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In brief

Sica et al. show that the circadian clock in
the brain controls daily rhythms in muscle
stem cells. These rhythms affect stem cell
metabolism and repair capacity, even in
the absence of a local clock. The findings
reveal how central signals shape tissue-
specific stem cell functions through
systemic cues like feeding.
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The central clock drives metabolic rhythms
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SUMMARY

Satellite cells (SCs), the skeletal muscle resident stem cells, maintain a state of quiescence yet exhibit robust
circadian oscillations at the transcriptional level. How SC circadian rhythms are controlled is not well under-
stood. Here, we use SC-specific reconstitution of the essential clock gene Bmall in mice to elucidate the role
ofthelocal SC clock and its interplay with the central clock in the brain. We find that 24-h rhythmicity of metabolic
genes in SCs depends on central clock inputs, independent of the SC clock, and identify rhythmic feeding-fast-
ing cycles as the key brain clock-dependent output controlling their oscillation. Functionally, central signals
regulate SC metabolic state and SC-mediated muscle repair, and we identify intact autophagic function as a pre-
requisite for correct oscillation of metabolic transcripts. Overall, we show that the central clock acts dominantly
via feeding-fasting cycles to control rhythmic gene expression and metabolic state in quiescent SCs.

INTRODUCTION

The Earth’s 24-h rotation generates a light-dark cycle to which
most organisms’ behavior is synchronized. This synchronization
is mediated by circadian clocks that allow cyclic environmental
changes to be anticipated.” In mammals, the central clock in
the hypothalamic suprachiasmatic nucleus (SCN) receives light
input from the retina and subsequently sends entrainment sig-
nals to reset clocks in peripheral tissues.” At a cellular level,
circadian clocks are composed of a set of transcription factors
(TFs) encoded by core clock genes, which form interlocked tran-
scriptional-translational feedback loops to control 24-h rhythms
of expression of output genes. Bmall is essential for behavioral
circadian rhythmicity,® and reconstitution of Bmal1 in the brain of
an otherwise Bmall null mouse is sufficient to restore behavioral
rhythms such as the feeding-fasting cycle.” Recent evidence
suggests that most peripheral clocks can oscillate, to varying ex-
tents, without input from the central SCN clock.”~*? In these con-
ditions, however, peripheral clocks have a limited ability to drive
transcriptional output, suggesting that SCN clock-driven outputs
synergize with peripheral clocks to support a more complete

circadian function in peripheral tissues.”*° In particular, circa-
dian output can be altered by changes in the external environ-
ment (e.g., food availability or diet composition)**>~*° or by sig-
nals emanating from other peripheral clocks.”**~*¢

We have recently demonstrated the importance of circadian
communication between the brain and whole muscle for normal
muscle function and homeostasis.®° Skeletal muscle homeosta-
sis is also dependent on satellite cells (SCs), the resident stem
cells of muscle that, in the adult, remain quiescent unless acti-
vated to repair damage. Previous work has shown that quiescent
SCs have circadian transcriptional rhythms.*® While various
whole tissues, including skeletal muscle,®%?%?! receive key
circadian signals from the central clock, itis less clear how rhyth-
micity depends on local versus central clock input in individual
cell types, particularly stem cells. Here, we investigate the
communication from the central to the local SC clock. We
demonstrate that reconstitution of the SC local clock alone has
a minimal impact on circadian SC regulation and homeostasis,
while central clock input (even in the absence of the local clock)
drives the oscillation of metabolic genes and sustains the early
phases of muscle regeneration. Furthermore, we demonstrate
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that rhythmic feeding cycles are the key input from the central
clock that drives metabolic gene oscillations in SCs. Lastly, we
find that SCs lacking autophagy have rhythmic disruption of
metabolic transcripts as well as de novo oscillations, indicating
inter-regulation between circadian and autophagy pathways
in SCs.

RESULTS

Brain-to-SC clock communication restores rhythmicity
of the core clock machinery

To investigate the contribution of local and central inputs
on circadian function in SCs, we induced expression of the
essential clock gene Bmall (also known as Arntl) specifically in
SCs of mice that are otherwise Bmall deficient (Bmal1-Stop™";
Pax7CreER" ) (SCRE).>%?? We used wild-type (WT) littermates
and complete Bmall-knockout (KO) mice (Bmall-Stop™F!) as
controls. In addition, we generated brain-specific reconstituted
(Bmall-Stop™"; sSytioCre” ) (BRE)*?* and brain- plus
SC-specific reconstituted (Bmall-Stop™Ft; Pax7CreER* ;
Syt10Cre™ ) (B+SC-RE) mice (Figure 1A). We injected 6-week-
old mice with tamoxifen for 4 consecutive days (Figure S1A) to
induce expression of Bmall via Pax7CreER activation and exci-
sion of the stop cassette within Bmall in SCs. We housed all
mice in a 12:12-h light:dark cycle with ad libitum access to
food and water. To minimize the potential influence of the severe
muscle phenotypes of global Bmal1-KO mice,?* we sacrificed all
mice at 11-12 weeks of age. Finally, we isolated SCs from skel-
etal muscles by fluorescence-activated cell sorting (FACS) after
staining with specific antibodies to detect quiescent SCs from
each genotype (Figure S1B) and confirmed that the BMAL1 pro-
tein was restored in SCs from SCRE and B+SC-RE mice, as ex-
pected (Figure S1C). The absence or presence of Bmall did not
affect the number of SCs (Figures S1D and S1E); thus, we
consider these cells to be quiescent.

To assess the 24-h SC transcriptome of each genotype, we
FACS-isolated SCs (Figure S1B) every 4 h, for a total of 6 time
points (Figure 1B), and performed low-input RNA sequencing
(RNA-seq).”®> We then assessed clock function by analysis of
core clock gene oscillations in each genotype (WT, KO, SCRE,
BRE, and B+SC-RE) (Figures 1C, 1D, and S1F). As expected,
the core clock (genes encoding proteins that are necessary for
generating and controlling the timing of circadian rhythms) was
severely disrupted by Bmall depletion in SCs from KO mice.
SC-specific restoration of Bmall (SCRE) only rescued four out
of 15 core clock genes (Clock, Perl, Cry2, and Rorc)
(Figures 1C, 1D, and S1F), and Bmall itself showed only a
weak and mistimed oscillation (Figures 1C and 1D). Dampened
oscillations were also observed for Dbp, Per2, and Nrldl
(Figures 1C and 1D). Hence, the local SC clock has limited auton-
omy under these conditions. When we restored Bmall solely in
the brain (BRE), only four out of 15 core clock components oscil-
lated in SCs (Perl, Per2, Cry2, and Rorc) (Figures 1C, 1D, and
S1F), and only Cry2 and Rorc exhibited the correct phase and
amplitude (Figures 1C and 1D). Notably, when Bmall was simul-
taneously restored in the brain and SCs (B+SC-RE), the majority
of core clock genes oscillated identically to the WT (Figures 1C
and 1D), except for three genes: Perl, Bhlhe4l, and Per3
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(Figure S1F). These results suggest that local SC Bmall is not
sufficient to support core clock gene oscillations in these cells,
while the integration of central inputs (from BRE) by local SC
Bmall (B+SC-RE) is necessary and sufficient to drive core clock
rhythmicity (Figures 1C and 1D).

Central clock-driven input restores metabolic gene
oscillations in SCs independently of the local clock

We next wanted to identify the contributions of the local versus
central clock in the regulation of daily transcriptional rhythms in
SCs, which reflect the circadian output genes in these cells.
For this, we used dryR,?® an algorithm developed to stratify
genes into models based on their rhythmic behavior across mul-
tiple conditions, to classify SC rhythmic genes in the Bmall WT,
KO, and specific reconstitution genotypes (SCRE, BRE, and B
+SC-RE) (Figures 1A, 2A, and S2; Table S1; Data S1). Of the
960 oscillatory genes identified in WT SCs, 840 (87.5%) lost
oscillation in Bmall-KO mice. Restoring Bmall solely in SCs
(SCRE) rescued the oscillation of only 326 (34%0) genes, whereas
restoring Bmall in the brain (BRE) rescued 572 genes (59.6%).
Simultaneous reconstitution of Bmall in the brain and SCs (B
+SC-RE) was not additive, with 564 genes (58.8%) rescued in
this condition (Figure 2B).

Focusing on physiological oscillations (that is, genes that also
oscillate in the WT), we ranked dryR models based on the num-
ber of oscillating genes (Figure 2C). The largest WT-containing
model comprised 220 genes that simultaneously oscillated in
BRE and B+SC-RE, which we refer to as “centrally driven,” as
they oscillate in the presence of only the central clock and thus
do not require the local SC clock (Figure 3A). Reconstitution of
Bmall at the central level confers behavioral rhythmicity of the
feeding-fasting cycle.” Enrichment analysis using the Molecular
Signature Database (MSigDB) identified that these centrally
driven genes are enriched for terms involved in lipid metabolism
(Figures 3A and S3A). Similar results were found using DAVID
gene ontology (GO) analysis (Figure S3B). These genes typically
peak during the early rest phase (zeitgeber time [ZT]0-4, phase
plot in Figure 3A), suggesting regulation of lipid metabolic
pathways during this period. We further tested whether the
local clock was dispensable for oscillation of this gene set by
using an inducible mouse model of Bmall depletion in SCs
(Bmall P®7ER)inwhich, due to the absence of Bmal1, core clock
gene oscillations are severely compromised (Figures 3B and
S3C; Table S2; Data S2). In Bmall P&7ER mice and their respec-
tive Bmal1" controls, we observed clear oscillation of the cen-
trally driven gene set in SCs (Figure S3D), including the subset of
lipid metabolic genes (Figure S3E), further confirming their inde-
pendence from the local SC clock. GO analysis of the SC circa-
dian transcriptome from these mice also revealed that lipid
metabolic gene oscillations were independent of the SC clock
(Figures 3B and S3F). Indeed, genes involved in lipid metabolism
(such as Apoe, LdIr, Cyp51, and Fdft1) followed very similar pat-
terns in the two independent datasets (Figures 3C and S3G).
HOMER analysis predicted several TF motifs that may be
involved in mediating central clock-driven signals (Figure 3D).
Together, these data suggest that transcriptional oscillations of
lipid metabolic genes in SCs are independent of the local clock
and instead depend on central clock-dependent input.
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Figure 1. Dual restoration of Bmall in the brain and satellite cells is required for satellite cell clock rhythmicity

(A) Mouse genetic scheme.

(B) Experimental workflow. Light and dark bars refer to 12-h light and 12-h dark phases, respectively. n of 4-8 mice per genotype per time point (males and
females) (also applies to C and D).

(C) DryR rhythmicity analysis of core clock genes in satellite cells. Only genes designated as rhythmic in WT satellite cells were considered.

(D) Clock gene expression in satellite cells. Bmall is also known as Arntl; Nrld1 and Nr1d2 are also known as Reverb and Reverb , respectively. The high and
constant Bmall signal observed in KO represents a truncated version of the Bmall transcript present in this model and does not produce a functional protein (see
also Figure S1C). Data are displayed as average + SEM.

(B) was created using BioRender.com. TPM, transcripts per million mapped reads; ZT, zeitgeber time; WT, wild type; KO, Bmall total knockout; SCRE, Bmall
reconstitution in satellite cells only; BRE, Bmall reconstitution in brain only; and B+SC-RE, Bmall reconstitution in brain and satellite cells.

See also Figure S1.

Autonomous and peripheral clock input influences SC
transcriptional rhythmicity

We also considered a potential “autonomous” role of SC Bmall
in driving transcriptional oscillations (i.e., the expression of
Bmall in SCs is sufficient). To this end, we only identified 41
output genes that oscillate in WT, SCRE, and B+SC-RE
(Figure S4A), arguing for a highly restricted autonomous role of
SC Bmall in driving oscillations. These output genes are
involved in pathways associated with cell adhesion and cell pro-
jection (Figures S4A and S4B), and TF prediction analysis de-
tected RFX5, ZBTB7A, TEAD4, GRHL2, and SMAD4 as potential

regulators (Figure S4C). In addition, even when the SC clock was
active in B+SC-RE mice (Figures 1C and 1D), only 84 gene oscil-
lations were additionally rescued in SCs from B+SC-RE mice
versus BRE alone (Figures 2C, gene set 6, and S5), which sug-
gests that SC core clock gene rhythmicity plays a limited role
in driving circadian transcriptional output genes in these cells.
These 84 genes, which require an “integration” of Bmall signals
from the brain and SCs, are involved in tissue development and
rhythmic process (Figures S5A and S5B) and are predicted to be
regulated by diverse TFs, including MYF5, MYOG, TEAD1, AP4,
and USF2 (Figure S5C). We reasoned that the SC clock, rather
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Figure 2. Determination of local and distal clock dependencies for transcriptional rhythms in satellite cells

(A) Bioinformatic approach using dryR.

(B) Rhythmic genes in common or not with WT (dryR BICW > 0.4, Amp > 0.25, Cooks < 1). Ticks and crosses refer to the overall presence or the absence of
behavioral or core clock rhythmicity, as denoted (see also Figure 1C and Petrus et al.?).

(C) WT containing dryR models and phase-aligned heatmap of mean expression of genes in each model over circadian time. White bar indicates light-phase time
points (ZTO, ZT4, and ZT8), and black bar indicates dark-phase time points (ZT12, ZT16, and ZT20).

ZT, zeitgeber time; WT, wild type; KO, Bmall total knockout; SCRE, Bmall reconstitution in satellite cells only; BRE, Bmall reconstitution in brain only; B+SC-RE,
Bmall reconstitution in brain and satellite cells; and BICW, Bayesian information criterion weight.

than having a major role in driving rhythms or integrating central
clock signals, may instead be integrating input from other pe-
ripheral (non-brain) clocks. In support of this, 238 of 685
(34.7%) oscillating genes were lost in SCs upon local Bmall
deletion in otherwise WT mice (Bmall "®7ER) (Figure S6A).
Hence, Bmall in SCs was necessary for their oscillation. The
local-clock-dependent genes (i.e., lost in Bmall P*7ER) were
identified as involved in signaling regulation (Figure S6A), and
TF binding site predictions identified P73, PAX8, SMADS3,
E2F3, EGR2, and NRF2 as potential regulators of these genes
(Figure S6B). Combining this with the limited role of the SC clock

4 Cell Reports 44, 116354, October 28, 2025

in driving rhythms of output genes in B+SC-RE mice (Figure S5),
we argue that the SC clock is instead required to integrate pe-
ripheral signals for full rhythmicity in SCs.

Lastly, we also asked whether the SC clock performs a gating
function, as we recently reported in whole muscle, in which the
local clock prevents oscillations of certain genes (i.e., in the
absence of the local clock, oscillations appear de novo and
are not present in WT mice).’ In contrast to this, however, we
found that in SCs de novo gene oscillations were detected
to similar extents in BRE and B+SC-RE mice (Figures S2A
and S7A), with the largest group oscillating in both BRE and
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Figure 3. Central clock-driven signals are dominant for 24-h transcriptional rhythms of metabolic genes in satellite cells

(A) Heatmap and phase plot from dryR model representing common oscillating genes in WT, BRE, and B+SC-RE, defined as centrally driven clock (BICW > 0.4,
Amp > 0.25, Cooks < 1) and MSigDB pathway enrichment for centrally driven genes. Numbers on the perimeter of the phase plots refer to ZT, and numbers on the
internal grid refer to the number of oscillatory transcripts (also applies to the phase plot in B).

(B) Circadian experiment scheme, heatmap, phase plot, and pathway enrichment from dryR model of common oscillating genes in Bmal1"'" and Bmal1 P&7ER
satellite cells (BICW > 0.6, Amp > 0.25, Cooks < 1) and MSigDB pathway enrichment. n of 3-5 mice per genotype per time point (males and females).

(C) Examples of oscillating genes belonging to pathways found in the enrichment analysis in (A) and (B). Top: n of 4-8; bottom n of 3-5 per genotype per time point
(males and females). Data are shown as average + SEM.

(D) Transcription factor analysis of the 2 datasets by HOMER.
TPM, transcripts per million mapped reads; ZT, zeitgeber time; WT, wild type; KO, Bmall total knockout; SCRE, Bmall reconstitution in satellite cells only; BRE,
Bmall reconstitution in brain only; B+SC-RE, Bmall reconstitution in brain and satellite cells; and BICW, Bayesian information criterion weight.
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B+SC-RE concomitantly (257 genes) (Figures S2A, S7A, and
S7B). This set of de novo oscillators was involved in processes
including RNA metabolism and translation (Figure S7C), and
while this was driven by brain Bmall reconstitution, we surmise
that in WT their oscillations are gated by clocks other than the
local SC clock.

Feeding-fasting cycles are a major central clock output
controlling transcriptional rhythms in SCs

In search of central clock-dependent outputs that regulate meta-
bolic genesin SCs, we analyzed feeding-fasting rhythms, as pre-
vious work has indicated that rhythmic feeding-fasting signals
can drive the oscillation of many genes even in the absence of
the local clock in peripheral tissues.””**?° As we have previ-
ously reported that Bmall reconstitution in the brain (BRE) is a
minimum requirement for feeding rhythmicity,” we tested the
role of feeding-fasting rhythms experimentally by performing
2-week time-restricted feeding (TRF) during the dark (i.e., active)
phase in WT, KO, and SCRE mice (Figure 4A; Table S3; Data S3).
Transcriptomic analyses of SCs harvested over a 24-h period
with a 6-h time resolution (ZTO, -6, -12, and -18) revealed
increased rhythmicity of core clock genes in SCRE mice under
TRF versus AL(Figures 1C, 1D, 4B, and S8A), with such TRF-
induced changes largely absent in KO mice. However, this
rescue of core clock rhythmicity did not lead to an overall in-
crease in rhythmic output genes, as the number of physiological
(i.e., shared with WT) oscillations was similar between SCs from
KO and SCRE mice under TRF (Figure 4C). These two effects are
similar to those observed in BRE (no SC core clock rhythmicity)
versus B+SC-RE (SC core clock rhythmicity intact) under ad libi-
tum conditions (Figure 2B). In addition, dryR analysis revealed
that the largest set of rhythmic genes in common with WT oscil-
lated in KO and SCRE simultaneously (Figures 4D and 4E). GO
analysis revealed that this gene class contained several of the
same categories as centrally driven genes, including lipid and
cholesterol metabolic processes (Figure 4F). Next, we specif-
ically probed the behavior of our previously defined centrally
driven genes (Figure 3A) in our TRF dataset (Figures S8B-S8E).
Here, we found that oscillation of centrally driven genes was
largely restored by TRF in KO and SCRE mice, with the largest
class being those genes that oscillated in both genotypes (as
well as in the WT) (Figures S8B-S8E), in support of feeding-fast-
ing rhythms being a key central clock output driving their oscilla-
tion. Of note, a proportion of oscillatory genes were both phase
shifted and had reduced amplitude in SCs from TRF mice, indi-
cating that additional clocks are needed for their correct rhyth-
micity (Figures S8B-S8E, gene set 2). Terms related to the lipid
metabolic process were enriched in genes restored in KO and
SCRE by TRF, further supporting the notion that feeding-fasting
rhythms are the key central clock output responsible for their
oscillation (Figure S8E).

Autophagy contributes to the oscillation of a subset of
metabolic genes in SCs

Autophagic activity varies over a 24-h day,’® and recent evi-
dence suggests that autophagy and circadian rhythms regulate
one another.?’*° In support of this, we found that macroautoph-
agy regulation was overrepresented in centrally driven genes
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(Figure S9A). To directly test the role of autophagy on gene
oscillations, we used an inducible mouse model to deplete the
autophagy regulator Atg7 specifically in SCs (Atg7 P&7ER) 3132
to make these cells incapable of activating autophagy
(Figure S9B), and performed RNA-seq on Atg7"" and
Atg7 P®7ER SCs harvested over circadian time every 4 h
(Figure S9C). DryR analysis (Table S4; Data S4) revealed that
139 out of 1,044 (13.3%) oscillating genes depended on auto-
phagy to maintain rhythmicity (Figure S9D) and that a subset of
these autophagy-dependent genes are involved in lipid and
cholesterol metabolism (Figure S9E). Metabolic genes with oscil-
lations under autophagic control include Apoe, Pdkl, Psmd8,
Gdpd3, and H6pd (Figure S9F). Notably, we also identified
Apoe as a central clock-driven gene that oscillated indepen-
dently of the local clock (Figure 3C). We next assessed our set
of centrally driven genes (Figure 3A) in SCs from Atg7 P&*7ER
mice versus Atg7"'" controls and found the strongest evidence
of regulation of genes that peak in the light phase (Figure S9G).
We also note evidence of minor alterations of Ldlr, Cyp51, and
Fdftl (Figure S9H), other genes we previously identified as cen-
trally regulated. To assess whether the changes in output genes
we observe may be linked to core clock disruption in these mice,
we assessed core clock gene expression and found that in
Atg7 P¥7ER 5Cs lacking autophagy, core clock genes were still
operational (Figures S10A and S10B) and were found among the
905 genes that oscillate independently from autophagy
(Figure S10C). GO enrichment revealed that this subset of genes
also contains genes involved in ATP production and oxidative
phosphorylation. Further pointing to an interplay between auto-
phagy and circadian output, 386 genes that do not normally
oscillate acquired a de novo circadian pattern in Atg7 P&7ER
SCs, indicating a possible gating function of autophagy on circa-
dian output (Figure S10D). GO enrichment of these de novo auto-
phagy-gated oscillators revealed their involvement in signal
transduction, the cell cycle, and protein localization, suggesting
that there is an advantage in maintaining these pathways non-
oscillatory in SCs of WT mice. Lastly, we assessed autophagy
in SCs from WT, KO, and BRE mice via analysis of LC3 lipidation
(LC3Il, a marker of autophagosome formation). As shown in
Figure S10E, there is a clear increase in autophagy in SCs from
Bmal1-KO mice versus WT, and this is restored to normal levels
in BRE mice. Hence, there is clear dysregulation of autophagy in
SCs upon systemic deletion of Bmall that is restored by central
signals. Integrating this with our transcriptional findings from
whole-body Bmall-KO and Atg7 "®"ER mice, we propose that
there is a loss of oscillation of metabolic genes when autophagy
is not at the correct set point (i.e., it is either too high or too low).
Hence, this suggests that the central clock controls the tran-
script oscillation of a subset of metabolic genes in SCs in part
via regulation of autophagy.

Central clock signals support SC metabolism and the
early phases of muscle regeneration

To investigate SC metabolic state, we used a recently developed
low-input metabolomics protocol, ideal for rare cell types,* to
identify metabolites in SCs from WT, Bmall-KO, and BRE mice
(Table S5). We found significant differences between SCs from
WT and KO mice, which were rescued in SCs from BRE mice;
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Figure 4. Reconstitution of feeding behavior by time-restricted feeding restores metabolic gene oscillations in SCs of mice lacking the
central clock

(A) Schematic representation of the experiment. Light bar refers to the 12-h light phase and the dark bar to the 12-h dark phase during which food was provided
(indicated by horizontal line).

(B) Circadian oscillations of core clock genes in WT, KO, and SCRE mice after 2 weeks of time-restricted feeding (TRF). n of 4-6 per genotype per time point
(males and females). Data are shown as average + SEM.

(C) Rhythmic genes in common or not with WT (dryR BICW > 0.5, Amp > 0.25, Cooks < 1).

(D) WT containing dryR models and phase-aligned heatmap of mean expression of genes in each model over circadian time (BICW > 0.5, Amp > 0.25, Cooks < 1).
n of 4-6 per genotype per time point (males and females). White bar indicates light-phase time points (ZTO and ZT6), and black bar indicates dark-phase time
points (ZT12 and ZT18). Only models with >10 genes were included. Ticks and crosses refer to the presence or absence of rhythmicity, as denoted.

(E) Phase plot of genes shown in (D). Numbers on the perimeter of the phase plots refer to ZT, and numbers on the internal grid refer to the number of oscillatory
transcripts.

(F) Pathway enrichment from DAVID.

(G) Examples of oscillating genes involved in lipid metabolism. n of 4-6 per genotype per time point (males and females). Data are shown as average + SEM. See
also Figure 3C.

(H) Transcription factor analysis of the 2 datasets by HOMER.

TPM, transcripts per million mapped reads; ZT, zeitgeber time; WT, wild type; KO, Bmall total knockout; SCRE, Bmall reconstitution in satellite cells only; and
BICW, Bayesian information criterion weight.

See also Figure S8.
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Figure 5. Disturbed metabolic homeostasis in satellite cells from Bmal1l-KO and rescue of regenerative defects by central clock-dependent
signals

(A) Principal-component analysis of metabolites detected in satellite cells (SCs) from WT and Bmal1-KO mice collected at ZTO.

(B) Heatmap of significantly affected metabolites in SCs from Bmal1-KO mice collected at ZT0 and rescued by Bmall reconstitution in the brain.

(C) Example of lipids significantly rescued in BRE from (B). One-way ANOVA with Tukey post hoc test was used for statistics. *p < 0.05 and **p < 0.01. n of 3-4
mice (males and females).

(D and E) Quantification of cross-sectional area (CSA; mm?) (D) and frequency distribution (%) from optimal cutting temperature (OCT) sections of TA 4 dpi (E).
Mice were injured and euthanized at ZT4.

(F) Representative images from eMHC staining in OCT sections of TA 4 dpi from WT, KO, SCRE, BRE, and B+SC-RE mice. Scale bar: 50 m.

Results are displayed as means SD. p values are from one-way ANOVA uncorrected Fisher’s least significant difference (LSD) test. *p <0.05 and **p < 0.01. ZT,
zeitgeber time; TA, tibialis anterior; dpi, days post-injury; eMHC, embryonic myosin heavy chain; WT, wild type; KO, Bmall total knockout; SCRE, Bmall
reconstitution in satellite cells only; BRE, Bmall reconstitution in brain only; and B+SC-RE, Bmall reconstitution in brain and satellite cells. NC, no cell.

specifically, several amino acids, nucleosides, and 2-oxoglutaric
acid (an intermediate of the Krebs cycle involved in many meta-
bolic pathways, including amino acid biosynthesis) were more
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abundant in SCs from KO mice but were kept at normal levels
in SCs from BRE mice (Figures 5A and 5B). In addition, and
despite the relative lack of sensitivity of low-input metabolomic
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techniques at identifying lipid metabolites, we found two lipids
(namely, LPC 16:0 and LPC 18:1) that were subjected to regula-
tion by the central clock in SCs (Figure 5C). Hence, we report that
the central clock is sufficient to support metabolic programs in
SCs even in the absence of the local clock. To probe the func-
tional relevance of this metabolic dysregulation, we challenged
SC function by cardiotoxin injury in the tibialis anterior (TA) mus-
cle of the five mouse genotypes (WT, KO, SCRE, BRE, and B
+SC-RE). Cross-sectional area (CSA) quantification of newly re-
generated myofibers was performed 4 days post-injury (dpi), a
time point at which SCs are heavily involved in muscle repair.
As expected,***° we observed a reduced CSA in Bmall-KO
mice versus the WT (Figures 5D and 5F); notably, this effect
was rescued in BRE mice but not in SCRE mice. Likewise, the
frequency distribution of the CSA showed a shift toward smaller
fibers in KO and SCRE mice as compared to WT or BRE mice
(Figures 5E and 5F). Overall, these results further demonstrate
the importance of central clock-driven outputs on SC

physiology.
DISCUSSION

By specifically restoring Bmall in the brain and SCs in otherwise
Bmall-null mice, we determined how the central clock commu-
nicates circadian information within a non-dividing (quiescent)
stem cell population. We found that limiting the reconstitution
of Bmall to SCs resulted in a near-complete failure of core clock
rhythmicity, with the few clock genes oscillating in these mice ex-
hibiting abnormal amplitudes and phases. This finding contrasts
with epidermal cells, in which local epidermal Bmall expression
can support most core clock gene rhythms, as well as a substan-
tial portion of transcriptional output genes, without central
input.®° However, we found that SCs require local and brain
Bmall expression for core clock gene oscillation, revealing that
SCs have a stronger dependence on central signals for core
clock rhythmicity. Nonetheless, restoring SC clock gene oscilla-
tions (by reconstituting Bmall in the brain and SCs) resulted in
the oscillation of a comparable number of rhythmic genes versus
reconstitution of Bmall in the brain alone; hence, the local SC
clock has a limited role in driving 24-h transcriptional output.
Combined with this, our finding that nearly half (44%) of tran-
scriptional oscillations were lost in SCs from SC-specific
Bmall-KO (Bmall P®7ER) mice suggests that while Bmall is
not sufficient for the full repertoire of transcriptional rhythms, it
is necessary for the oscillation of a substantial fraction of genes.
We speculate that the quiescent SC clock may integrate signals
from other peripheral clocks to allow the full set of physiological
circadian oscillations in these cells. Indeed, SCs reside in a dy-
namic specialized niche below the basal lamina, where they
interact with various stromal cells and muscle fibers as well as
the extracellular matrix.**~*° This niche contributes to SC ho-
meostasis during quiescence and supports the process of
muscle repair. It is therefore tempting to speculate that these
surrounding niche cells could also contribute to the SC circadian
output. In agreement with this, several reports suggest that pe-
ripheral clocks participate in both inter-cellular'’*°** and inter-
tissue communication”®*%*® and argue in favor of a “federated”
clock system.*?
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Among the different reconstitutions, we found that centrally
driven inputs to SCs restored the largest subset of gene oscilla-
tions. We showed that the key centrally driven input to SCs is
daily rhythmic feeding-fasting behavior, which regulates the
output independently of the local SC clock. This aligns with pre-
vious studies in peripheral tissues, such as the liver, which indi-
cate a direct role for feeding cycles in driving subsets of 24-h
transcriptional output.”** That the feeding-fasting cycle plays
a key role in this process fits with our observation that centrally
driven genes in SCs are mainly involved in metabolic processes,
such as lipid metabolism. Interestingly, we detected that central
clock signals can normalize the increased levels of two lipid spe-
cies (LPC 16:0 and LPC 18:1), which are elevated in SCs of KO
mice. Together with our transcriptomic data, these findings sug-
gest that central clock-driven rhythmic regulation of these path-
ways maintains these lipids at normal levels. Little is known
about the importance of lipid metabolism in quiescence, but it
has been recently reported that lipid droplet dynamics is an
important feature of SCs during the metabolic reprogramming
occurring in the presence of muscle injury.** Additionally, central
clock signals normalized the increased amino acid levels in SCs
from KO mice. Increased amino acid levels in KO mice suggest
an adaptive switch to protein degradation, likely to meet energy
demands in the presence of altered lipid metabolism. We found
that after muscle injury, muscle fibers with a restored central
clock were the most similar to the WT, which argues that central
clock-driven signals can partially overcome the functional
impact of SC circadian dysregulation.

Although our data show that local SC clock deletion did not
affect the oscillation of central clock-driven metabolic genes,
we additionally showed that the oscillation of metabolic genes
was disrupted in SCs lacking autophagy. Previous work has sug-
gested that autophagy may generate circadian transcriptional
oscillations,?” and autophagy has a direct role in mediating the
beneficial effects of TRF in flies.** Our results that autophagy-
deficient SCs lose oscillation of a subset of metabolic genes,
even in the presence of central clock-driven input, suggest that
active autophagy is required to integrate the central input in
this context. Our data further suggest that autophagy also in-
hibits rhythmic gene expression, as a considerable number of
typically non-rhythmic genes acquired oscillation in auto-
phagy-deficient SCs. Considering that SCs from aged mice
exhibit altered day-night autophagy rhythms, along with reprog-
rammed circadian output, the decrease of baseline autophagy
during aging"** may be connected to the rewiring of circadian
output. Future work will be necessary to define the molecular
mediators that underlie circadian inter-tissue communication im-
pacting SCs and to explore whether these findings extend to
quiescent stem cells in other tissues.

Limitations of the study

Here, we use in vivo deletion and Cre-dependent reconstitution
of the core circadian gene Bmall, based on our previously vali-
dated system.*%%® Of note, we used a tamoxifen-inducible
Cre to avoid restoring Bmall in SCs during developmental
stages, which may have resulted in nascent Bmall-positive mus-
cle fibers over time and hence obscured the interpretation of the
SC results. Nevertheless, the phenotype present in the
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conventional Bmall-KO mice®* could be attributed, in part, to
the developmental effects of Bmall prior to 3 months of age.”’
Dissecting the developmental and circadian roles of Bmall re-
mains a challenge in the circadian field. Of note, we obtained
samples before 13 weeks of age, prior to the development of
muscle fibrosis phenotypes.”* Additionally, Bmall has been re-
ported to have “moonlighting” functions*® separate from its
circadian role, which our current methodology is unable to distin-
guish. Finally, the rescue of muscle fiber size following Bmall
restoration in the brain, in addition to its SC-specific effects,
could also be related at least in part to effects on other cells
that play an important role during muscle repair, such as cells
in the niche orimmune cells (e.g., neutrophils and macrophages)
that are recruited to the injury site in the early phase of muscle
regeneration.*’
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Antibodies

PE-Cy7-conjugated anti-CD45 Biolegend Cat 103114; RRID:AB_312979
PE-Cy7-conjugated anti-Sca-1 Biolegend Cat 108114; RRID:AB_493596
PE-Cy7-conjugated anti-CD31 Biolegend Cat 102418; RRID:AB_830757
Alexa Fluor 647-conjugated anti-CD34 BD Pharmigen Cat 560230; RRID:AB_1645200
PE-conjugated anti- 7-integrin AbLab Cat 53-0010-05 RRID:AB_2920884
Anti-LC3 Nanotools Cat 0231-100; RRID:AB_2722733

Alexa Fluor 647 Anti-Mouse 1gG1
Deposited data

ThermoFisher Cat A21240; RRID:AB_2535809

RNA sequencing - WT, Bmal1-KO, SCRE, This paper GEO: GSE276250
BRE, B + SC-RE under ad libitum conditions
RNA sequencing — WT, SC specific This paper GEO: GSE277059

Bmall-KO under ad libitum conditions

RNA sequencing — WT, SC specific This paper GEO: GSE277058
Atg7-KO under ad libitum conditions
RNA sequencing - WT, Bmal1-KO,
SCRE under time-restricted feeding

This paper GEO: GSE291065

Experimental models: Organisms/strains

Mouse: Bmall KO (Bmall-Stop ™) (KO) S.A. Benitah Lab, P.S. Welz, This study N/A
Mouse: Bmall satellite cell-reconstituted S.A. Benitah Lab, P.S. Welz, This study N/A
(Bmall-Stop™; Pax7CreER" ) (SCRE)

Mouse: Bmall brain-reconstituted S.A. Benitah Lab, P.S. Welz, This study N/A
(Bmal1-Stop™t; Syt10Cre™ ) (BRE)

Mouse: Bmall brain and satellite S.A. Benitah Lab, P.S. Welz, This study N/A
cell-reconstituted (Bmall-Stop™*;

Syt10Cre* ; Pax7CreER" ) (B + SC-RE)

Mouse: Satellite cell-specific Bmall KO Jax, This study N/A
(Bmall P*7ER) Bmal1F-"; pax7CreER™ )

Mouse: Satellite cell-specific Atg7 KO Masiero et al.*? N/A

(Atg7 P™TER) Atg-TLFL: pax7CreER™ )

Software and algorithms
dryR Weger et al.”® N/A
DAVID Bioinformatics Resource

Huang, Sherman, and Lempicki®® N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All mice were on a C57/BL6 background and housed at the Barcelona Biomedical Research Park under 12 h light: 12 h dark condi-
tions with ad libitum access to normal mouse chow and water. For the Bmall tissue-specific restoration experiments, we crossed
Bmall conditional gene-trap mice® (Bmall-stopFL), with the respective cre lines as mentioned in results, and used WT littermates
from the same colony as controls. As required, Cre activity in SC was induced by daily intraperitoneal injections of tamoxifen (Sigma;
10 mg mL 1incorn oil) at a dose of 5 mg/25 g bodyweight for 4 days at 6 weeks of age. RE Bmall mice were used up to a maximum
of 12 weeks, to minimize impacts of reported early aging phenotypes in conventional Bmall KO mice evident at this point onwards.**
Animal experiments were approved by the PRBB Animal Research Ethics Committee (PRBB-CEEA) and Catalan government (Gen-
eralitat de Catalunya) and were conducted according to the European Directive 2010/63/EU and Spanish regulations RD 53/2013.
The circadian dataset of autophagy-deficient SCs (Atg7 F#7ER) is from male mice, while datasets from RE models and specific
Bmall deletion in SCs (Bmall "®7ER) are generated from male and female mice.
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METHOD DETAILS

Satellite cell isolation by FACS

Following sacrifice, satellite cells were obtained from murine skeletal muscles as previously described.”® Briefly, skeletal muscles
from fore and hind limbs were harvested in 20 mL of DMEM plus 1% Penicillin—streptomycin (PS) on ice, minced by blade, and di-
gested at 37 C for 1 h in DMEM media containing Liberase (0.1 mg/g muscle weight) (Roche, 5401020001; 5 mg/mL) and Dispase
(Gibco, #17105-041) 0.3% 0.5 ™ CaCl2, and 6 m MgCI2 at 37 C for 1 h using the gentleMACS Octo Dissociator (Miltenyi Biotec,
130-095-937) or 1.5 h using the conventional water bath. The reaction was stopped by addition of at minimum, an equal volume
of cold DMEM, 1% PS, and 20% FBS (Sigma-Aldrich F7524). Cells were filtered sequentially through a 100- m and 70- m cell
strainer, then pelleted by 4 C centrifugation at 670g for 10 min. Cell pellets were resuspended in RBC lysis buffer 1 (eBioscience,
00-4333-57) for 2 min on ice, then enzymatic reactions were stopped by adding PBS, and cells were filtered through a 40 m cell
strainer. After 4 C centrifugation at 670g for 10 min, pellets were resuspended in 2.5% FBS in PBS. For FACS analysis, the following
antibodies were used: PE-Cy7-conjugated anti-CD45 (Biolegend, 103114), PE-Cy7-conjugated anti-Sca-1 (Biolegend, 108114), PE-
Cy7-conjugated anti-CD31 (Biolegend, 102418) were used for lineage-negative selection, and Alexa Fluor 647-conjugated anti-CD34
(BD Pharmigen, 560230), and PE-conjugated anti- 7-integrin (AbLab, 53-0010-05) were used for double-positive staining of quies-
cent satellite cells.

Immunofluorescence in isolated satellite cells

Satellite cells isolated from FACS were seeded into wells of an 8-well chamber slide (Ibidi m-Slide Angiogenesis, 80806) coated with
0.019% poly-L-lysine (Sigma-Aldrich, P8920) at a density of 40000-50000 cells/well. The cells were fixed with 4% PFA, washed with
PBS, permeabilized with 0.5% Triton-100 and blocked with 3% BSA for 1h at RT. Primary antibody against LC3 (Nanotools Cat#
0231-100) and secondary antibody Alexa Fluor 647 Cat# A21240 were applied. DAPI was used to stain nuclei. Cells were imaged
in a z stack by using a Leica SP8 confocal system 63 /1.4 NA oil objective.

Histology and immunohistochemistry in muscle cryosections

TA muscles were snap-frozen or pre-fixed (2% PFA 2 hat4 C and washed in PBS), cryo-preserved and frozen in an isopentane/liquid
nitrogen double bath, and stored at 80 C until analysis. Immunochemistry and immunofluorescence staining were performed in
10 m sections. Labeling of cryosections with embryonic myosin heavy chain (eMHC) was performed using the peroxidase M.O.
M kit staining (Vector Laboratories, SK-4100) according to the manufacturer’s instructions. Double immunostaining was performed
by sequential addition of each primary and secondary antibody using appropriate positive and negative controls. For snap-frozen
samples, sections were air-dried washed on PBS, and permeabilized with ice-cold methanol before antigen retrieval. For antigen
retrieval, the sections were incubated in boiling citric acid (0.01 M, pH = 6) for 10 min, cooled, and washed with PBS. The samples
were then incubated with primary antibodies for PAX7 and laminin according to the manufacturer’s instructions after blocking for 1 h
at room temperature (RT) with 5% BSA and M.O.M blocking diluted in PBS (30 min). Subsequently, the slides were washed on PBS
and incubated with appropriate secondary antibodies and labeling dyes. For immunofluorescence, secondary antibodies were
coupled and nuclei were stained with DAPI (Invitrogen). After washing, tissue sections were mounted with Fluoromount G
(SouthernBiotech).

Image analysis

(1) To assess myofiber size, individual fibers were manually outlined and their cross-sectional area (CSA) was determined using
Fiji software. At least 500 eMHC positive fibers from each muscle cross-section were quantified. In each experiment, data
were obtained from 4 to 7 mice per group. Analysis was performed blinded.

(2) To quantify the number of PAX7 positive cells per 100 fibers from tissue sections, cells were quantified manually and normal-
ized to the total number of fibers. 5-11 mice per group. Secondary antibody-stained samples were used as the negative con-
trol. Analysis was performed blinded.

(3) ForLC3 puncta quantification cells were imaged in a z stack and the quantification was carried out manually using Fiji. Analysis
was performed blinded.

Western blotting

FACS-sorted satellite cells were lysed in RIPA buffer (50 mM Tris HCL pH8, 150 mM NaCl, 5 mM EDTA, 15 mM MgCl,, 1% NP40,
0.5% sodium deoxycholate in water with phosSTOP phosphatase inhibitor (Roche) and cOmplete Mini EDTA-free protease inhibitor
(Sigma-Aldrich) added according to manufacturer’s instructions) on ice for 30 min. Samples were spun at 16,000 g for 15 minat4 C,
and supernatant saved. 5 Loading buffer (5% w/v SDS, 0.2 M Tris, pH 6.8, 5% v/v Beta-mercaptoethanol, 0.15 mg/mL Bromophe-
nol blue, 50% v/v glycerol) was added to a 1 concentration, and samples were incubated for 5 min at 95 C. Each sample was
passed 3  through 29G insulin syringe, then spun at 10,000 g for 1 min at RT and run on 4-20% Precast Protein Gels (Bio-Rad)
with SDS-containing running buffer (0.1% SDS, 25 mM Trizma base, 0.19 M glycine in water). Samples were transferred to nitrocel-
lulose or PVDF membranes in transfer buffer (20% MeOH, 24.8 mM Trizma base, 191.8 mM glycine in water) at 330 mA for 1.5h.
Membranes were incubated with ponceau (0.% w/v ponceau, 1% acetic acid in water) to visualise proteins, then blocked in 5%
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powdered milk in TBST (0.1% Tween, 10 mM Tris, 100 mM NaCL in water) for 1 h. Blots were incubated overnight at 4 C with rabbit
anti-BMAL1 (ab93806) or LC3B (CST2775) or GAPDH (ab128915). After 30 min of TBST washes, blots were incubated with HRP-
linked anti-rabbit secondary for 1 h at RT, washed with TBST for 30 min, and imaged using SuperStrength West Femto ECL reagent
and the BioRad ChemiDoc imaging system.

Low-input RNA sequencing preparation from FACS-sorted satellite cells and analysis

As outlined in Sica et al.,”® RNA from FACS-isolated SCs was extracted using an RNeasy micro kit (Qiagen), and quality control was
performed using Agilent 2100 Bioanalyzer or fragment analyzer. RNA with RIN values of 7 or higher were used with a rRNA ratio (28S/
18S) of 2 or above. 0.3 ng RNA was used for each sample to generate barcoded RNA-seq libraries using the NEBNext Single Cell/
Low-Input RNA Library Prep Kit for lllumina (New England Biolabs). Library size was checked using Agilent 2100 Bioanalyzer and
concentration determined Qubit fluorometer (Life Technologies). Libraries were sequenced at 650 pM on a P3 flow cell of the
NextSeq 2000 (lllumina) to generate 60-base single reads. bcl2fastq 2.20 Software (lllumina) was used to obtain FastQ files for
each sample. We used Nextflow nf-core/rnaseq v.3.2 pipeline® to map the raw reads to the reference genome using STAR ALIGNER, "~
project the alignments onto the transcriptome, and to perform the downstream transcript-level quantification with Salmon.>® The r
package TxmporT"* was used for gene-level summarization of read counts and transcript per million (TPM) abundances. Four to six
replicates for each genotype and timepoint were used in each dataset.

RNA-seq data processing

Raw FASTQ files were subjected to quality control (QC) procedures to trim low-quality bases, remove adapter sequences and filter
out low-quality reads using FastQC v0.11.9 and BBDuk v35.85 with a minimum read length of 35 bp and a minimum quality score of
25. High-quality reads were mapped with STAR®? against the reference mouse genome (GRCh38). The number of reads mapped to
genes was quantified using FeatureCounts and raw counts matrix was loaded into R (https://www.R-project.org/). to compute the
Transcripts Per Million (TPM) values. Biological (sex) and technical (RNA extraction date) batch effects were corrected with the Com-
Bat() function from sva R package.

Circadian algorithmic analysis, pathway enrichment, and transcription factor analysis
Differentially rhythmic categories corresponding to gain, loss or the same rhythm were defined using the “dryseq()” function of the R
package dryR,?® including technical and biological variables as potential batch effects. The following filtering criteria were used to
select genes with the expression rhythmic in a respective model: Bayesian information criterion weight (BICW) 0.4, and amplitude
0.25. Genes with maximal Cook’s distance >1 across the replicates were considered outliers and removed. Models with only one 1
gene were discarded. For dryR 2 group comparisons (Bmal1¥" vs. Bmall "*7ER and Atg7"V" vs. Atg7 P*7ER) BICW > 0.6, ampli-
tude > 0.25 and Cook’s distance < 1 were used. Enrichment analysis was performed using the Molecular Signatures Database®*>°
(MSigDB R package) using hypergeometric tests (“phyper()” function from stats R package). False Discovery Rate (Benjamini-
Hochberg) was computed. DAVID analysis®®°’ was performed using the online tool and GOTERM_BP_DIRECT gene ontology
was considered. For transcription factor (TF) predictions, the HOMER®® (Hypergeometric Optimization of Motif EnRichment) tool
was used to find and annotate motifs for each dryR model independently. Statistically significant motifs were found by running ‘find-
Motifs.pl‘ using the Ensembl®® Archive Release 104 reference as the background set of genes, focusing on a genomic region of
500 bps upstream to 100 bps downstream of the TSS to locate the motifs. De novo motifs with consensus sequences were annotated
to specific genomic features (i.e., target genes) using ‘annotatePeaks.pl‘.

Targeted low-input metabolomics of polar metabolites

For low-input targeted metabolomics of polar metabolites, 5000 cells were sorted via FACS and processed according to previously
published protocols with minor modifications.®®* Specifically, cells were sorted directly into 25 L of extraction buffer that included
13C labeled yeast extract as an internal standard diluted in acetonitrile. The FACS sorting was performed using a 70 m nozzle with
water containing 2 g/L NaCl as sheath fluid. As a control, 5,000 events of cell debris were sorted. Additionally, a negative control only
consisting of an equal amount of sheath fluid (5 L)was prepared. Metabolites were identified by their retention times and at least two
known fragments. The height of chromatographic peaks was used as a measure of metabolite abundance.

Processing of metabolomics data

For generation of the volcano plot, metabolite values (raw peak height) were processed using Metaboanalyst®” (metaboanalyst.ca,
v6). Metabolites with missing values were excluded, values were log10 transformed and subject to auto scaling (mean-centered and
divided by the square route of the SD of each variable). A raw P-value threshold of 0.1 a fold change (FC) threshold of 1.2 were used.
Metabolites that passed this threshold were subsequently compared against recorded values from negative (no cell) controls, and
metabolites detected <1.2-fold in experimental groups (either WT or KO) versus no cell controls were excluded (carnitine C6 and
carnitine C8). For metabolites identified as regulated in KO vs. WT SCs, lists of significant metabolites and original data were joined
using Galaxy®® heatmaps were generated using Heatmapper® using the following settings: clustering method; average linkage
applied to rows, distance measurement method; Pearson). In figure 5C, for the WT group in LPC 16:0, an outlier was removed
(p < 0.05 Grubb’s test).
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QUANTIFICATION AND STATISTICAL ANALYSIS

The sample size of each experimental group is described in the corresponding figure legend. GraphPad Prism software was used for
all statistical analyses except for sequencing data analysis. Complex statistical analyses of large-scale datasets are described within
the corresponding methods section (see paragraph “Circadian algorithmic analysis, pathway enrichment and transcription factor
analysis)”. Quantitative data displayed as histograms are expressed as mean standard deviation (represented as error bars). A
p value <0.05 was considered as statistically significant.
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