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Persistent inactivity promotes skeletal muscle atrophy,
marked by mitochondrial aberrations that affect strength,
mobility, and metabolic health leading to the advancement of
disease. Mitochondrial quality control (MQC) pathways
include biogenesis (synthesis), mitophagy/lysosomal turnover,
and the mitochondrial unfolded protein response, which serve
to maintain an optimal organelle network. Tumor suppressor
p53 has been implicated in regulating muscle mitochondria in
response to cellular stress; however, its role in the context of
muscle disuse has yet to be explored, and whether p53 is
necessary for MQC remains unclear. To address this, we
subjected p53 muscle-specific KO (mKO) and WT mice to
unilateral denervation. Transcriptomic and pathway analyses
revealed dysregulation of pathways pertaining to mitochondrial
function, and especially turnover, in mKO muscle following
denervation. Protein and mRNA data of the MQC pathways
indicated activation of the mitochondrial unfolded protein
response and mitophagy–lysosome systems along with re-
ductions in mitochondrial biogenesis and content in WT and
mKO tissue following chronic denervation. However, p53
ablation also attenuated the expression of autophagy–
mitophagy machinery, reduced autophagic flux, and
enhanced lysosomal dysfunction. While similar reductions in
mitochondrial biogenesis and content were observed between
genotypes, MQC dysregulation exacerbated mitochondrial
dysfunction in mKO fibers, evidenced by elevated reactive ox-
ygen species. Moreover, acute experiments indicate that p53
mediates the expression of transcriptional regulators of MQC
pathways as early as 1 day following denervation. Together, our
data illustrate exacerbated mitochondrial dysregulation with
denervation stress in p53 mKO tissue, thus indicating that p53
contributes to organellar maintenance via regulation of MQC
pathways during muscle atrophy.

The influence of skeletal muscle, which accounts for as
much as 40% of body mass in lean individuals, has extended
implications for mobility, injury, and metabolic diseases, and
thus has a major impact on overall quality of life (1–4). Indeed,
a unique and natural feature of aging is the progressive loss of
muscle mass, which coincides with diminished aerobic ca-
pacity and muscle strength (2, 5, 6). Within muscle,
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mitochondria are the organelles responsible for the mainte-
nance of metabolic health and contribute to the progression of
muscle dysfunction (7). Largely responsible for the provision of
ATP through aerobic respiration, mitochondria are also inte-
gral to the regulation of oxidative stress and antioxidants,
proteostasis, apoptosis, inflammation, and Ca2+ handling
(8–11). Mitochondrial quality control (MQC) involves the
coordination of multiple processes that converge on the
organelle network to regulate their synthesis (biogenesis),
breakdown (mitophagy), and protein handling ability via the
mitochondrial unfolded protein response (UPRmt) in order to
maintain a healthy mitochondrial pool (7). As such, mito-
chondrial content and function within muscle is under con-
stant regulation to match the internal metabolic capability
with the external demand being placed on the tissue.

Peroxisome proliferator–activated receptor gamma coac-
tivator 1 alpha (PGC-1α) is considered the master regulator of
mitochondrial biogenesis, but it has also been implicated in
regulating mitochondrial breakdown via the autophagy–
lysosome system and through a coordinated regulation with
transcription factor EB (TFEB) (12, 13). Thus, this transcrip-
tional regulator plays a dual role in mediating the crosstalk
between synthesis and degradation. However, in PGC-1α KO
animals subjected to denervation-induced disuse, the coinci-
dent induction of autophagy and lysosomal proteins was only
partially attenuated (13), suggesting the potential for additional
regulators of mitochondrial plasticity following prolonged
inactivity. The transcription factor p53 is one such candidate
that has been implicated in regulating mitochondria through
multiple mechanisms. p53 is a tumor suppressor protein that
monitors the cell environment and mounts appropriate action
in response to a variety of cellular stressors and is aptly named
“the guardian of the genome” (14, 15). Our laboratory has
demonstrated that the lack of p53 contributes to diminished
exercise performance as well as reduced mitochondrial func-
tion, exercise signaling, and mitochondrial DNA (mtDNA)
expression in skeletal muscle, implicating its role in moder-
ating mitochondria within skeletal muscle in response to stress
(16–20).

While p53 is identified as a regulator of mitochondrial
plasticity with exercise, as well as skeletal muscle atrophy, it
has yet been determined whether p53 is required for the
regulation of mitochondrial quality, particularly in the context
of muscle disuse. In addition, the magnitude of the
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contribution of p53 to the regulation of mitochondrial content
and function in muscle remains up for debate, with others
reporting similar mitochondrial profiles in WT muscle, as well
as muscle lacking p53 under basal conditions (21). Therefore,
our aim was to resolve these issues by performing tran-
scriptomic analysis of over 20,000 genes, along with pathway
analysis to determine the transcripts and associated cellular
processes that are most affected by the ablation of p53 in
muscle, as well as the interaction of p53 ablation with muscle
disuse. The transcriptomic data comparing WT and p53
muscle-specific KO (mKO) revealed the differential expression
of genes related to mitochondrial remodeling and the
discrepant induction of pathways governing MQC. We
elaborated on these findings by measuring key markers of
mitochondrial biogenesis and content, along with organelle
function, and mitochondrial turnover via the mitophagy–
lysosome system. We hypothesized that muscle lacking p53
would display further decrements in mitochondrial content
and function as a result of impaired induction of MQC path-
ways. Our data indicate that mitochondrial turnover via the
mitophagy–lysosome system is blunted when p53 is absent in
denervated (DEN) muscle, and this likely contributes to per-
turbations in the organelle milieu.
Results

Confirmation of p53 mKO and characterization of the 7-day
DEN hindlimb muscle

To confirm the effectiveness of our model, we assessed p53
protein expression in WT and mKO animals following 7 days
Figure 1. Characteristics of p53 mKO with 7 days of hindlimb denervation.
for p53 and Bax protein expression following 7 days of denervation. D, hindlim
weight was not affected by either genotype or denervation. Bars depict mea
denervation; δp < 0.05, main effect of genotype; *p < 0.05, DEN versus CON of
denervated; mKO, muscle-specific KO.
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of denervation. It is well documented that p53 is responsive to
chronic muscle disuse, which leads to the induction of pro-
apoptotic proteins and thus contributes to muscle atrophy (22,
23). Indeed, we observed a nearly threefold increase in p53
protein expression in WT DEN muscle, whereas p53 protein
expression was effectively ablated in the control (CON) and
DEN hindlimb of mKO animals (Fig. 1, A and B). Moreover,
the proapoptotic protein, and downstream effector of p53, Bax,
exhibited a similar threefold induction with denervation in
WT tissue, and the overall expression of Bax protein was
attenuated in mKO animals, as anticipated (Fig. 1, A and C).
We observed no effect of genotype on the collective muscle
mass of the hindlimb either prior to the intervention, or
brought about by sciatic denervation, as similar 15 to 18%
reductions were observed following 7 days of disuse (Fig. 1D).
There was also no observable effect on overall body weight in
either WT or mKO animals (Fig. 1E).

Global transcriptomic signatures of DEN muscle in WT and
p53 mKO hindlimbs

To thoroughly characterize the differences in gene expres-
sion in the muscle of WT and p53 mKO animals, we per-
formed RNA-Seq analysis to elucidate the divergence in the
transcript signatures both basally and following chronic disuse
from 7-day DEN tibialis anterior (TA) muscle, along with
contralateral CON samples, from both WT and p53 mKO
animals. Of the 20,400 transcripts that were measured, 10,416
genes were significantly affected by chronic denervation in WT
mice, whereas 10,528 targets were differentially expressed in
p53 mKO samples. Moreover, principal component analysis
A–C, representative whole-muscle Western blots and corresponding graphs
b mass was reduced in both genotypes after chronic muscle disuse. E, body
ns ± SE; n = 3 to 5 (A–C), n = 8 to 11 (D and E); Δp < 0.05, main effect of
same genotype by repeated-measures two-way ANOVA. CON, control; DEN,
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revealed that 95% of the variance was accounted for by the
effect of denervation, indicating the pronounced effect that
denervation has in altering the expression profile of muscle
(Figs. S4 and S5). Surprisingly, only 3% of variance was
attributed to the effect of genotype alone. However, the
interaction of genotype with denervation revealed discrep-
ancies between WT and muscle lacking p53 in the denervation
response at the pathway level (Figs. 2 and 3), which we further
explored in the context of mitochondrial regulation and
remodeling and describe later.
Chronic denervation–induced differential expression of gene
sets in WT and p53 mKO animals

To investigate whether the effects of denervation were
modulated by p53 on a more global scale, standard enrich-
ment/pathway analysis was performed. Standard pathway
analysis includes GOSeq enrichment (threshold-based
method) and gene set enrichment analysis (GSEA) (threshold-
free method) methodologies, as each perform independent
assessment of the experimental results. However, GOSeq was
deemed to not have sufficient power for a meaningful
enrichment test, thus only GSEA enrichment analysis was
Figure 2. GSEA pathway analysis of 7-day denervated muscle. A, standard
vation were modulated by p53 on a more global scale. To address the question
term was included in the statistical model for detection of differentially expresse
ranking gene sets that were enriched in upregulated and downregulated gene
interaction of denervation and p53 mKO (FDR <0.01). FDR, false discovery rate
performed. To test whether genotype affected gene expression
differentially in the two treatments, an interaction term was
included in the statistical model for detection of differentially
expressed genes based on the combined effect of genotype
with denervation. From this analysis, we compiled a list of the
pathways that were most affected by chronic denervation
based on genes that were either collectively upregulated or
downregulated (Fig. 2A). Most top-ranking gene sets (15 of 19
gene sets) enriched in downregulated genes pertain to regu-
lators of mitochondrial function and turnover, whereas the
pathways that were enriched in upregulated genes were not
relevant to mitochondrial regulation processes (Fig. 2A).
Indeed, when we assessed the most differentially affected
pathways without segregating the genes based on whether they
were upregulated or downregulated, we determined that four
of the seven identified pathways most affected by the absence
of p53 with denervation relate to MQC (Fig. 2B). Given the
indication that mitochondrial regulatory pathways were
particularly susceptible to denervation when p53 is absent
from muscle, we then filtered Gene Ontology (GO) terms for
specific pathways that govern mitochondria. From the list of
MQC-relevant GO terms, tree maps were generated using
reduce and visualize Gene Ontology (REVIGO) (24) based on
GSEA pathway was performed to investigate whether the effects of dener-
of whether the effect of denervation differs across genotypes, an interaction
d genes. Normalized enrichment scores (NESs) were determined for the top-
s based on this interaction term (Table S4). B, gene sets most affected by the
; GSEA, gene set enrichment analysis; mKO, muscle-specific KO.
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Figure 3. REVIGO (reduce and visualize GO) tree map of GO terms elevated in response to denervation. GO terms pertaining to mitochondrial quality
control were selected and used to generate tree maps based on their p value as described previously using the REVIGO web-based application (24).
Selection terms for GO pathways included “mitochondria,” “autophagy,” “mitophagy,” “lysosome,” “ROS” or “reactive oxygen species,” “UPR” or “unfolded
protein response,” “apoptosis,” “p53,” “protein synthesis,” and “degradation” were used to filter GO terms in order to represent the unique pattern of
differentially expressed gene sets in WT versus p53 mKO animals with 7 days of hindlimb denervation. A, tree map representing the GO pathways that are
differentially regulated by denervation in p53 mKO as compared with WT animals (based on the analysis of the interaction of genotype and denervation). B
and C, individual tree maps of GO pathways that are differentially regulated by chronic disuse in WT animals and p53 mKO animals, respectively. GO, Gene
Ontology; mKO, muscle-specific KO.
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their corresponding p values to visualize the specific pathways
that were most different with denervation in WT animals, p53
mKO animals, or as a result of the interaction of mKO with
denervation (Fig. 3, A–C). Evidently, WT and p53 mKO
muscle display discrepant patterns in their response to 7 days
of denervation, when assessing those pathways pertaining to
mitochondrial regulation (Fig. 3, B and C). In particular, GO
terms related to “mitochondrion gene expression,” “lysosomal
transport,” and “regulation of macroautophagy” were uniquely
identified in our analysis of pathways affected by the interac-
tion of p53 mKO with denervation (Fig. 3A). Thus, the RNA-
Seq data revealed a notable disparity in the MQC response to
denervation in the absence of p53.
Effect of p53 ablation on disuse-induced changes in
mitochondrial biogenesis, content, and function with chronic
disuse

We next wanted to identify whether the altered tran-
scriptome profile within p53 mKO tissue manifests in mito-
chondrial aberrations. To address this question, our first
objective was to compare the mitochondrial phenotype in WT
and p53 mKO muscle by measuring markers of mitochondrial
biogenesis, content, and function. The transcriptional coac-
tivator, PGC-1α, is widely regarded as the master regulator of
mitochondrial biogenesis, which has been localized in both
nuclear and mitochondrial compartments, and it has been
reported to be regulated by p53. Therefore, we wanted to
determine whether the total expression, as well as the sub-
cellular distribution of nuclear and mitochondrial PGC-1α,
was affected by the absence of p53. We observed an overall
reduction in PGC-1α protein content in both WT and mKO
animals following 7 days of disuse (Fig. 4, A–C). However,
DEN muscle of mKO animals displayed a more pronounced
33% reduction in nuclear PGC-1α, as compared with the 24%
decrease observed in WT DEN tissue (Fig. 4, A and B).
Interestingly, this discrepancy in the denervation-induced
reduction in PGC-1α content was not observed in the mito-
chondrial subfraction, as both WT and mKO animals exhibi-
ted similar �25% decreases in mitochondrial PGC-1α
localization following 7 days of disuse (Fig. 4, A and C). To
further elucidate the influence of p53 on mitochondrial
remodeling with chronic disuse, we assessed the transcript
expression profiles of select genes involved in mitochondrial
content and biogenesis as determined by RNA-Seq analysis
(Fig. 4D and Table S3). Transcriptional regulators of mito-
chondrial biogenesis, PGC-1α and PGC-1β (Ppargc1a and
Ppargc1b), as well as the mtDNA transcriptional regulator,
Tfam, were all reduced with 7 days of denervation in both WT
and p53 mKO animals; however, PGC-1α and PGC-1β dis-
played greater reductions in WT relative to p53 mKO tissue
(WT, −0.68 log2 fold change [log2FC] versus mKO, −0.44
log2FC; Fig. 4D and Table S3). A subset of genes encoding
components of the mitochondrial protein import machinery
was also assessed, which revealed similar decreases in the inner
membrane import components Timm23 and Timm13 in WT
and p53 mKO tissue (Timm23: WT, −0.47 log2FC versus
mKO, −0.50 log2FC; Timm13: WT, −0.27 log2FC versus
mKO, −0.29 log2FC; Fig. 4D and Table S3). The outer-
membrane import receptor, Tomm22, was upregulated in
both WT and p53 mKO mice (WT, 0.42 log2FC versus 0.50
log2FC) with chronic denervation, whereas Tomm20 was
induced in WT muscle but was not changed in the p53 mKO
DEN hindlimb (WT, 0.20 log2FC versus mKO, no change;
Fig. 4D and Table S3). In addition, we analyzed a selection of
genes encoding subunit proteins of the respiratory chain
complexes. Overall, complexes I, II, III, and V displayed a
similar pattern of reduction in gene expression with disuse in
animals of either genotype (Fig. 4D and Table S3). However,
the complex IV subunit Cox4i2 and the assembly factor Sco2
were upregulated and downregulated, respectively, in p53
mKO animals, with no change in their expression observed in
WT muscle (Cox4i2: WT, no change versus mKO, −0.90
log2FC; Sco2: WT, no change versus mKO, 0.63 log2FC;
Fig. 4D and Table S3).

Given these observed discrepancies in nuclear genes
encoding mitochondrial proteins, we wanted to determine
whether there were any observable differences in either
mitochondrial content and/or function following denervation
in muscle lacking p53 relative to WT tissue. DEN and CON
muscle from both WT and p53 mKO animals were cross-
sectioned and stained to visualize succinate dehydrogenase
(SDH) expression as a representation of mitochondrial content
(Fig. 4E). DEN muscle displayed marked reductions in SDH
stain intensity in WT and p53 mKO muscle. Furthermore,
muscle fiber diameter was reduced in these cross sections, thus
underscoring the atrophy that was achieved in these samples
with chronic denervation. While histochemistry provided
qualitative evidence of diminished mitochondrial content and
fiber atrophy with disuse, we corroborated this evidence by
measuring cytochrome c oxidase (COX) enzyme activity,
which revealed similar �20% reductions in mitochondrial
content with 7-day denervation in both WT and p53 mKO
muscle (Fig. 4F). Given the absence of disparate reductions in
mitochondrial content in WT and mKO animals with dener-
vation, we then assessed whether the lack of p53 in muscle
would manifest in mitochondrial functional impairments.
Deficiencies in organelle function were evident by reductions
in respiration rate, measured by oxygen consumption cor-
rected for both tissue weight and mitochondrial content, and
the production of reactive oxygen species (ROS) via high-
resolution respirometry (Fig. 4, G and H). Similar to our
aforementioned findings, denervation induced 22 to 32% re-
ductions in mitochondrial respiration during state 2, as well as
state 3 conditions, with no apparent additional effect of p53
ablation. Furthermore, production of ROS was increased
during state 3-stimulated respiration following prolonged
denervation in both WT and p53 mKO animals. However,
following the addition of succinate to stimulate both complex I
and II active respiration, a greater 2.3-fold elevation in ROS
was observed in the DEN muscle lacking p53, relative to the
1.7-fold induction measured in WT DEN muscle. Thus, the
disparate alterations in the gene expression profile between
WT and p53 mKO muscle were paralleled by reductions in
J. Biol. Chem. (2022) 298(2) 101540 5



Figure 4. Mitochondrial biogenesis, content, and function with chronic disuse. A–C, representative Western blots and corresponding graphs showing
nuclear- and mitochondrial-localized PGC-1α subsequent to denervation. D, heat map of DESeq RNA-Seq data showing differential expression of select
genes in the context of mitochondrial biogenesis. The data are expressed as log2 fold change following 7 days of denervation as compared with control
(reduced gene expression, red; enhanced gene abundance, blue; no change in gene expression, white; FDR < 0.05 and p < 0.05, see Table S3 for expanded
data table including both DESeq and EdgeR analysis). E and F,mitochondrial content was measured by cytochrome c oxidase activity and visualized by SDH
histochemical stain. G, mitochondrial function was measured in terms of complex I-stimulated (P/M) and complex II-stimulated (succinate) respiration
corrected for mitochondrial content (COX activity). H, likewise, ROS production was measured in conjunction with changes in complex I and II respiration.
Bars depict means ± SE; n = 5 to 6 (A–C), n = 3 (D), n = 11 (F), n = 8 (G and H); Δp < 0.05, main effect of denervation; *p < 0.05, DEN versus CON of same
genotype by repeated-measures two-way ANOVA. CON, control; COX, cytochrome c oxidase; DEN, denervated; FDR, false discovery rate; PGC-1α, peroxi-
some proliferator–activated receptor gamma coactivator 1 alpha; ROS, reactive oxygen species; SDH, succinate dehydrogenase.
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mitochondrial function despite a similar decrease in mito-
chondrial content with denervation in both genotypes.
Influence of p53 ablation on the UPRmt in 7-day DEN muscle

We considered the possibility that an overactivation of the
UPRmt may play a role in mediating the mitochondrial
remodeling with chronic denervation. The predominant
transcriptional regulator of the UPRmt, activating transcription
factor 4 (ATF4), along with associated transcription factors, C/
EBP homologous protein (CHOP) and activating transcription
6 J. Biol. Chem. (2022) 298(2) 101540
factor 5 (ATF5), was all significantly upregulated (1.7–2.5-fold)
after 7 days of denervation in both WT and p53 mKO animals
(Fig. 5, A–C). Protein expression of CHOP was significantly
diminished in the absence of p53 in both CON and DEN
muscle, whereas genotype had no observable effect on ATF4
or ATF5 (Fig. 5, A–C). Concomitant with the increased
expression of these transcriptional regulators, the 10 kDa
mitochondrial chaperone displayed a marked 3.5-fold in in-
crease in protein levels in WT muscle, which was further
enriched sixfold in p53 mKO samples (Fig. 5, A–C). Another
mitochondrial chaperone, glucose-regulated protein 75, was



Figure 5. Mitochondrial unfolded protein response (UPRmt) subsequent to 7 days of muscle disuse. A–C, representative Western blots and corre-
sponding graphs for ATF4, CHOP, ATF5, CPN10, GRP75, LonP, and ClpP from whole-muscle protein samples from 7-day DEN EDL muscle. D, heat map of
DESeq RNA-Seq data showing differential expression of select genes in the context of the UPRmt. The data are expressed as log2 fold change following
7 days of denervation as compared with control (reduced gene expression, red; enhanced gene abundance, blue; no change in gene expression, white;
FDR < 0.05 and p < 0.05, see Table S3 for expanded data table including both DESeq and EdgeR analysis). Bars depict means ± SE; n = 4 to 10 (A–C); Δp <
0.05, main effect of denervation; δp < 0.05, main effect of genotype; *p < 0.05, DEN versus CON of same genotype by repeated-measures two-way ANOVA.
ATF4, activating transcription factor 4; ATF5, activating transcription factor 5; CHOP, C/EBP homologous protein; ClpP, caseinolytic mitochondrial matrix
peptidase proteolytic subunit; CON, control; CPN10, 10 kDa mitochondrial chaperone; DEN, denervated; EDL, extensor digitorum longus; FDR, false dis-
covery rate; GRP75, glucose-regulated protein 75; LonP, lon protease homolog, mitochondrial.
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similarly induced 1.3-fold in WT and p53 mKO animals
following the chronic disuse stimulus (Fig. 5, A–C). Likewise,
mitochondrial proteases (LonP, lon protease homolog, mito-
chondrial) and caseinolytic mitochondrial matrix peptidase
proteolytic subunit (ClpP) were also affected by denervation,
with LonP protein levels being enhanced 1.3-fold in WT and
1.45-fold in mKO muscle, whereas ClpP was reduced with
denervation by 22% and 32% in WT and mKO muscle,
respectively (Fig. 5, A–C).

Interestingly, RNA-Seq data revealed that, of the genes
encoding ATF4, CHOP, and ATF5, only CHOP (Ddit3) was
induced with denervation in muscle lacking p53 (0.54 log2FC)
with no significant change in the mRNA expression in WT
muscle (Fig. 5D and Table S3). ATF4 mRNA was down-
regulated in both WT and mKO animals following chronic
muscle disuse (WT, −0.95 log2FC versus mKO, −0.86 log2FC),
whereas ATF5 was not affected in either genotype (Fig. 5D and
Table S3). Transcript analysis revealed consistent reductions
in the mRNA expression of mitochondrial proteases, Clpp,
Lonp1, and Oma1, which was similar across genotypes
(Clpp: WT, −0.49 log2FC versus mKO, −0.44 log2FC;
Lonp1: WT, −0.34 log2FC versus mKO, −0.39 log2FC;
Oma1: WT, −0.82 log2FC versus mKO, −0.75 log2FC; Fig. 5D
and Table S3). The expression of genes, heat shock protein
family E member 1 (Hspe1) and Hspa9, which encode mito-
chondrial chaperones 10 kDa mitochondrial chaperone and
J. Biol. Chem. (2022) 298(2) 101540 7
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glucose-regulated protein 75, was not affected by denervation
in either WT or mKO samples; however, mRNA expression of
another mitochondrial Hspd1 (HSP60) was diminished
(WT, −0.40 log2FC versus mKO, −0.41 log2FC) following
7 days of muscle disuse (Fig. 5D and Table S3). The mito-
chondrial deacetylase, sirtuin 3 (SirT3), has also been impli-
cated in sensing elevations in mitochondrial ROS and
appropriately mounting the UPRmt in response to this organ-
elle stress (25). However, we found the mRNA expression of
Sirt3 to be downregulated with chronic denervation–induced
disuse in animals of both genotypes (WT, −0.55 log2FC
versusmKO, −0.51 log2FC; Fig. 5D and Table S3). Collectively,
these data suggest that the UPRmt is similarly responsive to
chronic denervation in both WT and mKO muscle, which may
contribute to either stabilizing the mitochondrial reticulum, or
may help promote the recycling of damaged organelles in the
presence of disuse-induced stress.
The importance of p53 in the regulation of mitophagy after
7-day disuse

While p53 is classically considered a proapoptotic protein, it
is also regarded as a mediator of protein and organelle turn-
over via the regulation of important components of the
autophagy–lysosome system as well as mitophagy (26). Thus,
we measured the expression of upstream activators of auto-
phagosomal formation, Beclin1 (enucleation) and Atg7
(autophagy-related protein; phagophore maturation) in WT
and mKO animals following the 7-day treatment (Fig. 6, A–C).
As anticipated, denervation promoted an increase in the
expression of both proteins, regardless of genotype. However,
the relative magnitude of induction was blunted in the muscle
of p53 mKO animals, as Beclin1 expression increased only 1.8-
fold in DEN mKO tissue as compared with a threefold increase
in the WT samples. Likewise, Atg7 was upregulated by 1.5-fold
in the p53 mKO DEN hindlimb, as opposed to the twofold
increase observed in the WT littermates (Fig. 6, A–C).
Furthermore, we observed an exacerbated fivefold elevation in
the whole-muscle LC3-II:I ratio (microtubule-associated pro-
teins 1a/1b light chain 3) in 7-day DEN p53 mKO tissue
relative to the 3.8-fold increase observed in WT samples
(Fig. 6, A–C). Likewise, the denervation-induced elevation in
whole-muscle sequestosome-1 (p62) expression was also more
pronounced in the absence of p53, as mKO animals displayed a
3.2-fold increase in p62 as opposed to the 2.4-fold induction
observed in WT tissue (Fig. 6, A–C). These data suggest that
the lack of p53 induces a relative impairment in autophagy
flux, compared with WT counterparts, as a result of
denervation-induced stress. We have validated these
commonly used measures of flux by correlating protein levels
of p62 and LC3-II to actual changes in flux measured using
inhibitors in both cell culture and animal models from several
previous studies (Fig. 6D and Table S5).

We next turned our attention to measuring mitophagy-
specific protein expression in mitochondrial subcellular frac-
tions. Likewise, we observed an attenuated threefold increase
in phosphatase and tensin homolog–induced kinase 1 (PINK1)
8 J. Biol. Chem. (2022) 298(2) 101540
protein in the DEN muscle from mKO animals, relative to a
3.5-fold increase in WT animals. This corresponded with a
similar pattern of Parkin (Prkn) protein expression with
denervation, whereby WT muscle exhibited a 4.9-fold induc-
tion but increased only fourfold in the absence of p53, and
levels were also diminished basally in mKO muscle relative to
WT (Fig. 6, A–C). To further assess mitophagy status, we
measured LC3-II and p62 protein localized to mitochondria
and similarly observed a robust 6.6-fold increase in mito-
chondrial LC3-II with denervation in WT animals, compared
with a blunted 4.3-fold increase in the mKO animals. Likewise,
denervation prompted a 3.9-fold increase in p62 within WT
muscle, as compared with a 2.6-fold induction in mKO tissue
(Fig. 6, A–C). Thus, denervation is a potent inducer of
mitophagy proteins, and the absence of p53 consistently leads
to a diminished response in the mitophagy machinery at the
protein level.

To better ascertain whether the induction in autophagy and
mitophagy proteins with denervation and the blunted response
observed in p53 mKO muscle were due to enhanced, or
impaired protein turnover, we also measured the mRNA
expression of LC3, p62, and Prkn (Fig. 6E). Similar to the
changes observed at the protein level, transcript expression of
all three genes was upregulated by 7-day denervation in both
WT and p53 mKO mice, with discrepancies in LC3, p62, and
Prkn mRNA levels in p53 mKO animals relative to WT lit-
termates. RNA-Seq data revealed disparate expression of genes
involved in the upstream signaling toward autophagy,
including Foxo1, which was upregulated (0.68 log2FC) with
denervation in WT muscle, but did not change in mKO tissue,
as well as Ulk1 and Beclin1, which were both downregulated to
a greater extent with disuse in muscle lacking p53 (Ulk1:
WT, −0.41 log2FC versus mKO, −0.75 log2FC; Beclin1: WT,
no change versus mKO −0.22 log2FC; Fig. 6F and Table S3).
Furthermore, RNA-Seq displayed an induction of LC3A
(Map1lc3a) that was greater in WT tissue relative to p53 mKO
samples (WT, 1.59 log2FC versus mKO, 1.25 log2FC) along
with a reduction in LC3B (Map1lc3b; −0.32 log2FC) that was
only evident in the DEN muscle lacking p53 (Fig. 6F and
Table S3). The lower levels of LC3 subunits revealed by RNA-
Seq corroborate our quantitative PCR (qPCR) data in which
the interaction of p53 ablation with denervation contributed to
a blunted response in LC3 to denervation. In addition to the
apparent discrepancies in LC3 gene expression with denerva-
tion in the absence of p53, key Atg transcripts responsible for
LC3 lipidation and membrane incorporation were also
different between genotypes. Atg12 was upregulated in WT
muscle (0.38 log2FC) but was not affected in p53 mKO ani-
mals, whereas Atg7 was induced similarly regardless of geno-
type (WT, 0.82 log2FC versus mKO, 0.76 log2FC), and Atg5
was not affected by denervation overall (Fig. 6F and Table S3).
PINK1 and Prkn were downregulated and upregulated
following the chronic disuse stimulus in both WT and p53
mKO samples, with overall lower levels of these transcripts in
the mKO samples (PINK1: WT, −1.48 log2FC versus
mKO, −1.59 log2FC; Prkn: WT, 0.97 log2FC versus mKO 0.88
log2FC; Fig. 6F and Table S3). In addition, p62 (Sqstm1)



Figure 6. Induction of autophagy and mitophagy following 7 days of denervation. A–C, representative Western blots and corresponding graphs
showing changes in whole-muscle Beclin1, Atg7, LC3-II:I, and p62, along with mitochondrial-localized PINK1, Parkin, LC3-II, and p62 after 7 days of
denervation. D, linear regression analysis of the fold change in whole-muscle LC3-II and p62 protein correlated with the fold change in autophagy flux,
derived from previous studies published by our laboratory (Table S5). E,mRNA expression of autophagy transcripts involved in mitochondrial turnover (LC3,
p62, and Parkin) measured via real-time quantitative PCR (qPCR). F, heat map of DESeq RNA-Seq data showing differential expression of select genes in the
context of autophagy–mitophagy. The data are expressed as log2 fold change following 7 days of denervation as compared with control (reduced gene
expression, red; enhanced gene abundance, blue; and no change in gene expression, white; FDR < 0.05 and p < 0.05, see Table S3 for expanded data table
including both DESeq and EdgeR analysis). Bars depict means ± SE; n = 5 to 8 (A–C), n = 5 (D and E); Δp < 0.05, main effect of denervation; δp < 0.05, main
effect of genotype; †p < 0.05 interaction of genotype and denervation; *p < 0.05, DEN versus CON of same genotype by repeated-measures two-way
ANOVA. CON, control; DEN, denervated; FDR, false discovery rate; LC3, microtubule-associated proteins 1a/1b light chain 3; p62, sequestosome-1; PINK1,
phosphatase and tensin homolog–induced kinase 1.
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displayed a similar pattern of transcript induction (WT, 0.82
versus mKO 0.51 log2FC; Fig. 6F and Table S3) as observed in
the aforementioned qPCR experiments in which mKO muscle
had a diminished response to disuse. Thus, the mitophagy
machinery is robustly induced in response to chronic dener-
vation as a means to clear damaged organelles; however, the
ablation of p53 diminishes this adaptive response in muscle.
p53 ablation on denervation-induced changes in lysosomal
content and biogenesis via TFEB/transcription factor E3

As lysosomes function as the terminal stage of mitochon-
drial recycling, we naturally wanted to assess lysosomal con-
tent and biogenesis following the 7-day denervation stimulus.
Our results revealed a similar pattern in the expression of
lysosomal markers as observed with autophagy–mitophagy
J. Biol. Chem. (2022) 298(2) 101540 9
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machinery. Whole-muscle transcription factor E3 (TFE3)
protein expression increased 2.8-fold in WT muscle, whereas
mKO tissue displayed an attenuated 2.1-fold induction (Fig. 7,
A–C). Protein expression of TFEB was likewise induced with
denervation in both WT and mKO animals by 1.6-2-fold,
respectively; however, p53 mKO muscle displayed lower levels
in TFEB protein content in both CON and DEN tissue relative
to WT littermates (Fig. 7, A–C). We also measured the lyso-
somal protease, cathepsin D (CtsD), as an indication of lyso-
somal content, and the ratio of mature:total CtsD as a
surrogate measure of lysosomal function. Interestingly,
denervation induced a 1.5-fold to 2.2-fold increase in total
Figure 7. Chronic denervation–induced induction of lysosomal biogenesis
from whole-muscle protein extracts showing denervation-induced changes in T
heat map of DESeq RNA-Seq data showing differential expression of select
expressed as log2 fold change following 7 days of denervation as compared w
and no change in gene expression, white; FDR < 0.05 and p < 0.05, see Table
depict means ± SE; n = 5 to 6 (A–C); Δp < 0.05, main effect of denervation; δp <
by repeated-measures two-way ANOVA. CON, control; DEN, denervated; FDR, fa
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CtsD of WT and mKO muscle; however, the ratio of matur-
e:total CtsD was similarly diminished �30% with chronic
denervation in both animal models (Fig. 7, A–C). To corrob-
orate these protein data, we then turned to our RNA-Seq re-
sults to determine any changes in transcripts involved in
lysosomal biogenesis. Despite the increases in both TFEB and
TFE3 protein levels following denervation, mRNA expression
of TFEB was markedly reduced in both WT and p53 mKO
animals (WT, −1.43 log2FC versus mKO, −1.59 log2FC);
however, TFE3 gene expression was not significantly altered
(Fig. 7D and Table S3). We also measured transcript levels of
key lysosomal constituents. The Mcoln1 gene responsible for
and content. A–C, representative Western blots and corresponding graphs
FE3, TFEB, total cathepsin along with the ratio of mature:total cathepsin D. D,
genes in the context of lysosomal content and biogenesis. The data are
ith control (reduced gene expression, red; enhanced gene abundance, blue;
S3 for expanded data table including both DESeq and EdgeR analysis). Bars
0.05, main effect of genotype; *p < 0.05, DEN versus CON of same genotype
lse discovery rate; TFE3, transcription factor E3; TFEB, transcription factor EB.
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encoding the lysosomal cation channel, Mucolipin1, was un-
affected by denervation in the presence or the absence of p53
in the muscle (Fig. 8D and Table S3). Conversely, genes
encoding various subunits of the lysosomal membrane channel
v-ATPase were all induced by denervation (Atp6v0d2: WT,
5.25 log2FC versus mKO, 3.72 log2FC; Atp6v1e1: WT, 0.58
log2FC versus mKO 0.50 log2FC; Atp6v1h: WT, 1.13 log2FC
versus mKO, 1.14 log2FC), as were the lysosomal proteases
CtsD and CtsB (CtsD: WT, 1.16 log2FC versus mKO, 1.04
log2FC; CtsB: WT, 0.66 log2FC versus mKO, 0.71 log2FC;
Fig. 7D and Table S3). Notably, the increased gene expression
of the v-ATPase subunit Atp6v0d2 was blunted in p53 mKO
muscle as was the induction of CtsD. Paradoxically, the lyso-
somal membrane–bound Lamp1 and Lamp2, which facilitate
lysosomal fusion with the autophagosome, were down-
regulated and upregulated, respectively, with no discernable
difference between animal models (Lamp1: WT, −0.23 log2FC
versus mKO, −0.28 log2FC; Lamp2: WT, 0.48 log2FC versus
mKO, 0.42 log2FC; Fig. 7D and Table S3). Similar to our ob-
servations on the components of mitophagy, lysosomal
biogenesis via TFEB–TFE3 signaling appears to be affected by
denervation in WT and p53 mKO samples, and the absence of
p53 from muscle exacerbates the lysosomal derangements.
Acute effect of p53 ablation on MQC signaling in response to
24 h of denervation-induced disuse

As our data indicate altered MQC responses to 7 days of
chronic denervation in WT and mKO tissues, we next wanted
to assess whether the effect of p53 ablation had an influence on
the acute response to denervation with respect to MQC
signaling. Thus, we analyzed the mRNA expression and nu-
clear translocation of the prominent transcriptional regulators
of MQC pathways following 24 h of hindlimb denervation,
compared with the contralateral and sham-operated hindlimb
muscle. Analysis of the collective mRNA expression for PGC-
1α, TFEB, ATF4, and ATF5 suggests a differential expression
profile in these regulators of MQC in p53 mKO animals
relative to WT littermates; however, only TFEB and ATF4
were affected by acute denervation (Fig. 8A). Specifically, TFEB
transcript expression was downregulated 10% in both WT and
mKO animals, whereas ATF4 mRNA was upregulated 1.3-fold
in the DEN WT hindlimb, while in the absence of p53, ATF4
gene expression was reduced 15% (Fig. 8A). As the proteins
encoded by these genes mainly exert their influence on the
mitochondrial network as transcriptional regulators via their
localization to the nucleus, we also measured their nuclear
translocation. Regulators of mitochondrial and lysosomal
biogenesis, PGC-1α and TFEB, displayed a similar response to
denervation. PGC-1α protein was diminished in the nuclear
fraction with denervation in both WT and p53 mKO tissue;
however, overall PGC-1α protein content was elevated in the
mKO samples (Fig. 8B). Likewise, TFEB nuclear translocation
was reduced with denervation regardless of genotype, and p53
mKO tissue displayed higher levels of TFEB protein relative
WT (Fig. 8C). Conversely, UPRmt regulators ATF4 and ATF5
were induced in the nuclear fraction following 24 h of
hindlimb denervation. Specifically, ATF4 was upregulated in
DEN mKOmuscle, while no change in protein localization was
observed in WT tissue (Fig. 8D), whereas ATF5 nuclear
expression was induced with acute denervation in both WT
and p53 mKO samples (Fig. 8E). The nuclear expression of all
proteins displayed a significantly altered expression pattern in
p53 mKO as compared with WT muscle. Evidently, the lack of
p53 in muscle affects the acute 1-day response to denervation,
which precedes, and likely contributes, to the altered expres-
sion of the MQC pathways that we observed following 7 days
of hindlimb disuse.
Discussion

The importance of p53 as a regulator of mitochondrial
quality and function in muscle has been a focal point of
research over several years. We and others have previously
described a role for p53 in mediating the mitochondrial
adaptive response to acute exercise as well as an endurance
training program (17–20, 27, 28). However, contradictory
findings under basal conditions have also been reported (21).
Thus, the central focus of this study was to expand previous
analyses to determine how p53 regulates the many facets of
MQC, given the importance of mitochondrial function in
determining skeletal muscle, and indeed whole-body meta-
bolic health. In contrast to our previous work on exercise, in
this study, we have used a model of denervation-induced
muscle disuse for several reasons. First, this model results in
rapid and progressive muscle atrophy and mitochondrial
decay, thus providing an accelerated model of the decline in
muscle health evident with chronic sedentarism and muscle
inactivity, which is pervasive in many developed societies.
Understanding the molecular mechanisms of denervation at-
rophy is also translationally relevant to peripheral neuropathic
conditions such as amyotrophic lateral sclerosis and aging it-
self. Second, denervation induces a robust induction of gene
expression signatures relevant to mitochondrial turnover,
which should allow for improved analytical power in studying
the disuse response in muscle. Third, p53 has been implicated
in the maintenance of muscle mass (29, 30), but its role in
mediating mitochondrial content and function has not been
experimentally evaluated in the context of muscle disuse, as
much of the work studying the role of p53 in regulating
skeletal muscle mitochondria has focused on basal or exercise-
induced differences. Thus, we set out to determine the role of
p53 in regulating mitochondrial adaptations following acute
(1 day) and chronic (7 days) denervation-induced muscle
disuse, and whether these contributed to the impairments
observed in the muscle.

Our data reinforce the notion that p53 is important in
muscle adaptations following disuse, as we observed an in-
crease in the protein expression of p53 following 7 days of
denervation, along with a concomitant increase in the proap-
optotic protein Bax, a p53-regulated protein. Our data also
reveal that p53 mKO animals experienced similar levels of
hindlimb muscle atrophy as WT animals, which differs from a
previous report that showed p53 ablation preserved muscle
J. Biol. Chem. (2022) 298(2) 101540 11



Figure 8. Induction of upstream transcriptional regulators of mitochondrial quality control following 1-day denervation. A, mRNA expression of
transcripts involved in mitochondrial quality control pathways measured via real-time quantitative PCR (qPCR) in 1-day DEN and contralateral sham-
operated TA muscle. B–E, representative Western blots and corresponding graphs depicting nuclear translocation from the cytosol for transcriptional
regulators of mitochondrial biogenesis (PGC-1α), lysosomal biogenesis and autophagy (TFEB), and the UPRmt (ATF4 and ATF5) following 1 day of hindlimb
denervation. Subcellular fractions were obtained from gastrocnemius–plantaris muscle. Bars depict means ± SE; n = 6 to 8 (A), n = 5 to 6 (B–E); Δp < 0.05,
main effect of denervation; δp < 0.05, main effect of genotype; †p < 0.05 interaction of genotype and denervation; *p < 0.05, DEN versus CON of same
genotype. mRNA analysis was conducted via repeated-measures two-way ANOVA, whereas nuclear translocation analysis was performed using repeated-
measures three-way ANOVA. ATF4, activating transcription factor 4; ATF5, activating transcription factor 5; CON, control; DEN, denervated; PGC-1α,
peroxisome proliferator–activated receptor gamma coactivator 1 alpha; TA, tibialis anterior; TFEB, transcription factor EB; UPRmt, mitochondrial unfolded
protein response.
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mass following 3 days of hindlimb immobilization (30).
However, it is worthwhile to consider the differences in
duration and intensity of the disuse stimulus between our
experiments and those previously reported. We subjected mice
to 7 days of denervation, wherein muscle is no longer able to
contract, as compared with the aforementioned study, which
utilized hindlimb immobilization for 3 days, a stimulus in
which the muscle retains its ability to contract and receive
input from the neuromuscular junction. Despite observing no
differences in the level of atrophy in WT and mKO tissues in
our study, it is important to note that the level of atrophy we
observed (�15–18%) was substantially greater than the levels
obtained previously via immobilization (�4%), which may
suggest that the intensity of our disuse intervention exceeds
the influence of p53 in attenuating atrophy. Thus, we cannot
rule out the possibility that p53 is sufficient to preserve muscle
mass during moderate periods of disuse.

The contribution of p53 to the preservation of metabolic
function with disuse has not been determined. Therefore, we
assessed the transcriptomic alterations associated with both
denervation and p53 expression. Principal component analysis
revealed the considerable potency of the denervation stimulus
in altering the transcript profile of muscle, irrespective of ge-
notype. In contrast, the ablation of p53 alone had considerably
less influence in accounting for variability between samples,
suggesting that the role of p53 in mediating the regulation of
basal mitochondrial function is less than previously thought.
However, this does not discount the possibility that the role of
p53 may be best understood when it is activated during pe-
riods of stress, such as that imposed by denervation, which is a
strong stimulus for the induction of mitochondrial turnover.
Thus, to better understand how p53 ablation affects skeletal
muscle mitochondrial remodeling with denervation, we per-
formed pathway analysis of gene sets most affected by the
disuse stimulus (Fig. S6). We evaluated the interaction effect of
denervation with genotype, which specifically addressed the
question—is the response to denervation different in p53 mKO
animals? GSEA of the interaction term revealed that a ma-
jority of the gene sets enriched via downregulated genes were
specifically related to autophagy–mitophagy machinery,
mitochondrial assembly, and oxidation/oxidative phosphory-
lation, indicating the detrimental effect of p53 ablation on
mitochondria during disuse. When considering pathway
enrichment based on all differentially expressed genes (upre-
gulated and downregulated combined) based on the interac-
tion of p53 ablation with chronic denervation, four of the
seven significantly enriched pathways were likewise related to
mitochondrial regulation (Fig. 2B). Moreover, the divergent
responses to denervation in mKO and WT muscle is evident in
REVIGO-generated tree maps of GO terms, as pathways per-
taining to “mitochondrial gene expression,” “lysosomal trans-
port,” and “regulation of macroautophagy” were unique to the
interaction term, whereas discrepant patterns and proportions
of other MQC-related pathways were evident when comparing
the tree maps for WT with mKO animals (Fig. 3C). Thus, since
RNA-Seq and enrichment analysis suggested a role for p53 in
mediating mitochondrial remodeling following chronic
denervation, we next assessed each of the key mitochondrial
regulatory pathways individually.

Mitochondrial content is closely related to the expression
and activity of PGC-1α, such that with chronic muscle disuse,
PGC-1α expression is reduced, contributing to decreases in
organelle volume and function (13, 31, 32). In addition to its
role as a transcriptional regulator in the nucleus, PGC-1α is
also proposed to localize to the mitochondrion to regulate
mtDNA transcription. Likewise, p53 also translocates to both
the nucleus, where it regulates the expression of PGC-1α, as
well as to mitochondria, where it interacts with mitochondrial
transcription factor A (Tfam) (16). Indeed, we detected a
downregulation of PGC-1α in both compartments following
chronic denervation in both WT and mKO animals, indicating
reduced drive for mitochondrial biogenesis. Surprisingly,
mitochondrial content was not different between genotypes,
despite a more significant reduction in nuclear PGC-1α in p53
mKO animals. Since, mitochondrial content does not neces-
sarily equate to function, as dysfunctional organelles may
accumulate because of impaired clearance, we measured oxy-
gen consumption rate and ROS production in permeabilized
muscle fibers. Our results revealed elevated ROS levels during
ADP-stimulated respiration, indicating impaired organelle
function with disuse in both WT and mKO animals. Notably,
ROS levels were induced to a greater extent in mKO tissue
under complex I and complex II-stimulated conditions by the
addition of succinate, which corroborates previous reports that
showed functional impairments in isolated mitochondria
derived from p53 mKO muscle compared with WT tissue (20).
In addition, similar levels of respiration in WT and mKO fibers
were observed, as well as comparable reductions in respiration
with chronic denervation, independent of genotype. Alto-
gether, our respirometry data suggest significant mitochon-
drial dysfunction resulting from denervation that is magnified
in the absence of p53.

The increased levels of mitochondrial ROS observed with
muscle disuse can induce the activation of the UPRmt as a
means of restoring mitochondrial homeostasis (33, 34). While
a link between p53 and the UPRmt requires further investiga-
tion (35, 36), we examined the expression of UPRmt proteins
with denervation to test the hypothesis that the UPRmt might
preserve mitochondria during chronic disuse. We observed an
induction of the UPRmt with chronic denervation in both WT
and mKO samples, evidenced by increased protein expression
of mitochondrial chaperones despite a concomitant decline in
mitochondrial content. This was likely driven by the
augmented expression of the primary regulators of the UPRmt,
the transcription factors ATF4, ATF5, and CHOP, which are
otherwise maintained at low levels under basal conditions (37,
38). The fact that ATF4 and CHOP displayed discrepant
changes in both their protein and gene expression between
WT and mKO samples also implicates p53 as a potential
mediator of UPRmt activation. Surprisingly, at the transcript
level, several of the genes involved in the UPRmt were down-
regulated following chronic denervation (Fig. 5D). The in-
crease in protein level in the face of a decrease in their
respective transcripts suggests a switch in the CON of UPRmt
J. Biol. Chem. (2022) 298(2) 101540 13
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as denervation time ensues. In this way, the elevations in
UPRmt proteins at the 7-day time point reflect an adaptation
via the UPRmt pathway at earlier time points to potentially
address transient mitochondrial derangements. However, the
restorative action of the UPRmt is insufficient to preserve
mitochondrial function, despite the elevations in the UPRmt

proteins. Our experiments on the early effects of denervation
suggest a rapid induction of the UPRmt, evident from increases
in ATF4 mRNA and ATF5 translocation to the nucleus in WT
muscle. The absence of p53 attenuated this in part, since ATF4
mRNA declined in response to denervation, as did the nuclear
localization of ATF5 in p53 mKO tissue. Thus, these data
support the possibility that the UPRmt provides a compensa-
tory role in maintaining mitochondrial function following the
onset of muscle disuse and indicates that p53 plays a role in
regulating this transient stress response; however, following
chronic denervation, the UPRmt is insufficient in preserving
mitochondrial quality and function and gives way to the
mitophagy–lysosome system for the clearance of terminally
dysfunctional organelles.

Mitochondrial turnover via the mitophagy–lysosome sys-
tem is integral for maintaining the quality of the mitochon-
drial pool. Previous studies have reported that p53 regulates
the autophagy–mitophagy and lysosomal machinery and can
either promote or suppress the pathway depending on its
localization within the cell (39–41). While denervation
exerted a marked increase in the expression of autophagy
(Beclin1, Atg7, LC3-II:I, and p62) and mitophagy-specific
proteins (mitochondrial-localized PINK1, Prkn, LC3-II, and
p62), this induction of mitochondrial turnover was consis-
tently attenuated when p53 was abolished in muscle. In
particular, p53 mKO muscle displayed attenuated induction
of upstream autophagy regulators, Beclin1 and Atg7 sug-
gesting a diminished initiation of the autophagosome. Like-
wise, the exacerbated increases in whole-muscle p62 and
LC3-II:I ratio provide additional evidence of a reduced
autophagosomal turnover in the absence of p53, as the
accumulation of these markers indicates reduced autophagy
flux. Indeed, mitophagy-specific markers, PINK1 and Prkn,
along with mitochondrial-localized LC3-II and p62, corrob-
orate these findings, as their induction in p53 mKO tissue
was blunted as compared with WT samples. A similar trend
was observed at the mRNA level, assessed using qPCR,
thereby substantiating prior reports implicating p53 as a
mediator of organelle turnover. In addition, RNA-Seq data
further revealed that the induction and maturation of the
phagophore membrane was particularly susceptible to the
absence of p53. The mRNA expression of the transcriptional
regulator Foxo1 (autophagy activation), along with Ulk1 and
Beclin1 (phagophore nucleation), was relatively suppressed in
the absence of p53 with denervation, thus indicating impaired
initiation and activation of the autophagy machinery. Elon-
gation of the phagophore membrane requires the maturation
of LC3, which is facilitated by a host of autophagy (Atg)
proteins, and RNA-Seq data also revealed that maturation
and elongation of the membrane was also disrupted, evi-
denced by the relatively lower expression of Atg7 and Atg12,
14 J. Biol. Chem. (2022) 298(2) 101540
as well as LC3 subunits A and B (Map1lc3a/b), in the absence
of p53 during denervation.

The availability of functional lysosomes is required for the
fusion and digestion of autophagosome-engulfed organelles.
Recent evidence suggests a role for p53 in regulating lysosomal
biogenesis and autophagy via nuclear translocation of TFEB
and TFE3 (42). The influence of TFEB and TFE3 on the
transcription of autophagy and lysosomal genes is largely
determined by their post-translational modification, which
allows their entry into the nucleus. As such, we observed no
differences in the mRNA expression of either TFEB or TFE3
with denervation in WT and p53 mKO samples via RNA-Seq;
however, p53 mkO muscle displayed a blunted increase in the
expression of TFE3 protein with denervation along with
overall reduced TFEB protein levels, indicating impaired
activation of lysosomal biogenesis. In addition, we measured
the ratio of mature CtsD (25 kDa) and its precursor form
(37 kDa) as a surrogate measure of lysosomal function, given
that CtsD protein maturation requires an acidic lysosomal
environment, established by the shuttling of H+ into the
lysosomal lumen by the v-ATPase within functional vesicles.
Our data suggest a greater increase in total CtsD with dener-
vation in p53 mKO muscle, whereas the mature:total CtsD
ratio was reduced, suggesting that lysosomes become
dysfunctional with chronic muscle disuse, an effect that was
more pronounced in the absence of p53. While RNA-Seq
analysis of lysosomal genes displayed similar responses in
WT and mKO samples following chronic disuse, the lysosomal
membrane protein Lamp1 was reduced to a greater extent in
mKO samples than in WT, thus suggesting impairments in the
fusion of the lysosome to the autophagosome-engulfed mito-
chondria and in the formation of the autophagolysosome at
the terminal stage of mitophagy. Therefore, we have deter-
mined that multiple aspects of mitochondrial turnover,
including phagophore formation, mitochondrial selection, as
well as lysosomal function and fusion, are impaired in p53
mKO muscle. This attenuated drive for autophagy in p53
mKO muscle may account for the preservation in muscle mass
that was previously reported following 3 days of hindlimb
immobilization (30). However, during more prolonged stages
of muscle disuse, this attenuation may account for the increase
in mitochondrial dysfunction observed, resulting for the lack
of clearance of poor quality organelles. Thus, while total
mitochondrial content may be similar between p53 mKO and
WT muscle, the quality of the organelle pool is diminished in
the absence of p53.

While our analysis mostly focused on the chronic effect of a
7-day muscle disuse stimulus, we also subjected a subset of
WT and p53 mKO animals to 1 day of hindlimb denervation in
order to determine whether the early denervation-induced
induction of p53 plays a role in initiating the signaling
events that dictate the mitochondrial decline observed at later
time points of muscle disuse. We noted an effect of genotype
on the mRNA expression of PGC-1α, TFEB, ATF4, and ATF5,
indicating the influence of p53 on the breadth of the MQC
pathways. In addition, we consistently observed an effect of
genotype on the nuclear localization of these transcriptional
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regulators, which reinforces the influence that p53 has on the
initiation of mitochondrial regulatory signaling, beginning as
an early event following denervation.

It remains to be determined what influence p53 ablation
would have at intermediate time points between 1 and 7 days
of denervation or in the context of less robust disuse models
such as hindlimb suspension or casting. In addition, as p53 has
been shown to play a role in exercise-induced mitochondrial
biogenesis and remodeling, it would be worthwhile for future
studies to examine the influence of p53 ablation on mito-
chondrial readaptation following muscle reloading. This would
not be possible following denervation but would instead
require alternative models such as nerve crush, or tetrodotoxin
paralysis to remove neural innervation, but allow for its rein-
statement following a period of disuse.

In summary, we report that denervation is a potent stimulus
for mitochondrial decline in muscle. This is accomplished by
promoting decreased mitochondrial biogenesis signaling,
along with a substantial induction of stress responses and
degradation pathways such as the UPRmt and the mitophagy–
lysosome systems. We also highlight a role for p53 in facili-
tating the acute response to denervation via the regulation of
primary MQC transcriptional regulators, as well as mediating
mitochondrial remodeling following 7 days of denervation-
induced disuse. Mitochondrial turnover is attenuated in
muscle lacking p53, which contributes to an accumulation of
dysfunctional organelles as indicated by exacerbated ROS.
Thus, our data indicate a role for p53 in regulating mito-
chondrial function, by contributing to the orchestration of the
balance between organelle biogenesis and mitophagy, fine-
tuned by the UPRmt.

Experimental procedures

Animals

Both WT and muscle-specific p53 KO (mKO) mice were
generously provided by Dr Christopher M. Adams (Iowa) and
are homozygous for a floxed p53 allele flanked by LoxP re-
striction sites, whereas mKO mice also express Cre recombi-
nase under control of the muscle creatine kinase promoter
(30). Progeny was genotyped postmortem using pectoralis-
derived whole-muscle protein extracts separated on an
SDS-PAGE gel and immunoblotted for p53 protein using an
antibody that was generously provided by Dr Sam Benchimol
(York University, Toronto).

Denervation surgery

Male mice aged 5 to 8 months were randomly divided into
either 1- or 7-day treatment group. Briefly, mice were anes-
thetized using isofluorane and had a 2 to 3 mm section of their
sciatic nerve surgically dissected from their left hindlimb to
induce chronic muscle disuse of the downstream muscles
acutely (1 day) or chronically (7 days). Animals in the 1-day
group were subjected to sham surgery of the contralateral
limb to account for acute effects of surgery itself, whereas the
contralateral right hindlimb of 7-day-treated animals served as
the intra-animal control. Animals were housed with food and
water ad libitum for the duration of the treatment. Following
denervation surgery, water supplemented with amoxicillin
(0.3 mg/l) was provided, and meloxicam injections (0.05%
solution in saline) were administered for 3 days postsurgery for
pain management (first dose: 2 μg/g body weight, with each
subsequent dose being half of the previous dose). The TA,
extensor digitorum longus (EDL), gastrocnemius/plantaris, and
soleus tissues from both the CON/sham-operated and DEN leg
were collected for analysis. All animal experiments were
approved by the York University Animal Care Committee un-
der the auspices of the Canadian Council of Animal Care.

COX activity

COX activity was used as a marker of mitochondrial content.
Enzyme extracts were prepared from TAmuscle using a Qiagen
TissueLyser II and sonicated (3 × 3 s; 30% power). A buffered
test solution containing fully reduced horse heart cytochrome c
(catalog no.: C-2506; Sigma) was prepared. A multipipette was
used to add 240 μl of test solution to 50 μl of whole-muscle
homogenate in a 96-well plate. COX enzyme activity was
determined spectrophotometrically as the maximal rate of
oxidation of fully reduced cytochrome c (catalog no.: C-2506;
Sigma), measured by the change in absorbance at 550 nm at
30 �C in a microplate reader (Synergy HT; Bio-Tek In-
struments), as previously described (43). For each sample, COX
activity was calculated as an average of three trials.

Respiration and ROS production

High-resolution respirometry (Oxygraph-2K; Oroboros In-
struments) was used to measure oxygen consumption in
permeabilized muscle fibers from the TA muscle (control
and DEN) of mice. Briefly, fibers were mechanically separated
in ice-cold biopsy preservation solution buffer (2.77 mM
CaK2EGTA, 7.23 mM K2EGTA, 7.55 mM Na2ATP, 6.56 mM
MgCl2⋅6H2O, 20 mM taurine, 15 mM Na2 phosphocreatine,
20 mM imidazole, 0.5 mM DTT, 50 mM 2-(N-morpholino)
ethanesulfonic acid hydrate, and pH 7.1), permeabilized in
biopsy preservation solution with 40 μg/μl saponin at 4 �C for
30 min, and washed in buffer Z (105 mM K-2-(N-morpholino)
ethanesulfonic acid, 30 mM KCl, 10 mM KH2PO4, 5 mM
MgCl2⋅6H2O, 1 mM EGTA, 5 mg/ml bovine serum albumin,
and pH 7.4). Fibers were then incubated in the chamber with
oxygenated buffer Z supplemented with 10 μM of Amplex-Red
to measure ROS production as well as 1 μM blebbistatin
(catalog no.: B592500; Toronto Research Chemicals) to pre-
vent tetanus of the muscle and 25 U/ml Cu/Zn SOD1 to
convert O2

− to H2O2 and 2 mM EGTA. After obtaining
background values, substrates were titrated as follows to assess
respiration and ROS production: pyruvate–malate (complex I,
state 2), ADP (complex I, state 3), and succinate (complex I
and II, state 3).

Mitochondrial and nuclear fractionation

Enriched mitochondrial and nuclear cellular subfractions
were used to measure nuclear PGC-1α (Fig. 2, A and B) as
well as mitochondrial PGC-1α (Fig. 2, A and C), PINK1, Prkn,
J. Biol. Chem. (2022) 298(2) 101540 15
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LC3-II, and p62 (Fig. 3, A–C) from 7-day DEN and CON
gastrocnemius muscles, as previously described (44). Briefly,
gastrocnemius muscles were minced on ice and homogenized
using a Teflon pestle and mortar and suspended in mito-
chondrial isolation buffer (250 mM sucrose, 20 mM Hepes,
10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, and 1 mM EGTA)
supplemented with protease (Complete, Roche; 1169749801;
Roche Diagnostics) and phosphatase inhibitor cocktails
(catalog nos.: P5726 and P0044; Cocktail 2 and 3; Sigma). The
homogenates were then centrifuged at 900g for 10 min at 4
�C to pellet the nuclei, whereas mitochondrial and cytosolic
fractions were contained within the supernate. The super-
natant fraction was recentrifuged at 16,000g for 20 min at 4
�C to pellet the mitochondria. The mitochondrial pellet was
washed twice and resuspended in a onefold dilution of
mitochondrial isolation buffer. Mitochondria were subse-
quently sonicated 2 × 2 s at 30% power to yield the enriched
mitochondrial fraction. Pellets containing nuclei were
resuspended in nuclear lysis buffer (1.5 mM MgCl2, 0.2 mM
EDTA, 20 mM Hepes, 0.5 M NaCl, 20% glycerol, and 1%
Triton X-100), incubated on ice for 30 min, and then soni-
cated 3 × 10 s followed by a final centrifugation step at
16,000g for 15 min at 4 �C. The supernate was collected to
obtain the enriched nuclear fraction. Protein concentrations
within the samples were determined using the Bradford
method. Fraction purity was confirmed by Western blot
analysis (Fig. S1).
Nuclear and cytosolic fractionation

Nuclear and cytosolic fractions were prepared fresh from
sham-operated and 1-day DEN gastrocnemius muscles to
measure expression and localization of transcription factors
PGC-1α, TFEB, ATF4, and ATF5 (Fig. 6, B–E). Fractions
were obtained using the NE-PER extraction reagents (catalog
no.: 38835; Thermo Fisher Scientific) with minor modifica-
tions. Briefly, �100 mg of gastrocnemius muscle was minced
on ice and homogenized in cytosolic extraction reagent I
using a Dounce homogenizer. Homogenates were then vor-
texed and let to stand on ice for 10 min. Following addition of
cytosolic extraction reagent II solution, samples were briefly
vortexed and centrifuged at 16,000g for 10 min at 4 �C. The
supernatant cytosolic fractions were then collected. The
pellets, containing nuclei and cellular debris, were washed in
cold 1× PBS and suspended in nuclear extraction buffer.
Nuclear fractions were then sonicated three times for �3 to
5 s at 30% power and incubated on ice for 40 min. The nu-
clear fractions were vortexed every 10 min during the incu-
bation and subsequently underwent centrifugation at 16,000g
for 10 min at 4 �C. The resulting supernatant nuclear frac-
tions were collected and stored at −80 �C until further
analysis. Protein concentrations within the samples were
determined using the Bradford method. Fraction purity was
confirmed by Western blot analysis (Fig. S2). Paired cytosolic
and nuclear samples obtained from the same animals were
run and imaged within the same blot for accurate quantifi-
cation of subcellular translocation.
16 J. Biol. Chem. (2022) 298(2) 101540
Whole-muscle protein extraction

Frozen EDL samples (�10–15 mg) were added to Sakamoto
buffer (20 mM Hepes, 2 mM EGTA, 1% Triton X-100, 10%
glycerol, 50 mM β-glycerophosphate, 1 mM PMSF, 1 mM
DTT, 1 mM sodium orthovanadate, 10 μM leupeptin, 5 μM
pepstatin A, and 10 mg/ml aprotinin) and diluted 20-fold.
Samples were homogenized using a Qiagen TissueLyser II with
steel beads and then centrifuged for 10 min at 12,000g.
Supernates were recovered, and protein concentration was
determined by Bradford protein assay.

Immunoblotting

Proteins were resolved on 12 to 15% polyacrylamide gels,
transferred onto nitrocellulose membranes, and blocked with
5% milk in TBS with Tween-20 for 1 h. Membranes were
incubated overnight at 4 �C with 1� antibodies for proteins of
interest (Table S1), followed by a 1 h incubation at room
temperature with the appropriate 2� antibody coupled to
horseradish peroxidase. Membranes were developed with an
ECL kit (catalog no.: 170-5061; BIO-RAD) and revealed using
enhanced chemiluminescence. Quantification was performed
with ImageJ software (the National Institutes of Health).

Histology and cross-sectional area

SDH staining was performed on 10 μm cross sections of
EDL muscles as previously described (23). EDL muscles from
the CON and DEN hindlimb were excised from the animal,
mounted in Cryomatrix (Thermo Fisher Scientific), and frozen
in isopentane at the temperature of liquid nitrogen. These
muscles were then cryosectioned, transferred to glass slides,
and incubated with an SDH-staining solution (0.2 M sodium
succinate, 0.2 M phosphate buffer, pH 7.4, and nitro blue
tetrazolium) at 37 �C for 20 min. Slides were then rinsed in
distilled water, and a microscope cover glass was mounted on
slides using DPX mountant for histology (catalog no.: 06522;
Sigma). Photos of muscle sections were taken using a Nikon
Eclipse 90i camera and QCapture software.

In vitro RNA isolation and reverse transcription

Total RNA was isolated from frozen whole-muscle TA as
described previously (45). Briefly, using a Qiagen TissueLyser
II, frozen TA muscle samples (�20–30 mg) were added to
TRIzol reagent and mixed with chloroform. Samples were
centrifuged at 4 �C at 16,000g for 15 min, and the upper
aqueous phase of the sample was transferred to a new tube
along with isopropanol and left overnight at −20 �C to pre-
cipitate. Samples were once again centrifuged at 4 �C at
16,000g for 10 min. The resultant supernate was discarded, and
the pellet was resuspended in 30 μl of molecular-grade sterile
water (Wisent Bio Products). The concentration and purity of
the RNA were measured using a spectrophotometer (Nano-
Drop 2000). SuperScript III reverse transcriptase (catalog no.:
18080093; Invitrogen) was used to reverse-transcribe 1.5 μg of
total RNA into complementary DNA (cDNA) in a 20 μl
reaction.
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Real-time qPCR gene expression analysis and qPCR
quantification

Sequences from GenBank were used to design primers
with Primer 3, version 0.4.0 software (Massachusetts Institute
of Technology) for genes of interest (Table S2). Primer
specificity was confirmed by OligoAnalyzer 3.1 (Integrated
DNA Technologies). mRNA expression was measured with
SYBR Green chemistry (PerfeCTa SYBR Green SuperMix,
ROX; Quanta BioSciences). Each well contained SYBR Green
SuperMix, forward and reverse primers (20 μM), sterile wa-
ter, and 10 ng of cDNA. All real-time PCR amplifications
were detected in a 96-well plate using a StepOnePlus Real-
Time PCR System (Applied Biosystems). The final reaction
volume of each well was 25 μl. Samples were run in dupli-
cates to ensure accuracy. The PCR program consisted of an
initial holding stage (95 �C for 10 min) followed by 40
amplification cycles (60 �C for 1 min and 95 �C for 15 s) and
was completed with a final melting stage (95 �C for 15 s,
60 �C for 1 min, and 95 �C for 15 s). Analysis of melt curves
generated by the instrument for SYBR Green analyses was
used to control for nonspecific amplification and primer di-
mers. Negative control wells contained water in place of
cDNA. Gene expression was quantitated as follows: first, the
average threshold cycle (CT) value of the endogenous refer-
ence genes (Gapdh and B2m) was subtracted from the CT

value of the target gene: ΔCT = CT(target) − CT(reference
avg). Next, the ΔCT value of the control tissue was subtracted
from the ΔCT value of the experimental tissue: ΔΔCT =
ΔCT(experimental) − ΔCT(control) to be reported as FCs
using the ΔΔCT method, calculated as 2−ΔΔCT.
RNA-Seq and pathway analysis

RNA library preparation, sequencing, and pathway analysis
were performed by the Toronto Centre for Applied Genomics
(The Hospital for Sick Children). NEBNext Ultra II Directional
RNA libraries using poly-A selection were prepared. All 12
samples (three WT 7-day DEN with matched controls and
three mKO 7-day DEN with matched controls) were multi-
plexed on one lane of an SP flow cell and sequenced (paired
end reads) on the Illumina NovaSeq 6000. Prior to performing
RNA-Seq, the resulting DNA-free RNA samples were analyzed
for quality on a 2100 Bioanalyzer System (Agilent Technolo-
gies). RNA integrity numbers were calculated automatically
(Fig. S3). Two-condition differential gene expression analysis
was performed with DESeq2 (version 1.26.0s; using R, version
3.6.1) as well as with the edgeR R package (version 3.28.1;
using R, version 3.6.1). To investigate whether the effects of
denervation were modulated by p53 on a more global scale,
standard enrichment/pathway analysis was performed. The
standard pathway analysis includes GOSeq enrichment
(threshold-based method) and GSEA (threshold-free method)
(Table S4). REVIGO was used to summarize and visualize GO
terms pertaining to “mitochondria,” “autophagy,” “mitophagy,”
“lysosome,” “ROS” or “reactive oxygen species,” “UPR” or
“unfolded protein response,” “apoptosis,” “p53,” “protein
synthesis,” and “degradation.”
Statistical analysis

Comparisons between DEN and matched control/sham-
operated samples from WT and p53 mKO animals were
evaluated using two-way ANOVA with repeated measures for
all protein, mRNA, respiration, and ROS data. Nuclear trans-
location data were quantified using three-way ANOVA with
repeated measures to compare the effects of genotype,
denervation, and fraction localization. Bonferroni post hoc
tests were performed when applicable. All values represent the
mean ± SE. Data were considered statistically different if p <
0.05.
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