for 30 min. The
biotin-conjugated anti-mouse IgG (1:500 in 4% BBBSA, Jackson,
ref: 115-065-205) and Cy3-Streptavidin (1:1,250 in 4% BBBSA,
Jackson, ref: 016-160-084) were used as secondary antibodies.
H&E staining on frozen muscle sections was performed as previ-
ously described (Diao et al, 2012). Masson’s trichrome staining
was performed according to the manufacturer’s instructions
(ScyTek Laboratories, Logan, UT). All fluorescent images were
captured with a fluorescence microscope (Leica). Primary antibod-
ies used include the following: YY1 (1:100) for staining of isolated
SCs (Santa Cruz Biotechnology, Inc), MyoD (1:100; Santa Cruz
Biotechnology, Inc), and myogenin (1:200; Santa Cruz Biotechnol-
ogy, Inc); Pax7 (1:100; Developmental Studies Hybridoma Bank)
and MF20 (1:50; Developmental Studies Hybridoma Bank);
troponin (1:200; Sigma-Aldrich), MyHC (1:200; Sigma-Aldrich),
and laminin (1:800; Sigma-Aldrich); Ki67 (1:200; Thermo); colla-
gen [ (1:200; Southern Biotech); MyoD (1:200; Dako); and Hifla
(1:200; Abcam) and YY1 (1:200; Abcam) for staining of muscle
cryosections.

Flow cytometric analysis of protein levels

SCs were collected by incubation with 0.5% trypsin, fixed by using
4% PFA for 15 min at RT, and then permeabilized with treatment
of 90% ice-cold methanol. After blocking with 1% BSA for 30 min
at RT, cells were stained with a rabbit anti-Hifla (Abcam, ab2185)
or a rabbit anti-YY1 (Santa Cruz Biotechnology, sc-1703) or anti-
rabbit IgG control (Jackson ImmunoResearch Laboratories) for
45 min at 4°C. Cells were then stained with Alexa Fluor® 594-
conjugated goat anti-rabbit secondary antibody (Thermo Fisher
Scientific, R37117) for 15 min at 4°C and analyzed by flow

20 of 23 The EMBO journal ~ 38: €99727 | 2019

Fengyuan Chen et al

cytometer BD FACSAria Fusion (BD Biosciences). Raw data were
analyzed by FlowJo software.

Co-immunoprecipitation assay

C2C12 cells were cross-linked with 200 pg/ml of 3,3’-Dithiodipro-
pionic acid di(N-hydroxysuccinimide ester) (Sigma) for 15 min and
then harvested and lysed in RIPA buffer (25 mM HEPES pH 7.4, 1%
nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 x PIC). 5 pg
of antibodies against YY1 (Santa Cruz Biotechnology, Cat# SC-1703,
rabbit polyclonal), Hifla (Santa Cruz Biotechnology, Cat# SC-10790,
rabbit polyclonal), or normal mouse IgG (Santa Cruz Biotechnology,
Cat# SC-2025) was incubated with above cell lysate overnight at 4°C
with rotation. After extensive washing with RIPA buffer, the bound
proteins were eluted by boiling in 50 pl of 1 x loading buffer (125
mM Tris-HCl pH 6.8, with 4% SDS, 20% (v/v) glycerol) and
subjected to Western blotting analysis.

ChIP assays

Ten million SCs were cultured for 36 h and subsequently cross-
linked in 1% formaldehyde and processed according to previously
described (Lu et al, 2012; Zhou et al, 2012b; Peng et al, 2017). In
all, 5 pg of antibodies against YY1 (Santa Cruz Biotechnology, Cat#
SC-1703, rabbit polyclonal), Ezh2 (Active Motif, Cat# 61642, rabbit
polyclonal), Suzl2 (Abcam, Cat# 12073, rabbit polyclonal),
H3K27me3 (Millipore, Cat# 07-449, rabbit polyclonal), or normal
mouse IgG (Santa Cruz Biotechnology, Cat# SC-2025) was used for
one immunoprecipitation. Immunoprecipitated genomic DNA was
resuspended in 20 pl of water. PCRs were performed with 1 pul of
immunoprecipitated material as a template and products were
analyzed by qRT-PCR on a 7900HT system (Life Technologies).
Relative enrichment is calculated as the amount of amplified DNA
from ChIP group relative to values from IgG group. Primers used for
ChIP-gPCR are shown in Table EV4.

ChIP sequencing and data analysis

For library construction, we used a protocol as described before (Lu
et al, 2013; Zhou et al, 2015; Peng et al, 2017). Briefly, the purified
DNA (100 ng) was end-repaired, and A-nucleotide overhangs were
added by incubation with the Taq Klenow fragment lacking exonu-
clease activity. After the attachment of anchor sequences, fragments
were PCR-amplified using Illumina-supplied primers. The purified
DNA library products were evaluated using Bioanalyzer (Agilent)
and SYBR gPCR and diluted to 10 nM for sequencing on Illumina
HiSeq 2000 sequencer (YY1; pair-end with 50 bp). A data analysis
pipeline CASAVA 1.8 (Illumina) was employed to perform the
initial bioinformatics analysis including base calling and converting
the results into raw reads in FASTQ format. For peak defining, the
sequenced reads were mapped to the mouse reference genome
(mm9) using bowtie2 (Langmead & Salzberg, 2012). The alignment
was performed, and only the uniquely aligned reads were kept. The
protein DNA-binding peaks (sites) were identified using model-
based analysis for ChIPseq (MACS, version 2.1.1; Zhang et al,
2008) with input sample as the background. During the peak call-
ing, the P-value cutoff was set to under 0.0001 for YY1 ChIPseq
experiment.
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RNAseq and data analysis

For library construction, we used a protocol as described before (Lu
et al, 2013; Zhou et al, 2015). The purified library products were
evaluated using a Bioanalyzer (Agilent) and SYBR PCR and
sequenced on an Illumina HiSeq 2000 sequencer (pair-end with 50
bp). Sequenced fragments were mapped to reference mouse genome
(mm9) using TopHat2 (Kim et al, 2013). Cufflinks (Trapnell et al,
2012) were then used to estimate the relative abundance of tran-
scripts in RNAseq experiments. Abundances were reported in frag-
ments per kilobase per million (FPKM), which is conceptually
analogous to the reads per kilobase per million (RPKM) used for
single-end RNAseq. Differentially expressed genes were identified if
the fold change > 2 by comparing YY1 and Ctrl samples.

Statistical test

The statistical significance was assessed by the Student’s t-test (two-
sided). *P < 0.05, **P < 0.01, ***P < 0.001 and n.s.: not significant
(P >0.05).

Data availability

RNAseq and ChIPseq data used in this study have been deposited in
Gene Expression Omnibus (GEO) database under the accession
codes GSM2893681, GSM2893682, GSM2893683, GSM2893684,
GSM2893685, and GSM2893686.

Expanded View for this article is available online.
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