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Exercise canrapidly increase core body temperature, and research has
indicated that elevated internal body temperature canindependently

contribute to fatigue during physical activity. However, the precise
mechanisms responsible for regulating thermogenesis in muscles during
exercise have remained unclear. Here, we demonstrate that cellular

Feimin (cFeimin) enhances exercise performance by inhibiting muscle
thermogenesis during physical activity. Mechanistically, we found that
AMP-activated protein kinase (AMPK) phosphorylates cFeimin and
facilitatesits translocation into the cell nucleus during exercise. Within the
nucleus, cFeimin binds to the forkhead transcription factor FOXC2, leading
to the suppressed expression of sarcolipin (S{n), which is a key regulator

of muscle thermogenesis. In addition, our results further reveal that
short-term AMPK agonist treatments can enhance exercise performance
through the activation of the AMPK-cFeimin signalling pathway. In summary,
these results underscore the crucial role of cFeimin in enhancing exercise
performance by modulating SLN-mediated thermogenesis.

Exercise offers awide range of health benefits and serves asanonphar-
macological approachto prevent and treat chronic metabolic diseases
suchas obesity, type 2 diabetes and age-related muscle wasting'*. When
skeletal muscles contract during exercise, acomprehensive response
is triggered, which involves multiple tissues and signalling pathways
to meet the heightened energy and oxygen demands®'°. Throughout
exercise, disruptions in skeletal muscle homoeostasis occur, includ-
ing changesinPiO, levels, alterationsin theredox state, increased ATP
turnover, higher production of reactive oxygen species and shifts in
calcium flux’*'°. These disturbances activate various sensors, including
oxygen sensors such as prolyl hydroxylases, sirtuins, AMP-activated
protein kinase (AMPK), mitogen-activated protein kinases and
Ca*/calmodulin-dependent kinase’ . These sensors transmit the

exercise-induced signals to downstream transcription factors, which,
in turn, activate specific genes related to glucose metabolism, lipid
metabolism and mitochondrial biogenesis®'*'2, AMPK, functioning as
akey exercise sensor that detects changesintheintracellular AMP/ATP
ratio, plays a pivotal role in regulating exercise-associated metabolism
in skeletal muscle®”'%12°1¢,

During physical exercise, the production of metabolic heat can
increase dramatically, up to 10-20-fold higher than at rest. However,
less than 30% of this heat is converted into mechanical energy®".
Dynamic exercise can cause arapid elevationin core body temperature,
and studies have indicated that elevated internal body temperatures
can independently contribute to fatigue during exercise'®. It seems
that there may be a threshold temperature at which central fatigue

'State Key Laboratory of Membrane Biology, MOE Key Laboratory of Bioinformatics, Tsinghua-Peking Center for Life Sciences, School of Life Sciences,
Tsinghua University, Beijing, China. ?Institute of Molecular Medicine, College of Future Technology, Peking University, Beijing, China. ®Peking-Tsinghua
Center for Life Sciences, Peking University, Beijing, China. *State Key Laboratory of Pharmaceutical Biotechnology and MOE Key Laboratory of Model
Animal for Disease Study, Model Animal Research Center, Medical School of Nanjing University, Nanjing, China. *These authors contributed equally:

Ying Peng, Liangjie Jia. < e-mail: yiguo@mail.tsinghua.edu.cn

Nature Metabolism


http://www.nature.com/natmetab
https://doi.org/10.1038/s42255-024-01176-8
http://orcid.org/0000-0001-5645-3189
http://orcid.org/0000-0001-5940-207X
http://orcid.org/0000-0003-1458-9234
http://crossmark.crossref.org/dialog/?doi=10.1038/s42255-024-01176-8&domain=pdf
mailto:yiguo@mail.tsinghua.edu.cn

Article

https://doi.org/10.1038/s42255-024-01176-8

occurs, serving as a protective mechanism to prevent the body from
overheating by essentially ‘forcing’ exercise to cease and avoiding
furthertemperature increase'”. Skeletal muscles arerich in structures
such as the sarcoplasmic reticulum (SR) and mitochondria, which
play arole in heat generation. The SR is particularly specialized and
contains leaky ryanodine receptors (RyR) thatincrease the activity of
SERCA (sarco/endoplasmic reticulum calcium ATPase) pumps. This
increased activity results in more ATP hydrolysis and, consequently,
more heat production’**. This enhanced heat production is combined
with heightened mitochondrial oxidative metabolism to support ATP
production and further contribute to heat generation®**. However,
uncontrolled release and uptake of calcium ions by the SR can lead
to excessive heat production, which is associated with a pathologi-
cal condition known as ‘malignant hyperthermia’ (MH). Malignant
hyperthermia can occur in pigs and humans due to mutations in the
RYRI gene**. These mutations cause excessive calcium leakage from
the SR, leading to continuous cycling of the SERCA pump and myosin
ATPase, ultimately generating excessive heat*°, Recent research has
also highlighted the role of three related SERCA-modulating micro-
peptides—myoregulin (MRLN), sarcolipin (SLN) and phospholamban
(PLN)*~*2, These micropeptides interact directly with SERCA in the SR
membrane toinhibit Ca® reuptakeinto the SR tointerrupt contraction-
relaxation cycles, promote uncoupling of the SERCA pump and induce
futile cycling. This futile cycling results in increased ATP hydrolysis
and heat production” 2, These findings underscore the importance
ofheat production during exercise for exercise capacity. Nevertheless,
the precise mechanisms responsible for regulating thermogenesis in
muscles during exercise remain to be fully understood.

In arelated study, we discovered a myokine known as Feimin,
encoded by B230219D22Rik in mice or C50rf24 in humans, which is
induced by feeding and plays a role in regulating glucose homoeo-
stasis. We now show that cellular Feimin (cFeimin) undergoes trans-
location to the nucleus following phosphorylation by AMPK during
exercise. Onceinthe nucleus, cFeimininteracts with FOXC2,amem-
ber of the forkhead transcription factor family, and this interaction
leads to the suppression of Sln expression, consequently inhibit-
ing muscle thermogenesis. This intriguing signalling cascade ulti-
mately enhances exercise performance. Notably, our findings also
suggest that the improved exercise performance observed following
short-term treatment with the AMPK agonist AICAR is reliant on the
activation of this signalling axis. Therefore, our study sheds light on
how exercise-induced signals directly impact thermogenesis, subse-
quently enhancing exercise performance. Additionally, it highlights
the mechanism by which doping with AMPK agonists can enhance
physical activity.

Results

Loss of cFeimin in skeletal muscle impairs exercise capacity

To investigate the role of cFeimin in skeletal muscle function, we cre-
ated mice with a cFeimin™" genotype and crossed them with HSA-Cre
mice to generate muscle-specific cFeimin knockout (cFeimin MKO)
mice. Deficiency of cFeiminin skeletal muscle has no discernible effects
on body weight, muscle weight, food and water intake, locomotor
activity, energy expenditure or grip strength under ad libitum feeding
conditions (Extended Data Fig. 1a-g). In addition, when compared
with wild-type (WT) (fl/fl) mice, cFeimin MKO mice exhibited similar
muscle fibre-type compositions in the gastrocnemius (Gas), soleus
(Sol) and tibialis anterior muscles (Extended Data Fig. 1h). To explore
the significance of cFeiminin exercise performance, we subjected the
mice toamaximal exercise capacity test, known as the VO,,,,,, test. This
test involved gradually increasing the running speed every 2 min on
a5°incline treadmill until exhaustion (Extended Data Fig. 1i). Nota-
bly, cFeimin MKO mice displayed a significant reduction in maximal
speed, total running time and running distance compared with fl/flmice
(Extended DataFig.1j-1). Furthermore, cFeimin MKO mice exhibited an

earlier reaching of maximal VO, and respiratory exchange ratio (RER)
values during the test, suggesting a quicker onset of fatigue (Extended
DataFig.1m,n). Collectively, these findings indicate that cFeimin plays
acrucialrolein enhancing exercise performance during high-intensity
exercise challenges.

To further assess the impact of cFeimin on exercise performance
andenergy utilization, we employed a low-intensity exercise protocol,
where miceranata constant speed equivalent to 60% of their maximal
running speed (Fig. 1a). This protocol was employed for subsequent
experimentsin our study. Incomparison to control littermates, cFeimin
MKO mice exhibited reduced running time and distance, accompa-
nied by a significant increase in VO,, VCO, and energy expenditure
(Fig.1b-f). The comparable energy substrate utilization as evaluated
by RER suggests that cFeimin MKO mice expended more energy dur-
ing exercise (Extended Data Fig. 10). To further validate this idea, we
measured muscle ATP, muscle triglyceride (TG), muscle glycogen and
blood glucose levels in flI/fl and cFeimin MKO mice before (Sed) and
after (Exe) exercise. While muscle ATP and TG levels were similar in
sedentary fl/fl and cFeimin MKO mice, the cFeimin MKO animals dis-
played significantly lower levels of ATP and TG after exercise (Fig.1g,h).
Additionally, cFeimin MKO mice showed reduced muscle glycogen
storage and a greater decrease in blood glucose levels after exercise
(Fig.1i,j). Allof these resultsindicate that the absence of cFeiminleads
toreduced exercise performance but increased energy consumption
during physical activity.

cFeimin deficiency promotes Sln-mediated heat production

As thermogenesis serves as a primary means of dissipating energy
during exercise, we conducted measurements of body temperature
in mice during exercise. Notably, although the body temperature of
cFeimin MKO mice and their control littermates (fl/fl) were compa-
rable at rest (Sed), the body temperature of cFeimin MKO mice was
significantly higher than that of fI/fl mice during exercise (Fig. 2a,b).
Toinvestigate the underlying reasons for the divergent thermogenic
responses between fl/fl and cFeimin MKO mice, we examined the
expression of uncoupling protein 1 (UCP1), a prominent regulator
of thermogenesis in brown adipose tissues®. Notably, cFeimin MKO
did not affect the expression of UCP1at the mRNA and protein levels
(Extended DataFig.2a,b). Furthermore, cFeimin MKO had no discern-
ible impact on the skeletal muscle expression of UCP2 and UCP3,
which are important factors in muscle thermogenesis** (Extended
Data Fig. 2¢,d). To investigate whether brown adipose tissue (BAT)
thermogenesis regulates exercise and cFeimin, Ucpl global KO mice
were generated. In comparison with WT, Ucpl KO had no discern-
ible effects on exercise performance, body temperature and cFeimin
expression in both male and female mice (Extended Data Fig. 2e-h).
Together, these dataindicate that UCP1-dependent BAT thermogen-
esis may not significantly regulate the heat production and exercise
ability during exercise.

To gaininsightsinto how cFeimininfluences thermogenesis, we
conducted aninvestigationinto the effect of exercise on gene expres-
sioninboth fl/fland cFeimin MKO mice. This analysis was performed
through RNA sequencing (RNA-seq) on total RNA extracted from the
gastrocnemius muscle. The RNA-seq data revealed that following
exercise in cFeimin MKO mice, 286 genes were upregulated, whereas
46 genes were downregulated in comparison with fl/fl mice (Fig. 2¢
and Supplementary Table 1). Gene Ontology (GO) analysis showed
that the differentially expressed genes were notably enriched in
the categories of ‘muscle system process’ and ‘sarcoplasmic reticu-
lum’ (Fig. 2d,e and Supplementary Table 2). A heatmap visualiza-
tion further highlighted the genes enriched in these two categories
(Fig. 2f and Supplementary Table 3). Notably, we observed a signifi-
cantincreasein the expression of sarcolipin (S{n), a crucial regulator
of thermogenesis and metabolism in skeletal muscle®, in cFeimin
MKO mice (Fig. 2f and Supplementary Table 3). Accordingly, both
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Fig.1|Loss of cFeiminimpairs muscle exercise capacity. a, Schematic showing
the speed and duration of treadmill running. b,c, Running time (b) and running
distance (c) of 10-week-old male WT (fl/fl) and cFeimin MKO male mice.n=8
mice.d-f, VO, (d), VCO, (e) and energy expenditure (f) of exercising fl/fland
cFeimin MKO male mice. n =8 mice. g-j, Muscle ATP (g), muscle TGs (h), muscle
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glycogen (i) and blood glucose (j) levels in fl/fl and cFeimin MKO male mice before
(sedentary (Sed)) or after 90 min of exercise (Exe). n = 8 mice. Dataare shown as
mean t s.e.m. Statistical comparisons were performed using an unpaired two-
tailed Student’s t-test (b-f) or two-way analysis of variance (ANOVA) followed by
Tukey’s test (g—j). Allindividual points and Pvalues are shown.

mRNA and protein levels of Sin were found to be elevated in cFeimin
MKO mice and myotubes (Fig. 2g-i). Consistent with these results,
reduced exercise capacity, elevated SLN expression and increased
muscle thermogenesis were also observed in female cFeimin MKO
mice (Extended Data Fig. 3).

Sarcolipin’s role in binding to SERCA and blocking Ca* re-entry
from the cytoplasm to the SR results in higher cytosolic Ca** levels,
facilitating uptake of Ca®" into mitochondria to trigger oxidative
metabolism***. Therefore, we measured cytosolic Ca** levels and oxi-
dative phosphorylation (OXPHOS) in WT and cFeimin KO myotubes.
Caffeine, anagonist of RYR1, induced a weaker but more sustained cyto-
solicincreasein cytosolic Ca** levels in cFeimin KO myotubes (Fig. 2j).
Furthermore, the deficiency of cFeiminled to a significantincreasein
OXPHOS, as evidenced by the higher oxygen consumptionrate (OCR)
(Fig.2k). These findings align with the effects observed when sarcolipin
is overexpressed®?¢, and suggest that cFeimin deficiency affects Ca*"
dynamics and OCRin a manner consistent with sarcolipin’s role.

To determine whether cFeimin regulates exercise through SLN,
we employed short hairpin RNA (shRNA) to suppress Sln expressionin
WT and cFeimin MKO mice. The knockdown of Sin effectively restored
theimpact of cFeimin MKO on exercise capacity, body temperature and
SLN expression in both male and female mice without affecting body
weightand muscle glycogen levels (Fig. 3a-g and Extended Data Fig. 3).
These data indicate that cFeimin regulates muscle thermogenesis
and exercise capacity in an SLN-dependent manner. In addition, the
knockdown of Sin effectively restored the impact of cFeimin KO on
calciumdynamics and OCRin the differentiated myotubes (Fig. 3h-j).
Takentogether, these resultsindicate that cFeimin suppresses muscle
thermogenesis during exercise by inhibiting Sln expression.

cFeimin interacts with FOXC2 and suppresses Sln expression
As cFeimin suppresses Sln expression, we tested its cellular localization
and expression during exercise. In skeletal muscle, we observed aslight
decrease of cFeimin levels during exercise, accompanied by a clear
shift of cFeimin into the nucleus (Fig. 4a). These results indicate that
exercise promotes the nuclear translocation of cFeimin. Infact, cFeimin
possesses a conserved nuclear localization signal (NLS) (Extended
Data Fig. 4). Overexpressed WT cFeimin localizes in both the nucleus
and cytoplasm, whereas the NLS-deleted mutant of cFeimin (ANLS) is
confinedto the cytoplasm (Fig.4b). Notably, the cFeimin ANLS mutant
isincapable of suppressing Sln expression (Fig. 4b). These results col-
lectively suggest that cFeimin relocates to the nucleus during exercise
and subsequently reduces Sln expression.

Todelveinto how cFeimin regulates Sln expression, we conducted
immunoprecipitation experiments followed by mass spectrometry
analysis to identify cFeimin’s binding proteins. This analysis revealed
the transcription factor forkhead box C2 (FOXC2) as a potential
binding partner of cFeimin (Fig. 4c and Supplementary Table 4).
Co-immunoprecipitation assays confirmed the interaction between
cFeimin and FOXC2, with a specific region (amino acids 116-146) of
cFeimin being necessary for cFeimin-FOXC2 association (Fig. 4d).
Further characterization by amino acid mutation analysis highlighted
the significance of Argl24 and Argl40, two conserved amino acids, in
the cFeimin-FOXC2 association, as the interaction was abolished when
we used the R/D mutant (R124D and R140D) (Fig. 4e).

To examine whether FOXC2 directly regulates Sln transcription, we
performed chromatinimmunoprecipitation (ChIP) assaysin myotubes.
These assays revealed a strong binding of FOXC2 to the region from
-449t0-199 bp upstream of the Sln transcription start point (Fig. 4f),
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Fig. 2| cFeimin deficiency increases heat production. a,b, Rectal temperature
(a) and body surface temperature (b) of 10-week-old male fl/fl and cFeimin MKO
mice were monitored during exercise. n =10 mice. c-f, Analysis of exercise-
induced changes in gene expression (c), GO enrichment analysis was then
conducted (d,e), and a heatmap displaying the gene expression profiles of
sedentary and exercised fl/fl and cFeimin MKO male mice was generated (f).

The gastrocnemius muscles of sedentary and exercised (for 90 min) fl/fland
cFeimin MKO male mice were collected for total RNA extraction and RNA-seq
analysis was performed. g,h, qPCR (g), immunoblotting and statistical data (h)
showing SLN expression in gastrocnemius muscle extracts from fl/fl and cFeimin
MKO male mice under sedentary conditions (Sed) or after 90 min of exercise

(Exe). n =4 mice (Sed, g) and n=5mice (Exe, g), n = 3 biological replicates (h).
i-k, Immunoblotting (i), Ca*" imaging (j) and measurement of OCR (left, k)
were performed and statistical analyses were conducted forimmunoblot band
intensities (right, i), baseline respiratory capacity, ATP-coupled respiratory
capacity and maximum respiratory capacity (right, k) in differentiated myotubes
derived from both WT (cFeimin*'*) and cFeimin global KO (cFeimin™") mice.
n=3biological replicates (i), n =29 cells (cFeimin**) and 25 cells (cFeimin™) (j),
n=5(cFeimin™") and n = 6 biological replicates (cFeimin™") (k). Dataare shown
asmean +s.e.m. Statistical comparisons were performed using two-way ANOVA
followed by Tukey’s test (a,g,h) or unpaired two-tailed Student’s ¢-test (i k).
Allindividual points and Pvalues are shown.

indicating the presence of FOXC2-binding motifs in this region. Motif
analysis identified three potential FOXC2-binding motifs spanning
from-372to-264 bp of the Sln promoter (Fig. 4g). To validate this, we
generated myoblasts with adeletion of the region from-384 to-186 bp
of the Sln promoter. This deletion significantly reduced FOXC2 occu-
pancy and Sinexpression (Fig. 4g). Together, these results indicate that
FOXC2, as atranscription factor, promotes Sln expression.

To ascertain whether cFeimin suppresses Sin expression
via cFeimin-FOXC2 association, we examined the effect of the
binding-defective mutant of cFeimin (R/D) on FOXC2 occupancy and
Sinexpression. While cFeimin deficiency increased FOXC2 occupancy
onthe Sin promoter and Sin expression, the addition of WT cFeimin, but
not the R/D mutant of cFeimin, markedly decreased FOXC2 occupancy
on the Sin promoter and Sin expression (Fig. 4h,i). These results are

consistent with the data on calcium dynamics and OCR, further con-
firming that cFeimin promotes calcium influx from the cytoplasm to
the SRand inhibits OCR throughitsinteraction with FOXC2 (Fig. 4j k).
Together, these data indicate that cFeimin suppresses Sln expression
throughits binding to FOXC2.

Knockout of Foxc2 enhances exercise performance

To investigate whether FOXC2 regulates exercise performance, we
generated muscle-specific Foxc2 knockout (MKO) mice. Of note, Foxc2
MKO mice exhibited comparable body weight, muscle weight, food and
water intake, locomotor activity, energy expenditure, grip strength and
muscle fibre-type composition under ad libitum feeding conditions
when compared with control littermates (Extended DataFig. 5a-h).In
contrast with cFeimin deficiency, Foxc2 MKO male mice demonstrated
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Fig. 3| cFeimin regulates exercise capacity through SLN. a,b, Running time (a)
and running distance (b) of 10-week-old male WT (fl/fl) and cFeimin MKO mice with
orwithout Sin knockdown by shRNA. n =8 mice. NT, non-targeting shRNA. c,d,
Rectal temperature (c) and body surface temperature (d) were monitored during
exercise in 10-week-old male fl/fland cFeimin MKO mice with or without Sln ShRNA
knockdown. n =8 mice (c). e, Muscle glycogen levels in 10-week-old male fl/fland
cFeimin MKO mice with or without SIn shRNA knockdown before (sedentary (Sed))
or after 90 min of exercise (Exe). n = 8 mice. f,g, qPCR (f) and immunoblotting

and statistical data (g) showing SLN expression in gastrocnemius muscle extracts
from male mice under sedentary conditions (Sed) or after 90 min of exercise (Exe).

n=_8mice (f), n =4 biological replicates (g). h-j, Effect of Sinknockdown on SLN
expression (left, h), intracellular Ca** levels (i) and OCR (left, j) was assessed, and
statistical analyses were carried out forimmunoblot band intensities (right, h),
baseline respiratory capacity, ATP-coupled respiratory capacity and maximum
respiratory capacity (right, j) in WT (cFeimin*"*) and cFeimin KO (cFeimin™")
myotubes. n =4 biological replicates (h), n =38 cells (NT shRNA, cFeimin™*, i),
n=36cells (NTshRNA, cFeimin™", i), n =40 cells (SIn shRNA, cFeimin*"*, i), n = 49
cells (SInshRNA, cFeimin™", i), n=10 biological replicates (j). Data are shown as
mean * s.e.m. Statistical comparisons were performed using two-way ANOVA
followed by Tukey’s test (a—c,e-h,j). Allindividual points and P values are shown.

an enhancement in exercise capacity, as indicated by increased total
running time and distance (Fig. 5a,b). Additionally, compared with
control littermates, Foxc2 MKO male mice displayed decreased VO,,
VCO, and energy expenditure (Fig. 5c-e), and higher levels of muscle
ATP, muscle TGs, muscle glycogen and blood glucose after exercise
(Fig. 5f-i). Consistent with these results, increased exercise capacity
was observed in female mice (Extended Data Fig. 5i-k). These findings
collectively suggest that Foxc2 deficiency improves exercise perfor-
mance while reducing energy consumption.

Although the body temperature of Foxc2 MKO mice and their con-
trol littermates (f1/f1) was comparable at rest, the body temperature of
Foxc2 MKO mice was significantly lower than that of fl/fl mice during
exercise in both male and female (Fig. 5j,k and Extended Data Fig. 5I).

Thisis consistent with the observation that Foxc2 deficiency decreased
Sin expression in skeletal muscle and myotubes, accelerated calcium
influx from the cytoplasm to the SR and attenuated OCR in myotubes
(Fig. 51-p and Extended Data Fig. 5m,n). Foxc2 MKO had no discernible
impact on the expression of UCP1in BAT and the expression of UCP2
and UCP3inskeletal muscle (Extended DataFig. 50-r). Together, these
resultsindicate that Foxc2 deficiency in skeletal muscle dampens heat
production and enhances exercise capacity, in contrast to the effects
of cFeimin deficiency.

AMPK drives cFeimin shuttling and lowers Sln expression
Previous research has established that AMPK is activated in mus-
cle during exercise and plays a central role in regulating exercise
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metabolism>”'°2'¢_Given our observation that exercise promotes
cFeimin nuclear translocation (Fig. 4a), we sought to investigate
whether AMPK isinvolvedinthe nuclear translocation of cFeimin dur-
ing exercise. To explore this, weinjected Compound C, aninhibitor of
AMPK, into the gastrocnemius muscle of C57BL/6 male and female
mice (the same background as our genetically modified mice) and then
subjected them to 90-min exercise after 24 h. Remarkably, Compound
C treatment completely blocked the exercise-induced nuclear trans-
location of cFeimin (Fig. 6a and Extended Data Fig. 6a). To investigate
whether AMPK directly phosphorylates cFeimin, we treated myotubes
with A769662, an AMPK activator. We then purified cFeimin through
immunoprecipitation and identified the phosphorylation sites viamass
spectrometry analysis. We identified one conserved phosphorylation
site (T128) on cFeimin (Fig. 6b,c). Based on motif scanning of AMPK
substrates® and conservation analysis of cFeimin, T112 of cFeiminalso
emerged as a potential phosphorylation site (Fig. 6¢). In vitro kinase
assays validated that AMPK directly phosphorylates cFeiminat T112 and
T128, as the T/A mutant (T112A and T128A) of cFeimin lost the ability
to be phosphorylated (Fig. 6d).

To confirmtheinvivo phosphorylation of cFeimin, we generated a
polyclonal antibody against phospho-cFeimin (pcFeimin) and found that
exercise stimulated cFeimin phosphorylation in an AMPK-dependent
manner (Fig. 6e and Extended Data Fig. 6b). To determine whether the
phosphorylation of cFeimin affectsits nuclear translocation, we tested
the phosphorylation-defective mutant described above (T/A, T112A
and T128A) and a newly generated phosphorylation-mimic mutant
(T/D, T112D and T128D). In contrast with WT cFeimin, the T/A mutant
of cFeimin was localized in the cytoplasm, whereas the T/D mutant of
cFeiminwaslocalized inthe nucleus (Fig. 6f). Moreover, neither mutant
responded to Compound C treatment in HEK293T cells (Fig. 6f). To
investigate the cellular localization of cFeimin mutants in vivo, we
expressed cFeimin WT, T/A and T/D in the gastrocnemius muscle of
C57BL/6 mice using AAV9-mediated delivery. Exercise promoted the
nuclear translocation of WT cFeimin, but not the T/A mutant, whereas
the T/D mutant remained constitutively in the nucleus (Fig. 6g and
Extended Data Fig. 6¢). Consistent with these results, Compound C
treatment reduced the nuclear translocation of WT cFeimin (Fig. 6g
and Extended DataFig. 6¢). The nucleus-localized T/D mutant, but not
the cytoplasm-localized T/A mutant of cFeimin, was able to restore the
inhibitory effects of cFeimin on FOXC2 occupancy on the Sln promoter
and Sin expression (Fig. 6h,i). T/D, but not T/A, also restored calcium
re-entryinto the SRand reduced the OCR (Fig. 6j,k). Overall, these data
demonstrate that AMPK phosphorylates cFeimin, promotesits nuclear
translocation and, thereby, reduces Sln expression.

cFeimin suppresses Sln expression by binding to FOXC2
To investigate whether nucleus-localized cFeimin suppresses Sin
expression in vivo by binding to FOXC2, we administered injections

of AAV9-mediated WT cFeimin, as well as the T/A, T/D and R/D mutants
of cFeimin, into the gastrocnemius muscle of cFeimin MKO mice.
cFeimin MKO dramatically increased exercise-induced Sin expres-
sion, whereas the addition of WT cFeimin or the nucleus-localized
T/D mutant, but not the cytoplasm-localized T/A mutant or the
FOXC2-binding-defective mutant (R/D), led to a significant reduction
in Sin expression (Fig. 7a,b). These results underscore the necessity
of the cFeimin-FOXC2interaction for the inhibitory effect of cFeimin
on Sln expression in the skeletal muscle.

To validate whether FOXC2 acts as a mediator of cFeimin’s inhibi-
toryrolein Sin expression, we assessed the impact of cFeimin overex-
pressionand knockdown in Foxc2 MKO mice. Muscle knockout of Foxc2
decreased Sln expression, and notably, cFeimin overexpression did not
further affect Sin expression (Fig. 7c,d). Conversely, akin to cFeimin
MKO, cFeiminknockdown increased Sln expression, but this effect was
nearly abolished in Foxc2 MKO mice (Fig. 7e,f). These collective find-
ings strongly suggest that exercise promotes the nuclear translocation
of cFeimin and its inhibitory influence on Sln expression through the
cFeimin-FOXC2 association in skeletal muscle.

AMPK promotes exercise performance via cFeimin and FOXC2
To determine whether AMPK regulates exercise performance via affect-
ing muscle thermogenesis, we generated skeletal muscle-specific
AMPKa1/AMPKa2 knockout (Ampk MKO) mice. Ampk MKO mice
showed significantly decreased exercise performance and seden-
tary glycogen levels (Fig. 8a-c), which is consistent with previous
studies®®* . Although the body temperature of Ampk MKO mice and
WT was comparable atrest, the body temperature of Ampk MKO mice
was significantly higher than that of WT mice during exercise (Fig. 8d,e).
Accordingly, both mRNA and protein levels of SIn were increased in
Ampk MKO mice (Fig. 8f,g). These data indicate that Ampk MKO mice
show a similar phenotype to cFeimin MKO mice during exercise.

Doping refers to the use of drugs that enhance cellular
fat-burning abilities and improve exercise endurance. Several AMPK
activators, such as AICAR, GW1516, SR9009 and trimetazidine, have
beenlisted as doping agentsin the World Anti-Doping Code published
by the World Anti-Doping Agency*~*. As AMPK promotes the inhibi-
tory role of cFeimin in Sln expression through the cFeimin-FOXC2
association, we aimed to investigate whether cFeimin and FOXC2
mediate the enhancement of exercise performance by AMPK-related
doping agents. To identify the most effective AMPK activator among
these doping agents, we treated myotubes with AICAR, GW1516,
SR9009 and trimetazidine. Subsequently, we assessed AMPK activa-
tion and Slnexpression. Our findings revealed that AICAR is the most
potent AMPK activator and significantly suppresses Sin expression
in myotubes (Extended Data Fig. 7a,b). Based on these results, we
chose AICAR to explore the roles of cFeimin and FOXC2in enhancing
exercise performance.

Fig. 4| cFeimin binds to FOXC2 and suppresses SIn expression.

a, Immunostaining (left) and statistical data (top right) showing nuclear
translocation of cFeimin and protein levels (bottom right) in the gastrocnemius
muscle at various exercise (Exe) times. n = 6 male mice. DAPI, 4,6-diamidino-2-
phenylindole. b, Localization of WT cFeimin and cFeimin ANLS, with a deletion
ofthe NLS, in differentiated myotubes (top). The effects of WT cFeimin and the
ANLS mutant of cFeimin on SIn mRNA expression in myotubes (bottom).n=4
biological replicates. ¢, Silver-stained gel showing the proteins interacting with
cFeimin in myotubes (left) and the peptides of FOXC2 identified through mass
spectrometry analysis (right). The red boxes highlight the bands that were
excised for mass spectrometry analysis. Specifically, FOXC2 was identified from
band1.d, Deletion analysis of the regions in cFeimin required for the cFeimin-
FOXC2interaction is presented (top). Interaction-competent FOXC2is indicated
by (+) in each schematic. Co-immunoprecipitation (co-IP) shows the interaction
of FOXC2 with WT cFeimin or its mutants (bottom). e, The location of two highly
conserved Arg (R) residues within the FOXC2-binding region of cFeimin (top).
These two residues were mutated to Asp (D) to create the R/D mutant of cFeimin.

Co-IP demonstrates the interaction between FOXC2 and WT or R/D cFeimin.

f, ChIP-qPCR showing the FOXC2-binding region within the Slin promoter.
n=3biological replicates. g, FOXC2-binding motif and predicted binding

sites within the Sln promoter (left). The effect of the WT Sln promoter and the
deleted Sin promoter (with predicted FOXC2-binding sites removed) on FOXC2
occupancy (middle). The effect on Sln expression (right). n = 4 biological
replicates. h-k, Theimpact of WT or R/D cFeimin on FOXC2-binding capacity
within the SIn promoter (h), Sin expression (i), cellular Ca** levels (j) and OCR

(K) in cFeimin WT (cFeimin*’*) and KO (cFeimin™") myotubes. n = 4 biological
replicates (h,i), n =18 cells (cFeimin**,j), n =17 cells (cFeimin™", j), n = 20 cells
(cFeimin™ +WT,j), n=23cells (cFeimin™ +R/D, ), n = 5 biological replicates
(cFeimin**,K), n=7 biological replicates (cFeimin™", k), n = 6 biological replicates
(cFeimin™ +WT, k), n =8 biological replicates (cFeimin™ + R/D, k). Data are
shown as mean * s.e.m. Statistical comparisons were performed using two-way
ANOVA followed by Tukey’s test (a,b,g-i,k) or unpaired two-tailed Student’s ¢t-test
(f). Allindividual points and Pvalues are shown.
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To eliminate potential confounding effects on muscle develop-
ment and fibre reprogramming, we subjected mice to short-term
AICAR treatment (daily injection for 2 weeks). As illustrated in
Extended Data Fig. 7c-p, AICAR treatment did not affect the expres-
sion of genes related to myogenesis and myofiber types. Neverthe-
less, AICAR treatment led to a decrease in Sin expression, areduction
in body temperature, an increase in muscle glycogen levels and

an increase in total running time and distance in WT (fI/fl) mice
(Fig. 8h—n). Notably, cFeimin MKO mice did not exhibit the same
improvements in exercise performance upon AICAR treatment
(Fig.8h-n).Moreover, no additional benefits of AICAR were observed
in Foxc2 MKO mice (Fig. 8h—n). Taken together, our findings demon-
strate that cFeimin and FOXC2 mediate the enhancement of exercise
performance induced by AICAR.
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Fig. 5| Knockout of Foxc2 enhances muscle exercise capacity. a,b, Running
time (a) and running distance (b) were measured in 10-week-old male fl/fland
Foxc2 muscle-specific knockout (MKO) mice. n = 8 mice. c-e, VO, (c), VCO, (d)
and energy expenditure (e) were assessed in exercising male fl/fl and Foxc2 MKO
mice. n =8 mice. f-i, Levels of muscle ATP (f), muscle TGs (g), muscle glycogen
(h) and blood glucose (i) were determined in male fI/fl and Foxc2 MKO mice
under sedentary (Sed) conditions and after 90 min of exercise (Exe). n = 8 mice.
Jjk, Rectal temperature (j) and body surface temperature (k) were recorded

for male fl/fland Foxc2 MKO during exercise. n =10 mice (j).1,m, qPCR (I) and
immunoblots and statistical data (m) showing SLN expression in gastrocnemius
muscle extracts from male fl/fland Foxc2 MKO mice under sedentary (Sed)

conditions and after 90 min of exercise (Exe). On the immunoblot, FOXC2 is
denoted by the red arrow. n =8 mice (), n = 3 biological replicates (m). n-p, The
effect of Foxc2knockout on SLN protein expression by immunoblotting (n; right
shows statistical data), cellular Ca®* levels (0) and OCR and statistical analyses of
baseline respiratory capacity, ATP-coupled respiratory capacity and maximum
respiratory capacity (p) in differentiated myotubes. B, basal; A, ATP-coupled;

M, maximal. n = 4 biological replicates (n), n =28 cells (fI/fl) and n = 26 cells

(fl/fl, CMV-Cre) (0), n =10 biological replicates (p). Data are shown as

mean *s.e.m. Statistical comparisons were performed using an unpaired
two-tailed Student’s ¢-test (a—e,n,p) or two-way ANOVA followed by Tukey’s test
(f-j,1,m). Allindividual points and Pvalues are shown.

Discussion

Exercise canrapidly elevate core body temperature, and studies have
indicated that elevated internal body temperature seems to be an
independent factor contributing to fatigue during physical activity.
However, the mechanisms governing thermogenesis inmuscle during
exercise have remained unclear. Our findings demonstrate that AMPK
activation during exercise phosphorylates cFeimin and facilitates its
nuclear translocation. Once in the nucleus, cFeimin binds to FOXC2,
leading to the inhibition of Sin transcription. This, in turn, promotes
Ca* reuptake into the SR, reduces heat production and enhances
exercise performance. Conversely, KO of cFeiminleads to anincrease
in FOXC2-mediated S/n expression and heat production, ultimately
resulting in a decrease in exercise performance (Fig. 7g). Together,
our findings reveal that the AMPK-cFeimin-FOXC2-SLN axis plays
arole in muscle exercise, at least in part via SLN-mediated muscle

thermogenesis. This is further evidenced by the improved exercise
performance observed following AMPK activation by the AMPK ago-
nist AICAR.

Sarcolipin (SLN), myoregulin (MRLN) and phospholamban
(PLN) are related micropeptides that modulate SERCA to regulate
calcium pump activity in the SR membrane” > In our RNA-seq data,
we observed a significantincrease in Sln expression in cFeimin MKO
mice, whereas Mrin and Plnlevels remained unaffected (Supplemen-
tary Table1). This suggests that Mrin and Pln do not play a significant
role in cFeimin’s function in skeletal muscle. In skeletal muscle, SLN
overexpression reduces both peak twitch force and tetanic force, as
well as therates of contraction and relaxation*®. Loss of Sln enhances
calciumtransportand muscle relaxation but does not affect fibre-type
switching®. Studies from Periasamy’s laboratory indicate that skeletal
muscle-specific overexpression of SLN leads to increased resistance
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to fatigue, significantly longer running distances, reprogramming
of mitochondria and enhanced fatty acid oxidation under basal
conditions®*%, Their research shows that under both pair-feeding
(fixed calorie intake) and high-fat-diet conditions (ad libitum feed-
ing), SLN overexpression results in a higher energy cost for muscle
work, increased oxidative capacity of skeletal muscle fibres, greater
oxygen consumption and enhanced fatty acid oxidation at thermo-
neutrality®. These findings suggest that chronically elevated SLN
levels in skeletal muscle can lead to a higher basal metabolic rate. In
contrast, our study observed that SLN expression slightly increased
during the sedentary phase but dramatically surged after exercise
in cFeimin MKO mice. Notably, the deletion of cFeimin mice had no
discernible effects onthe basal metabolic rate. Consequently, the loss
of cFeimin results in an acute upregulation of SLN during exercise,
which enhances thermogenesis and impairs exercise capacity as a
mechanismto prevent overheating. Beyond its role in muscle contrac-
tion, SLN has also beenimplicated in thermogenesis independent of
muscle contraction®>*7¢, Studies suggest that SLN may be a crucial
mediator of muscle thermogenesis during cold exposure, influencing
energy expenditure and resistance to diet-induced obesity?**>*°. Our
dataindicate that cFeimin MKO mice display significantly increased
Sin levels, leading to increased heat production during exercise.
Consequently, the elevated heat production inhibits muscle perfor-
mance. Furthermore, knockdown of S/n in cFeimin MKO mice can
decrease the heat production and rescue the exercise capacity in
cFeimin MKO mice. Mechanistically, the increased SLN levels inhibit
cytosolic calcium reflux and improve OXPHOS, which is consistent
with previous studies®?°.

Atmoderate exercise intensities of -50-70% VO, max, both fatand
carbohydrate contribute substrate from stores inside and outside the
muscle. Muscle glycogen, as one of the important energy depots in
skeletal muscle, is essential for exercise®. Muscle glycogen in cFeimin
MKO mice was lower than in WT mice. This may be a reason for the
decreased exercise capacity in cFeimin MKO mice. Although muscle
glycogen levels were comparable in WT and cFeimin MKO mice after
AICAR treatment, AICAR treatment did not rescue exercise capacity
in cFeimin MKO mice. In addition, Sin knockdown in cFeimin MKO
mice did not affect muscle glycogen levels, but it restored exercise
performance. Consistent with these results, Foxc2 MKO mice exhibited
similar muscle glycogen levels but significantly enhanced exercise
performance. Higher energy expenditure in cFeimin MKO mice and
lower energy expenditure in Foxc2 MKO mice were negatively cor-
related with mouse exercise performance. It is possible that energy
waste accounts for the diminished exercise performance. In support
of this notion, knockdown of Sin in cFeimin MKO restored exercise
capacity. Together, these results indicate that muscle thermogenesis,

rather than glycogen levels, may play acritical role in cFeimin-mediated
exercise performance.

FOXC2, amember of the forkhead/winged helix transcription
factor family, plays a crucial role in regulating embryonic develop-
ment, adipocyte metabolism, arterial specification, vascular sprout-
ing and muscle regeneration*>’. While previous research indicated
that FOXC2 regulates C2C12 differentiation and is increased during
muscle regeneration®, its function in mature adult muscle metabolism
remained unknown. Our datareveal that FOXC2 binds to cFeimin. Nota-
bly, the deletion of Foxc2in mature skeletal muscle had no discernible
impact onmuscle development and fibre-type reprogramming. How-
ever, it significantly promoted muscle exercise capacity by reducing
unnecessary energy consumption. By overexpressing cFeiminin Foxc2
MKO mouse skeletal muscle tissue, we demonstrated that cFeimin
inhibits Sin expression to reduce exercise performance through the
action of FOXC2.

Furthermore, our study highlights the pivotal role of AMPK in
regulating ATP consumption during exercise. AMPK, activated in
response to muscle contraction and exercise, orchestrates a cascade
of phosphorylation events involving various downstream metabolic
enzymes>"'%1>® This process effectively curtails anabolic pathways
that consume ATP while concurrently activating catabolic pathways
that generate ATP. Remarkably, our research has unveiled a facet of
AMPK’s functionality (its ability to phosphorylate cFeimin), thereby
inhibiting the expression of the thermogenesis gene Sin. This regula-
tory mechanism operates asacrucial energy-balancing process during
exercise, whereSLN, as akey thermogenesis regulator, would otherwise
promote ATP consumption. Studies have shown that the deletion of
AMPKa in muscle resulted in impaired exercise capacity, diminished
mitochondrial function and reduced contraction-stimulated utiliza-
tion of muscle glycogen, glucose and fatty acids***'. Compared with
AMPKal, AMPKa2 plays a major role in muscle metabolism*®. Mice
expressing the kinase-dead AMPKa2 subunit show markedly impaired
exercise tolerance>**, However, thereis still controversy over whether
AMPK is necessary for exercise-regulated muscle glucose uptake*>**~’.
In addition, mice with tamoxifen-induced acute muscle-specific dou-
ble KO of AMPKa1/AMPKa2 displayed diminished exercise capacity,
reduced muscle glycogen content and depleted muscle ATP, whereas
muscle mitochondrial respiration, whole-body substrate utilization
and muscle glucose uptake and fatty acid oxidation during muscle
contractileactivity remained unaffected*’. These studies indicate that
acute loss of AMPK mainly results in reduced glycogen storage and
depletion of ATP, while chronic loss of AMPK may lead to additional
defectsin utilization of multiple energy substrates and impairment of
mitochondrial function. Our datashow significantly reduced exercise
performance accompanied by increased body temperature and Sin

Fig. 6| AMPK phosphorylates cFeimin and promotesits nuclear translocation.
a, The AMPK inhibitor Compound C (8 mg kg™ for 24 h) effectively prevents

the exercise-induced nuclear translocation of cFeimin. n = 6 male mice.

b, Identification of cFeimin Thr128 phosphorylation by liquid chromatography
mass spectrometry (LC-MS/MS) analysis. ¢, An amino acid sequence alignment
of cFeimin orthologues reveals conservation of two potential phosphorylation
sites, indicated by the red arrows. Thr112 was identified by motif scanning and
Thr128 was identified by LC-MS/MS. These two Thr (T) residues were mutated

to Ala (A) to create the cFeimin T/A mutant. d, Anin vitro kinase assay
demonstrates the phosphorylation of His-tagged WT cFeimin, but not the T/A
mutant, by AMPK. e, Immunoblots (left) and statistical data (right) illustrate

the phosphorylation of cFeimin in gastrocnemius muscle extracts from male
mice injected with PBS (Veh) or Compound C (Comp, 8 mg kg™ for 24 h) under
sedentary (Sed) or 90-min exercise (Exe) conditions. n = 3 biological replicates.

f, Immunostaining (left) and quantification (right) depict the cellular localization
of WT, T/A and T/D cFeiminin HEK293T cells in the presence or absence of
Compound C. T/Ais the phosphorylation-mimic cFeimin mutant carrying T112A
and T128A substitutions in HEK293T cells and T/D is the phosphorylation-mimic

cFeimin mutant carrying T112D and T128D substitutions in HEK293T cells.
n=12cells.g, Immunostaining (left) and quantification (right) demonstrate
the cellular localization of WT, T/A and T/D cFeimin in gastrocnemius muscle
of male mice under sedentary (Sed) or 90-min exercise (Exe) conditions.n=6
mice. h, ChIP-qPCR showing the effect of WT, T/A and T/D cFeimin on FOXC2-
binding capacity within the Sin promoter in cFeimin WT (cFeimin**) and KO
(cFeimin™") myotubes. n = 4 biological replicates. i-k, The effects of WT, T/A
and T/D cFeimin on Sln expression (i), cellular Ca**levels (j)and OCR and
statistical analyses of baseline respiratory capacity, ATP-coupled respiratory
capacity and maximum respiratory capacity (k) in differentiated cFeimin WT
(cFeimin**) and KO (cFeimin™") myotubes. n = 4 biological replicates (i), n =22
cells (cFeimin™", j), n =21 cells (cFeimin™",j), n =18 cells (cFeimin™ + WT,j),
n=19 cells (cFeimin™ +T/A,j), n=21cells (cFeimin™"+T/D, j), n = 5 biological
replicates (cFeimin**, k), n = 7 biological replicates (cFeimin™", k), n = 6 biological
replicates (cFeimin™ + WT, k), n = 8 biological replicates (cFeimin™ + T/A,K),
n=_8biological replicates (cFeimin™ + T/D, k). Data are shown as mean +s.e.m.
Statistical comparisons were performed using two-way ANOVA followed by
Tukey’s test (a,e-i k). Allindividual points and P values are shown.
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Fig. 7| cFeimin binds to FOXC2 and suppresses muscle thermogenesis.

a,b, qPCRresults (a) and immunoblots and statistical data (b) showing the
effect of WT cFeimin, T/A cFeimin (phosphorylation-defective mutant), T/D
cFeimin (phosphorylation-mimic mutant) or R/D cFeimin (FOXC2-binding-
defective mutant) on SLN expression in gastrocnemius muscle extracts from
male cFeimin WT (f1/fl) or MKO mice under sedentary (Sed) or 90-min exercise
(Exe) conditions. n = 6 mice (a), n =4 biological replicates (b). c,d, qPCR results
(c) and immunoblots and statistical data (d) showing the effect of cFeimin
overexpression on SLN expression in gastrocnemius muscle extracts from
male Foxc2 WT (fl/fl) or MKO mice under sedentary (Sed) or 90-min exercise
(Exe) conditions. On the immunoblot, FOXC2 is denoted by the red arrow.
n=6mice(c),n=4biological replicates (d). e,f, qQPCRresults (e) and
immunoblots and statistical data (f) showing the effect of cFeimin knockdown

Exe

(KD) on SLN expression in gastrocnemius muscle extracts from male Foxc2WT
(fl/f1) or MKO mice under sedentary (Sed) or 90-min exercise (Exe) conditions.
On theimmunoblot, FOXC2is denoted by the red arrow. NT, non-targeting
shRNA. n =6 mice (e), n =4 biological replicates (f).g, In WT (cFeimin™")

mice, exercise activates AMPK, promoting the phosphorylation and nuclear
translocation of cFeimin. Nucleus-localized cFeimin interacts with FOXC2,
suppressing Sln expression. Consequently, cFeimin reduces muscle heat
production, thereby enhancing exercise performance. However, cFeimin
deficiency relieves the inhibitory effect of cFeimin on FOXC2-controlled Sin
expression and disrupts the SLN-mediated modulation of heat production and
exercise performance. Data are shown as mean + s.e.m. Statistical comparisons
were performed using two-way ANOVA followed by Tukey’s test (a-f).
Allindividual points and Pvalues are shown.

expressionin AMPKal/AMPKa2 MKO mice during exercise. Numerous
AMPK activators, among them AICAR, have been previously shown
to enhance exercise endurance®. In line with our findings, it is likely
that AICAR achieves this effect by engaging the cFeimin-FOXC2-
SLN signalling axis. This suggests that AICAR boosts exercise per-
formance through the concerted action of cFeimin, FOXC2 and SLN.
Notably, our dataalso indicate that AMPK exerts a fine-tuned control
over ATP consumption during exercise through the phosphoryla-
tion of cFeimin. This metabolic pathway expands our understanding
of AMPK’s multifaceted role in regulating energy dynamics during
physical activity.

In conclusion, our study reveals a cFeimin-FOXC2-SLN signal-
ling axis thatintegrates AMPK signalling to regulate muscle exercise
performance, atleast in part by modulating muscle thermogenesis.
It expands our understanding of the physiological regulation of
exercise performance and may have implications for the treatment
of muscle metabolic disorders. Considering the increased energy
consumption observed in cFeimin MKO mice, it becomes imperative
to conduct further research to investigate whether cFeimin, acting
as aregulator of exercise performance in muscle, might also con-
fer resistance to conditions such as obesity, insulin resistance and
type 2 diabetes.
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Fig. 8| AMPK enhances exercise performance through cFeimin and FOXC2.
a,b, Running time (a) and running distance (b) of 10-week-old male WT (fl/fl) and
AMPKa1&2 (Ampk) MKO mice. n =8 mice. ¢, Muscle glycogen levels in male fI/fl
and Ampk MKO mice before (sedentary (Sed)) or after 60 min of exercise (Exe).
n=8mice.d,e, Body surface temperature (d) and rectal temperature (e) of male
fl/fland Ampk MKO mice were monitored during exercise. n = 8 mice (e).

f.g, qPCR (f) and immunoblotting and statistical data (g) showing SLN expression
and phosphorylation of AMPK and cFeimin in gastrocnemius muscle extracts
from male fl/fland Ampk MKO mice under sedentary conditions (Sed) or

after 60 min of exercise (Exe). n = 8 mice (f), n =3 biological replicates (g).

h-n, The effects of AICAR on Sln expression (h,i), body surface temperature (j),
rectal temperature (k), glycogen level (I) and running capacity (m,n) in male fI/fl,
cFeimin MKO mice or Foxc2 MKO mice. Mice were intraperitoneally injected with
AICAR (500 mg kg'day™) for 2 weeks. On the immunoblots, FOXC2 is denoted
by the red arrow. n = 4 biological replicates (h), n = 6 mice (i), n = 8 mice (k),
n=6mice (I),n=8mice (cFeimin MKO, m,n), n = 6 mice (Foxc2MKO, m,n). Data
areshown as mean + s.e.m. Statistical comparisons were performed using an
unpaired two-tailed Student’s ¢-test (a,b) or two-way ANOVA followed by Tukey’s
test (c,e-i,k-n). Allindividual points and Pvalues are shown.

Methods

Mouse strains and experiments

Mice were housed in atemperature-controlled environment at around
21 °Cwith free access to food and water using a 12-h light-dark cycle.
Allmice were maintained ona C57BL/6) background and fed with chow
diet (1010058, Jiangsu Xietong Pharmaceutical Bio-engineering Co.).
Animals were maintained with all relevant ethical regulations for animal
testing and research. All animal experiments were approved by the
Animal Care and Use Committee at Tsinghua University.

AMPKal/AMPKa2 (Ampk) MKO mice and UcpI™ mice were previ-
ously reported®*’,

Mice carrying a floxed allele of cFeimin and Foxc2 were obtained
from Viewsolid Biotech and GemPharmatech, respectively. For gen-
eration of cFeimin MKO and Foxc2 MKO mice, cFeimin™™ mice and
Foxc2""mice were crossed with mice expressing the Cre-recombinase
transgene from the muscle-specific human «-skeletal actin pro-
moter (Hsa-Cre). PCR genotyping of cFeimin MKO and Foxc2 MKO
mice was performed with the following allele-specific primers:
cFeimin LoxP, forward 5"-TGTGGTGTGACTTTTTGGGGAAGGC-3’;
and reverse 5-AAGCATACTGTTCCACGACAGCGAC-3’. Foxc2 LoxP,
forward 5-TTCTGCTCTTTACACAAACACAGC-3’; and reverse 5'-TG
TGGCTGCCTATCCAACCTG-3’. HSA-Cre, forward 5-GCCTGCATTAC
CGGTCGATGC-3’; and reverse 5-CAGGGTGTTATAAGCAATCCC-3'.

Global genetic ablation of cFeimin was achieved by injection
of a mixture of Cas9 mRNA (100 ng pl™) and two sgRNAs (5’-GTT
GCCGGCAGTAATCCAGC-3’ and 5-CCCAGCAAAACAAGTACAGC-3’;
50 ng pl™ each). Cleaved embryos with high quality at the two-
cell to blastocyst stage were transferred into the oviduct of matched
recipient mice. Heterozygous mice carrying the deleted cFeimin
allele were crossed to each other to generate knockout mice.
Genotypes were confirmed by PCR using the following primers:
cFeimin: 5-TGGAGTCTACCCTATTGCCC-3’ and 5-TCGCTTACCA
GATCGATTGAGG-3".

Indirect calorimetry, physical activity and food intake
Tomeasure the energy metabolism of the mice inad libitum conditions,
energy expenditure, RER, physical activity and food intake were simul-
taneously measured for individually housed mice withaPhenoMaster
system (TSE Systems) as previously described®®. Mice were allowed
to acclimatize in the chambers for at least 72 h. Food and water were
provided ad libitum in the appropriate devices and measured by the
built-in automated instruments.

Measurement of body temperature

The corebody temperature of mice was measured using a BAT-12 micro-
probe thermometer (BAT-12, Physitemp). The surface temperature
of the mice was imaged using a high-resolution infra-red camera
(FLIRC5-c51.1).

Gripping test

Thegripping force of the mice was assessed using amethod previously
described®. The procedure involved setting up a grip strength meter
(GSM) on a stable and level surface. The GSM was then connected to
a digital force gauge. Mice were carefully placed on top of the grid,

allowing themto grip the grid with all four paws. The peak force exerted
by the mouse was recorded assoonasitreleaseditsgrip fromthegrid.
This value was displayed on the screen of the GSM.

Invivo metabolic assays

Metabolic assays were performed as previously described®*®* In brief,
blood glucose values were determined using a LifeScan automatic
glucometer. Triglycerides (TR0O100, Sigma), ATP (50026, Beyotime)
and glycogen (MAKO16, Sigma-Aldrich) were measured according to
the manufacturer’s instructions.

Measurement of oxygen consumption rates

Cellular OCRs were measured using the Seahorse XFe96 analyzer
(Agilent). To measure myotube respiration, myoblasts were initially
seeded on Matrigel-coated plates and allowed to differentiate for 3
days within Seahorse XFe96 microplates. One hour before commenc-
ing the assay, myotubes were transitioned to a medium comprising
DMEM supplemented with 2.5 mM glucose (G7528, Sigma-Aldrich),
4 mM L-glutamine (G8540, Sigma-Aldrich) and 1 mM sodium pyru-
vate (S8636, Sigma-Aldrich). The respiration rates were recorded
three times, followed by successive injections of oligomycin (2 uM,
ab141829, Abcam), the uncoupler FCCP (1.5 uM, C2920, Sigma-Aldrich)
androtenone (1 pM, R8875, Sigma-Aldrich)/antimycin (1 M, ab141904,
Abcam). Immediately following the measurements, total protein lev-
els were quantified using the Pierce BCA Protein Assay kit (23225,
Thermo Fisher). Subsequently, the OCR data were normalized to the
protein content.

Exercise test and maximal oxygen consumption test

Mice were acclimatized to the treadmill for three consecutive days
at low speed (10 m min™) with a 5° incline for 10 min. Exercises were
performed as described previously. High-intensity exercise sessions
started at 10 m min*for the initial 10 min, with increments of 2 m min™*
every 5 minuntil the mice reached exhaustion. Incontrast, low-intensity
exercise sessions started at 10 m min™ for the initial 10 min, followed
by a consistent speed of 20 m min™ until the mice reached exhaus-
tion. Exhaustion was defined as the inability to stay on the electrical
shockwave plate for more than 5 s. Measurement of O,, CO, and RER
during exercise was carried out using the following method: The mice
were placed in an enclosed treadmill integrated with a PhenoMaster
system (TSE Systems) for a5-min period ata5°inclineand 0 m min™. To
determine maximal exercise capacity, mice underwent a high-intensity
exercise test, which involved increasing the speed every 2 min at a 5°
incline until they reached exhaustion. Following al-weekinterval, the
same group of mice participated in alow-intensity exercise challenge.
After a brief warm-up, the mice were subjected to a constant speed of
60% of their maximal running speed (20 m min™) at a 5° incline until
they reached exhaustion. Measurements were taken both before the
exercise challenge and throughout the challenge itself.

RNA-seq and data processing

Total RNA extraction was conducted using the GeneMark Total RNA
Purification kit. To assess RNA quality, a NanoDrop ND200O spectro-
photometer from Thermo Scientific was employed. Subsequently,

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01176-8

18libraries were meticulously prepared by BGl Genomics, and all sam-
ples were sequenced on the DNBSEQ platform. In total, 18,995 genes
wereidentified. The RNA-seq data, consisting of 50-bp single-end reads
from the DNBSEQ platform, underwent initial preprocessing, includ-
ing the removal of adaptor sequences and quality assessment using
the FastQC tool (v.0.12.1). Sequencing data were demultiplexed and
subjected to primary analysis utilizing SOAPnuke (v.1.5.2), followed by
alignment to the mouse reference genome (GRCm38.p6) using HISAT2
(v.2.2.1)®. SAMtools (v.1.9) was employed to sort and index the align-
ment BAM files, while StringTie (v.2.1.4) was used for read counting
within gene ranges, utilizing Ensemblmouse gene annotation v.102.38.
Alignment quality and statistics were assessed using SAMstat (v.1.5.2),
revealing an alignment rate ranging from 92% to 95% for the samples
in this study. Subsequently, the count vectors from all samples were
consolidated into a table, which then underwent secondary analysisin
R(v.4.3). Quality control and sample consistency were assessed through
principal-component analysis using the R package PCATools (v.2.14.0).
The count table was further processed in the secondary statistical
analysis using R scripts with DESeq2 (v.1.40.2)%*. A maximum likeli-
hood estimate model with contrast tests was specifically employed
in our analysis. This approach resulted in lists of genes ranked for
differential expression, which were based on Wald test P values. Ben-
jamini-Hochberg-adjusted Pvalues were utilized to estimate the false
discovery rate, providing a robust method for identifying significant
gene expression changes. Differential expression was defined with a
cutoff oflog, fold change (logFC) of +1and a Pvalue < 0.05. Significant
gene lists were subsequently subjected to clusterProfiler (v.4.7.1)%.
Genes were pre-ranked according to their fold change in expression,
and the application scored this sorted gene list regarding its enrich-
ment in selected functional categories, such as GO. The significance
of the enrichment score was assessed via 1,000 permutations and
Benjamini-Hochberg’s false discovery rate was calculated for multiple
testing adjustments. Significance was defined as a g-value < 0.05. The
enriched pathways were then visualized using the plot module within
this application. The dataset has been deposited in the NCBI Gene
Expression Omnibus database (GSE280845).

AAVinjection

cFeimin-3xFlag-AAV9, cFeimin 112/128T/A-3xFlag-AAV9, cFeimin
112/128T/D-3xFlag-AAV9, cFeimin 124/140R/D-3xFlag-AAV9 and
shRNA cFeimin-AAV9 (5’-ATCTGTATTCCTCCCAGCAAA-3’) were
made by WZ Biosciences. The AAVs were injected into gastrocne-
mius muscle with 5 x 10" viral genomes in 80 ul PBS. After 2 months,
mice were trained and the gastrocnemius muscle was collected.
The shRNA Sin (5’-GCTTTGTTCCCTAGCAAATGT-3’) and sh-NC
(5-TTCTCCGAACGTGTCACGT-3’) were ligated into the linearization
vector pAAV-U6-shRNA/spgRNA v2.0-CMV-EGFP-WPRE (OBiO Tech-
nology). These AAVs were packaged into the MyoAAVI1A vector, which
is specific for delivery to skeletal muscle®. Approximately 1 x 10" viral
genomes of MyoAAV vectors were administered to mice by tail-vein
injection. Mice were collected after 1.5 months.

Adenovirus preparation

The cFeimin-3xFlag, cFeimin 112/128T/A-3xFlag, cFeimin
112/128T/D-3xFlag, cFeimin 124/140R/D-3xFlag, cFeimin ANLS-
3xFlag and FOXC2-3xHA were cloned into the pAdTrack-CMV vec-
tor. Following sequencing, the correct plasmid was subjected to
Pmel digestion and subsequently introduced into pAdEasy com-
petent cells. The identification of positive recombinant plasmids
was achieved through Pacl digestion. Next, 10 pg of linearized
recombinant plasmid was transfected into 293A cells cultured ina
10-cm dish using Lipofectamine Plus (Invitrogen). After a period of
7-10 days, the cells were collected and the recombinant adenovirus
was extracted through three cycles of freeze-thaw vortexing. To
amplify the adenovirus, two additional rounds of 293A cell infection

were carried out. Additionally, arecombinant adenovirus containing
the empty pAdTrack-CMV plasmid was generated to serve as a control
for experimental purposes.

Cell culture

HEK293T cells were maintained at 37 °C and 5% CO, in DMEM
high-glucose medium (10-013-CVRC, Corning) containing 10%
FBS (SE00-011, Vistech) and 100 mg ml™ penicillin-streptomycin
(60162ES76, Yeasen Biotech). Human Skeletal Muscle Cells (CP-HO95,
Pricella) were maintained at 37 °C and 5% CO, in DMEM high-glucose
medium (10-013-CVRC, Corning) with basic fibroblast growth fac-
tor (C751, Novoprotein), 10% GlutaMAX (A12860-01, Gibco), 10% FBS
(SE00-011, Vistech) and 1% penicillin-streptomycin (60162ES76, Yeasen
Biotech). For differentiation, 2% horse serum (16050130, Thermo Fisher
Scientific) was added to DMEM high-glucose medium for 72 h. All cell
lines were routinely tested for mycoplasma using a PCR detection kit
(MP0035, Sigma).

Isolation and culture of mouse primary myoblast cells

Primary myoblasts were isolated from the hindlimb skeletal muscles
of 1-month-old mice, including those of WT, cFeimin KO or Foxc2 f1/fl
mice. The detailed procedure involved carefully dissecting the mus-
cles, mincing them into approximately 1-mm? pieces and subjecting
them to a20-min enzymatic digestion using a mixture of Collagenase
D (0.75 U ml™) and Dispase Il (1 U ml™) in the presence of 2.5 mM CaCl,.
The enzymatic reaction was halted by adding F-10 medium with 20%
FBS. After filtration and centrifugation, the collected cells were cul-
tured for 3 days in F-10 Ham’s medium supplemented with 20% FBS,
4 ng ml™ of basic fibroblast growth factor and 1% penicillin-strepto-
mycin. Following this initial culture period, myoblasts were isolated
by trypsin treatment and transferred to a non-coated culture plate.
After 1h, the supernatant was transferred to a collagen-coated plate.
Pure myoblast populations were obtained through several generations
of pre-plating. For differentiation, primary myoblasts were seeded
on Matrigel-coated cell culture plates and induced to differentiate by
replacing the culture medium with DMEM containing 2% horse serum
and 1% penicillin-streptomycin when the cell density reached 90%.

Lentivirus-mediated S{n knockdown

The shRNA targeting Sln (5’-GCTTTGTTCCCTAGCAAATGT-3’) was
designed using the online software available at https://rnaide-
signer.invitrogen.com/rnaiexpress/. The annealed shRNA was then
inserted into the pLKO.1 vector. Subsequently, this construct, along
with pCMV-VSVG, REV and PMD2 plasmids, was co-transfected into
HEK293T cells cultured in a10-cm dish. Following a 48-h transfection
period, the culture medium was filtered through a 0.45-pm filter to
remove cellular debris and the lentivirus was collected. To establish
stable knockdown cells targeting Sin, WT and cFeimin MKO myoblasts
(at 50% confluence) were infected with either Sin-specific or scramble
shRNA lentivirus. After 48 h of infection, puromycin (57417, Selleck)
was introduced at a concentration of 1 pg ml™ in the culture medium
to select for shRNA-expressing cells. Puromycin was maintained in
the culture medium for two generations to obtain a pure population
of lentivirus-infected cells.

Chemical treatment

For chemical treatment of mice, Dorsomorphin 2HCI (Compound C)
(S7306, Selleck) was injected into gastrocnemius muscle at 8 mg kg™
and the animals were analysed 24 h after injection. AICAR (51802,
Selleck) wasinjected into the abdomen at 500 mg kg™day ' for 2 weeks.
For chemical treatment of cells, myotubes were treated with AICAR
(I1mM), GW1516 (100 nM, HY-10838, MedChemExpress), SR9009
(10 pM, HY-16989, MedChemExpress) and trimetazidine (150 pM,
HY-B0968A, MedChemExpress) for 3 h. HEK293T were treated with
Compound C (20 pM) for 8 h.
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gRNA design and generation of primary myoblasts with
targeted deletions in the SIn promoter

Two guide RNAs (gRNAs) were designed using CHOPCHOP (https://
chopchop.cbu.uib.no/). One gRNA (5-TTGCAAACAGCTAGTGATAG-3")
specifically targeted the region —409 to -390 upstream from the
transcription start site (TSS) of Sln. Another gRNA (5’-CCACTACA
TCAAAAGTAGGC-3’) specifically targeted the region -234 to -215
upstream from the TSS of Sin. These gRNA sequences were cloned
into the PX458 vector (48138, Addgene). Both gRNA expression plas-
mids were simultaneously transfected into mouse primary myoblasts
using Lipofectamine 2000 according to the manufacturer’s proto-
col. The culture medium was changed 12 h after transfection. After
48 h, the myoblasts were trypsinized, washed with PBS, and resus-
pended in PBS/1% FBS for single-cell sorting based on green fluores-
cent protein expression using fluorescence-activated cell sorting
into a 96-well plate containing complete medium. Clonal cell lines
were expanded and screened by PCR amplification of the protospacer
adjacent motif (PAM). Genomic DNA from the clonal cell lines was
purified using the AxyPrep Multisource Genomic DNA Miniprep
kit (AP-MN-MS-GDNA-250G, Axygen) following the manufacturer’s
protocol. The region surrounding the PAM was then amplified using
2x Phanta Max Master Mix (P515, Vazyme) with the following prim-
ers: Sin-forward: 5-ACTTGCTGGGCATTGCTTTG-3’; Sln-reverse:
5’-CCTCAGTCTCTCCACCTCCA-3’. The PCR products were subse-
quently purified using the AxyPrep PCR Cleanup kit (AP-PCR-250,
Axygen) for sequencing analysis.

Calciumimaging

Myotubes cultured on 12-mm round glass coverslips coated with
Matrigel were initially rinsed with Krebs-Ringer-HEPES buffer (125 mM
NaCl, 5 mMKCI, 1.2 mM KH,PO,, 6 mM glucose, 1.2 mM MgCl,, 25 mM
HEPES and 1.5 mM Ca®"). Subsequently, they were incubated with 2.5 pM
Fura-2-AM (F1221, Life Technologies) in the presence of 0.05% Pluronic
F-127 (P3000MP, Life Technologies) for 30 min at 37 °C. To release
the accumulated Ca?' from the SR, 10 mM caffeine (500 uM, A10431,
Thermo Fisher) was applied. Images of Fura-2-loaded myotubes were
captured using a CoolSNAP CCD cameraand Lambda XL light box from
Sutter Instrument. During image acquisition, the excitation wavelength
alternated between 340 nm and 380 nm. The ratio of fluorescence
intensity at the two excitation wavelengths was determined after sub-
tracting the background fluorescence. All images were collected and
analysed using the MetaFluor software (v.7.10.4.407) package from
Molecular Devices.

Immunoprecipitation and immunoblotting
Celllysates were prepared from cultured cells using a cell lysis buffer
comprising150 mM NaCl, 50 mMHEPES at pH 7.4,1% Triton X-100 and
10% glycerol. Thislysis buffer also contained a cocktail of protease and
phosphatase inhibitors (B15001 and B14001, Bimake). For immuno-
precipitationusing anti-Flag beads (A2220, Sigma) and anti-HA beads
(26182, Thermo Scientific), cell lysates were incubated with agarose
beads conjugated with the anti-Flag and anti-HA antibody overnight
at 4 °C. Subsequently, the antibody-bound beads were washed five
times with celllysis buffer and thenboiled for 10 minin loading buffer.
For immunoblotting, cell lysates were prepared using RIPA lysis
buffer (50 mM Tris-HCI, pH 8.0, 1mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate and 140 mM NaCl). This lysis buffer
alsoincluded a cocktail of protease and phosphatase inhibitors. Pro-
tein concentrations were determined using the BCA Protein Assay
kit (23225, Thermo Fisher). Subsequently, samples were loaded onto
SDS-PAGE gels and then transferred to nitrocellulose membranes.
Immunoblotting was carried out in a gelatin buffer composed of
50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA and 0.05% Tween-
20, using the appropriate antibodies. The antibodies were purchased
and diluted as follows: anti-Feimin (PA5-66500, 1:1,000, Invitrogen);

anti-AMPKa (2532,1:1,000), anti-pAMPKa (2535,1:1,000), anti-HSP90
(4874S,1:1,000) and anti-UCP1 (14670, 1:1,000) from Cell Signaling
Technology; anti-SERCA1a (22361, 1:1,000), anti-SERCA2a (67248,
1:1,000) and anti-UCP2 (11081-1,1:1,000) from Proteintech; anti-UCP3
(A1532,1:1,000, ABclonal); anti-SLN (ABT13, 1:1,000, Sigma-Aldrich);
and anti-FOXC2 (sc-515234, 1:1,000, Santa Cruz). Goat anti-mouse
IgG (H+L)-HRP conjugate (1706516, 1:5,000) and goat anti-rabbit IgG
(H+L)-HRP conjugate (1706515, 1:5,000) were from Bio-Rad. The rab-
bit polyclonal anti-pcFeimin antibody (1:1,000) was generated and
purified by ABclonal.

Immunofluorescence in muscle tissues and cell lines
Forimmunostaining, tissue sections or cultured cells were initially fixed
in4% paraformaldehyde (PFA) for aduration of 10 min. Subsequently,
they were quenched with100 mM glycine for another 10 min. Following
this, the samples were immersed in blocking buffer (5% goat serum,
2% BSA, 0.1% Triton X-100 and 0.1% sodium azide in PBS) for 2 h. Next,
the samples were incubated with the following primary antibodies:
anti-FLAG (1:1,000 dilution, F1804, Sigma-Aldrich); anti-MYHI (1:200
dilution, BA-D5s, DHSB); MYHIla (1:200 dilution, SC-71, DHSB); MYHIIX
(1:200 dilution, 6H1, DHSB); MYHC (1:200 dilution, MF 20, DHSB),
dystrophin (1:1,000 dilution, ab15277, Abcam) and cFeimin (1:1,000
dilution) at4 °C overnight. Subsequently, secondary antibodies were
applied to the samples at room temperature for 1 h. The antibodies
were purchased and diluted as follows: goat anti-mouse IgG1, Alexa
Fluor 568 (A-21124,1:1,000, Thermo Fisher Scientific); goat anti-mouse
IgG2b, Alexa Fluor 647 (A-21242,1:1,000, Thermo Fisher Scientific);
goat anti-mouse IgM, Alexa Fluor 488 (A-21042,1:1,000, Thermo Fisher
Scientific); goat anti-mouse, Alexa Fluor 546 (A-11003,1:1,000, Thermo
Fisher Scientific); donkey anti-rabbit, Alexa Fluor 488 (A21206,1:1,000,
Thermo Fisher Scientific) and donkey anti-rabbit IgG, Alexa Fluor 555
(A-32816,1:1,000, Thermo Fisher Scientific). The rabbit polyclonal
anti-cFeimin (1:1,000) antibody used in this procedure was generated
and purified by ABclonal.

RNA extraction and quantitative PCR

Total RNA extracted from whole gastrocnemius, brown adipose tissues
and myotubes was isolated using the FastPure Cell/Tissue Total RNA
Isolation kit V2 (RC112-01, Vazyme). Subsequently, cDNA was synthe-
sized using the Hifair lll First Strand cDNA Synthesis SuperMix for gPCR
(11141ES60, Yeasen). RNA levels were quantified with the LightCycler
48011 (Roche). The following primers were used for qPCR:

Ampkal-forward: 5-ACCTGAGAACGTCCTGCTTG-3’
Ampkal-reverse: 5’- GAAATGACTTCTGGTGCGGC-3’
Ampkoa2-forward: 5- CCGAGGGGGTGTGTTTTACA-3’
Ampka2-reverse: 5- GGTAGCTGGGCAAATCCTGT-3/
cFeimin-forward: 5-GGCCGGAGTGAACGGAAC-3’
cFeimin-reverse:5-CCCACAGAACGCTGGATTAC-3’
Foxc2-forward: 5-CGGCGCTTCAAGAAGAAGGA-3’
Foxc2-reverse: 5-CCTCGCTCTTAACCACGACT-3’
MyhI-forward: 5-CGGAGTCAGGTGAATACTCACG-3’
Myh1I-reverse: 5’-GAGCATGAGCTAAGGCACTCT-3/
Myh2-forward: 5-CAGAGGCAAGTAGTGGTGGAG-3’
Myh2-reverse: 5’-AAATGAGGATGGGTGCTCCTG-3’
Myh4-forward: 5-AGGACCAACTGAGTGAAGTGA-3’
Myh4-reverse: 5-GGGAAAACTCGCCTGACTCTG-3’
Myh7-forward: 5-ACTGTCAACACTAAGAGGGTCA-3’
Myh7-reverse: 5-TTGGATGATTTGATCTTCCAGGG-3’
Myod-forward: 5-GGCTACGACACCGCCTACTA-3’
Myod-reverse:5-CGACTCTGGTGGTGCATCTG-3’
Myog-forward: 5-TGCCCAGTGAATGCAACTCC-3’
Mpyog-reverse: 5-TTGGGCATGGTTTCGTCTGG-3’
Pax7-forward: 5-CTGCTGAAGGACGGTCACTG-3’
Pax7-reverse: 5-GGATGCCATCGATGCTGTGT-3’
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Rni8s-forward: 5-GCAATTATTCCCCATGAACG-3’
Rni8s-reverse: 5-GGCCTCACTAAACCATCCAA-3’
Sin-forward: 5-ACTGAGGTCCTTGGTAGCCT-3’
Sin-reverse: 5’-CATGGCCCCTCAGTATTGGT-3’
Ucpl-forward: 5-GCCAGGCTTCCAGTACCATT-3’
UcpI-reverse: 5-GAGGCAGGTGTTTCTCTCCC-3’
Ucp2-forward: 5’-GTGTTTCGTCTCCCAGCCAT-3’
Ucp2-reverse: 5-TCCAGTGTCGGGAAATGCTC-3’
Ucp3-forward: 5-ACCCGATACATGAACGCTCC-3’
Ucp3-reverse: 5-AAAACGGAGATTCCCGCAGT-3’

Chromatinimmunoprecipitation-qPCR

To achieve chromatin fragmentation of myotubes, sonication was
carried out utilizing aSonicsinstrument. An aliquot of chromatin was
precleared with protein G (26161, Thermo Fisher Scientific) and immu-
noprecipitated with anti-HA beads (26182, Thermo Fisher Scientific)
or IgG control (A7028, Beyotime) antibodies. After the reversal of
crosslinking, DNA was isolated using the standard phenol-chloroform
method. Quantitative analysis was performed by the standard curve
method. Specific oligonucleotide primers for target regions were:

Sin promoter +7/-220 forward: 5’-GTAGGCCGGAAACAAGAGC
TTTC-3'

Sinpromoter +7/-220reverse: 5-GCTGTCTGAGCTCCTGGACTC-3’
Sin promoter -199/-449 forward: 5-CGGTGTGGGAATGTG
GGAAC-3’
Sinpromoter-199/-449reverse:5-AAAGCTCTTGTTTCCGGCCT-3’
Sin promoter -429/-598 forward: 5-CCCATGGCTGTTTCAG
GAGA-3’
Sinpromoter-429/-598reverse:5-TGTTCCCACATTCCCACACC-3’
Sin promoter -596/-853 forward: 5’-CCTCCCAGGCTTCTG
TACAC-3’

Sin promoter —596/-853 reverse: 5-GGGAGCCAGAGCTTG
TATCCT-3’

Invitro kinase assay

Purified AMPK (0.6 pg, CT05-H0907B, Sino Biological) wasincubated
with various substrates (1.6 pg) in kinase reaction buffer (HEPES
(H3375, Sigma-Aldrich), pH 7.4 (20 mM), dithiothreitol (D9760,
Sigma-Aldrich, 1 mM), MgCl, (M0250, Sigma-Aldrich, 5 mM), EDTA
(E9884, Sigma-Aldrich, 1 mM), NaF (S6776, Sigma-Aldrich, 200 pM),
AMP (01930, Sigma-Aldrich,100 mM) and ATP (A2383, Sigma-Aldrich,
100 mM)) and biotinylated ATP (HY-D0183, MedChemExpress, 200 pM)
at30 °Cfor15 min. The control reactions contained no purified AMPK.
Phosphorylation was detected by incorporation of biotinylated ATP
using streptavidin conjugated with HRP (N100, Thermo Fisher).

Mass spectrometry

To identify proteins interacting with cFeimin, mature myotubes were
cultured and infected with cFeimin-3xFLAG adenovirus. Total cell
lysates were prepared for immunoprecipitation. To pinpoint phos-
phorylationsites on cFeimin, mature myotubes infected with cFeimin
adenovirus were cultured and then treated with either dimethylsulfox-
ide or A769662 (52697, Selleck) for 6 h. Total cell lysates were prepared
for immunoprecipitation and the immunoprecipitation products
were separated on SDS-PAGE gels. Bands within the 50-75 kDa and
75-150 kDaranges were excised, then cutinto small pieces and analysed
using electrospray ionization tandem MS on a Thermo LTQ Orbit-
rap instrument, as previously described®*®>. The mass spectrometry
proteomics data have been deposited in the ProteomeXchange data-
base throughthe PRIDE partner repository, with the dataset identifier
PXD045263 and PXD045323.

Statistics and reproducibility
Age- and weight-matched mice were randomly assigned to the experi-
ments. The number of animals used in each experiment is provided

in the respective figure legends. No animals were excluded from the
statistical analyses, and the investigators were not blinded during
the studies. Except for the animal studies and RNA-seq, which were
conducted once, each experiment was repeated at least three times,
yielding consistent results. Each experiment included more than
threebiological replicates. Data are presented as mean + s.e.m. Group
comparisons were performed using a two-tailed unpaired Student’s
t-test or two-way analysis of variance (ANOVA) followed by Tukey’s
test, as specified in the figure legends. Differences were considered
statistically significant at P < 0.05. All statistical analyses were pro-
cessed using OriginLab (v.10.0.0.154), and figures were generated
using GraphPad (v.8.0.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq dataset hasbeen depositedinthe NCBI Gene Expression
Omnibus database (GSE280845). The mass spectrometry proteomics
data have been deposited in the ProteomeXchange database via the
PRIDE partner repository, with the dataset identifier PXD045263 and
PXD045323. Additional data supporting the findings of this study,
including experimental analysis data and statisticalinformationrelated
to the western blot images, are available in the Supplementary Infor-
mation and/or Source data files. A reporting summary for this article
isalso available as a Supplementary Information file. Source data are
provided with this paper.
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Extended DataFig. 1| Loss of cFeimin does not affect skeletal muscle measured in 10-week-old male fl/fl and cFeimin MKO mice. n=10 mice. m-n, VO,
development and fibre type reprograming. a-g, Body and tissue weight (a), grip  (m) and RER (n) were assessed in male fl/fl and cFeimin MKO mice under high-
strength (b), food intake (c), water intake (d), movement (e), energy expenditure intensity exercise. n =8 mice. 0, RER was evaluated in male fl/fl and cFeimin MKO
(f) and respiratory exchange ratio (RER, g) were assessed in 10-week-old male mice during low-intensity exercise. n=8 mice. Data are shown as mean +s.e.m.
wild-type (fI/fl) and cFeimin MKO mice. n =8 mice. h, Fibre type staining and Statistical comparisons were performed using an unpaired two-tailed Student’s
quantification were performed in male fl/fl and cFeimin MKO mice. n=5-8 mice. t-test (b-d, h, j-1) or two-way ANOVA followed by Tukey’s test (e-g, m-0).

i, Aschematic diagramillustrating the time course of acute treadmill running. Allindividual points and Pvalues are shown.

Jj-1, The maximal running speed (j), running time (k) and running distance (I) were
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Extended DataFig. 2| cFeimin deficiency does not affect the expression of
uncoupling proteins. a-b, qPCR results (a) and immunoblots (b) showing the
expression of UCP1in brown adipose tissue (BAT) extracts of 10-week-old male
fI/fland cFeimin MKO mice. n=5mice (a), n=3biological replicates (b). c-d, qPCR
results (c) and immunoblots (d) showing the expression of UCP2 and UCP3in
gastrocnemius muscle tissue extracts of male fl/fl and cFeimin MKO mice.
n=6mice(c), n=3biological replicates (d). e, Running time and running distance
of10-week-old male and female wild-type (WT) and Ucp1 KO mice. n =8 mice.

f, Rectal temperature of male and female WT and Ucp KO mice was monitored

during exercise. n =8 mice.g. qPCR showing Ucpl, Ucp2 and cFeimin expression
in BAT extracts from WT and Ucp KO mice under sedentary conditions (Sed) or
after 90 minutes of exercise (Exe). n=8 mice. h. qPCR showing cFeimin, Sln, Ucp2
and Ucp3 expression in gastrocnemius muscle extracts from WT and UcpI KO
mice under sedentary conditions (Sed) or after 90 minutes of exercise (Exe).
n=8mice. Data are shown as mean +s.e.m. Statistical comparisons were
performed using an unpaired two-tailed Student’s t-test (a-e, g, h) or two-way
ANOVA followed by Tukey’s test (f). Allindividual points and P values are shown.
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Extended Data Fig. 3 | cFeimin regulates exercise capacity through SLNin
female mice. a, Body weight was assessed in 10-week-old wild-type (fl/fl) and
cFeimin MKO mice after injection of myoAAV-con or myoAAV-shSin for1.5
months. n=8mice. b, Running time and running distance of 10-week-old female
flI/fland cFeimin MKO mice with or without Sin knockdown by shRNA.n=8

mice. NT, non-targeting shRNA. c-d, Rectal temperature (c) and body surface
temperature (d) were monitored during exercise in female fl/fl and cFeimin MKO
mice with or without Sin shRNA knockdown. n =8 mice (c). e, Muscle glycogen
levels in female f1/fl and cFeimin MKO mice with or without Sin shRNA knockdown

before exercise (sedentary (Sed)) or after 90 minutes of exercise (Exe). n=8 mice.
f-g, qPCR (f), and immunoblots and statistical data (g) showing SLN expression
ingastrocnemius muscle extracts from female fl/fl and cFeimin MKO mice with

or without Sin shRNA knockdown under sedentary conditions (Sed) or after

90 minutes of exercise (Exe). n=8 mice (f), n=4 biological replicates (g).

Data are shown as mean + s.e.m. Statistical comparisons were performed using
two-way ANOVA followed by Tukey'’s test (a-c, e-g). All individual points and
Pvalues are shown.
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Extended Data Fig. 4 | Alignment of the amino acid sequence of cFeimin from different species. The nuclear localization signal (NLS) is indicated by the red box.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Deletion of Foxc2in skeletal muscle increases muscle
exercise capacity and does not affect skeletal muscle development.

a-g, Measurements of body and tissue weight (a), grip strength (b), food intake
(c), water intake (d), movement (e), energy expenditure (f) and respiratory

exchange ratio (RER, g) in10-week-old male wild-type (fl/fl) and Foxc2 MKO mice.

n=38mice. h, Staining and quantification of fibre types in male fl/fl and Foxc2
MKO mice. n=6 mice. i, Body weight was assessed in 10-week-old female wild-
type (fI/fl) and Foxc2 MKO mice. n =8 mice.j, Running time and running distance
of10-week-old female wild-type (fl/fl) and Foxc2 MKO mice. n =8 mice. k, Muscle
glycogen levelsin female WT and Foxc2 MKO mice before exercise (sedentary
(Sed)) or after 90 minutes of exercise (Exe). n =8 mice. I, Rectal temperature

of female wild-type (fl/fl) and Foxc2 MKO mice was monitored during exercise.
n=8mice.m-n, qPCR (m) and immunoblots (n) showing SLN expression in

gastrocnemius muscle extracts from female WT and Foxc2 MKO mice under
sedentary conditions (Sed) or after 90 minutes of exercise (Exe). n=8 mice (m),
n=3biological replicates (n). 0-p, qPCRresults (0) and immunoblots (p) showing
the expression of UCP1in brown adipose tissue (BAT) extracts of fl/fland Foxc2
10-week-old male MKO mice. On the immunoblot, FOXC2 is denoted by the red
arrow. n=6 mice (0), n=3biological replicates (p). q-r, qPCRresults (q) and
immunoblots (r) showing the expression of UCP2 and UCP3 in gastrocnemius
muscle tissue extracts from male fl/fl and Foxc2 MKO mice.n=6 mice (q),n=3
biological replicates (r). Data are shown as mean + s.e.m. Statistical comparisons
were performed using an unpaired two-tailed Student’s ¢-test (b-d, h-j, o-r) or
two-way ANOVA followed by Tukey’s test (e-g,k-n). All individual points and
Pvalues are shown.
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Extended Data Fig. 6| AMPK phosphorylates cFeimin and promotesiits
nuclear translocation in female mice. a, The AMPK inhibitor Compound C

(8 mg/kg) effectively prevents the exercise-induced nuclear translocation of
cFeimin. n=7 female mice. Mice were analysed 24 hr after injection of Compound
Cor PBS (Veh). b, Immunoblots show the phosphorylation of cFeiminin
gastrocnemius muscle extracts from sedentary (Sed) and exercised (Exe) female
mice injected with PBS (Veh) or Compound C (Comp, 8 mg/kg). 24 hrs after
injection, mice were subjected to 90-minute exercise or not, then analysed.

n=3biological replicates. c,Immunoblots (left panel) and statistical data

(right panel) demonstrate the phosphorylation of AMPK in gastrocnemius
muscle extracts from male mice injected with PBS (Veh) or Compound C

(Comp, 8 mg/kg for 24 hrs) under sedentary (Sed) or 90-minute exercise (Exe)
conditions. n=4 biological replicates. Data are shown as mean + s.e.m. Statistical
comparisons were performed using two-way ANOVA followed by Tukey’s test
(a-c). Allindividual points and P values are shown.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Short-term AICAR treatment has no effect on muscle
development and fibre type reprograming. a-b, Immunoblots and statistical
data (a), and qPCR results (b) showing the effect of AMPK-activated doping on
SLN expression in myotubes. Myotubes were treated by AICAR (1 mM), GW1516
(100 nM), SR9009 (10 pM) and Trimetazidine (150 pM) for 3 hrs. n =4 biological
replicates (a), n=>5biological replicates (b). c-i, qPCR results demonstrate the
expression of fibre type genes (c-f) and myogenesis genes (g-i) in 10-week-old
male fl/fl and cFeimin MKO mice with or without AICAR treatment. Mice were

intraperitoneally injected with AICAR (500 mg/kg/day) for 2 weeks. n=6 mice.
j-P, gqPCRresultsillustrate the expression of fibre type genes (j-m) and
myogenesis genes (n-p) in 10-week-old male fl/fl and Foxc2 MKO mice with or
without AICAR treatment. Mice were intraperitoneally injected with AICAR
(500 mg/kg/day) for 2 weeks. n =6 mice. Data are shown as mean +s.e.m.
Statistical comparisons were performed using two-way ANOVA followed by
Tukey’s test. All individual points and Pvalues are shown.
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to collect data from mass spectrometry. Calcium images were collected and analyzed using the MetaFluor software(v.7.10.4.407) package
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Quality assessment was processed using FastQC tool (v.0.12.1) and SOAPnuke (v.1.5.2);
Genome alignment was processed using HISAT2 (v.2.2.1);
BAM files sorting was processed using SAMtools (v.1.9);
Post-alignment quality control was processed using SAMstat(v 1.5.2).
Reads counting was processed using StringTie (v.2.1.4);
RNASeq Secondary statistical analysis was processed using R (v.4.3);
Differential gene expression analysis was processed using DESeq2 (v.1.40.2);
Gene ontology enrichment analysis was processed using clusterProfiler (v.4.7.1);
Principal-component analysis was processed using PCATools (v.2.14.0).
Statistical analysis was performed using OriginLab (v.10.0.0.154) and GraphPad (v.8.0.1).
The level and distribution of cellular fluorescence from fluorescence microscopy images was determined using ImageJ (v.1.54).
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Raw and processed RNA-seq datasets are uploaded and available in NCBI's GEO database under the accession number (GSE280845).

The mass spectrometry proteomics data have been deposited to ProteomeXchange database through the PRIDE partner repository, with the dataset identifier
PXD045263 and PXD045323.

Additional data supporting the findings of this study, including experimental analysis data and statistical information related to the Western blot images, are
available in the Supplementary Information and/or Source Data file. A reporting summary for this article is also available as a Supplementary Information file.

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In both in vitro and in vivo investigations, the sample size was determined based on the prior experience of our laboratory and the available
literature and protocols. We set a minimum of four animals per group to enable essential statistical analysis. In vitro experiments utilizing
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Data exclusions  No animal data was excluded from the analyses.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI D ChIP-seq

Eukaryotic cell lines

Palaeontology and archaeology

IZI D Flow cytometry

IZI D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

MXXOXOO s
OO00XOX X

Antibodies

>
Q
Q
c
@
o
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<

Antibodies used All antibodies used for western blotting, immunofluorescence and chromatin immunoprecipitation are provided as follows:
Western blot:
anti-Feimin (PA5-66500, 1:1000, Invitrogen)
anti-AMPKa (2532, 1:1000, Cell Signaling Technology)
anti-pAMPKa (2535, 1:1000, Cell Signaling Technology)
anti-HSP90 (48745, 1:1000, Cell Signaling Technology)
anti-UCP1 (14670, 1:1000, Cell Signaling Technology)
anti-SERCAla (22361, 1:1000, Proteintech)
anti-SERCA2a (67248, 1:1000, Proteintech)
anti-UCP2 (11081-1, 1:1000, Proteintech)
anti-UCP3 (A1532, 1:1000, ABclonal)
anti-SLN (ABT13, 1:1000, Sigma-Aldrich)
anti-FOXC2 (sc-515234, 1:1000, Santa Cruz)
anti-rabbit polyclonal anti-pcFeimin antibody (1:1000, generated and purified by ABclonal)
Goat anti-mouse IgG(H+L)-HRP conjugate (1706516,1:5000, BIO-RAD)
Goat anti-Rabbit IgG(H+L)-HRP conjugate (1706515,1:5000, BIO-RAD)
Immunofluorescence:
anti-Flag (F1804, 1:1000, Sigma-Aldrich);
anti-MYHI (BA-D5s,1:200, DHSB);
anti-MYHlla (SC-71, 1:200, DHSB);
anti-MYHIIX (6H1, 1:200, DHSB);
anti-MYHC (MF 20, 1:200, DHSB),
anti-dystrophin (ab15277,1:1000, Abcam)
anti-cFeimin (1:1000, generated and purified by ABclonal)
Goat anti-Mouse 1gG1, Alexa Fluor 568 (A-21124,1:1000, Thermo Fisher Scientific)
Goat anti-Mouse 1gG2b, Alexa Fluor 647 (A-21242,1:1000, Thermo Fisher Scientific)
Goat anti-Mouse 1gM, Alexa Fluor 488 (A-21042,1:1000, Thermo Fisher Scientific)
Goat anti-Mouse , Alexa Fluor 546 (A-11003,1:1000, Thermo Fisher Scientific)
Donkey anti-Rabbit , Alexa Fluor 488 (A21206,1:1000, Thermo Fisher Scientific)
Donkey anti-Rabbit IgG, Alexa Fluor 555 (A-32816,1:1000, Thermo Fisher Scientific)
immunoprecipitation:
anti-flag-hrp (AE024, 1:1000, ABclonal)
anti-HA (561, 1:1000, MBL )

Validation All antibodies used in this study were commercially developed.
anti-Feimin was validated for immunofluorescent staining in human cell line SiHa, https://www.thermofisher.cn/cn/zh/antibody/
product/C5orf24-Antibody-Polyclonal/PA5-66500.
anti-AMPKa was validated for WB in various cell lines, https://www.cellsignal.com/products/primary-antibodies/ampka-
antibody/2532.
anti-pAMPKa was validated for WB in various cell lines, https://www.cellsignal.com/product/productDetail.jsp?productld=2535.
anti-HSP90 was validated for WB in various cell lines, https://www.cellsignal.com/product/productDetail.jsp?productld=4874.
anti-UCP1 was validated for WB in various cell lines, https://www.cellsighal.com/product/productDetail.jsp?productld=14670.
anti-SERCAla was validated for WB in various cell lines, https://www.ptgcn.com/Products/ATP2A1-Antibody-22361-1-AP.htm.
anti-SERCA2a was validated for FC in Hela cells, https://www.ptgcn.com/products/SERCA2-ATP2A2-Antibody-CL488-67248.htm.
anti-UCP2 was validated for WB in various cell lines, https://www.ptgcn.com/products/UCP2-Antibody-11081-1-AP.htm.
anti-UCP3 was validated for WB in various cell lines, https://abclonal.com.cn/catalog/A1532.
anti-SLN was validated for WB in various cell lines, https://www.sigmaaldrich.cn/CN/zh/product/mm/abt13.
anti-FOXC2 was validated for WB in various cell lines, https://www.scbt.com/p/foxc2-antibody-g-7.
anti-rabbit polyclonal anti-pcFeimin antibody was validated for WB in our figure 6e and s6b.
anti-Flag was validated for WB, immunoprecipitation and immunofluorescence in various cell lines, https://www.sigmaaldrich.cn/CN/
zh/product/sigma/f1804.
anti-MYHI was validated for immunofluorescence in skeletal muscle, https://dshb.biology.uiowa.edu/BA-D5.
anti-MYHlla was validated for immunofluorescence in skeletal muscle, https://dshb.biology.uiowa.edu/SC-71.
anti-MYHIIX was validated for immunofluorescence in skeletal muscle, https://dshb.biology.uiowa.edu/6H1.
anti-MYHC was validated for immunofluorescence in skeletal muscle, https://dshb.biology.uiowa.edu/MF-20.
anti-Dystrophin was validated for immunofluorescence in skeletal muscle, https://www.abcam.com/products/primary-antibodies/
dystrophin-antibody-ab15277.html.
anti-cFeimin was validated for immunofluorescence in our WT and global KO mice skeletal muscle.




Goat anti-Mouse 1gG1, Alexa Fluor 568 was validated for immunofluorescence in different tissues and cells, https://
www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG1-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21124.
Goat anti-Mouse 1gG2b, Alexa Fluor 647 was validated for immunofluorescence in different tissues and cells, https://
www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG2b-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21242.
Goat anti-Mouse IgM, Alexa Fluor 488 was validated for immunofluorescence in different tissues and cells, https://
www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-IgM-Heavy-chain-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21042.

Goat anti-Mouse , Alexa Fluor 546 was validated for immunofluorescence in different tissues and cells, https://www.thermofisher.cn/
cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11003.

Donkey anti-Rabbit , Alexa Fluor 488 was validated for immunofluorescence in different tissues and cells, https://
www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21206.

Donkey anti-Rabbit IgG, Alexa Fluor 555 was validated for immunofluorescence in different tissues and cells, https://
www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Goat-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A32816.

anti-flag-hrp was validated for WB in various cell lines, https://abclonal.com.cn/catalog/AE024.

anti-HA was validated for WB in various cell lines, https://www.mblbio.com/bio/g/dtl/A/?pcd=561.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293T cells (CRL-3216) was purchased from ATCC. HEK293A cells (CRL-1573) was purchased from ATCC. Human Skeletal
Muscle Cells (HSkMC, CP-H095, Pricella) was purchased from procell.

No specific cell line authentication was performed.

Mycoplasma contamination All cell lines were routinely tested for mycoplasma using a PCR detection kit (Sigma, MPOO035). The results indicated that all

cells were negative for mycoplasma.

Commonly misidentified lines None of the commonly misidentified lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

cFeimin flox/flox was obtained from Viewsolid Biotech;

Foxc2 flox/flox was obtained from GemPharmatech;

HSA-Cre mice was obtained from MARC (Model Animal Research Center, Nanjing,PRC);

C57BL/6J was obtained from GemPharmatech;

AMPKa1&2 (Ampk) MKO mice and Ucp1-/- mice were previously reported.

Studies were performed in 8-10 week old mice. Mice were housed in a temperature-controlled environment at around 21 °C with
free access to food and water using a 12 hr light/12 hr dark cycle. All mice were maintained on a C57BL/6J background.

No wild animals were used in the study.
Both male and female mice were employed for this study.
No field-collected samples were used in the study.

Animals were maintained with all relevant ethical regulations for animal testing and research. All animal experiments were approved
by the Animal Care and Use Committee at Tsinghua University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied- ) - )
Describe-any-atithentication-proceduresfor-each-seed-stock-used-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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