1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Mol Cell. Author manuscript; available in PMC 2024 January 19.

Published in final edited form as:
Mol Cell. 2023 January 19; 83(2): 186-202.e11. doi:10.1016/j.molcel.2022.12.022.

PGC-1a Senses the CBC of Pre-mRNA to Dictate the Fate of
Promoter-Proximally Paused RNAPII

Xavier Ramboutl:2#* Hana Chol2# Roméo Blanc3, Qing Lyu%$8, Joseph M. Miano*$, Joe
V. Chakkalakal3><, Geoffrey M. Nelson®, Hari K. Yalamanchili’, Karen Adelman®, Lynne E.
Maquat?:2.8*

1Department of Biochemistry and Biophysics, School of Medicine and Dentistry, University of
Rochester Medical Center, Rochester, NY 14642, USA.

2Center for RNA Biology, University of Rochester, Rochester, NY 14642, USA.

3Department of Pharmacology and Physiology, University of Rochester Medical Center,
Rochester, NY 14642, USA.

4Department of Medicine, Aab Cardiovascular Research Institute, School of Medicine and
Dentistry, University of Rochester Medical Center, Rochester, NY 14642, USA

SDepartment of Biomedical Engineering, University of Rochester Medical Center, Rochester, NY
14642, USA.

5Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,
Boston, MA 02115, USA.

"Department of Pediatrics, Neurology, Baylor College of Medicine, Houston, TX 77030, USA.

8L ead Contact

SUMMARY

PGC-1a is well-established as a metazoan transcriptional coactivator of cellular adaptation in
response to stress. However, the mechanisms by which PGC-1a activates gene transcription are
incompletely understood. Here, we report that PGC-1a serves as a scaffold protein that physically
and functionally connects the DNA-binding protein estrogen-related receptor a (ERRa), cap-
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binding protein 80 (CBP80), and Mediator to overcome promoter-proximal pausing of RNAPII
and transcriptionally activate stress-response genes. We show that PGC-1a promotes pausing
release in a two-arm mechanism: by recruiting the positive transcription elongation factor b
(P-TEFb), and by outcompeting the premature transcription termination complex Integrator.

Using mice homozygous for five amino-acid changes in the CBP80-binding motif (CBM) of
PGC-1a that destroy CBM function, we show that efficient differentiation of primary myoblasts to
myofibers and timely skeletal-muscle regeneration after injury require PGC-1a binding to CBP80.
Our findings reveal how PGC-1a activates stress-response gene transcription in a previously
unanticipated pre-mRNA quality-control pathway.
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PGC-1a is a major regulator of the cellular adaptation to stress. Rambout, Cho et al. show

that PGC-1a activates the transcription of stress-response genes in a pre-mRNA quality-control
mechanism. This mechanism involves release of RNAPII from pausing after PGC-1a senses
5"-cap-bound CBP80, thereby ensuring that downstream steps promote gene expression.
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INTRODUCTION

Peroxisome proliferator-activated receptor-gamma (PPARY) coactivator-1 alpha (PGC-1a)
is a master transcriptional coactivator that induces gene-expression programs typically
activated in response to physiological or pathological stresses.1:2 PGC-1a has been

mainly characterized as a positive regulator of cellular metabolism in energy-demanding
tissues, including skeletal muscle. Musculoskeletal PGC-1a has also emerged as an anti-
inflammatory? and pro-differentiation factor®. For example, transgenic expression of the
canonical PGC-1a isoform, PGC-1a1/-a, within skeletal myofibers of mice promotes the
formation of oxidative fibers at the expense of glycolytic fibers® and improves exercise
performance.® We refer to PGC-1a.1/-a as PGC-1a in this manuscript for simplicity. By
comparison, transgenic expression of PGC-1a4, a C-terminal truncated isoform of PGC-1a,
which notably does not contribute to the molecular mechanism described in this paper
because it lacks the requisite regulatory motifs (see below), increases muscle mass and
strength as well as resistance to muscle wasting.” Muscle-specific expression of PGC-1a
also augments activation and proliferation of adult muscle stem cells, i.e. satellite cells
(SCs),8 which drive the growth, maintenance and repair of adult skeletal muscle in a multi-
step differentiation process. This process involves the activation of SCs to form myoblasts
(MBs), the proliferation and commitment of MBs to form myocytes, and the fusion of
myocytes to form multinucleated myofibers.®

PGC-1a is recruited to target genes via direct binding to transcription factors, which
include myocyte-specific enhancer factor 2 (MEF2) and the nuclear receptors (NRS)
estrogen receptor alpha (ERa.) and estrogen-related receptor alpha (ERRa).10-12 pGC-1a
is then able to activate gene transcription through different mechanisms that may not be
mutually exclusive. One mechanism involves chromatin remodeling whereby the PGC-1a
N-terminal activation domain recruits a histone acetyltransferase, e.g. steroid receptor
coactivator 1 (SRC-1) or CAMP response element-binding protein (CREB)-binding protein
(CBP)/p300.13.14 A second, which requires prior chromatin remodeling by, e.g., CBP/p300
has been proposed to involve assembly and/or activation of the transcription preinitiation
complex (PIC) by direct binding of the PGC-1a C-terminal arginine-serine (RS) domain
to the MED1 subunit of Mediator.1415 In another, PGC-1a interacts directly, at least /7
vitro, with the ménage-a-trois 1 (MNAT1) constituent of the cyclin-dependent kinase 7
(CDK7)-containing module of the general transcription factor TFIIH.16 In a fourth, we
showed that PGC-1a promotes gene expression by directly binding cap-binding protein

80 (CBP80), itself bound to CBP20 to form the largely nuclear cap-binding complex
(CBC), at the 5 -cap of target transcripts.* While the CBC positively regulates numerous
transcriptional and co-transcriptional aspects of gene metabolism (reviewed in Rambout
and Maquat, 202017), which aspect is regulated by the CBP80-binding motif (CBM) of
PGC-1a remains unknown. Embedded between the PGC-1a RS domain and CBM is a
putative RNA-recognition motif (RRM). The RRM assists PGC-1a binding to 5"-cap-bound
CBP80, possibly consistent with 777 vitro-crosslinking experiments using a GC-rich RNA
probe that suggested the RRM does not bind RNA directly.18 In yet another unknown
mechanism, PGC-1a promotes gene transcription through direct binding to proximal and
distal introns of pre-mRNAs.1?
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After transcription initiates, CDK?7 and, possibly, CDK12 and/or CDK1320:21 phosphorylate
the RNA polymerase Il (RNAPII) C-terminal domain (CTD) at serine 5 (Ser5 or S5),
which recruits components of the pre-mRNA capping machinery.?2 Notably, RNAPI1(pS5)
marks RNAPII at sites of promoter-proximal pausing (PPP). PPP generally occurs after
25-60 nucleotides of RNA have been synthesized.2324 Recruitment of the dimeric positive
transcription elongation factor P-TEFb, which is most often composed of Cyclin T1 and
CDKO®, induces phosphorylation of the RNAPII CTD at S2 as well as phosphorylation

of other factors to stimulate the release of RNAPII from PPP and augment transcription
elongation.24 PPP is viewed as a central point of gene regulation for most protein-encoding
genes of higher eukaryotes.24 Pertinent to our studies, stress-response genes are typified

by unstable RNAPII pausing and early transcription termination, both under stressed

and unstressed conditions, in @ mechanism that involves recruitment of the multi-protein
termination complex Integrator.2%:26

Here, we demonstrate that PGC-1a forms a complex in MBs that includes ERRa., the CBC,
Mediator, P-TEFb, and transcriptionally engaged RNAPII. We refer to this complex as the
PGC-1a Promoter-Proximal Pausing Release Complex (P4RC) since we show that it forms
during PPP and promotes gene transcription in a two-arm mechanism. In the first arm, the
P4RC recruits P-TEFb to release RNAPII from PPP into processive transcription elongation.
In the second arm, the PARC outcompetes Integrator, thereby preventing promoter-proximal
termination of transcription. Our data suggest that the PARC operates in a pre-mRNP
surveillance mechanism to promote the expression of target transcripts with properly capped
and CBP80-bound 5"-ends. Using CRISPR-Cas9-engineered mice in which the PGC-1a
CBM harbors five amino-acid changes that destroy CBM function, we demonstrate that
PGC-1a binding to CBP80 promotes the differentiation of primary MBs to myofibers and
the regeneration of injured skeletal muscle.

PGC-1a binds the CBC during RNAPII PPP

Since the CBC is recruited to the cap of nascent pre-mRNAs co-transcriptionally (reviewed
in Rambout and Maquat, 202017) we hypothesized that PGC-1a binding to CBP80 may
require ongoing transcription. To test this hypothesis, we inhibited RNAPII transcription in
mouse C2C12 MBs using a-amanitin, which blocks RNAPII translocation and promotes
RNAPII degradation (Figure S1A),27 under conditions where MB viability was largely
unperturbed (Figure S1B). We used C2C12 MBs because PGC-1a function in skeletal
muscle biology has been and remains of a topic of great interest. We found that a.-amanitin
inhibited the co-immunoprecipitation (co-1P) of CBP80 and CBP20 with PGC-1a (Figure
S1C) as well as the reciprocal co-IP of PGC-1a with CBP80 (Figure S1D). Both IPs

were performed in the presence of RNase | to eliminate protein—protein interactions that
are bridged by RNA. In contrast, the co-IP of the transcription factors MEF2, ERa and
ERRa with PGC-1a (Figure S1C), and the co-1P of CBP20 with CBP80 (Figure S1D), were
unaffected by a-amanitin treatment.

Pre-mRNA capping and recruitment of the CBC are temporally associated with PPP
(Rambout and Maquat, 2020 and references therein). Thus, we next tested whether PGC-1a
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binding to CBP80 is influenced by (i) inhibiting the establishment of paused RNAPII

and pre-mRNA capping using the CDK inhibitor THZ1,28.29 or (ii) inhibiting the release
from PPP using the CDK inhibitor 5,6-Dichlorobenzimidazole 1-b-D-ribofuranoside (DRB)
(Nechaev and Adelman, 2011 and references therein) (Figure 1A). We confirmed the activity
of THZ1, which specifically inhibits CDK7, CDK12 and CDK13,3! by the disappearance

in western blots of paused RNAPII phospho-Ser5 (pS5) and, consequently, elongating
RNAPII phospho-Ser2 (pS2) (Figure S1E). We confirmed the activity of DRB, which
preferentially targets the catalytic CDK9 subunit of P-TEFb,32 by the loss of only elongating
RNAPII(pS2) (Figure S1E). Neither inhibitor altered the level of RNAPII (Figure S1E).
Strikingly, the co-IP of CBP80 and CBP20 with PGC-1a,, like the reciprocal co-IP of
PGC-1a with CBP80, was inhibited by THZ1, which prevents the establishment of PPP, but
was enhanced by DRB, which stalls RNAPII at PPP sites (Figure 1B, C). As controls, the
co-IP of MEF2, ERa or ERRa with PGC-1a, and the co-IP of CBP20 with CBP80, were
not impacted by either THZ1 or DRB (Figure 1B, C). We conclude that PGC-1a binding to
the CBC occurs during RNAPII PPP.

PGC-1a forms a nexus with the CBC, Mediator, P-TEFb, ERRa and RNAPII during PPP

PGC-1a directly binds the MED1 subunit of Mediator,1415 and Mediator directly binds and
recruits P-TEFb to release RNAPII from PPP. 33-35 As evidence that PGC-1a functions
with Mediator to recruit P-TEFb during RNAPII PPP, MED1, the Mediator scaffold subunit
MED14, and CDK9 co-immunoprecipitated with PGC-1a in the presence of RNase | in

a way that was inhibited by a-amanitin or THZ1, but was enhanced by DRB (Figures

1B, S1C). Moreover, MED1, MED14 and CDKJ detectably co-immunoprecipitated with
CBP80 in DRB-treated MBs but not in untreated, a-amanitin-treated or THZ1-treated

MBs (Figures 1C, S1D). Among the different PGC-1a-responsive transcription factors

that we tested, only ERRa was present in anti-CBP80 IPs after DRB treatment (Figure

1C). Additionally, PGC-1a, the CBC (i.e. CBP80 and CBP20), Mediator (i.e. MED1 and
MED14), P-TEFb (i.e. CDK9 and Cyclin T1) and RNAPII were detected in reciprocal
anti-ERRa IPs performed in the presence of RNase | and TURBO DNase (Figure S1F).
Together, our findings suggest the existence of a complex in which ERRa-bound PGC-1a
tethers Mediator and P-TEFb at the cap of nascent transcripts to form a transient RNase
I-resistant complex that induces transcription by overcoming PPP. We called this complex
the PGC-1a Promoter-Proximal Pausing Release Complex (P4RC).

We used lysates of DRB-treated MBs in which PGC-1a was stably knock-downed (KD)
using shRNA and that transiently expressed FLAG-PGC-1a.(WT), i.e. 3XxFLAG-tagged
wild-type human PGC-1a1/-a, at near-normal levels, to support the existence of the PARC
(Figure S1G,H, which employed different anti-PGC-1a antibodies). IP of MB lysates using
anti-FLAG followed by IP using anti-CBP80, both performed in the presence of RNase I,
demonstrated that CBP20, Mediator, P-TEFb, transcriptionally engaged RNAPII(pS5), and
ERRa form a complex with FLAG-PGC-1a and CBP80 in MBs in which RNAPII is paused
by DRB (Figure 1D). As controls, MEF2 and ERa co-immunoprecipitated with FLAG-
PGC-1a but were not part of the FLAG-PGC-1a- and CBP80-containing paused complex
(Figure 1D). IPs using anti-FLAG and heparin-solubilized chromatin from PGC-1a.-KD
MBs expressing FLAG-PGC-1a(WT) (Figure S11) confirmed that these interactions exist

Mol Cell. Author manuscript; available in PMC 2024 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rambout et al.

Page 6

on chromatin (Figure 1E) and are resistant to dissociation of nucleic acid-binding proteins
from RNA and DNA by high concentrations of heparin.38 Supporting this conclusion, these
interactions are largely resistant to micrococcal nuclease (Figure S1J), which is a relatively
non-specific DNA and RNA endo-exonuclease.

Another line of evidence for the PARC derived from sucrose gradient sedimentation of

IPs using anti-FLAG in the presence of RNase | and heparin-solubilized chromatin from
PGC-1la-KD MBs expressing FLAG-PGC-1a(WT). Our finding that PGC-1a, the CBC,
P-TEFb and ERRa co-sedimented (Figure 1F) corroborated their co-existence in a complex.
Mediator and RNAPII(pS5) likewise co-sedimented with the PARC and were additionally
present in lower and/or higher molecular-weight fractions (Figure 1F).

PGC-1a competes with Integrator for CBC binding during PPP

PGC-1a plays a central role in the formation of the PARC, as evidenced by our finding that
the co-IP of MED1, MED14, CDK9 and ERRa. with CBP80 is impaired in PGC-1a-KD
MBs relative to WT MBs (Figure 2A, where CBP20 exemplifies a PGC-1a-independent
interaction). Given the functional competition between P-TEFb and Integrator,3” we tested if
the loss of P-TEFb in CBP80 IPs upon the loss of PGC-1a was accompanied by recruitment
of Integrator. In agreement with this idea, the co-1P of multiple subunits of Integrator with
CBP80 was detected only in PGC-1a-KD MBs (Figure 2A): We detected the INTS11
subunit of the cleavage module, the INTS10 subunit of the RNA-binding module, and the
INTS3 subunit. Importantly, we observed the same results using an independent functional
knock-out (KO) of the PGC-1a CBM in primary MBs (see below). These findings provide
the first evidence that PGC-1a. not only promotes transcription elongation but also precludes
early transcription termination by Integrator. They also provide the first evidence that the
activity of Integrator on PPP termination can be regulated in a gene-specific mechanism.

PGC-1a binding to ERRa is a prerequisite for PARC formation

To determine if PGC-1a binding to ERRa contributes to PARC formation, we performed
anti-FLAG IPs using PGC-1a-KD MBs transiently expressing FLAG alone, FLAG-
PGC-1a(WT), or one of four FLAG-PGC-1a variants in which each of the three N-terminal
a-helical Leucine-rich NR-binding motifs (LxxLL or LLxxL, where L is leucine, and X is
any amino acid) was mutated individually or together using leucine-to-alanine substitutions
(Figure 2B). We found that abolishing the co-IP of ERRa with FLAG-PGC-1a required
that all three NR-binding motifs of PGC-1a be mutated (Figure 2C). This result is
consistent with our observation that, compared to FLAG-PGC-1a.(WT), a detectably smaller
fraction of all mutated variants, especially the triply-mutated variant, localized to the
chromatin fraction of MBs (Figure S2A). The co-IP of CBP80, MED1, CDK9 and paused
RNAPII(pS5) with FLAG-PGC-1a was also strongly reduced with the triply-mutated
variant (Figure 2C), as was the case when the cellular abundance of ERRa was reduced to
~10% using ERRa siRNA (Figures 2D, S2B). Moreover, the co-IP of PGC-1a, MED1 and
CDK9 with CBP80 was impaired in ERRa-depleted cells (Figure 2D, where RNAPII(pS5)
serves as a control for an ERRa-independent interaction). In contrast, ERRa KD promoted
the co-IP of Integrator subunits INTS3, INTS11 and, to a lesser extent, INTS10 with CBP80
(Figure 2D). These results indicate that, in MBs, PGC-1a binding to NRs, and in particular
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ERRa, is a prerequisite for PARC formation and for preventing Integrator from binding to
the CBC, possibly via RNAPII.

Recruitment of P-TEFb to the PARC requires PGC-1a binding to CBP80 and Mediator

To investigate how PGC-1a binding to CBP80 and MED1 contributes to PARC formation,
we performed additional anti-FLAG IPs using PGC-1a-KD MBs expressing previously
characterized FLAG-PGC-1a variants:* FLAG-PGC-1a(ACBM) lacks the CBM, FLAG-
PGC-1a(CBMb5mut) harbors 5-amino acid substitutions in the CBM that abolish CBP80
binding, and FLAG-PGC-1a.(ARS) lacks the RS domain required to directly bind Mediator
(Figure 3A).14.15

The co-IP of MED1, CDK9 and elongating RNAPII(pS2), but not the co-IP of ERRa or
paused RNAPII(pS5), was abolished by deleting or mutating the CBM of FLAG-PGC-1a.,
which abrogates FLAG-PGC-1a binding to CBP80 (Figure 3B). Corroborating the role

of CBP80 in mediating these interactions, similar results were obtained in IPs of cellular
PGC-1a after siRNA-mediated depletion of CBP80 (Figure 3C). We conclude that PGC-1a
binding to CBP80 is required to nucleate PARC formation in steps that occur after the
binding of PGC-1a to ERRa and transcription initiation.

Consistent with previous reports that PGC-1a directly binds MED1 via its RS domain,141°
MED!1 failed to co-immunoprecipitate with FLAG-PGC-1a.(ARS) (Figure 3B). Furthermore,
consistent with the ability of Mediator to directly bind and recruit P-TEFb,33:34.38,39

CDKO9 failed to co-immunoprecipitate with FLAG-PGC-1a(ARS) (Figure 3B). Intriguingly
though, the co-IP of CBP80 and RNAPII(pS2) with FLAG-PGC-1a(ARS), unlike with
FLAG-PGC-1a(WT), was RNase I-sensitive (Figure 3B), indicating that Mediator stabilizes
P4RC formation in an RNA-dependent manner. We also found that ERRa. and paused
RNAPII(pS5) efficiently co-immunoprecipitated with FLAG-PGC-1a.(ARS) (Figure 3B).
Similar results were observed in IPs of PGC-1a after siRNA-mediated depletion of MED1
(Figure 3D, where ERRa and RNAPII(pS5) serve as controls for MED1-independent
interactions), indicating that the loss of P4ARC integrity following deletion of the PGC-1la
RS domain (Figure 3B) reflects the inability of PGC-1a to bind MED1. Additionally,
depletion of MED1 prevented efficient co-IP of PGC-1a, CDK9 and ERRa with CBP80,
but enhanced the co-IP of Integrator subunits with CBP80 (Figure 3D, where RNAPII(pS5)
serves as a control for a MED1-independent interaction). Together, our results indicate that
Mediator stabilizes the binding of PGC-1a and ERRa to the CBC and is required for the
subsequent recruitment of P-TEFb to form the PARC and exclude Integrator.

From these data, we conclude that PARC formation is dynamic and competes against
Integrator recruitment: (i) PGC-1a binds via its LxxLL/LLxxL motifs to ERRa., which
ensures association with paused RNAPII(pS5); (ii) PGC-1a binds via its CBM to the CBC;
and (iii) PGC-1a binds via its RS domain to Mediator, which stabilizes the complex formed
at step ii in an RNA-dependent manner and promotes P-TEFb recruitment.
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The PGC-1a CBM activates gene transcription by favoring transcription elongation over
early transcription termination

Inherent to the conclusions presented above is that PGC-1a binding via its CBM to CBP80,
via its RS domain to Mediator, and via its three NR motifs to ERRa contribute to gene
transcription by shifting RNAPII dynamics at PPP sites of PGC-1a target genes toward
elongation rather than early termination. To test this hypothesis, we first used precision
run-on sequencing (PRO-seq)?2 to map transcribing RNAPII at single-nucleotide resolution
in control (CTL) MBs (i.e. WT MBs stably expressing a control ShRNA that targets GFP
MRNA) transiently expressing FLAG alone and in PGC-1a-KD MBs transiently expressing
FLAG alone, or either FLAG-PGC-1a.(WT) or FLAG-PGC-1a(CBM5mut) at near-normal
PGC-1a levels (Figure S3A). Comparison of PRO-seq counts across active genes identified
125 genes whose transcription was downregulated after PGC-1a. KD and largely restored
after expression of FLAG-PGC-1a(WT), i.e. genes that are bona fide targets of PGC-1la
(Figure 4A, Table S2). Remarkably, however, expression of FLAG-PGC-1a(CBM5mut)
failed to restore PRO-seq counts to normal for 124 out of the 125 genes, demonstrating that
the CBM is a pivotal contributor to the transcriptional activity of PGC-1a at most if not all
of its target genes. Moreover, results from RNA-seq showed that PGC-1a(CBM)-dependent
activation of gene transcription led to increased levels of mMRNA (Figure 4B, Table S2) that
are specific to the PGC-1a targets defined by PRO-seq (Figure 4C).

Next, we quantitated PRO-seq signals that resided immediately downstream of promoters,
i.e. at PPP sites, and within gene bodies to calculate pausing indices for the 125
PGC-1la-responsive genes (Table S2) and, as negative control, a set of 120 randomly
selected expression-matched genes. Comparison of pausing indices demonstrated that either
downregulating PGC-1a or mutating its CBM reduced the release of RNAPII from PPP
(Figure 4D) in a way that is specific to PGC-1a target genes (Figure S3B). Importantly,
direct comparisons of average pausing indices demonstrated that mutating the CBM of
FLAG-PGC-1a almost completely abolished its ability to release RNAPII from pausing at
its target genes (Figure 4E). This agrees with our biochemical data showing that the PGC-1a.
CBM is required for the recruitment of P-TEFb to the CBC (Figures 2 and 3).

Additional comparisons of PRO-seq signal distributions at PGC-1a.-responsive genes
(Figure 4F) and expression-matched control genes (Figure S3C) showed that PGC-1a

KD decreased RNAPII densities at PPP sites and within bodies of target genes in a

way that was largely rescued by FLAG-PGC-1a(WT) expressed at near-normal PGC-1a
levels (Figure S3D-G). This observation, combined to our finding that FLAG-PGC-1a.(WT)
inhibits recruitment of the catalytic subunit of Integrator, INTS11, at PPP sites but not

at the promoter of CBM-responsive genes (Figure 4G), supports our biochemical data
(Figures 2 and 3) indicating that, in addition to promoting RNAPII release from PPP,

the PARC also prevents early transcription termination by competing against Integrator
recruitment to the CBC during PPP. Notably, recruitment of INTS11 at PPP sites of

control genes was not PGC-1a-dependent (Figure S3H). Consistent with this, expression
of FLAG-PGC-1a(CBM5mut) in PGC-1a-KD MBs failed to restore the PRO-seq signal

to the same extent as did FLAG-PGC-1a(WT) for PGC-1a target genes (Figures 4F and
S3D-G,1,J). Our finding that FLAG-PGC-1a(CBM5mut) partially restored normal RNAPII
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densities at sites of PPP and in the bodies of PGC-1a target genes may reflect CBM-
independent activity of PGC-1a on transcription initiation. This interpretation is supported
by our observation that mutating the CBM prevents association of FLAG-PGC-1a with
RNAPII(pS2) but not with RNAPII(pS5) (Figure 3B).

P4ARC formation activates the expression of genes in the interferon-signaling pathway

Term enrichment analyses indicated that more than half of PGC-1a(CBM)-dependent genes
are involved in the cellular response to stress (75 genes were annotated with GO:0006950,
response to stress, Pag= 2.82x10734). In particular, 51 of PGC-1a.(CBM)-dependent

genes are annotated as functioning in interferon (IFN)-signaling pathways (Table S3). We
randomly selected CBM-dependent IFN-pathway genes for further analyses. These genes
included IFN-stimulated gene 15 (/sg15), Bone marrow stromal cell antigen 2 (Bst2),

and Poly(ADP-ribose) polymerase family member 10 (Parp10). RT-gPCR quantitations

of pre-mRNA and mRNA levels deriving from these genes showed that, similar to FLAG-
PGC-1a(CBM5mut), expression of FLAG-PGC-1a.(ARS) or FLAG-PGC-1a(NR1-3mut)
at near-normal PGC-1a levels in PGC-1a-KD cells (Figure S3A) failed to restore gene
expression to the same extent as did FLAG-PGC-1a.(WT) (Figures 4H, S3K). Furthermore,
siRNA-mediated knock-down of MED1 or ERRa in CTL MBs transiently expressing FLAG
likewise reduced pre-mRNA levels of five randomly selected PGC-1a-CBM-responsive
genes (Figure S3L). Together, our results demonstrate that PGC-1a., via its interactions that
are required for PARC formation, promotes the transcription of stress-associated genes by
preventing early transcription termination and by inducing the release of RNAPII from PPP
into productive transcription elongation.

P4RC function requires PGC-1a CBM binding to CBP80 at the 5"-end of nascent
transcripts

We next used native RNA IP coupled to sequencing (RIP-seq) (Figure S4A) to determine
genome-wide if the PGC-1a CBM binds transcripts that the PARC upregulates. Briefly,

we prepared cDNA libraries using RNA purified from anti-FLAG IPs of lysates of PGC-1a-
KD MBs expressing either FLAG, FLAG-PGC-1a.(WT) or FLAG-PGC-1a(CBM5mut).
We then mapped Illumina sequencing reads to either exons or introns. Results revealed

that FLAG-PGC-1a(WT) binds both exon-containing transcripts (i.e. pre-mRNAs and/or
mMRNAS) and intron-containing transcripts (i.e. pre-mRNAs) deriving from the 125 PGC-1a-
dependent PRO-seq target-genes in a CBM-dependent manner (Figure 5A, Table S2).
CBM-dependent binding was largely specific to PRO-seq targets (Figures 5B, S4B). Thus,
PGC-1a binds its target RNAs co-transcriptionally and via its CBM. RT-gPCR analyses
validated that the CBM significantly contributes to the relative enrichment of /sg15, Bst2
and Parp10pre-mRNAs and mRNAs, but not control Hprtpre-mRNA and mRNA, in
FLAG-PGC-1a IPs (Figures 5C), showing that PGC-1a remains associated with its target
transcripts after introns are removed by splicing.

Since our IPs of FLAG-PGC-1a were performed in the absence of RNase inhibitors, and
immunoprecipitated RNA fragments were 200-1000 nucleotides (Figure S4C), we reasoned
that RIP-seq Illumina reads derived primarily from RNA regions bound by FLAG-PGC-1a..
In keeping with this idea, reads that mapped within the first 400 nucleotides of transcripts
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deriving from PGC-1a-target genes were enriched, relative to the control IP of FLAG alone,
in the IP of FLAG-PGC-1a(WT) but not the IP of FLAG-PGC-1a(CBM5mut) (Figure

5D). In contrast, comparable reads of transcripts deriving from control genes were not
enriched in the IP of either FLAG-PGC-1a(WT) or FLAG-PGC-1a(CBM5mut) relative to
FLAG alone (Figure S4D). To test our reasoning further, we sequenced 20-100-nucleotide
RNA fragments, i.e. “footprints”, protected by FLAG-PGC-1a from on-bead RNase |
digestion (Figure S4A,E). As predicted, when compared to non-targets, RNA footprints

that mapped to the first exon of PGC-1a(CBM) PRO-seq targets were enriched in the IP of
FLAG-PGC-1a(WT) relative to the IP of either FLAG alone or FLAG-PGC-1a(CBM5mut)
(Figure 5E). We conclude that PGC-1a association via its CBM with the 5’-region of its
target pre-mRNAs is functionally linked to its ability to activate gene transcription in a
CBM-dependent manner.

Evidence that intron-binding-mediated activation of energy metabolism genes by PGC-1la
does not depend on the PGC-1al/-a CBM

Tavares et al. (2020) showed using primary hepatocytes that PGC-1a directly binds

introns of pre-mRNAs deriving from genes that are functionally linked to glucose

energy metabolism and are activated by PGC-1a.19 In particular, two genes, GfraZ and
4833422C13Rik, whose expression was downregulated by siRNA-mediated KD of PGC-1a
in unstimulated hepatocytes, were identified.19 We detected a robust PRO-seq signal for
Gfral, but not 4833422C13Rik, in unstimulated C2C12 MBs, and we observed that Gfral
was transcriptionally downregulated after PGC-1a KD (Figure S4F,G). However, relative to
PARC-responsive IFN-pathway genes, e.g. BstZ, (i) no PPP was observed for Gfral (Figure
S4F), (ii) Gfral transcription was not restored to levels close to normal after expression

of FLAG-PGC-1a(WT) (Figure S4G), and (iii) neither exon- nor intron-containing Gfral
RNAs co-immunoprecipitated with FLAG-PGC-1a(WT) (Figure S4H). We conclude that a
non-canonical isoform of PGC-1a (see Limitations of the study) regulates the expression of
Gfralin a mechanism that is distinct from P4RC-dependent release of RNAPII from PPP.
However, we cannot ascertain that this is true for all PGC-1a.-responsive energy metabolism
genes that encode pre-mRNAs whose introns are bound directly by PGC-1a.

PGC-1a binds the promoter of PARC-dependent genes independently of its CBM

Our integrated analyses of PRO-seq and RIP-seq experiments demonstrate, genome-wide,
that the PGC-1a CBM promotes the release of RNAPII pausing at genes whose pre-
MRNAs it binds, i.e. that PGC-1a regulates these genes directly. We next used anti-FLAG
CUT&RUN coupled to gPCR and PGC-1a-KD MBs expressing a FLAG-PGC-1a. variant
or FLAG alone to validate that PGC-1a is present at the promoter of target genes and, if
S0, to test whether the CBM contributes to binding. In these experiments, MBs were treated
with the transcription initiation inhibitor THZ1 to quantitate PGC-1a binding to chromatin
independently of PARC formation during PPP.

Consistent with the CBM not being required for either ERRa or paused RNAPII(pS5) to co-
immunoprecipitate with FLAG-PGC-1a. (Figure 3B), results showed that mutating the CBM
did not significantly reduce the recruitment of FLAG-PGC-1a to target-gene promoters
(Figure 5F). In contrast, as a control, mutating the ERRa-interacting LxxLL/LLxxL motifs
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prevented recruitment of FLAG-PGC-1a to target-gene promoters (Figure 5F). Thus, while
PGC-1a binding to ERRa is required for the recruitment of PGC-1a to the promoter of
genes whose PPP it overcomes, PGC-1a binding to the CBC is not required.

Evidence for PARC function in primary MBs

To evaluate PGC-1a function in the context of a living organism, we utilized CRISPR-
Cas9 to edit into the mouse genome the five amino acid changes to the PGC-1a CBM

that preclude CBP80 binding (Figures 6A, S5A). Crossing mice heterozygous for the
PGC-1a(CBM) mutations yielded the expected Mendelian ratio (1x PGC-Ia (CBM)/¥ :
2% PGC-1a(CBM)VV5Mut - 1x PGC-1a (CBM)°MUSmily of |ive-born pups that reached
weaning age (Figure S5B), indicating that the PGC-1a CBM mutations do not cause
embryonic or postnatal lethality. Furthermore, PGC-1a (CBM)°™/5mut mice that were fed
a normal diet did not manifest any growth delays during their first 10-weeks after birth
(Figure S5C). Taken together, these observations agree with the finding that PGC-1a is not
required for embryonic-to-pubertal myogenesis 40 but does not exclude the possibility that
the PGC-1a CBM, while not required for survival and growth in basal conditions, may
contribute to known functions of the full-length protein as a regulator of cellular adaption in
response to stress.

To address this possibility in the context of skeletal muscle biology, we first tested if the
PGC-1a CBM functions in primary MBs as it does in C2C12 MBs. We isolated PAX7-
positive satellite cells (SCs) from the skeletal muscle of young adult PGC-1a (CBM)"/"
and PGC-1a(CBM)PmutSmut mice and subsequently induced SC differentiation to MBs

ex vivo (Figure S5D). At 72-hours post-isolation, PGC-1a (CBM)°Mut5mut SCs activated
normally into MBs, as evidenced by the appearance of the MyoD MB marker in the same
percentage (~80-85%) of WT and CBM mutant cells (Figure S5E). Consistent with our
demonstrating that PGC-1a promotes release of RNAPII from PPP in C2C12 MBs via

the PARC (Figures 1-3), the co-IP of PGC-1a, ERRa, MED1 and CDK9 with CBP80 in
WT primary MBs cultured ex vivowas evident during DRB-mediated PPP and strongly
reduced, if not totally lost, in CBM mutant primary MBs (Figure 6B). Furthermore, each
Integrator subunit co-immunoprecipitated with CBP80 in lysates of CBM mutant but not
WT primary MBs (Figure 6B). This was true with or without DRB treatment, indicating
that CBM-mediated exclusion of Integrator is not due to the catalytic inactivation of
P-TEFD. As controls, the expression levels of PGC-1a., as well as the co-IP of paused
RNAPII(pS5) and CBP20 with CBP80, were the same for CBM mutant and WT primary
MBs (Figure 6B). Additionally, when the PARC cannot form, CBM mutant MBs expressed
abnormally reduced levels of pre-mRNAs and mRNAs from CBM-responsive IFN-pathway
genes (Figure 6C).

The PGC-1a CBM mediates primary MB differentiation ex vivo and timely skeletal muscle
regeneration in vivo

Both the commitment of proliferating primary MBs (MyoD*/Ki67") to form myocytes
(MyoG) (Figures 6D, S5F) and the subsequent fusion of myocytes into multinucleated
myofibers (Figures 6E-F and S5G,H) were impaired in cells deriving from
PGC-1a(CBM)°Pmutsmit mice relative to WT littermates. In addition to coordinating
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the inflammatory response during skeletal muscle regeneration, IFN-y promotes MB
differentiation both ex vivoand after injury in vivo (reviewed in Tidball, 201741).
Supporting the idea of functional crosstalk between the CBM-dependent and IFN-dependent
activation of gene transcription and differentiation of MBs, the CBM was required for
efficient IFN-y-dependent induction of PGC-1a target genes when primary MBs were
cultured ex vivo with different IFN-y concentrations (as low as 50-500 pg/ml, Figure S51)
and for different times (as early as 3 hours, Figure S5J). We found that IFN-y-mediated
activation of gene expression occurred in bursts of transcription that, considering at least
ISG15 promotes secretion of cellular IFN-y,*2 may reflect autocrine and/or paracrine IFN-
mediated signaling. Nonetheless, IFN-y stimulation did not detectably increase the levels of
P4RC in DRB-treated WT MBs (Figure S5K). This observation most likely results from the
ability of DRB, which is required for PARC detection using IP, to pile-up P4RC levels in
untreated cells.

Our results raise the possibility that the PGC-1a. CBM contributes to adult myogenesis

in vivo during skeletal muscle regeneration. To test this, we experimentally injured the
tibialis anterior (TA) muscle of WT or mutant mice through intramuscular injection of
BaCl, and analyzed regenerating myofibers. Immunostaining TA-muscle cross-sections 7-
days post injury (dpi) demonstrated sustained expression of embryonic myosin heavy chain
(eMHC), a marker of immature muscle fibers, in a larger fraction of centrally nucleated,

i.e. regenerating, fibers (CNFs) in CBM mutant mice compared to WT littermates (Figures
6G,H and S6A,B). The cross-sectional area (CSA) of CNFs was smaller in the TA of

CBM mutants compared to WT animals at 7 dpi but no longer at 28 dpi (Figures 6G,| and
S6A,C-E). Considering that regenerative myogenesis is typically completed within 10 days
in WT mice,*3 these observations demonstrate that, like knocking-out ERRa,** mutating the
CBM delays regeneration of skeletal fibers following injury in a way that can be overcome
with sufficient time. The same number of SCs was observed in regenerated muscles of
mutant and WT animals (Figure S6F), indicating that regeneration delays in mutant mice
are not linked to impaired self-renewal of SCs. Finally, consistent with PGC-1a inducing
fiber switching in a MEF2-dependent manner,® and MEF2 not being part of the PARC
(Figure 1D), the distribution of muscle fiber types post-regeneration was not altered in
CBM mutant animals (Figure S6G,H). Notably, mutating the CBM impaired ex vivoand in
vivo myogenesis both in male (Figure 6D-I) and female (Figures S5F-H,S6A-C) animals,
indicating that this mechanism is not sex-specific.

In summary, our observations demonstrate that PGC-1a binding via its CBM to CBP80

at the cap of nascent transcripts sustains normal expression of IFN-pathway genes in
skeletal muscle progenitor cells through the formation of the PARC to support progenitor-
cell differentiation ex vivo and muscle regeneration /n vivo. As evidenced by the loss of
CBP80, MED1, CDKJ and elongating RNAPII(pS2) in IPs of PGC-1a from lysates of
PGC-1a(CBM)*mutsmut |ivers (Figure S61), CBM-dependent formation of the PARC is not
limited to MBs, opening up new research avenues in search of biological roles for the PARC
in other tissues.

Mol Cell. Author manuscript; available in PMC 2024 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rambout et al.

Page 13

DISCUSSION

An unanticipated pre-mRNP surveillance mechanism by which PGC-1a activates gene

expression

Transcriptional control of gene expression by PGC-1a has been reported to involve
chromatin remodeling through the recruitment of histone acetyltransferases, assembly and/or
function of the PIC through recruitment of Mediator,1415 and by direct recruitment,
stabilization and/or activation of CDK7.18 Here, we describe the choreographed series of
steps that define an unanticipated mechanism, i.e. subsequent to transcription initiation,

in which PGC-1a binding to the CBC at the 5 -end of nascent pre-mRNASs promotes

the transcription of stress-associated genes by overcoming PPP (each step is numbered as
illustrated in the Graphical Abstract): D PGC-1a is initially recruited to promoters via
specific transcription factors, in particular ERRa in the case of mouse MBs (Figures 1, 2,

5); @ the 5"-end of nascent pre-mRNAs synthesized by RNAPII is capped and subsequently
bound by the CBC during PPP (reviewed in Rambout and Maquat, 202017) (3 as the CBC
becomes physically accessible, PGC-1a binds CBP80 at the cap of transcripts via its CBM
and, concomitantly or subsequently, the Mediator subunit MED1 via its RS domain (Figures
1, 3, 5); and @ the ERRa-PGC-1a-CBC-Mediator-RNAPII complex then recruits P-TEFb
to form the P4RC (Figures 1-3), ® thereby releasing RNAPII from PPP and promoting
transcript elongation (Figure 4).

We previously provided evidence that the PGC-1a. CBM prevents cytoplasmic accumulation
of intron 1-containing pre-mRNAs by promoting intron 1 splicing and/or activating
nonsense-mediated MRNA decay (NMD).#° Data presented here indicate that PGC-1a also
regulates gene expression in a second RNA quality-control pathway: PGC-1a activates the
elongation of target-gene transcription provided that the nascent pre-mRNA is properly
capped and bound by the CBC, i.e. provided that the pre-mRNA 5’-end is equipped to
ensure efficient co- and post-transcriptional maturation of newly synthesized mRNAs as well
as their nuclear export and pioneer round(s) of translation.1” To our knowledge, no other
transcription factor or coactivator is known to activate gene transcription in a pre-mRNA
quality-control pathway.

P4RC competition against Integrator defines a mechanism by which Integrator achieves
gene-specific attenuation of transcription

Under conditions where the PARC cannot form, e.g. when the CBM is mutated, Q)
Mediator and P-TEFb are replaced by Integrator (Figures 2,3,4 and 6), @’ which
attenuates gene expression by triggering promoter-proximal transcription termination.25:26
In agreement with our view that the P4ARC competes against Integrator in a quality-
control pathway, Integrator has also been described as an attenuator of non-productive
transcription.46

Since Integrator preferentially represses a subset of protein-coding genes, one important
and unanswered question has been how Integrator achieves gene-specificity.*” To our
knowledge, our data provide the first indication that gene-specificity can derive from
transcriptional activators, e.g. PGC-1a and the P4RC, which prevent the promiscuous
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binding of Integrator to PPP sites and/or nascent pre-mRNAs. This is in contrast to the
rixosome, another RNA endonuclease and pausing termination complex, for which gene
specificity was recently shown to be achieved through recruitment to specific promoters via
binding to promoter-bound Polycomb.#8

Do transcription factors define the step of gene transcription regulated by PGC-1a binding

to Mediator?

Our data show that, when cooperating with ERRa in MBs, Mediator binding to PGC-1a
requires and stabilizes PGC-1a binding to CBP8O0 to activate gene transcription by
overcoming PPP. This is in strong contrast to long-standing studies showing that PGC-1a
and Mediator cooperate with CBP/p300 to activate PPARy or thyroid hormone receptor a
(TRa) in conjunction with retinoid X receptor alpha (RXRa) by augmenting transcription
initiation.14:15 Importantly, these latter conclusions derived from in vitro transcription
assays, i.e. using conditions in which PPP is not observed.24 On another note, unlike
ERRa, which is not known to bind Mediator, PPARy, TRa and RXRa each directly bind
different Mediator subunits.#® Such interactions may induce structural changes in Mediator
that affect its function in gene transcription.3® Therefore, it would not be surprising if
PGC-1la-dependent recruitment of Mediator to promoters via ERRa would influence gene
transcription differently than when Mediator is recruited to promoters via PPARy, TRa or
RXRa.

Limitations of the study

STARXME
RESOURCE

Multiple PGC-1a isoforms have been characterized in skeletal muscle cells.>% Using two
different antibodies, one of which was raised against the N-terminus of PGC-1a1/-a,

we characterized in C2C12 and primary MBs a PGC-1a isoform of ~100 kDa, i.e. the
molecular weight of PGC-1a.1/-a in primary myotubes.?! Our PRO-seq analyses revealed
that 714 genes are transcriptionally downregulated in PGC-1a-KD cells, while only 125
of them are largely reactivated after expression of FLAG-PGC-1a1/-a. Our IP experiments
demonstrate that, like cellular PGC-1a in WT cells, FLAG-PGC-1al/-a is a key constituent
of the PARC in PGC-1a-KD cells. Thus, it is likely that exogenous FLAG-PGC-1al/-a
largely if not fully replaces its corresponding cellular PGC-1a isoform. However, it is
possible that PRO-seq targets that are not responsive to FLAG-PGC-1a1/-a are activated
by an alternative CBM-containing PGC-1a isoform, such as PGC-1a-b, -c, or a yet-to-be
characterized MB-specific isoform.

THODS
AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Lynne E. Maquat
(lynne_magquat@urmc.rochester.edu).

Material availability—All materials and reagents will be made available upon request
directed to the lead contact, Lynne E. Maquat (lynne_maquat@urmc.rochester.edu), and
installation of a material transfer agreement (MTA).
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Data and code availability

. All sequencing datasets generated in this study (PRO-seq, RNA-seq, native
RIP-seq, RIP-seq footprinting) have been submitted to the GEO database
(GSE197312). Unprocessed and uncompressed imaging data are available in
Mendeley Data (doi:10.17632/39mxxdfkdn.1).

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture of C2C12 and HEK293T cell lines—Mouse C2C12 myoblast (MB) (ATCC,
CRL-1772™) and human HEK293T (ATCC, CRL-3216™) cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) containing 15% fetal bovine serum
(VWR) and 1% penicillin/streptomycin (Gibco). C2C12 MBs in which PGC-1a or, as a
negative control, GFP was stably knocked-down (i.e. PGC-1a-KD and CTL C2C12 MBs,
respectively) were newly generated as described* and cultured in medium (see above)
supplemented with 1 pg/ml puromycin (Gibco).

To inhibit transcription, C2C12 MBs were cultured for 48 hours with 5 pg/ml of a-amanitin
(Santa Cruz Biotechnology), 4 hours with 0.75 pM THZ1 (APExBIO), or 2 hours with 100
UM 5,6-Dichlorobenzimidazole 1-p-D-ribofuranoside (DRB, Sigma-Aldrich). Cell viability
was assayed using Trypan blue (Gibco) prior to harvesting.

Isolation and culture of primary skeletal muscle progenitor cells—Primary
satellite cells (SCs) were isolated from total-body skeletal muscles of adult mice (see
Animal studies) as described®2. SCs derived from mouse limb muscles (avoiding the
quadriceps) were activated to form MBs in “basal” medium, and MBs were differentiated
into myofibers in “differentiation” medium, as described>2 except that FGF2 was omitted.
Primary MBs were maintained in culture dishes coated with Matrigel® Basement Membrane
Matrix (Corning, 37.5 pl/150 cm?2) in F10 medium (Gibco) supplemented with 20% FBS
(Gibco), 1x GlutaMAX (Gibco), 100 ug/ml Primocin (Invivogen), and 2.5 ng/ml Basic
Fibroblast Growth Factor, Human Recombinant (Corning).

Animal studies—After validation of scientific merit by the University of Rochester
Dean’s Research Advisory Committee (DRAC), all experiments using mice were approved
and authorized by the Institutional Animal Care and Use Committee (IACUC) at the
University of Rochester, known as the University Committee on Animal Resources (UCAR).
Experiments used adult (age 2-4 months) PGC-1a (CBM)°MvSmut or pGC-1a (CBM)V/Wt
littermates deriving from heterozygous intercrosses. Male and female animals were studied
separately, as described in the text, figures, and figure legends.

Founder C57BL/6J PGC-1a (CBM)°Mut5mut mice were generated using 3-component
CRISPR-Cas9 editing of the PGC-1a. CBM-coding region in the Ppargcla mouse gene.>3
First, the CRISPOR algorithm®* was used to define a protospacer (5 -
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GGATTTTGATAGTTTACTGA-3'), i.e. a 20-bp sequence within the CBM of Ppargcla
starting with a G and directly preceding an AGG protospacer-adjacent motif (PAM). This
protospacer has specificity scores of 72 (MIT; a specificity score) and 87 (CFD; cutting
frequency determination, an off-target score) with 0, 0, 2, 25, and 126 predicted off-targets
having 0, 1, 2, 3, or 4 mismatches, respectively. Purified Cas9 protein and the single guide
RNA (sgRNA, proprietary sequence using the provided protospacer sequence) were
obtained from Synthego Corp. (Menlo Park, CA). An ultramer single-strand
oligodeoxynucleotide (ssODN) repair template
(TTTCAGATACCAACTCAGACGATTTTGACCCTGCTTCCACCAAGAGCAAGTATGA
CT
CTCTGGATGCCGCCAGTGCCGCCAAGGAAGGCCAGAGAAGCTTGCGCAGGTAAC
GT GTTCCCAGGCTGAGGAATGACAGAGAGATGGTCAATACCTC) carrying codon-
optimized substitutions (underlined) within the CBM was obtained from Integrated DNA
Technologies.

Cas9 protein (3 pmol) and sgRNA (3pmol) were complexed, combined with the ssODN
repair template (10 pmol) in microinjection buffer (100 mM NaCl; 10 mM Tris-HCI

[pH, 7.5]; 0.1 mM EDTA), and microinjected into the pronucleus of C57BL/6J mouse
zygotes. Founder mice were identified using a duplex PCR assay(see Figure S5A, PCR
oligodeoxynucleotides (oligos) are listed in Table S4).53 On-target sequence fidelity was
confirmed using Sanger sequencing (Figure 6A). Further, Sanger sequencing around the
predicted off-target sites in the Ppargcia CBM vicinity (i.e. + 5 million bp from the edited
site) and at the Cdk14, Slit2, and StimZ2 loci revealed no detectable indels or substitutions
(data not shown).

The mouse colony was maintained by backcrossing PGC-1a(CBM)"/>™t animals with
WT C57BL/6J mice (The Jackson Laboratory) at each generation. The PGC-1a(CBM)
genotype of each mouse was performed using PCR amplification of the PGC-1a(CBM)
or PGC-1a(CBM)°™ 3lleles and ear-punch lysates, a set of three DNA oligonucleotides
(Figure S5A and Table S4), and AccusStart 11 GelTrack PCR SuperMix (Quantabio).

METHOD DETAILS

Plasmid constructions—The following constructs have been previously reported:
pcDNA3XFLAG, pcDNA3XFLAG-PGC-1a(WT), pcDNA3xFLAG-PGC-1a.(ARS),
pcDNA3XFLAG-PGC-1a(ACBM), pcDNA3xFLAG-PGC-1a(CBM5mut), and
pcDNA3XFLAG-PGC-1a(NR2mut) (previously referred to as pcDNA3XFLAG-
PGC-1a(NR mut).* These constructs were derived from cDNA encoding the canonical
798-amino acid isoform of human PGC-1a, also known as PGC-1a-a, or PGC-1a-1
(QIUBK2-1).

To construct pcDNA3XFLAG-PGC-1a(NR1mut), which encodes full-length human
PGC-1a harboring a leucine-to-alanine substitution at residues 88, 89, and 92,

(i) a 5"-fragment of PGC-1a cDNA was PCR-amplified using pcDNA3xFLAG-
PGC-1a(WT) and the primer pair 5"-AAAGGATCCATGGCGTGGG-3" (sense) and 5" -
TGTCTCTGTGGCGACTGCTGCCGCOGTTTGCCTC-3" (antisense), and (ii) a 3"-fragment
of PGC-1a cDNA was PCR-amplified using pcDNA3xFLAG-PGC-1a.(WT) and the
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primer pair 5-GAGGCAAAC GCG GCAGCAGTCGCCACAGAGACAC-3" (sense) and 5°-
TCCATGAATTCTCAGTCTTAACAATTGCAGGGTTTG-3" (antisense), where underlined
nucleotides specify BamH/Iand EcoRI sites, respectively, and italicized nucleotides specify
NR1 mutations. The resulting two PCR fragments were mixed and PCR-amplified using the
sense primer used to amplify the 5"-fragment and the antisense primer used to amplify the
3’-fragment. The resulting PCR product was digested with BamH/and EcoR/and ligated to
replace the corresponding region of pcDNA3XFLAG-PGC-1a(WT).

To construct pcDNA3XFLAG-PGC-1a(NR3mut), which encodes full-length human
PGC-1a harboring a leucine-to-alanine substitution at residues 210, 211, and 214, (i) a

5 -fragment of PGC-1a cDNA was PCR-amplified using pcDNA3XFLAG-PGC-1a(WT)
and the primer pair 5'-GTTAAGACTGAGAATTCATGGAGCAATAAAG-3 (sense) and
5-GTTTGTGGTCGCATATTTG GCAGCCTCCGAGCAG-3’ (antisense), and (ii) a 3"-
fragment of PGC-1a cDNA was PCR-amplified using pcDNA3xFLAG-PGC-1a(WT) and
the primer pair 5’-CTGCTCGGAG GCT GCCAAATAT GCGACCACAAAC-3 (sense) and 5
"-GTTCCACACTTAAGGTGCGTTCAATAG-3" (antisense), where underlined nucleotides
specify EcoR/land Aflllsites, respectively, and italicized nucleotides specify NR3
mutations. The resulting two PCR fragments were mixed and PCR-amplified using the
sense primer used to amplify the 5"-fragment and the antisense primer used to amplify the
3’-fragment. The resulting PCR product was digested with £coR/and Af/// and ligated to
replace the corresponding region of pcDNA3XFLAG-PGC-1a.(WT).

To construct pcDNA3XFLAG-PGC-1a NR(1-2mut), which encodes full-length human
PGC-1a harboring a leucine-to-alanine substitution at residues 88, 89, 92, 144, 147,

and 148, (i) a 5" -fragment of PGC-1a cDNA was PCR amplified using pcDNA3XFLAG-
PGC-1a(NR2mut) and the primer pair 5"-AAAGGATCCATGGCGTGGG-3" (sense)
and 5"-TGTCTCTGTGGOGACTGCTGCCGCOGTTTGCCTC-3 (antisense), and (ii) a 3
“-fragment of PGC-1a cDNA was PCR-amplified using pcDNA3XFLAG-PGC-1a(WT)
and the primer pair 5-GAGGCAAAC GOG GCAGCAGTCGCCACAGAGACAC-3” (sense)
and 5"-TCCATGAATTCTCAGTCTTAACAATTGCAGGGTTTG-3" (antisense), where
underlined nucleotides specify BamH/and EcoR/ sites, respectively, and italicized
nucleotides specify NR1-2 mutations. The resulting two PCR fragments were mixed and
PCR-amplified using the sense primer used to amplify the 5 -fragment and the antisense
primer used to amplify the 3"-fragment. The resulting PCR product was digested with
BamH/ and EcoR/and ligated to replace the corresponding region of pcDNA3XFLAG-
PGC-1a(WT).

To construct pcDNA3xFLAG-PGC-1a.(NR1-3mut), which encodes full-length human
PGC-1a harboring a leucine-to-alanine substitution at residues 88, 89, 92, 144, 147, 148,
210, 211 and 214, pcDNA3xFLAG-PGC-1a(NR1-2mut) was digested with EcoRland Aflll
and ligated to an EcoR/-Aflll fragment of pcDNA3XFLAG-PGC-1a(NR3mut).

Transient transfections of C2C12 MBs—C2C12 MBs were transiently transfected
per 6-cm diameter dish with 2 pg of plasmid DNA using 10 pl of Lipofectamine™ 2000
(Invitrogen), 60 pmol of siRNA using 9 pl of Lipofectamine™ RNAIMAX (Invitrogen),
or 2 ug of plasmid DNA and 60 pmol of siRNA using 13 pl of Lipofectamine™
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2000 (Invitrogen). These relative amounts were scaled up or down, depending on needs.
Manufacturer’s guidelines were followed except that: cells that had reached 50% confluency
were washed with warm PBS (Gibco) and covered with 2 ml of either DMEM (for
transfections using plasmid DNA alone or plasmid DNA and siRNA together) or OPTI-
MEM™ I Reduced Serum Medium (Gibco) (for transfections using siRNA alone). The
transfection mix was then added within 20 minutes. Four-hours post-transfection, 2 ml

of DMEM (Gibco) containing 30% FBS (Gibco) and 1% penicillin/streptomycin (Gibco)
were added. Cells were harvested 32—48-hours post-transfection. Control siRNA was
purchased from Ambion, and custom siRNAs were purchased from Dharmacon (see KEY
RESOURCES TABLE and Table S4).

Western blotting—Cell lysates were prepared using Hypotonic Gentle Lysis Buffer (10
mM Tris [pH 7.4], 10 mM NaCl, 10 mM EDTA, 1% [w/w] Triton X-100, 1x Halt™
Protease and Phosphatase Inhibitor Cocktail EDTA-free (Thermo Fisher Scientific)) and
two 30-second rounds of sonication (Branson Sonifier 250, duty cycle 30%, output control
= 3). Protein was analyzed after adding NaCl to a final concentration of 150 mM. Cell
lysates were electrophoresed in 8%, 10%, or 12% polyacrylamide gels, and proteins were
transferred to a nitrocellulose membrane (Amersham Biosciences) by electroblotting (Bio-
Rad). Antibodies used are listed in the KEY RESOURCES TABLE.

Immunoprecipitations of MB lysates—Total C2C12-cell lysates were prepared as for
Western blotting. For anti-ERRa IPs, the concentration of Triton X-100 in the Hypotonic
Gentle Lysis Buffer was reduced to 0.1 % [v/v]. The NaCl concentration was adjusted to
150 mM, and insoluble debris was pelleted by centrifugation at 16,000¢ for 10 minutes.
After setting aside a fraction of each lysate for analyses before IP, IPs using the rest

were performed as previously described,* except that Dynabeads™ Protein A (Invitrogen)
were used in place of Protein A-Agarose (Roche) for the anti-ERRa IPs. When specified,
antibody-bound beads were incubated with cell lysates, washed twice with NET2 Buffer (50
mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.05% NP-40, 1x Halt™ Protease and Phosphatase
Inhibitor Cocktail EDTA-Free), treated for 15 minutes at 37°C with RNase | (Ambion),
TURBO™ DNase (Invitrogen), and/or Micrococcal nuclease (Cell Signaling), and washed
again five-times with NET2 buffer prior to adding 2xLaemmli Buffer and analysis by
western blotting. RNase | was incubated in the manufacturer’s buffer supplemented with
1x Halt™ Protease and Phosphatase Inhibitor Cocktail EDTA-Free. TURBO DNase or
Micrococcal nuclease was incubated in 50 mM Tris-HCI (pH 7.4), 100 mM NacCl, 0.05%
(v/v) Triton X-100, 10 mM CaClyp, 0.5 mM MgCly, 1x Halt™ Protease and Phosphatase
Inhibitor Cocktail EDTA-Free.

For tandem IPs, FLAG-containing complexes were affinity-eluted from antibody-bound
beads using NET2 Buffer supplemented with 200 pg/mL 3XFLAG peptide (Sigma) and 5%
glycerol (v/v). Elution was overnight at 4°C with rocking.

Immunoprecipitations of MB chromatin fractions—Fractionation of C2C12 MBs
was optimized from a previously published protocol,>® and performed on ice using

freshly prepared RNase-free and 0.2 um-filtered ice-cold buffers. All centrifugations were
performed at 4°C. Four 15-cm dishes of PGC-1a-KD C2C12 MBs transiently expressing
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FLAG or FLAG-PGC-1a(WT) were rinsed with ice-cold PBS, and scraped in ice-cold
PBS containing 5 uM a-amanitin to stall engaged RNAPII on chromatin. Cells were
pelleted at 500g for 5 minutes, and pellets were resuspended in 500 pl of ice-cold HLB+N
Buffer (10 mM Tris-HCI [pH 7.5], 10 mM NaCl, 2.5 mM MgCl,, 0.5% [v/v] NP-40, 20
UM a-amanitin, 1x Halt™ Protease and Phosphatase Inhibitor Cocktail EDTA-Free, 2.5
mg/ml N-ethylmaleimide (Alpha Aesar)) and incubated for 5 minutes on ice to break cell
membranes. Samples were underlaid with 250 pl of ice-cold HLB+NS Buffer (HLB+N
supplemented with 10% [w/v] sucrose) and centrifuged at 3,500¢ for 5 minutes to pellet
nuclei (P1). The supernatant was collected (S1), cleared of any contaminating nuclei by
centrifugation at 16,000¢ for 5 minutes, and the cleared cytoplasmic fraction (S2, typically
700 ul) was stored at =80 °C.

Nuclei (P1) were cleared of any remaining cytoplasmic contamination using a second
centrifugation at 3,500¢ for 5 minutes. Cleared nuclei (P2) were resuspended by pipetting
up and down in 375 ul of ice-cold NUN1 Buffer (20 mM Tris-HCI [pH 8.0], 75 mM

NaCl, 0.5 mM EDTA, 50% [v/v] glycerol, 20 uM a-amanitin, 1x Halt™ Protease and
Phosphatase Inhibitor Cocktail EDTA-Free, 2.5 mg/ml N-ethylmaleimide, 1 mM DTT, 300
U RNase OUT™ (Invitrogen)). Samples were supplemented with 375 ul of NUN2 Buffer
(20 mM HEPES-KOH [pH 7.5], 300 mM NaCl, 0.2 mM EDTA, 7.5 mM MgCly, 1%

[v/v] NP-40, 1 M urea, 20 uM a-amanitin, 1x Halt™ Protease and Phosphatase Inhibitor
Cocktail EDTA-Free, 2.5 mg/ml N-ethylmaleimide, 1 mM DTT, 300 U RNase OUT™), and
nuclei were lysed using five one-second vortex pulses every two minutes for 10 minutes.
Samples were centrifuged at 16,000¢g for 5 minutes to pellet chromatin (P3). The resulting
supernatant (S3) was cleared of any chromatin contamination at 16,000¢ for 5 minutes, and
the cleared nucleoplasmic fraction (S4, typically 700 ul) was stored at —80 °C.

Major modifications of the fractionation protocol®® pertain to solubilizing the chromatin
fraction prior to IP. Chromatin pellets (P3) were washed two times with 750 pl of Chromatin
Washing Buffer (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 10 mM EDTA, 0.1% [wi/V]
Triton X-100), resuspended in 750 pl of Chromatin Lysis Buffer (Chromatin Washing
Buffer supplemented with 20 uM a.-amanitin, 1x Halt™ Protease and Phosphatase Inhibitor
Cocktail EDTA-Free, and 2.5 mg/ml N-ethylmaleimide), and sheared on ice by passage
through a 26-gauge needle ten times followed by two successive 30-second rounds of
sonication (Branson Sonifier 250, duty cycle 30%, output control = 3). NaCl concentration
was adjusted to 150 mM, and lysates were treated with 100 pg/ml RNase A (Thermo Fisher
Scientific) for 15 minutes at room temperature and under gentle rotation. Chromatin was
further solubilized by adding 2 mg heparin (Sigma) per mg of chromatin proteins and gentle
rotation for 1 hour at 4°C. Insoluble debris was pelleted by centrifugation at 16,000g for 10
minutes (P5). The supernatant was collected (S5), cleared of any contaminating nuclei by
centrifugation at 16,000¢g for 5 minutes, and the cleared solubilized chromatin fraction (S6,
typically 700 pl) was pre-cleared using mouse 1gG-Agarose beads (Sigma) for 1 hour at 4°C
with gentle rotation. Anti-FLAG IPs were performed overnight using pre-cleared samples
as described.* FLAG-containing complexes were eluted in three successive steps that each
added 200 pg/mL 3xFLAG peptide (Sigma) in a volume of Chromatin Elution Buffer (50
mM Tris-HCI [pH 7.5], 100 mM NacCl, 0.1% [w/v] Triton X-100, 2.5% glycerol [v/v]) made
1x in Protease and Phosphatase Inhibitor Cocktail EDTA-Free supplemented. The volume
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was equal to the volume of beads, after which beads were pelleted, and the supernatants
were collected and pooled.

To assess fractionation efficacy, cell-equivalent volumes of each fraction were boiled in
1xLaemmli Buffer and analyzed by western blotting.

Immunoprecipitations of mouse tissues—~Flash-frozen mouse tissues (~20 mg) were
lysed in a 2-ml Tissue homogenizing CKMix tube (Precellys) using 500 pl of Hypotonic
Gentle Lysis Buffer (see above) and 30-seconds in a Bead Ruptor 4 Bead Mill Homogenizer
(Omni International). Samples were centrifuged for 10 minutes at 4°C and 12,000g.
Supernatants were collected and sonicated, and IPs were performed as described above.

Sucrose gradient analyses—Using DRB-treated PGC-1a-KD MBs transiently
expressing FLAG-PGC-1a(WT), total solubilized chromatin fractions, or eluates after
anti-FLAG IP of chromatin fractions, were prepared as described above. Samples were
loaded onto 6-40% (w/Vv) sucrose gradients prepared with Chromatin Elution Buffer and
centrifuged for 90 minutes at 4°C and 41,000 rpm in an SWA41 Ti rotor (Beckman

Coulter). Gradients were fractionated into 13 ~0.9-ml aliquots using a Density Gradient
Fractionation system (Brandel). In the case of aliquots deriving from anti-FLAG IPs, sucrose
concentrations were adjusted to ~30%, and proteins were precipitated by adding 1/25
volume of 5% (w/v) sodium deoxycholate salt followed by incubation for 10 minutes at
room temperature. Then, 1/10 volume of a solution of 50 g trichloroacetic acid in 22.7 ml
water was added, and samples were incubated overnight on ice in a 4°C cold room. Proteins
were pelleted for 10 minutes at 4°C and 21,000g. The resulting pellets were washed two
times with 1 ml of ice-cold acetone, air-dried, resuspended in 1xLaemmli Buffer in 100 mM
Tris (pH 8.0), boiled, and analyzed by western blotting.

RT-qPCR—Total-cell RNA (including small RNAs) was extracted from cell pellets or anti-
FLAG immunoprecipitates using TRIzol™ reagent and purified either using a miRNeasy
Mini Kit (Qiagen, including the Optional On-Column DNase Digestion) for C2C12 MB
pellets, or using ethanol precipitation for anti-FLAG IPs and primary MB pellets. RNA was
reverse-transcribed using SuperScript™ 111 Reverse Transcriptase (Invitrogen) and random
primers (Invitrogen) (Figure 5C), or Maxima" H Minus cDNA Synthesis Master Mix
(Thermo Fisher Scientific) (Figures 4H, 6C, S3K,L, and S51,J). RT-gPCR was undertaken
using PerfeCTa SYBR Green SuperMix (Quantabio) and either the 96-well 7500 Fast
Real-Time PCR System (Applied Biosystems) or the 384-well QuantStudio 5 Real-Time
PCR System (Applied Biosystems). RT-gPCR oligos are listed in Table S4.

PRO-seq library preparation and sequencing—Two biological replicates of 2—4

x 108 CTL MBs expressing FLAG, or PGC-1a-KD MBs expressing either FLAG, FLAG-
PGC-1a(WT), or FLAG-PGC-1a.(CBM5mut), were permeabilized as described?® with the
following modifications. Pellets of PBS-washed trypsinized cells were resuspended in 200 pl
of Buffer W, permeabilized in 6 mL of Buffer P for 2 minutes on ice, washed one time with
6 mL of Buffer W, and resuspended at a concentration of 6 x 108 permeabilized cells/mL in
Buffer F. Each centrifugation was performed at 500¢ for 5 minutes.
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PRO-seq libraries from permeabilized MBs were generated and sequenced by the Nascent
Transcriptomics Core at Harvard University as described elsewhere®® with the following
modifications. For each run-on reaction, 0.8 x 108 permeabilized MBs were spiked with 4
x 104 Drosophila S2 cells as a normalization control. Run-on reactions were performed

at 37°C in 2x Nuclear Run-on Buffer (10 mM Tris [pH 8], 10 mM MgCI2, 1 mM

DTT, 300 mM KCI, 20 pM of each biotin-11-NTP (Perkin Elmer), 0.8 U/puL SuperaselN
(Thermo Fisher Scientific), 1% sarkosyl). Both 5’ and 3’ adapters have the same sequences
as used in Reimer et al. (2021),%¢ except that random hexanucleotide unique molecular
identifier (UMI) sequences were added to the 3’ end of the 5’ adapter and 5’ end of

3’ adapter. Adenylated 3’-adapter was prepared using the 5° DNA Adenylation Kit (New
England Biolabs) and ligated using T4 RNA Ligase 2, truncated KQ (New England Biolabs)
per manufacturer’s instructions in a final concentration of 15% PEG-8000, and incubated
overnight at 16°C. Ligations were mixed with 180 L of Betaine Buffer (1.42 g of betaine
brought to 10 mL with Binding Buffer) and incubated for 5 minutes at 65°C and then

2 minutes on ice before adding streptavidin beads. After T4 polynucleotide kinase (New
England Biolabs) treatment, beads were washed once each with High Salt Buffer, Low Salt
Buffer, and Blocking Oligo Wash (0.25x T4 RNA Ligase Buffer (New England Biolabs)
and 0.3 pM blocking oligo), and resuspended in 5’ Adapter Mix (10 pmol 5’ adapter and
30 pmol blocking oligo). 5" adapter ligation was per Reimer et al. (2021),%6 but made

15% in PEG-8000. Eluted cDNA was amplified using five PCR cycles in NEBNext Ultra
I1 Q5 Master Mix (New England Biolabs) and Illumina TruSeq PCR primers RP-1 and
RPI-X following the manufacturer’s suggested cycling protocol for library construction. A
portion of samples prior to PCR amplification was serially diluted to determine optimal
amplification conditions for final library constructions. Pooled libraries were sequenced
using the lllumina NovaSeq platform.

RNA-seq library preparation and sequencing—RNA was extracted from three
biological replicates of PGC-1a-KD MBs expressing either FLAG, FLAG-PGC-1a.(WT),
or FLAG-PGC-1a(CBM5mut) using TRIzol™ reagent, purified by ethanol precipitation,
diluted in 2x Alkaline Fragmentation Solution (12 mM Na,CO3, 88 mM NaHCO3),
incubated for 2-5-minutes at 95°C to generate ~20-100-nucleotide RNA fragments, and
precipitated using ethanol. Note that fragmentation times need to be optimized for each
batch of alkaline-fragmentation solution. Contaminating genomic DNA was degraded using
RQ1 RNase-free DNase (Promega) in the presence of 0.4 U/ul of RNase OUT (Invitrogen).
RNA was purified by phenol extraction and precipitated using ethanol. DNA-free RNA (500
ng) was decapped using RNA 5" pyrophosphohydrolase (RppH; New England Biolabs),
purified using TRIzol extraction, and precipitated overnight at 4°C using isopropanol. RNA
5" and 3" ends were dephosphorylated using recombinant Shrimp Alkaline Phosphatase
(rSAP) (New England Biolabs), rSAP was heat-inactivated, and RNA 5énds were re-
phosphorylated using T4 polynucleotide kinase (T4 PNK, New England Biolabs) in the
presence of RNase OUT. RNA with repaired ends was purified using Monarch® RNA
Cleanup Kit (New England Biolabs). cDNA libraries were prepared using a NEBNext®
Multiplex Small RNA Library Prep Set for Illumina® (New England Biolabs, Version
8.0_10/20 protocol). PCR products of 140-300-bp were size-selected using Pippin HT (Sage
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Science). Libraries were sequenced using Illumina NextSeq 550 System High-Output (2 x
75 bp).

Native RNA-immunoprecipitation (RIP-seq) and RIP-seq footprinting library
preparation and sequencing—Lysates of three biological replicates of PGC-1a-KD
C2C12 MBs expressing either FLAG, FLAG-PGC-1a.(WT), or FLAG-PGC-1a(CBM5mut)
were subjected to IP using anti-FLAG as previously described 4 with the

following modifications. IPs utilized Anti-FLAG® M2 Magnetic Beads (Millipore),
immunoprecipitates were washed twice with NET2 Buffer supplemented to 150 mM NacCl,
twice with NET2 Buffer supplemented to 300 mM NacCl, and once with NET2 Buffer
supplemented to 150 mM NacCl.

For native RIP-seq, contaminating genomic DNA was degraded using RQ1 RNase-

free DNase in the presence of 0.4 U/ul of RNase OUT, and RNA was purified by

phenol extraction and precipitated using ethanol. cDNA libraries were prepared using a
TruSeq RNA Library Prep Kit v2 (Illumina) with the following modification: 20 ng of
immunoprecipitated RNA was not subjected to poly(A)* enrichment but rather directly
fragmented, shortening the fragmentation time to 4 min. Libraries were sequenced using
NovaSeq 6000 Illumina Sequencer (2 x 75 bp).

For RIP-seq footprinting, washed immunoprecipitates were digested on-bead using 2 U/uL
RNase | for 30 minutes at 4°C to generate ~20-100-nucleotide RNP fragments, i.e. PGC-1a
or control RNA footprints (Figure SAE). Immunoprecipitated RNA fragments were purified
using TRIzol™ and precipitated using ethanol. Then, RNA was treated, and cDNA libraries
were prepared and sequenced as described for RNA-seq.

Cleavage under targets and release using nuclease (CUT&RUN) coupled to
gPCR—Cleavage under targets and release using nuclease (CUTANA™ pAG-MNase for
ChiC/CUT&RUN, EpiCypher) was performed using manufacturer instructions (v1.5.2) with
some modifications. For anti-INTS11 CUT&RUN, (i) cells were cross-linked with 1%
formaldehyde in PBS at room temperature for 10 minutes, and crosslinking was quenched
at room temperature for 5 minutes using glycine at a final concentration of 125 mM (after
step 7); (ii) bead-bound cells where blocked with washing buffer supplemented with 2 mM
EDTA (after step 11); (iii) cell-bead suspensions were incubated, at room temperature for
60 minutes, instead of 10 minutes, after adding pAG-MNase (at step 20); (iv) solubilized
chromatin fragments were reverse-crosslinked at 65°C overnight after the addition of SDS
(0.1% final), NaCl (200 mM final), and Proteinase K (20 mg/ml final) (after step 28);

and (v) reverse-crosslinked DNA was extracted using Phenol[pH 8]:Chloroform:1soamyl
Alcohol (25:24:1, v/v) and purified by ethanol precipitation, instead of using the NEB
Monarch DNA Cleanup Kit (at steps 30-31). For anti-FLAG-PGC-1a CUT&RUN, (i)
bead-cell suspensions were incubated at room temperature for 30 minutes, instead of 10
minutes, after adding pAG-MNase (at step 20); and (ii) yeast spike-in DNA was added to a
final concentration of 100 pg/ml (at step 27, yeast spike-in DNA sequence and gPCR oligos
can be found in Table S4).
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Immunocytochemistry staining—Immunocytochemistry staining of cultures of
primary SCs was performed as described.>2

Skeletal muscle injury, tissue sectioning and immunohistochemistry—Skeletal
muscle injury using injection of BaCl, into the tibialis anterior (TA) muscle of WT or
mutant mice was performed as described.>2 Isolation of injured muscles 7 days post-injury,
sectioning and immunohistochemistry were performed as described.52

Microscopy—Immunocytochemistry and immunohistochemistry stainings were imaged
using an Echo Revolve Microscope, and images were processed and analyzed using
ImageJ.5” Sample analysis was conducted in a double-blind manner.

[llustrations—The graphical abstract and the schematics in Figure 1A were created using
BioRender.com. PRO-seq and RNA-seq signal densities were generated using Integrative
Genomics Viewer (v2.9.2).58

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of results represented as histograms or differential
cumulative distributions—For experiments with results represented as histograms or
broken lines with error bars (where results are means = S.D./S.E.M., and n = 3), statistical
significance for comparisons was assessed using the unpaired two-tailed Students$ #test or,
in the case of Figures S51,J, the ratio paired two-tailed Student$ #test using Prism (v9.3.1).
For results represented as differential cumulative distributions (where results are means, n
= 3), statistical significance for comparisons was assessed using the Kolmogorov-Smirnov
test. ¥, P<0.05; *#*, P<0.01; ***, P<0.001; ****, P<0.001; no asterisks, P=

0.05. Statistical significance for comparisons between the observed numbers and expected
Mendelian numbers of live-born pups, by genotype, derived from heterozygous intercrosses
and reached weaning age was assessed using the Xz test.

PRO-seq data analysis—All custom scripts described herein are available on the
AdelmanLab GitHub (https://github.com/AdelmanLab/NIH_scripts). Dual, 6-nucleotide
UMIs were extracted from read pairs using UMI-tools.>® Read pairs were then trimmed
using cutadapt 1.14 to remove adapter sequences and low-quality 3’ bases (--match-read-
wildcards -m 20 -q 10).60 The paired-end reads were then mapped to a combined genome
index, including both the spike (dm6) and primary (mm210) genomes, using BWA-MEM
(-L 100,5).61 Inserts shorter than 25 nucleotides were removed. The remaining read pairs
were then separated based on the genome (i.e. spike-in vs primary) to which they mapped.
Both spike-in and primary reads were independently deduplicated, again using UMI-tools.
Reads mapping to the Mus Musculus mm10 reference genome were separated according to
whether they were R1 or R2, sorted via samtools 1.3.1 (-n),52 and subsequently converted
to bedGraph format using a custom script (bowtie2stdBedGraph.pl). We note that this script
counts each read once at the exact 3’ end of the nascent RNA. Because R1 in PRO-seq
reveals the position of the RNA 3’ end, the “+” and “~" strands were swapped to generate
bedGraphs representing 3’ end positions at single-nucleotide resolution. Samples displayed
highly comparable recovery of spike-in reads. Thus, samples were normalized based on
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sequencing depth. Combined bedGraphs were generated by summing counts per nucleotide
of both replicates for each condition.

Sample Total reads | Uniquely mapped Agreement between
reads (Percentage of replicates (Spearman’s
total) rho)

CTL MBs + FLAG 116,116,729 | 60.33% 0.97

PGC-1a-KD MBs + FLAG 113,517,396 | 60.14% 0.98

PGC-1a-KD MBs + FLAG-PGC-1a(WT) 128,610,850 | 60.85% 0.97

PGC-1a-KD MBs + FLAG- 90,848,827 63.12% 0.97

PGC-1a(CBM5mut)

Refinement of gene annotation (GGA)—To select gene-level features for differential
expression analysis and pairing with PRO-seq data, we assigned a single, dominant
transcription start site (TSS) and transcription end site (TES) to each active gene. This

was accomplished using a custom script, get_gene_annotations.sh (available at https://
github.com/AdelmanLab/GetGeneAnnotation_GGA), which uses RNA-seq read abundance
and PRO-seq R2 reads (RNA 5’ ends) to identify dominant TSSs, and RNA-seq profiles to
define most commonly used TESs. RNA-seq and PRO-seq data from all conditions were
used for this analysis to comprehensively capture gene activity in these samples.

PRO-seq differential expression—Read counts from the dominant transcription start
site (TSS) to the dominant transcription end site (TES) of each gene were calculated, in a
strand-specific manner. Differentially expressed genes were identified using DESeq2.%2 Size
factors were determined using DESeq?2 (for CTL MBs + FLAG: 1.061, 1.010; PGC-1a-KD
MBs + FLAG: 1.229, 1.117; PGC-1a-KD MBs + FLAG-PGC-1a(WT): 0.9720, 1.060;
PGC-la-KD MBs + FLAG-PGC-1a(CBM5mut): 1.077, 0.6196).

DEseq_2 size factors

Sample Replicate 1 | Replicate 2
CTL MBs + FLAG 1.0611648 1.01078469
PGC-1la-KD MBs + FLAG 1.22958216 | 1.11771848
PGC-1a-KD MBs + FLAG-PGC-1a(WT) 0.97209693 | 1.06009376
PGC-1a-KD MBs + FLAG-PGC-1a(CBM5mut) | 1.07704874 | 0.6196903

At P-value threshold of < 0.001 and fold-change > 1.3, 125 genes were identified as both
downregulated in PGC-1a-KD MBs expressing FLAG relative to CTL MBs expressing
FLAG, and upregulated in PGC-1a-KD MBs expressing FLAG-PGC-1a.(WT) relative to
PGC-1a-KD MBs expressing FLAG.

PRO-seq control genes—Unchanged genes were selected based on having |log2FC|

< log2(1.3) and P,y> 0.1 across all comparisons made in the PRO-seq differential
expression analyses. Subsequent filtering included retaining only protein-coding genes at
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least 1 kbp in length. These unchanged genes, alongside the 125 differentially expressed
genes of interest, were subjected to expression-matching (https://github.com/AdelmanLab/
Expression-Matching) to generate a list of control genes (n = 120) matched with the genes of
interest in terms of counts/kbp in the CTL MBs expressing FLAG alone.

PRO-seq upstream antisense RNAs—Upstream antisense RNA (uaRNA) TSSs were
determined for any gene having a divergent partner as called by GGA refinement (63/125
genes of interest, 82/120 control genes).

PRO-seq metagene plots and pausing indices—Read-count matrices were created
around the dominant TSSs (described above) from =500 to +2500 in 25-bp bins (50-bp

for uaRNAS) (all windows herein relative to TSS) using the custom script, make_heatmap.
Binned signal in each condition was averaged across gene lists. To calculate pausing indices,
PRO-seq read counts were summed in the window from the TSS to +150 nt (sense strand)
for each gene, and also from +250 nt to +2250 nt, using the refined annotations described
above. The ratio of signal density in the promoter-proximal region (TSS to +150) relative to
the gene-body region (+250 to +2250) is defined as the pausing index.

RNA-seq and RIP-seq data analysis—Sequencing quality and adapter contamination
were assessed using FastQC v0.10.1.64 Adapter sequences were trimmed using fastp
v0.20.065 with a minimum length of 25 nucleotides and a mean quality of 13

nucleotides at 5’ and 3’ ends. Processed reads were aligned to the mouse reference

genome GRCm38 using STAR v2.7.2¢,56 and this genome was indexed using STAR

by setting --runMode to genomeGenerat. Raw FASTA sequences and annotations were
downloaded from the GENCODE portal. Parameters outFilterScoreMinOverLread and
outFilterMatchNminOverLread were set to 0.3 and 0.5 for RIP-seq footprinting or RNA-seq,
and native RIP-seq datasets respectively. Gene expression values were quantified using
featureCounts v2.0.3%7 and the TSS-TES annotations as described above. Exonic reads were
quantified using featureCounts with parameters -t exon, --fracOverlap 1 and GRCm38v24
annotations. Intronic reads were quantified as the difference in total gene and exonic reads.
Genes with exonic reads = total reads were excluded. Raw read counts were size factor-
normalized using DESeq2.53

Native RIP-seq metagene plots—Bam files of native RIP-seq replicates were merged
using samtools merge.%2 Pooled read counts for anti-FLAG-PGC-1a.(WT) IPs and for
FLAG-PGC-1a(CBM5mut) IPs were individually normalized to pooled read counts for anti-
FLAG IPs and converted to bigwig files using deeptools bamCompare subtract operation.®®
Enrichment read-count matrices were computed around the 5"-end of PGC-1a PRO-seq
MRNA targets, or expression-matched control mRNAs (see above), using deeptools
computeMatrix as described elsewhere.59

Term enrichment analysis—Term enrichment analysis was performed using g:Profiler
(version e105_eg52_p16_e84549f) online tool, selecting the Ensembl ID with the most GO
annotations for each given mouse gene, and otherwise using standard parameters (https://
biit.cs.ut.ee/gplink/l/GjfICShORT).
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Highlights

Complexes of PGC-1a reconfigure during transcription initiation and early
elongation

PGC-1a binding to ERRa, CBP80 and MED1 nucleates P4RC formation
during RNAPII pausing

PARC recruits P-TEFb and also prevents Integrator binding to promote pause
release

Skeletal muscle regeneration in mice is promoted by the PGC-1a CBP80-
binding motif
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Figure 1. PGC-1la complexes with the CBC, Mediator, p-TEFb, ERRa and RNAPII during PPP
(A) Schematic illustrating the effect of culturing cells in the presence of the CDK inhibitors

THZ1 or DRB on early steps of gene transcription, i.e. establishment of promoter-proximal
pausing (PPP) and release of RNAPII from PPP into transcription elongation, respectively.
(B) Western blots (WBs) of lysates of C2C12-MBs that were (+) or were not (-) treated with
THZ1 or DRB, before or after IP in the presence of RNase | using anti(a)-PGC-1a or, as

a control, rabbit (r)IgG. In this WB and others, p-Actin serves to control for variations in
loading and IP specificity, the wedge denotes 3-fold serial dilutions of samples to provide
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semi-quantitative comparisons, and n = 2-3 biological replicates. For this and all other IPs,
cell equivalents in IP lanes relative to before IP lanes are described in Table S1.

(C) As in B, but using anti-CBP80 in place of anti-PGC-1a.

(D) WBs of lysates of PGC-1a-KD MBs transiently transfected with a plasmid (p)
producing 3xFLAG-PGC-1a(WT) (+) or FLAG alone (=) and subsequently treated with
DRB, before IP, after a first IP in the presence of RNase | using anti-FLAG, or after a second
IP on the eluates of the first IP in the presence of RNase I using anti-CBP80 or, as a control,
rlgG. Samples were loaded so that the amounts of CBP80 in the first and second IPs are
equivalent.

(E) WBs of the solubilized chromatin fraction of PGC-1a-KD MBs transiently expressing
3XFLAG-PGC-1a(WT) or FLAG alone (=), before or after IP in the presence of RNase |
using anti-FLAG. elF4Alll serves to control for variations in loading and to control for IP
specificity.

(F) WBs of the solubilized chromatin fraction of PGC-1a-KD MBs transiently expressing
3XFLAG-PGC-1a(WT) and treated with DRB, after fractionation in 6-40% sucrose.
Fractions were analyzed before or after anti-FLAG IP in the presence of RNase I.

See also Figure S1 and Table S1.
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Figure 2. ERRa mediates functional interactions of PGC-1a with CBP80, Mediator and P-
TEFb, and is required for the PARC to compete against Integrator for CBC binding

(A) WBs of lysates of WT or PGC-1a-KD MBs treated with DRB prior to lysis, before or
after IP in the presence of RNase | using anti-CBP80 or, as a control, rlgG.

(B) Diagrams of human PGC-1a variants used in C, where red letters denote mutated amino
acids in nuclear receptor (NR)-binding LxxLL/LLxxL motifs. RS, arginine- and serine-rich
domain; CBM, CBP80-binding motif. Numbers specify amino acids.
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(C) WBs of lysates of PGC-1a-KD MBs transiently transfected with the specified plasmid
before or after IP in the presence (+) or absence (=) of RNase | using anti-FLAG. PABPC1
serves to control for RNase I-sensitive interactions.

(D) WBs of lysates of WT MBs that were transiently transfected with Erra or control

(Ctl) siRNA and treated with DRB, before or after IP in the presence of RNase I using
anti-PGC-1a, anti-CBP80 or, as a control, rigG.

See also Figure S2 and Table S1.
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Figure 3. PGC-1a binding to CBP80 and Mediator promotes the recruitment of P-TEFb rather
than Integrator to the CBC

(A) Diagrams of human PGC-1a, as in Figure 2B but illustrating other PGC-1a variants

used in B.

(B) WBs, essentially as in Figure 2C.
(C) WBs, essentially as in Figure 2D.
(D) WBs, essentially as in Figure 2D.
See also and Table S1.
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Figure 4. PGC-1la binding to CBP80, MED1 and ERRa promotes gene transcription by
promoting PPP release and preventing early transcription termination

(A) Heatmap representation of raw-scaled full-gene PRO-seq log,-fold changes in the
specified MBs, for genes whose levels are significantly (£< 0.01) downregulated at
least 1.3-fold after PGC-1a-KD and upregulated at least 1.3-fold after re-expression of
FLAG-PGC-1a(WT). Genes are ranked by CBM-dependency, where the least efficient
rescue of PRO-seq signal after re-expression of FLAG-PGC-1a(CBM5mut) relative to
FLAG-PGC-1a(WT) is at the top. Results are means (n = 2 biological replicates). Genes
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indicated with arrows are used in subsequent experiments. TSS, transcription start site; TES,
transcription end site.

(B) Asin A, but representing RNA-seq log,-fold changes. Results are means (n =3
biological replicates).

(C) Differential cumulative distribution of the average (n = 3 biological replicates) changes
in the abundance of MRNAs measured by RNA-seq in PGC-1a KD MBs transiently
expressing FLAG-PGC-1a(WT) relative to FLAG-PGC-1a(CBM5mut). **** P < 0.0001
comparing PRO-seq PGC-1a-responsive genes (red line) with non-target genes (blue line)
using a Kolmogorov-Smirnov test.

(D) As in A, but representing raw-scaled log,-fold changes in pausing indices. Results are
means (n = 2 biological replicates).

(E) Scatter plot representation of gene-scaled log,-fold changes in pausing indices for

the specified MBs. Horizontal bars indicate mean values. P-values compare the indicated
conditions using a nonparametric Wilcoxon matched-pairs signed rank test. ****, p<
0.0001.

(F) Average distribution of PRO-seq signal (n = 2 biological replicates) at and around the
TSS of the 125 PGC-1a-responsive genes identified in A. Read counts are summed in
non-overlapping 25-nucleotide bins.

(G) Histogram representations of CUT&RUN gPCR quantitations of INTS11 binding, in the
specified MBs, to the promoter (left) or PPP site (right) of three PGC-1a CBM-activated
genes, where values were normalized to binding values obtained for the corresponding
locations in the Gapah gene. Results are means + S.D. (n = 4 biological replicates). Here
and in histograms below, ~-values compare the specified MBs using a two-tailed unpaired
Student’s #test. *, P< 0.05; **, P< 0.01; ***, P<0.001; no asterisks, A= 0.05. Asterisk
color corresponds to gene color.

(H) Histogram representations of RT-gPCR quantitations of pre-mRNA (top) and mRNA
(bottom) from three PGC-1a(CBM)-responsive genes, normalized to the geometric mean
of Hprtand Gapadh mRNA levels using lysates of the specified MBs. Results are means +
S.E.M. (n = 3 biological replicates). P-values are as shown in G.

See also Figure S3 and Table S2.

Mol Cell. Author manuscript; available in PMC 2024 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rambout et al.

Page 39

A RIP-seq B
MBs PGC-1a-KD PGC-1a-KD —— PRO-seq CBM-responsive genes (n = 125)
p3xFLAG- s s5 —— non-targets (n = 14,617)
s 8§ s 8§
PGC-1a | (S]] | (ST
1.0 — —— exonic reads intronic reads
4 =—=
2 —— = P <0.0001 P <0.0001
[ o ko .
05 ;- 8 0.8 - (***) (xr4x)
S e
g — £ 06
ki 2
0 N == § 04 1
(&) — ]
= —_— g 0.2 1
-0.5 @ o
: 8 0
x 2 1 0 1 22 1 0 1
A — Log, fold-changeyative rip-seq
exonic reads intronic reads (FLAG-PGC-1a(WT) / FLAG-PGC-1a(CBM5mut))
C D
W /sg15 Bst2 W Parp10 W Hprt —— FLAG-PGC-1a(WT)
= ——  FLAG-PGC-1a(CBM5mut)
mRNA pre-mRNA S .
g E 0.4
£ @
<5 6 ol
g2t ¢35 02
[5) ga §
g
o
82> 22 00+
kS S}
Q | =
< o 5 .02
p3xFLAG- Q :
PGC-1a ® T T T T T 1
g -200 -100 O 100 200 300 400
MBs PGC-1a-KD PGC-1a-KD Distance to mRNA 5"-end (nt)
E _ PRO-seq CBM-responsive genes (n = 87) F W /sg15
—— non-targets (n = 10,658) Bst2
W Parp10
FLAG-PGC-1a(WT) FLAG-PGC-1a(CBM5mut) FLAG-PGC-1a(WT) - 15 .
1 FLAG FLAG FLAG-PGC-1a(CBMBmut) 5 L
c P =0.0006 P=0.3473 P =0.0011 E <2 e
Log e {ms) {0 SF 310
[T S cn
© o= 9
<06 . ] £ d2
2 £5 505
T 0.4 - 1 1 E9
3 o
g 0.2 1 1 1 o 0.0 A
o p3xFLAG-
0 PGC-1a

41 05 0 05 1414 05 0 05 1-1 -05 0 05 1
Lng fOId'changeRlP-seqfootprinting, first exon

PGC-1a-KD MBs
+THZ1

Figure 5. PGC-1a CBM and NR motifs positively regulate PPP dynamics via binding to CBP80

at the 5" end of transcripts and to ERRa at gene promoters, respectively

(A) Heatmap representation of raw-scaled RNA-seq logo-fold changes in anti-FLAG IPs
(i.e. native RIP-seq) using lysates of the specified MBs and exonic (left) or intronic (right)
Illumina reads mapped to transcripts from genes shown in Figure 4A. Results are means (n =

3 biological replicates).

(B) Differential cumulative distribution of the average (n = 3 biological replicates) relative
enrichment of exonic (left) or intronic (right) Illumina reads in anti-FLAG IPs (native RIP-
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seq) in lysates of PGC-1a KD MBs transiently expressing FLAG-PGC-1a.(WT) relative

to FLAG-PGC-1a(CBM5mut). Here and in differential cumulative distributions below,
P-values compare PRO-seq CBM-responsive genes (red) or non-target genes (blue) using

a Kolmogorov-Smirnov test.

(C) Histogram representations of RT-gPCR quantitations of mRNA (left) and pre-mRNA
(right) from three PGC-1a.(CBM)-responsive genes and control gene Hprt, after anti-FLAG
IP relative to before IP using lysates of the specified MBs, where values for PGC-1a-KD
MBs expressing FLAG were set to 1. Here and in histograms below, results are means

+ S.D. (n = 3 biological replicates), P-values compare the indicated conditions using a
two-tailed unpaired Student’s #test., £< 0.05;, < 0.01;, < 0.001; no asterisks, 2= 0.05.
Asterisk color corresponds to gene color.

(D) Average distribution (n = 3 biological replicates) of the relative enrichment of Illumina
reads in anti-FLAG IPs using lysates of PGC-1a-KD MBs expressing FLAG-PGC-1a(WT)
or FLAG-PGC-1a(CBM5mut), relative to PGC-1a-KD MBs expressing FLAG alone, for
the 5’-region of transcripts from genes shown in A. Relative read counts are summed in
non-overlapping 25-nucleotide bins.

(E) As B, but showing the average (n = 3 biological replicates) relative enrichment of
[llumina reads mapping to first exons in RNase I-treated anti-FLAG IPs (i.e. RIP-seq
footprinting) from PGC-1a KD cells transiently expressing the specified constructs. Only
genes for which first-exon footprints were identified in each IP are included.

(F) Histogram representations of CUT&RUN-gPCR quantitations of FLAG or the specified
FLAG-PGC-1a variant binding to the promoter of three PGC-1a. CBM-activated genes

in THZ1-treated PGC-1a. KD MBs. Values for PGC-1a KD MBs expressing FLAG-
PGC-1a(WT) are set to 1. P-values are as shown in C.

See also Figure S4.
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Figure 6. The PARC is conserved in mouse skeletal muscle tissues and mediates the

differentiation of primary MBs and muscle regeneration

(A) Location of the CRISPR-Cas9-induced point-mutations inserted into both alleles of the
mouse Ppargcla gene to generate the PGC-1a (CBM)PMutSmut moyse line. Large red letters
above the gene sequence indicate changes in CBM residues that were made.

(B) WBs of lysates of primary MBs derived from male (&) PGC-1a(CBM)>m/5mut o
PGC-1a(CBM)""" mice, that were (+) or were not (-) treated with DRB, before or after IP

in the presence of RNase | using a-CBP80 or, as a control, rigG.
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(C) As Figure 4H, but using lysates of primary MBs derived from male
PGC-1a(CBM)Pmutsmut or pGC-1a(CBM)Y" mice. Here and for histograms

below, results are means £ S.D. (n = 3 biological replicates), P-values compare
PGC-1a(CBM)Pmutsmit gnd pGC-1a(CBM)"W using a two-tailed unpaired Student’s #
test. *, P< 0.05; **, P<0.01; ***, < 0.001; no asterisks, A= 0.05.

(D) Histogram representations of the percentage of proliferating primary MBs
(MyoD*/Ki67*, gray bars) and myocytes (MyoG™, black bars) derived from male
PGC-1a(CBM)Pmutsmut or pGC-1a(CBM)VWE 72-hours post-isolation of SCs (n = 4
mice).

(E) Representative images of immunofluorescence staining of Myaosin (green) and
nuclei (DAPI, blue) in SC cultures derived from male PGC-1a(CBM)>mut/5mut o
PGC-1a(CBM)""" 96-hours post-isolation.

(F) Histogram representations of the fusion index, i.e. the percentage of cells having = 3
nuclei, of SCs isolated and cultured as in E (n = 4 mice).

(G) Representative images of immunofluorescence staining of eMHC (green), Laminin
(red), and nuclei (DAPI, blue) in transverse sections of injured tibialis anterior (TA)
muscles from male PGC-1a(CBM)>Musmut or pGC-1a(CBM)"*" mice, isolated 7-days
post BaCl,-induced injury (7 dpi).

(H) Histogram representations of the percentage of eMHC-positive centrally nucleated
fibers (CNFs) in transverse sections of regenerating TA muscles (n =3 mice).

(1) As in H but for the cross-sectional area (CSA) of CNFs (n = 3 mice).

See also Figures S5,6 and Table S1.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-PGC-la Novus NBP1-04676
Anti-PGC-1al/-a Santa Cruz Biotechnology sc-518025
Anti-FLAG-HRP Sigma A8592
Anti-FLAG Sigma-Aldrich F1804
Anti-CBP80 Bethyl Laboratories or gift from Yoon A301-793A N/A
Ki Kim
Anti-CBP20 Santa Cruz Biotechnology sc-48793
Anti-MED1 Santa Cruz Biotechnology sc-5334
Anti-MED4 Abcam ab129170
Anti-MED14 Invitrogen PA5-44864
Anti-CDK9 Santa Cruz Biotechnology sc-484 or sc-13130
Anti-Cyclin T1 Cell Signaling 81464
Anti-MEF2 (MEF2A + MEF2C) Abcam ab64644
Anti-ERRa Cell Signaling 13826
Anti-ERa Proteintech 21244-1-AP
Anti-RNAPII (total) Millipore 05-623
Anti-RNAPI1(pS5) Abcam ab5131
Anti-RNAPII(pS2) Abcam ab5095

Anti-elF4AIII Bethyl Laboratories or Santa Cruz A302-981A sc-33632
Biotechnology

Anti-MAGOH Santa Cruz Biotechnology sc-56724

Anti-INTS3 Proteintech 16620-1-AP

Anti-INTS10 Proteintech 15271-1-AP

Anti-INTS11 Sigma-Aldrich HPA029025

Anti-PABPC1 Abcam ab21060

Anti-p-Actin Sigma-Aldrich A2228

Anti-a-Tubulin Santa Cruz Biotechnology sc-58666

Anti-GAPDH Cell Signaling 2118

Anti-Calnexin Enzo ADI-SPA-865

Anti-NONO Bethyl or Santa Cruz Biotechnology A300-582A sc-46220

Anti-Histone H3 Abcam ab1791

Goat anti-Mouse 1gG (H+L) Poly-HRP Secondary Antibody, HRP Invitrogen 32230

Goat anti-Rabbit 1gG (H+L) Secondary Antibody [HRP] (Pre-adsorbed) Novus NBP1-75318

Peroxidase IgG Fraction Monoclonal Mouse Anti-Rabbit IgG, light chain Jackson ImmunoResearch 211-032-171

specific

Clean-Blot™ IP Detection Reagent (HRP) Thermo Fisher Scientific 21230

Anti-PAX7 Developmental Studies Hybridoma AB_528428

Bank
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-MyoD BD Biosciences 554130
Anti-Ki67(Alexa 488) Cell Signaling 11882S
Anti-MyoG Abcam ab124800
Anti-Skeletal muscle myosin Sigma Aldrich HPA1239

Anti-eMHC Developmental Studies Hybridoma BF-45 and F1.652
Bank

Anti-Myosin heavy chain Type | Developmental Studies Hybridoma BA-D5
Bank

Anti-Myosin heavy chain Type I1A Developmental Studies Hybridoma SC-71
Bank

Myosin heavy chain Type 11B Developmental Studies Hybridoma BF-F3
Bank

Anti-Laminin Sigma-Aldrich L0663

Goat anti-Mouse 1gG2b Cross-Adsorbed Secondary Antibody, Alexa Invitrogen A-21144

Fluor™ 568

Goat anti-Mouse 1gG1 Cross-Adsorbed Secondary Antibody, Alexa Invitrogen A-21126

Fluor™ 633

fg;t anti-Mouse IgG, IgM (H+L) Secondary Antibody, Alexa Fluor™ Invitrogen A-10680

Bacterial and virus strains

One Shot™ MAX Efficiency™ DH5a-T1R Competent Cells | Invitrogen | 12297016

Biological samples

NIA | |

Chemicals, peptides, and recombinant proteins

DMEM, high glucose, pyruvate Gibco 11995-065

Ham’s F-10 Nutrient Mix Gibco 11550-043

Trypsin-EDTA (0.25%), phenol red Gibco 25200-056

Avantor Seradigm Premium Grade Fetal Bovine Serum (FBS) VWR 97068-085

Horse Serum, New Zealand origin Gibco 16050-114

Penicillin-Streptomycin (10,000 U/mL) Gibco 15140-122

Hexadimethrine bromide (Polybrene) Santa Cruz Biotechnology SC134220

Puromycin Gibco A11138-03

Hepes Gibco 15630-106

Collagenase Type Il Gibco 17101-015

Dispase Gibco 17105-041

GlutaMAX™ Supplement Gibco 35050-061

Primocin InvivoGen ant-pm-1

Basic Fibroblast Growth Factors (bFGF), Human Recombinant Corning 354060

Matrigel® Basement Membrane Matrix Coming 354234

a-amanitin Santa Cruz Biotechnology CAS 23109-05-9
THZ1 APEXBIO A8882
5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside (DRB) Sigma-Aldrich D1916
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Trypan Blue Stain (0.4%) Gibco 15250-061
Lipofectamine™ 2000 Invitrogen 11668019
Lipofectamine™ RNAIMAX Invitrogen 13778075
Opti-MEM™ | Reduced Serum Medium Gibco 31985070
PBS, pH 7.4 Gibco 10010023
Halt™ Protease and Phosphatase Inhibitor Cocktail Thermo Fisher Scientific 78442
N-ethylmaleimide Alpha Aesar 40526
Protein A-Agarose Roche 10037256
Dynabeads™ Protein A Invitrogen 10002D
ANTI-FLAG® M2 Affinity Gel Sigma-Aldrich A2220
Anti-FLAG® M2 Magnetic Beads Millipore M8823
Mouse IgG-Agarose Sigma-Aldrich A0919
Ambion™ RNase I, cloned, 100 U/uL Ambion AM2295
RNase A, DNase and protease-free Thermo Fisher Scientific ENO0531
TURBO™ DNase Invitrogen AM2238
Micrococcal Nuclease (MNase) Cell Signaling 10011
3xFLAG® peptide Sigma-Aldrich F4799
Heparin sodium salt from porcine intestinal mucosa Sigma-Aldrich H3393
TRIzol™ Reagent Invitrogen 15596018
Maxima™ H Minus cDNA Synthesis Master Mix Thermo Fisher Scientific M1662
Superscript™ 111 Reverse Transcriptase Invitrogen 18080093
dNTP Mixture Omega S123315
Random Primers Invitrogen 58875
RNase OUT™ Recombinant Ribonuclease Inhibitor Invitrogen 10777019
SUPERase-In™ RNase Inhibitor Invitrogen AM2696
PerfeCTa SYBR Green SuperMix, ROX™ Quantabio 95055-02K
PerfeCTa SYBR Green SuperMix, Low ROX™ Quantabio 95056-02K
T4 RNA ligase 2, truncated KQ New England Biolabs M0373
RNA 5" pyrophosphohydrolase (RppH) New England Biolabs MO0356S
T4 polynucleotide kinase (T4 PNK) New England Biolabs MO0201L
NEBNext® Ultra™ 11 Q5® Master Mix New England Biolabs MO0544
SYBR™ Gold Nucleic Acid Gel Stain Thermo Fisher Scientific 511494
RQ1 RNase-free DNase Promega M6101
Shrimp Alkaline Phosphatase (rSAP) New England Biolabs MO0371L
Cas9 2NLS Nuclease Synthego N/A
AccuStart 11 GelTrack PCR SuperMix Quantabio 95136
Cas9 2NLS Nuclease Synthego N/A
Recombinant Murine IFN-y Prepotech 50-813-665
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Critical commercial assays

Satellite Cell Isolation Kit, mouse Miltenyi Biotec 130-104-268
Anti-Integrin a-7 MicroBeads, mouse Miltenyi Biotec 130-104-261
miRNeasy Mini Kit Qiagen 217004
RNase-Free DNase Set Qiagen 79254
RiboMinus™ Eukaryote Kit v2 Thermo Fisher Scientific A15020

5" DNA Adenylation Kit New England Biolabs E2610
Monarch® RNA Cleanup New England Biolabs T2040

Gel Cassettes, Pippin HT, 2% agarose Sage Science HTC2010
NEBNext® Multiplex Small RNA Library Prep Set for [llumina® New England Biolabs E7560

TruSeq RNA Library Prep Kit v2 Hlumina RS-122-2001/2
CUTANA™ ChIC/CUT&RUN Kit EpiCypher 14-1048
NucleoBond® Xtra Maxi EF Macherey-Nagel 740424.50
Deposited data
PRO-seq, RNA-seq, native RIP-seq, and RIP-seq footprinting from This paper GSE197312
C2C12 MBs
Original imaging data This paper doi:10.17632/39mxx
dfkdn.1
Experimental models: Cell lines
C2C12 MBs ATCC CRL-1772™
HEK293T cells ATCC CRL-3216™
CTL C2C12 MBs This paper N/A
PGC-1a-KD C2C12 MBs This paper N/A
Experimental models: Organisms/strains
C57BL/6J mice The Jackson Laboratory 000664
PGC-1a(CBM)Pmutsmut C57BL /6] mice This paper N/A
Oligonucleotides
PCR primers for the generation of constructs: see Table S4 This paper see Table S4
Gene-specific ShRNA and siRNA sequences: see Table S4 This paper see Table S4
SilencerTM Negative Control No.1 siRNA Ambion N/A
RT-gPCR primers: see Table S4 This paper see Table S4
CUT&RUN-gPCR primers: see Table S4 This paper see Table S4
CUT&RUN Spike-in DNA sequence: see Table S4 This paper see Table S4
Protospacer sequence used to generate CBM sgRNA: see Table S4 This paper see Table S4
Single-stranded oligodeoxynucleotide repair template to introduce 5 point | This paper see Table S4
mutations in the CBM of the mouse Ppargclagene: see Table S4
Recombinant DNA
pcDNA3XFLAG Cho et al., 2018 N/A
pcDNA3XFLAG-PGC-1a(WT) Choetal., 2018 N/A
pcDNA3XFLAG-PGC-1a(NR1mut) This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3XFLAG-PGC-1a(NR2mut) This paper N/A
pcDNA3XFLAG-PGC-1a(NR3mut) This paper N/A
pcDNA3XFLAG-PGC-1a(NR1-3mut) This paper N/A
pcDNA3XFLAG-PGC-1a(ARS) Choetal., 2018 N/A
pcDNA3XFLAG-PGC-1a(ACBM) Choetal., 2018 N/A
pcDNA3XFLAG-PGC-1a(CBM5mut) Choetal., 2018 N/A

VSV-G plasmid Addgene 8454
pCG-gag-pol plasmid Choetal., 2018 N/A
MISSION shRNA pLKO.1-puro plasmid Choetal., 2018 N/A
pRetroSuper-GFP-shRNA plasmid Choetal., 2018 N/A
Software and algorithms

CRISPOR Haeussler et al., 2016 N/A

ImageJ Schneider et al., 2012 N/A
Integrative Genomics Viewer (v2.9.2) Robinson et al., 2017 N/A

Prism9 GraphPad N/A

Custom PRO-seq analysis scripts AdelmanLab GitHub DOI 10.5281/

zenodo.5519915

fastP (v0.20.0) Chenetal., 2018 N/A
STAR (v2.7.2¢c) Dobin et al., 2013 N/A
featureCounts (v2.0.3) Liao etal., 2014 N/A
DESeq2 Love et al., 2014 N/A
Other

N/A
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