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mtDNA release promotes cGAS-STING activation and
accelerated aging of postmitotic muscle cells
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The mechanism regulating cellular senescence of postmitotic muscle cells is still unknown. cGAS-STING innate immune signaling
was found to mediate cellular senescence in various types of cells, including postmitotic neuron cells, which however has not been
explored in postmitotic muscle cells. Here by studying the myofibers from Zmpste24−/− progeria aged mice [an established mice
model for Hutchinson-Gilford progeria syndrome (HGPS)], we observed senescence-associated phenotypes in Zmpste24−/−

myofibers, which is coupled with increased oxidative damage to mitochondrial DNA (mtDNA) and secretion of senescence-
associated secretory phenotype (SASP) factors. Also, Zmpste24−/− myofibers feature increased release of mtDNA from damaged
mitochondria, mitophagy dysfunction, and activation of cGAS-STING. Meanwhile, increased mtDNA release in Zmpste24−/−

myofibers appeared to be related with increased VDAC1 oligomerization. Further, the inhibition of VDAC1 oligomerization in
Zmpste24−/− myofibers with VBIT4 reduced mtDNA release, cGAS-STING activation, and the expression of SASP factors. Our results
reveal a novel mechanism of innate immune activation-associated cellular senescence in postmitotic muscle cells in aged muscle,
which may help identify novel sets of diagnostic markers and therapeutic targets for progeria aging and aging-associated muscle
diseases.
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INTRODUCTION
Skeletal muscle myofibers are terminally differentiated functional
muscle cells, and repair of damaged myofibers in regenerating
muscles is mainly achieved by the fusion of muscle stem cells with
myofibers. Myofiber atrophy is one of the main defective
phenotypes observed in both normally aged human and patients
of progeria aging disease [1, 2]. The impaired muscle regeneration
capacity during aging is largely caused by the progressive
senescence and exhaustion of muscle stem cells [3], and
senescence of muscle stem cells is closely associated with
increased damage of nuclear DNA (ncDNA) [4]. However, since
DNA in the nuclei of postmitotic myofibers does not bear the
replication stress and risk of telomere shortening as muscle stem
cells do, the potential molecular regulatory mechanism of
myofiber aging is still unclear. In contrast to other muscle cells,
myofibers are functional cells for muscle contraction, and are
highly active in cellular metabolism and energy production.
Mitochondria are responsible for energy production, and high
energy consumption of myofibers is therefore supposed to
generate more stress to mitochondria function [5], which may
lead to higher level of mitochondrial damage. Damage to
mitochondria often results in activation of mitophagy, an
autophagic process specific for mitochondria, while impaired

function of mitophagy can cause the accumulation of unpro-
cessed damaged mitochondria and lead to cellular senescence [6].
Therefore, it is possible that increased mitochondrial damage and
impaired mitophagy function could be a critical cause of myofiber
defect in progeria aging.
Recently, cytoplasmic chromatin fragments (CCF) or cytoplasmic

nuclear DNA (ncDNA) derived from the leaky nucleus were shown
to trigger innate immune and cellular senescence through
activation of cGAS-Sting signaling [7–11]. Also, innate immune
response can be activated by the cytosolic danger-associated
molecular patterns (DAMPs; i.e., mtROS and mtDNA) released from
damaged mitochondria [10, 12]. Damaged mitochondria in
healthy cells can be efficiently cleared by mitophagy, whereas
impaired mitophagy function causes the accumulation of
damaged mitochondria and subsequent chronic activation of
innate immune response (i.e., cGAS, TLR9, and NLRP3 inflamma-
some signaling pathways) [13, 14]. Interestingly, a recent study
just revealed that cGAS-Sting can be activated by mtDNA released
from stressed mitochondria during aging, which is mediated by
increased mitochondrial outer membrane permeabilization
(MOMP) [15].
Hutchinson-Gilford progeria syndrome (HGPS) is an autosomal

dominant disease associated with premature aging (progeria),
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leading to early death in childhood most often due to stroke or
myocardial infarction [16–18]. Among various aging-related
symptoms, severe muscle atrophy is also developed in HGPS
patients [16–18]. Instead of Lamin A, high level of progerin is
produced in HGPS cells and cause profound damage to normal
nuclear structure and function [16–18]. Zmpste24 is Lamin
A-processing zinc metalloproteinase required for cleaving the
carboxylic group of prelamin A to Lamin A. Knocking out Zmpste24
in mice (Z24−/− mice) leads to accelerated aging and aging-
related pathologies common to HGPS, and this has become an
important murine model for HGPS and progeria [19–21]. Because
progerin production becomes higher in cells of both accelerated
aging and normal aging [22], the study of progeria Z24−/− mice
model is helpful to understand the mechanism of cellular
senescence in both accelerated aging and normal aging.
cGAS-Sting signaling has been one of the most well-proven

innate immune pathways to be involved in cellular senescence
[7, 11, 23]. Although our recent study of Z24−/− mice revealed the
critical role of cGAS-Sting innate immune pathway in mediating
the senescence of progeria muscle stem cells [24], whether innate
immune activation also plays a role in mediating atrophic
phenotypes of progeria aged myofibers is not known. Here we
propose that increased mitochondrial damage and impaired
mitophagy function could possibly promote the activation of
innate immune signaling and subsequent cellular senescence in
progeria-aged myofibers.
Our recent studies of progeria aging mice models revealed

that the accelerated senescence of muscle stem cells is mainly
induced by the elevated pro-inflammatory signaling, including
ncDNA damage-induced activation of NF-κB signaling [25, 26] or
ncDNA leaking-induced activation of cGAS-Sting innate immune
signaling [24]. ncDNA damage and leaking are closely associated
with increased nuclear structural abnormalities in senescent cells,
including nuclear blebbing and micronuclei formation [9, 24].
However, it is unclear whether such regulatory mechanism
involving nuclear abnormalities and cytosolic ncDNA in muscle
stem cells during progeria aging can also dominate in the
myofibers, because myofibers contain multiple nuclei and the
adverse consequence of increased DNA damage in some nuclei
can be partially compensated by other normal nuclei. Based on
the facts above, it is possible that the potential innate immune
activation in myofibers, if there is any, is not mainly caused by
the damage and leaking of ncDNA, but by that of mtDNA.
Voltage-dependent anion channel 1 (VDAC1) is the most
abundant protein localized at mitochondrial outer membrane
[27], and VDAC1 oligomerization was found to increase the
permeabilization of mitochondrial membrane and promote
mtDNA release into cytosol [28]. Also, the inhibition of VDAC1
oligomerization was shown to reduce mitochondria damage and
mtDNA release [28]. Therefore, we propose that progeria-aged
myofibers may develop increased VDAC1 oligomerization, which
leads to increased mtDNA release into cytosol and innate
immune activation.
Therefore in this study, with in vitro cultured myofibers

isolated from aged-matched WT and Z24−/− mice and with the
help of Airyscan Fast Confocal Microscope, we investigated what
could be the potential mechanism of cellular senescence in
progeria aged myofibers, whether there is increased innate
immune activation induced by mitochondrial damage and
mtDNA release into cytosol, and what can be the key reason
for potential mtDNA release from mitochondria. Since VDAC1
oligomerization in damaged mitochondria was shown to
promote mtDNA release [28], here we also investigated whether
there is increased VDAC1 oligomerization in Z24−/− myofibers
and whether the treatment of Z24−/− myofibers with VBIT4 (a
specific inhibitor of VDAC1 oligomerization) [28] may possibly
reduce mitochondria damage, mtDNA release and activation of
innate immune signaling.

RESULTS
Skeletal muscle myofibers of Z24−/− mice develops increased
mitochondrial DNA (mtDNA) damage, but not nuclear DNA
(ncDNA) damage
Skeletal muscle (Gastrocnemius) was dissected from WT and Z24−/−

mice and immunofluorescent staining of γ-H2AX (a biomarker for
DNA damage) and collagen type IV (an extracellular matrix protein)
was performed with the cryosection slides of muscles. The result
showed that, compared to myofibers in WT muscles, myofibers in
Z24−/− muscle developed increased level of γ-H2AX in the cytoplasm
(Fig. 1A), indicating a potential increased level of mtDNA damage.
To verify that the damaged DNA in Z24−/− myofibers is mtDNA,

we isolated myofibers from Flexor digitorum brevis (FDB) muscles
of the mice to culture as single myofibers in vitro, and performed
co-immunofluorescent staining of γ-H2AX and VDAC1 (a mito-
chondria membrane protein). Result revealed a higher level of γ-
H2AX deposition in Z24−/− myofibers, with an increased level of γ-
H2AX protein co-localizing with VDAC1 protein (Fig. 1B–D),
verifying that there is increased damage of mtDNA in Z24−/−

myofibers. Importantly, the level of γ-H2AX in the nucleus showed
no obvious difference between WT and Z24−/− myofibers,
suggesting that progeria-aged myofibers did not develop
increased level of damage to ncDNA (Fig. 1B, C).
We also verified the status of DNA damage in nucleus of Z24−/−

myotubes formed from Muscle progenitor cells (MPCs) in vitro.
MPCs were isolated from skeletal muscle (Gastrocnemius) of aged-
matched WT mice and Z24−/− mice (8-week old) according to the
established preplate technique, which is generally based on slow-
adhering properties of MPCs on collagen-coated cell culture surface
[29–31]. MPCs were then cultured for 3 passages and plated for
immunostaining assay of MyoD (a marker for myogenic cells), to
verify their identity as a pure MPC population (Supplementary Fig.
1A). In the following, MPCs were cultured in myogenic differentia-
tion medium to allow for the formation of multinucleated
myotubes. Immunostaining of the cells with antibody against γ-
H2AX further revealed that, in contract to the increased level of
DNA damage in Z24−/− mononucleated cells, nucleus in WT
myotubes and Z24−/− myotubes did not show significantly
different level of DNA damage (Supplementary Fig. 1B). This result
indicates that nucleus in multinucleated Z24−/− myotubes
generally do not develop more DNA damage than WT myotubes.

Myofibers of Z24−/− mice develops increased oxidative
damage to mtDNA
Oxidative stress is known to play a leading role in promoting
cellular senescence. 8-Hydroxydeoxyguanosine (8-OHdG) is a
biomarker of oxidative stress and damage to DNA, which usually
occurs at a high level to mtDNA [32]. Skeletal muscle (Gastro-
cnemius) was dissected from WT and Z24−/− mice and immuno-
fluorescent staining of 8-OHdG and Collagen type IV was
performed with the cryosection slides. Result showed that,
compared to myofibers in WT muscles, myofibers in Z24−/− muscle
developed increased level of 8-OHdG in the cytoplasm (Fig. 2A). In
order to further verify the elevated level of oxidative stress and
damage in Z24−/− myofibers, we performed co-immunofluorescent
staining of 8-OHdG and VDAC1 in myofibers isolated from FDB
muscles. Results revealed that, compared to myofibers of WT mice,
myofibers of Z24−/− mice displayed higher level of 8-OHdG in the
cytoplasm; also, the colocalization of 8-OHdG and VDAC1 was
increased in myofibers of Z24−/− mice (Fig. 2B). These observations
suggest that there is increased oxidative stress and damage to
mtDNA in Z24−/− myofibers, which could be associated with
increased mitochondria damage or mitophagy dysfunction.

Myofibers from Z24−/− mice feature increased VDAC1
oligomerization and increased release of mtDNA
As it is shown above, immunostaining of VDAC1 in myofibers
showed that there may be more VDAC1+ foci with higher
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fluorescent signal intensity in Z24−/− myofibers (Fig. 2B), suggest-
ing a potential increased level of expression and/or oligomerization
of VDAC1 protein on the mitochondria membrane. The result of
western blot assay further revealed that, there is increased level of
VDAC1 tetramer in Z24−/− myofibers, verifying that there is higher
level of VDAC1 oligomerization (Fig. 2C). We have also performed
western blot assay to check the potential oligomerization of VDAC2
and VDAC3 proteins, and the results showed that, VDAC2, but not
VDAC3, also developed increased oligomerization in Z24−/−

myofibers (Supplementary Fig. 2).
VDAC oligomerization is associated with increased mitochon-

dria damage and can lead to higher permeability of mitochon-
dria membrane, which then facilitates the release of mtDNA into
cytosol [28]. To verify the potentially increased mtDNA releasing
in Z24−/− myofibers, immunostaining of myofibers was per-
formed with antibodies against DNA and VDAC1. It showed that,
in contract to regular mitochondrial localization of mtDNA
(overlayed with VDAC1) in WT myofibers, some of mtDNA
localized outside of mitochondria (not overlayed with VDAC1) in
Z24−/− myofibers, especially at the area of mitochondria with
higher VDAC1 signal (Supplementary Fig. 3A), indicating a
potentially increased amount of mtDNA releasing from damaged
mitochondria.

To further verify this observation, total DNA was isolated from
mitochondria-free cytosol fraction of WT and Z24−/− myofibers,
and the potential presence of mtDNA in the cytosol was
determined with RT-PCR. RT-PCR result showed that, the level
of CCO1 (Cytochrome C oxidative subunit 1, a mitochondria
gene) and CYTB (cytochrome b, a mitochondria gene) DNA in the
cytosol of Z24−/− myofibers was significantly higher than WT
myofibers (Fig. 2D). This observation reveals that increased
VDAC1 oligomerization in mitochondria of Z24−/− myofibers
could have led to increased mtDNA release into cytosol. Here
before performing PCR assay, we had also performed western
blot assay of VDAC1 protein with lysates from whole cytosol
fraction and mitochondria-free cytosol fraction, to verify the
purity of the isolated mitochondria-free cytosol fraction (Supple-
mentary Fig. 3B).

Myofibers from Z24−/− mice develop increased activation of
mitophagy
In addition to increased oxidative stress, the increased mitochon-
drial damage observed in Z24−/− myofibers may be also associated
with impaired function of mitophagy, which is a specific process of
removing damaged mitochondria by autophagy and prevents the
accumulation of dysfunctional mitochondria to maintain cellular
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Fig. 1 Z24−/− myofibers display higher level of damage to mtDNA, but not ncDNA. A Immunostaining of skeletal muscle (gastrocnemius)
cryosections of WT and Z24−/− mice (5-month old, male) for γ-H2AX (red; a marker for DNA damage) and Collagen type IV (Collagen IV, a
protein in extracellular matrix) in the myofibers in vivo, and observed with high-resolution Airyscan Fast Confocal Microscope.
Immunostaining of Collagen VI serves to outline the edge of myofibers in vivo. Data for statistics is from muscle tissues of 6 mice.
B Single myofibers isolated from FDB muscles of WT and Z24−/− mice (5-month-old, male) were cultured in vitro and co-immunostained with
antibodies to γ-H2AX and VDAC1 (a mitochondria membrane protein), and images of WT and Z24−/− myofibers were measured and
compared for signal intensity of γ-H2AX+ foci within the same length of myofibers. It showed that, compared to WT myofiber, there is
increased level of γ-H2AX+ foci in the cytoplasm of Z24−/− myofibers (white arrows), but not in nucleus (yellow arrows). C Statistics of γ-H2AX
in cytosol and nucleus of myofibers. Statistics are shown as mean values ± SD (N= 6). Scale bar: 50 μm (A), 25 μm (B).
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homeostasis [33]. PTEN-induced kinase 1 (PINK1) is a key protein
involved in mitophagy modulation [33], and Lysosomal-associated
membrane protein 1 (LAMP1, a marker for lysosome) is involved in
the degradation process of mitophagy [34]. Thus we examined the
potential status of mitophagy function in myofibers by observing
the enrichment of PINK1 and LAMP1. The result showed that,
compared to myofibers isolated from WT mice, myofibers from
Z24−/− mice showed elevated expression of LAMP1 and PINK1,
while both of these 2 proteins were seen to specifically accumulate
at some vesicles of same or adjacent locations in Z24−/− myofibers
(Fig. 3A). Similarly, co-immunostaining of Parkin (another key
marker for mitophagy) and VDAC1 in myofibers further revealed
that, there is also increased level of Parkin, and increased
colocalization between Parkin and VDAC1 proteins in Z24−/−

myofibers (Supplementary Fig. 4). These results indicate that there
may be higher level of mitophagy activation in Z24−/− myofibers.
Co-immunostaining of LAMP1 and Tom20 in WT and Z24−/−

myofibers was also performed and the result revealed increased
colocalization of LAMP1 and Tom20, further indicating the close
correlation between the activation of autophagic process and
increased mitochondrial damage in Z24−/− myofibers (Fig. 3B). It is

noticed that the signals of LAMP1, PINK1 and Parkin are not
homogenously “distributed” within the myofibers, but prone to
accumulate and localize at some area. we think it is possibly a result
of failed processing and clearance of damaged mitochondria by
lysosome or mitophagy, causing the accumulation of dysfunctional
mitophagy to form large vesicle-like structures.

Myofibers from Z24−/− mice develop increased dysfunction of
mitophagy
In addition to the increased activation or initiation of mitophagy,
the significantly increased accumulation of mitophagy in Z24−/−

myofibers may also be a result of increased dysfunctional
mitophagy that failed to move forward along the mitophagy
process. To verify this possibility, we further examined the level of
LC3 protein (a marker for autophagy initiation) and measuring the
autophagy flux in myofibers with a lysosomal inhibitor Bafilomycin
A1. Immunostaining of LC3 in WT and Z24−/− myofibers showed
that there was higher level of LC3 expression in Z24−/− myofibers,
indicating increased autophagy initiation in the cells (Fig. 4A, B).
Western blot results of autophagy flux experiment showed that,
the level of LC3II and p62 was increased in Z24−/− myofiber
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Fig. 2 Z24−/− myofibers display higher level of oxidative damage to mtDNA, mitochondrial VDAC1 oligomerization, and
cytosolic mtDNA. A Immunostaining of skeletal muscle (gastrocnemius) cryosections of WT and Z24−/− mice (5-month-old, male) revealed
the differential level of 8-OHdG+ signal (red; a marker for oxidative DNA stress and damage) in the myofibers in vivo. Immunostaining of
Collagen VI serves to outline the edge of myofibers in vivo. Data for statistics is from muscle tissues of 6 mice. B Single myofibers isolated from
FDB muscles of WT and Z24−/− mice (5-month-old, male) were cultured in vitro and co-immunostained with antibodies to 8-OHdG and
VDAC1, and images of WT and Z24−/− myofibers were measured and compared for signal intensity of 8-OHdG+ foci within the same length of
myofibers. It showed increased level of 8-OHdG+ foci in Z24−/− myofibers, which is frequently localized at VDAC1+ vesicles (white arrows).
Data were from 3 groups of individual preparations of myofibers isolated from mice (5-month-old, male) (biological replicates). Statistics are
shown as mean values ± SD (N= 6). CWestern blot assay was performed to compare the level of VDAC1 monomer and tetramer (oligomerized
form) in WT and Z24−/− myofibers. D Measurement of the level of mtDNA released into myofibers, RT-PCR assay of CCO1 (cytochrome C
oxidative subunit 1, a mtDNA gene) was performed with DNA isolated from mitochondria-free cytosol of WT and Z24−/− myofibers, with 18 s
rDNA serving as a control. Statistics are shown as mean values ± SD (N= 6). Scale bar: 50 μm (A), 25 μm (B).
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compared to WT myofiber, verifying an increased basal level of
autophagy activity, or autophagy initiation in Z24−/− myofiber
(Fig. 4C, D); however, the level of p62 and LC3II showed no
significant difference in Z24−/− myofiber with or without
Bafilomycin A1 treatment, and the ratio of LC3II/LC3I was
decreased, which indicates that the function of autophagy and
mitophagy in Z24−/− myofiber was possibly impaired (Fig. 4C, D).
Therefore, it shows that there may be increased dysfunction of
mitophagy in progeria-aged myofibers.

Myofibers from Z24−/− mice develops increased activation of
cGAS-Sting signaling, which is associated with increased
mtDNA releasing and mitophagy dysfunction
The presence of mtDNA in the cytosol is a part of a Danger-
Associated Molecular Patterns (DAMPs) and can be recognized by
the cyclic GMP-AMP synthase (cGAS) stimulator of interferon
genes (Sting) pathway to activate innate immune response
[10, 12]. The higher level of mtDNA release from damaged
mitochondria observed in Z24−/− myofiber is supposed to result
in the activation of cGAS-Sting innate immune signaling. Co-
immunostaining of cGAS and VDAC1 showed that Z24−/−

myofibers feature higher level of cGAS protein (Fig. 5A, B), which
appears to accumulate largely around those mitochondria with

higher VDAC1 signal. This observation suggests that cGAS may
have been mobilized to the damaged mitochondria with
increased VDAC1 oligomerization and mtDNA releasing.
Previous studies also reported interaction of cGAS with

mitophagy in regulating innate immune activation [13]. Here,
co-immunostaining of cGAS and PINK1 further verified that cGAS
and PINK1 protein accumulated extensively at the same or
adjacent location (Fig. 5C), indicating the potential close correla-
tion between dysfunctional mitophagy process and innate
immune activation.

Myofibers from Z24−/− mice express higher level of SASP
(Senescence-Associated Secretary Phenotypes) factors
cGAS-Sting activation has been well proven to promote the
senescence of various types of cells [7, 11, 23]. Senescent cells
are known to feature increased expression of SASP factors.
Here, RT-PCR assay of myofibers from WT and Z24−/− myofibers
were performed to verify the potential accelerated senescence
in Z24−/− myofibers. Result revealed that, Z24−/− myofibers
express higher level of SASP factors (i.e., TNF-α, IL-1α, IL-1β,
IL-6, CXCL1, MCP1, IFN-1β, et. al.) (Fig. 5D), suggesting a
senescence-associated phenotype being developed in Z24−/−

myofibers.
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Fig. 3 Z24−/− myofibers develop higher level of mitophagy activation. A Single myofibers isolated from FDB muscles of WT and Z24−/−

mice (5-month old, male) were cultured in vitro and co-immunostained for LAMP1 and PINK1, and imaged with Airyscan Fast Confocal
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Myofibers from Z24−/− mice display higher level of NF-κB
activation
NF-κB is a crucial mediator of pro-inflammatory signaling and is
greatly involved in the process of cellular senescence [25, 26]; also,
NF-κB plays a critical role in the development of innate immunity
by synergizing with IRF3 (a cGAS-Sting pathway factor) to induce
high levels of type I IFNs [35, 36]. Immunostaining of phospho-p65
(p-p65, a subunit of NF-κB) in myofibers revealed that, Z24−/−

myofibers displayed higher level of p-p65 deposition in both
cytoplasm and nucleus (Fig. 6A–C), further verifying the activation
of innate immune signaling in Z24−/− myofibers. Meanwhile, a
fraction of p-p65 protein appeared to have translocated into
mitochondria (Fig. 6A), which is able to cause impaired function of
mtDNA and possibly associated with increased mitochondria
damage [37].

Inhibition of VDAC1 oligomerization in Z24−/− myofibers
represses activation of cGAS-Sting signaling and expression of
SASP factors
Recent study showed that a specific inhibitor of VDAC1
oligomerization, VBIT4, is able to inhibit the oligomerization of
VDAC1 and mtDNA release [28]. We treated Z24−/− myofibers
with VBIT4 for 48 h and observed significantly reduced level of
VDAC1 oligomerization via western blot assay (Fig. 7A). Western
blot assay also showed the significantly reduced level of cGAS-
Sting signaling factors, including cGAS, Sting, and p-TBK1 (Fig. 7A).
Immunostaining of cGAS also displayed reduced level of cGAS
expression and accumulation in VBIT4-treated Z24−/− myofibers
(Fig. 7B). Meanwhile, RT-PCR assay further showed that the
expression of SASP factors was significantly down-regulated in
VBIT4-treated Z24−/− myofibers (Fig. 7C). These observations
indicate that the inhibition of VDAC1 oligomerization is effective

in rescuing the defective senescence-associated phenotypes in
Z24−/− myofibers via reducing mtDNA-induced activation of
cGAS-Sting signaling.

METHODS AND MATERIALS
Animal models
Zmpste24−/− (Z24−/−) mice are deficient in Zmpste24, a metalloproteinase
involved in the formation of mature lamin A, and are an established model
for HGPS disease and premature aging [19, 20]. Age-matched Zmpste24+/+

(Z24+/+) littermates generated from the crossing of Zmpste24+/− mice
were used as wild-type (WT) controls. All the mice were maintained in the
Center for Laboratory Animal Medicine and Care (CLAMC) at UTHealth
(University of Texas Health Science Center at Houston) in accordance with
established guidelines and protocols approved by the UTHealth Animal
Welfare Committee. Male and female Z24−/− mice display no obvious
difference in progeria phenotypes, and both male and female mice were
used for this study, with 6 male mice being studied for muscle and
myofibers, and 6 female mice being studied for muscle stem/progenitor
cells (MPCs).

Isolation of myofibers and muscle stem/progenitor
cells (MPCs)
Flexor digitorum brevis (FDB) muscles (a nearly homogeneous fast-twitch
fiber type) from the skeletal muscle of Z24−/− mice and WT mice (5-
month-old, male) were surgically isolated and incubated in minimal
essential media containing 0.1% gentamycin and 0.4% Collagenase A at
37 °C for 1.5–2.0 h, as previously described [29, 30]. To release single
myofibers, FDB muscles were then triturated gently in serum containing
media (MEM supplemented with 10% fetal bovine serum/FBS) without
collagenase and incubated in 5% CO2 at 37 °C until used, typically 12–36 h
later. Muscle stem/progenitor cells (MPCs) were isolated from the
gastrocnemius muscle of Z24−/− mice and WT mice (8-week-old, female)
using the modified preplate technique [29, 30], based on their adhering
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Fig. 4 Z24−/− myofibers develop higher level of autophagy initiation but increased mitophagy dysfunction. A Single myofibers isolated
from FDB muscles of WT and Z24−/− mice (5-month-old, male) were cultured in vitro and were co-immunostained for LC3 and PINK1, and
imaged with Airyscan Fast Confocal Microscope. It shows increased level of LC3 and colocalization of LC3 with PINK1 in Z24−/− myofiber.
Arrows mark LC3+/PINK1+ vesicles. B Statistics of colocalization of LC3 and PINK1 in WT and Z24−/− myofibers. CWestern blot results of LC3 (I
and II) and p62 proteins in WT and Z24−/− myofibers from autophagy flux study. WT and Z24−/− myofibers were treated with the lysosomal
inhibitor Bafilomycin A1 (100 nM for 4 h). D Statistics of changes of LC3 and p62 in autophagy flux study. Statistics are shown as mean
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capacity to collagen-coated surface/substrate. Mesenchymal stem cells
(MSCs) and fibroblasts adhere quickly in hours and MPCs maintain floating
in medium and only attached and start to grow days later [30, 31]. Once
MPCs started to attach to the collagen-coated culture surface, MPCs were
cultured in growth medium (DMEM supplemented with 20% FBS) and
passed once they reached around 60% confluence. After culturing MPCs
for 3 passages, their identity was verified by immunostaining of MyoD (a
protein specifically expressed in myogenic cells), before being cultured in
myogenic differentiation medium (DMEM supplemented with 2% FBS) and
tested for the level of DNA damage (γ-H2AX+ ) in the nucleus of MPCs or
myotubes. MPCs were isolated from 8-week old Z24−/− mice, because the
amount of muscle stem cells become quickly exhausted after 2 months of
age; and myofibers from FDB muscles were isolated from 5-month-old
mice, since myofibers remain throughout the whole life span of Z24−/−

mice and it is the age displaying more severe progeria phenotypes than
younger age [19, 20, 24].

mRNA analysis via real time-PCR
total RNA was obtained from skeletal muscle myofibers of mice using the
RNeasy Mini Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer’s
instructions. Reverse transcription was performed using an iScript cDNA
Synthesis Kit (Bio-Rad., Hercules, CA). The sequences of PCR primers are
given in Supplemental Table 1 for SASP genes (CXCL2, MCP1, TNFα, IL-1α,

IL-1β, and IL-6) [38], IFN-β, IL-10, and GAPDH (glyceraldehyde 3-phosphate
dehydrogenase). PCR reactions were performed using an iCycler thermal
cycler (Bio-Rad). The cycling parameters used for all primers were as
follows: 95 °C for 10min; PCR, 40 cycles of 30 s at 95 °C for denaturation,
1 min at 54 °C for annealing, and 30 s at 72 °C for extension. All data were
normalized to the expression of GAPDH.

Western blotting
Cell lysates from enzymatically digested FDB myofibers were extracted
with and quantified with the bicinchoninic acid (BCA) protein assay kit
(Pierce, Rockford, IL), using BSA as standard. Cell lysates were heated at
100 °C for 10min before loading for electrophoresis. Lysates were
separated via SDS-PAGE and then transferred to polyvinyldifluoride (PVDF)
membranes. Blots were incubated in blocking buffer (5%, w/v, dried
skimmed milk in Tris-buffered saline, pH 7.4, and 0.2% Tween 20, TBST)
followed by overnight incubation with appropriate antibodies diluted in
blocking buffer (5% BSA in TBST). Antibodies for cGAS (Cell Signaling,
Danvers, Massachusetts), Sting (Abcam, Cambridge, MA), p-TBK1 (Cell
Signaling), TBK1 (Cell Signaling), LC3 (Abcam), p62 (Cell Signaling), VDACs
(Abcam), and GAPDH (Santa Cruz, Santa Cruz, CA) were applied as proper
concentration. More information about antibodies is included in Supple-
mentary Table 2. Blots were then exposed to the Secondary Antibodies
diluted in TBST for 60min at room temperature and washed again. Original
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Fig. 5 Z24−/− myofibers develop higher level of innate immune (cGAS signaling) activation. A Single myofibers isolated from FDB muscles
of WT and Z24−/− mice (5-month-old, male) were cultured in vitro and were co-immunostained for cGAS and VDAC1, and imaged with
Airyscan Fast Confocal Microscope. It shows increased level of cGAS+ vesciles in Z24−/− myofiber, and cGAS frequently localized at adjacent
locations to VDAC1-high vesicles (mitochondria with higher VDAC1+ signal than regular mitochondria) (yellow and white arrows), suggesting
a potential accumulation of cGAS at location of damaged mitochondria (or mitophagy). B WT and Z24−/− myofibers were co-immunostained
with antibodies to cGAS and PINK1, and it showed higher level of colocalization of the 2 proteins in the adjacent or same (white arrows)
vesicles in Z24−/− myofibers. C Statistics of cGAS level in WT and Z24−/− myofibers. D Statistics of colocalization of GAS and VDAC1 in WT and
Z24−/− myofibers. E Real-time-PCR assessment revealing the up-regulated expression of SASP factors in Z24−/− myofibers. Each result was
normalized to GAPDH as an endogenous control. The results are ratios of mRNA levels in Z24−/− myofibers to those in the WTmyofiber group,
with average values in the WT myofiber group set as 1.0. Data were from 3 groups of individual preparations of myofibers isolated from mice
(5-month-old, male) (biological replicates). And among each group of myofibers, single myofibers from 2 individual wells were counted as
technical replicates. Statistics are shown as mean values ± SD (N= 6 or 4). Scale bar: 25 μm (A, C).
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images of western blot are included in supplemental material. Specifically
for the assay of VDAC oligomerization, we did not use DTT (DL-
dithiothreitol) in the loading buffer to avoid breaking of covalent disulfide
bond between oligomers of VDAC proteins; also, we heated the samples at
70 °C instead of 100 °C before loading for electrophoresis to avoid possible
disruption of oligomers.

Measurement of mtDNA level in the cytosol of myofibers
WT and Z24−/− myofibers were collected for generating the fraction of
mitochondria-free cytosol with the Mitochondria/Cytosol Fractionation Kit
(Abcam). Protein from whole cytosol fraction and mitochondria-free
cytosol fraction was loaded for western blot assay of VDAC1, to verify
the purity of the mitochondria-free cytosol fraction. Total DNA was isolated
from mitochondria-free cytosol, and the level of CCO1 (Cytochrome C
oxidative subunit 1, a mitochondria/mt gene) and CYTB DNA in the cytosol
was measured and compared between WT and Z24−/−myofibers with
regular PCR, with 18S rDNA from nucleus serving as the reference gene
control. Primers for CCO1 (mt gene) - Forward: 5′-GCCCCAGATATAGC
ATTCCC-3′; Reverse: 5′-GTTCATCCTGTTCCTGCTCC-3′; primers for CYTB (mt
gene) - Forward: 5′-GCTTTCCACTTCATCTTACCATTTA-3′ Reverse: 5′-TGTT
GGGTTGTTTGATCCTG-3′; primers for 18S rDNA (internal control)- Forward:
5′-TAGAGGGACAAGTGGCGTTC-3′; Reverse: 5′-CGCTGAGCCAGTCAGTGT-3′.

Immunofluorescent staining and imaging
Cultured myofibers and MPCs were fixed with 4% paraformaldehyde, and
frozen tissue sections were fixed with 10% formalin. The primary
antibodies used – γ-H2AX (Cell Signaling), 8-OHdG (Santa Cruz), Collagen
IV (Abcam), VDAC1 (Abcam), LAMP1 (Cell Signaling), PINK1 (Santa Cruz),
Parkin (Santa Cruz), DNA (Abcam), Tom20 (Santa Cruz), LC3 (Abcam),
cGAS (Cell Signaling), p-p65 (Cell Signaling) – were all applied at a 1:100
to 1:300 dilution. More information about antibodies is included in
Supplementary Table 2. Cell nucleus was stained with DNA binding
reagent 4′,6-diamidino-2-phenylindole (DAPI). Immunofluorescent
images of myofibers were imaged and photographed with a Zeiss
LSM980 with Airyscan Fast Confocal Microscope by standard Airyscan
mode.

VBIT4 inhibition of VDAC1 oligomerization
In order to find out the effect of VDAC1 oligomerization inhibition on
Z24−/− myofibers, 10 µM VBIT4 was applied to treat cultured myofibers for
48 h. The potential changes in the level of cGAS-Sting signaling factors
(cGAS, Sting, p-TBK1 and TBK1) were then compared between myofibers
with or without VBIT4 treatment by western blot or immunofluorescent
staining.

Autophagy flux assay
WT and Z24−/− myofibers cultured in plates were treated with 100 nM
Bafilomycin A1 for 4 h at 37 °C, or with an equivalent volume of sterile
DMSO for 4 h, as the vehicle control. Cells were then lysed, and LC3 and
p62 were analyzed using immunoblotting.

Measurements of results and statistical analysis
Images captured with Airyscan Fast Confocal Microscope was analyzed
using ZEN 2.3 imaging software (ZEISS Microscopy, Germany) and Image J
software (version 1.32j; National Institutes of Health, Bethesda, MD,USA).
Immunofluorescent staining images of myofibers were measured and
compared for signal intensity or colocalization of proteins within the same
length of myofibers (~100 µm length of myofiber) in different groups. Data
from four or six samples from each subject or cell group (biological
replicates) were pooled for statistical analysis. Results were processed with
Graph Prism 8 and are given as the mean ± standard deviation (SD). The
statistical significance of any difference was calculated using Student’s t-
test or One-way Anova test. p values < 0.05 were considered statistically
significant.

DISCUSSION
Muscle atrophy is developed in various situations such as normal
aging, progeria aging, cancer cachexia, and dystrophic muscle
diseases. There have been great efforts in studying the role and
mechanism of muscle stem cells in inducing muscle atrophy, but
the exact molecular events inside atrophic myofibers are much
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Fig. 6 Z24−/− myofibers develop higher level of NF-κB activation, with p-p65 being elevated in both nucleus and mitochondria. A Single
myofibers isolated from FDB muscles of WT and Z24−/− mice (5-month old, male) were cultured in vitro and were co-immunostained for
Tom20 and p-p65, and were imaged with Airyscan Fast Confocal Microscope. It shows increased level of p-p65+ foci in the cytosol of Z24−/−

myofiber. Much of p-p65 protein co-localize with Tom20 protein, indicating a potential localization inside mitochondria. B Enlargement of
nucleus images outlined with blue in A, p-p65 in the nucleus of WT and Z24−/− myofibers is shown. C Statistics of p-p65 level in the cytosol or
nuclei of WT and Z24−/− myofibers, and the colocalization of p-p65 and Tom20. Statistics are shown as mean values ± SD (N= 6). Scale bar:
25 μm (A), 5 μm (B).
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less known. Our recent study of cells from HGPS patients and
progeria mice model revealed that, the accelerated senescence of
muscle stem cells is greatly associated with increased activation of
cGAS-Sting innate immune signaling induced by nuclear DNA
damage and leaking into cytosol [20]; however, the potential
occurrence and mechanism of cellular senescence in postmitotic
skeletal muscle myofibers still remains a mystery. Here by studying
myofibers from WT and Z24−/− progeria mice model, we have
verified the senescence-associated phenotype in progeria-aged
myofibers by finding out elevated expression of SASP factors,
which is closely associated with increased activation of cGAS-Sting
innate immune signaling; we also revealed that cGAS-Sting
activation in progeria aged myofibers is possibly a result of
increased mtDNA release into cytosol and mitophagy dysfunction,
which is coupled with more oxidative damage to mtDNA and
VDAC1 oligomerization; we further showed that specific inhibition
of VDAC1 oligomerization in progeria aged myofibers was able to
reduce the activation of cGAS-Sting and the expression of SASP
factors. Importantly, our results also presented the evidence
showing that innate immune activation in progeria-aged myofi-
bers is mostly induced by the cytosolic mtDNA leaked from
damaged mitochondria, but not by cytosolic ncDNA from the
nucleus. A potential mechanism for the process of cGAS-Sting-
induced senescence-associated phenotype in progeria-aged
myofibers is shown in Fig. 8.
Our recent study of Z24−/− mice revealed the role of cytosolic

ncDNA-induced cGAS-Sting innate immune response in mediating

accelerated cellular senescence of muscle stem cells in progeria
aging [24]. Muscle stem cells can actively replicate in number to
meet the requirement for muscle regeneration, which confers
progressively increased stress of DNA damage and telomere
shortening. While myofiber is postmitotic multinucleated cell, and
its ncDNA does not bear the replication stress and risk of telomere
shortening. Therefore, the mechanism of cellular senescence
induced by ncDNA damage and telomere shortening in muscle
stem cells and many other mononuclear cells is supposed to be
either waived or replaced by some different mechanism in
myofibers. In contrast to muscle stem cells, myofibers are
contractive and are highly active in cellular metabolism and
energy production, which would require higher amount of actively
functional mitochondria. It is possible that this high level of
mitochondrial activity would consequently generate more mito-
chondrial damage. Our current results show that there is more
oxidative damage of mtDNA in progeria aged myofibers, and
more mtDNA can be leaked from damaged mitochondria to
activate cGAS-Sting signaling, or can be easily accessed by cGAS
protein through damaged mitochondria membrane, leading to
excessive activation of innate immune response and senescence-
associated phenotype. Damaged mitochondria are usually
expected to be repaired by the fission/fusion process or cleaned
by mitophagy [33]. However, our results show that, although
mitophagy activation or initiation is elevated in myofibers of
progeria mice, it seems that these myofibers have impaired
capacity in effectively repair and clean these possibly damaged
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Fig. 7 Inhibition of VDAC1 oligomerization reduces activation of cGAS-Sting and expression of SASP factors. A Western blot assay
showing the reduced protein level of cGAS, Sting, p-TBK1 in Z24−/− myofibers treated with VBIT4 (10 µM for 48 h). B Single myofibers isolated
from FDB muscles Z24−/− mice (5-month-old, male) were cultured in vitro. Z24−/− myofibers with and without VBIT4 treatment were co-
immunostained for cGAS and VDAC1, and imaged with Airyscan Fast Confocal Microscope. It shows reduced level of cGAS in VBIT4-treated
Z24−/− myofibers. Yellow arrow: cGAS+ vesicle; white arrow: VDAC1+ vesicle. C Real-time-PCR assessment showing the down-regulated
expression of SASP factors in VBIT4-treated Z24−/− myofibers. Each result was normalized to GAPDH as an endogenous control. The results are
ratios of mRNA levels in VBIT4-treated Z24−/− myofibers to those in the non-treated control group. D Statistics of colocalization of cGAS and
VDAC1 in myofibers with or without VBIT4 treatment. E RT-PCR assay of expression level of SASP factors. Statistics are shown as mean
values ± SD (N= 6). Scale bar: 25 μm (C).
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mitochondria, which may result in an accumulation of damaged
mitochondria and dysfunctional mitophagy in the cells, as well as
an excessive activation of cGAS-Sting signaling.
NF-κB signaling can be a part of innate immune reaction [35].

Our recent studies of Z24−/− and ERCC1-/delta progeria mice
revealed that NF-κB inactivation is an effective way in rescuing the
senescent phenotypes of the mice [25, 26]. Based on our current
results, it is possible that the results in our previous studies of
progeria aging mice models can be further explained as, the
inhibition of NF-κB actually reversed the senescence phenotypes
of the mice by repressing the innate immune activation in various
types of cells [25, 26].
Our result revealed a higher level of DNA damage (γ-H2AX+) in

the mitochondria of Z24−/− myofibers, but not in the nucleus of
Z24−/− myofibers (Fig. 1). But interestingly, the level of γ-H2AX
protein at perinuclear areas of WT myofibers seems to be
increased too (Fig. 1B), indicating a potentially higher level of
damaged mitochondria and mtDNA at the location. Perinuclear
mitochondria are commonly observed in various types of cells,
exhibiting higher mobility, fission/fusion events and being critical
in mitochondrial turnover [39]. Therefore it is possible that in WT
myofibers, the mobility and fission/fusion events of mitochondria
are still normal, and the damaged mitochondria are still able to
move to perinuclear area to be repaired; while in Z24−/−

myofibers, the damaged mitochondria may not be able to move
to perinuclear area smoothly to allow for the efficient repairing.
It is also interesting to notice in our results that, γ-H2AX is

positive in many Z24−/− MPCs but is completely lost in Z24−/−

myotubes. It is possible that DNA damage is more frequent in
progeria-aged MPCs compared to myotubes, because MPCs are
proliferative and require nucleus to divide, which may cause
increased stress and damage to DNA. Also, when DNA in MPCs
replicates, there is a chance of increased error or DNA damage too.
While in the postmitotic myotubes, there is no cell or nuclear
dividing, and DNA in the nucleus does not replicate; the nuclear

structure does not need to be disturbed, and therefore DNA in the
myofibers possibly gets less stress and damage. Also, the Z24−/−

MPCs with excessive DNA damage may have lost the myogenic
capacity to form myotubes.
VDAC1 is the most abundant protein on the mitochondria outer

membrane, and is a gatekeeper for the passages of metabolites,
nucleotides, and ions. An interesting recent study showed that,
N-terminal domain of VDAC1 interact with mtDNA and promote
VDAC1 oligomerization and mtDNA release, and the VDAC
oligomerization inhibitor VBIT4 decreases mtDNA release, IFN
signaling and disease severity in a mouse model of systemic lupus
erythematosus [28]. In our study, VBIT4 treatment of Z24−/−

myofibers in vitro was effective in inhibiting mtDNA-induced
cGAS-Sting activation and expression of SASP factors, suggesting
that VDAC1 can be a novel molecular target for improving
progeria aging-associated defective phenotypes.
Our results indicate that, the increased mitophagy activation in

progeria-aged myofibers should be both a direct result of
mitochondria damages and a compensatory response for the
decline in normal mitochondrial function. We observed increased
mtDNA release into cytosol of Z24−/− myofibers, which could be a
result of increased mitochondria damage and membrane permea-
bilization mediated by VDAC1 oligomerization. Also, increased
mitochondria damages in Z24−/− myofibers can lead to mitophagy
activation or initiation, in an effort to prevent mitochondrial
apoptosis and cell death [40]. Here we did observe increased
mitophagy activation or initiation in Z24−/− myofibers, but the
function of mitophagy seemed to be greatly compromised. Thus,
more mitophagy activation or initiation may have been promoted
in the myofibers as a compensatory response mechanism for
increased mitophagy function. Meanwhile, the elevated accumula-
tion of damaged mitochondria can directly induce further
mitophagy activation or initiation. Therefore, the increased mito-
phagy activation or initiation in Z24−/− myofibers should be a result
of both mitochondria damage and a compensatory response.
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Fig. 8 Schematic presentation of the potential mechanism of VDAC oligomerization-induced cGAS-Sting innate immune activation and
cellular senescence-associated phenotype in progeria aged myofiber. Increased oxidative stress and Reactive oxygen species (ROS)
production in the mitochondria of Z24−/− myofiber may cause increased oxidative damage to mtDNA (ox-mtDNA), which promotes VDAC1
oligomerization and leaking of mtDNA into cytosol. cGAS-Sting innate immune signaling is activated by cytosolic mtDNA, leading to the
activation of p-TBK1/IRF3 and NF-κB pathways. Both p-TBK1 and NF-κB activation promote the expression of pro-inflammatory factors,
including type I IFNs. There is also potentially more NF-κB translocation into mitochondria, which negatively impacts the proper expression
and function of mtDNA, leading to more mitochondria dysfunction and damage. Z24−/− myofibers may also develop increased level of
mitophagy initiation and dysfunction, leading to the accumulation of unprocessed damaged mitochondria and dysfunctional mitophagy,
which is inductive of further cGAS-Sting innate immune activation.
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In general, our current results revealed a novel mechanism for
senescence-associated phenotypes of postmitotic myofiber in
progeria-aged mice, which involves increased cGAS-Sting activa-
tion caused by mitochondria damage, VDAC1 oligomerization,
and mtDNA release. Our current results verified a crucial role of
mtDNA release and mitophagy dysfunction-mediated innate
immune activation in mediating LMNA mutation-induced progeria
phenotypes, which may help identifying a novel set of diagnostic
markers and therapeutic targets for progeria aging.

DATA AVAILABILITY
The datasets generated during the current study are available from the correspond-
ing author on reasonable request.

REFERENCES
1. Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy. Dis

Model Mech. 2013;6:25–39.
2. Gonzalo S, Kreienkamp R, Askjaer P. Hutchinson-Gilford Progeria Syndrome: a

premature aging disease caused by LMNA gene mutations. Ageing Res Rev.
2017;33:18–29.

3. Blau HM, Cosgrove BD, Ho AT. The central role of muscle stem cells in regen-
erative failure with aging. Nat Med. 2015;21:854–62.

4. Oh J, Lee YD, Wagers AJ. Stem cell aging: mechanisms, regulators and ther-
apeutic opportunities. Nat Med. 2014;20:870–80.

5. Mishra P, Varuzhanyan G, Pham AH, Chan DC. Mitochondrial dynamics is a dis-
tinguishing feature of skeletal muscle fiber types and regulates organellar
compartmentalization. Cell Metab. 2015;22:1033–44.

6. Korolchuk VI, Miwa S, Carroll B, von Zglinicki T. Mitochondria in cell senescence: is
mitophagy the weakest link? EBioMedicine. 2017;21:7–13.

7. Glück S, Guey B, Gulen MF, Wolter K, Kang TW, Schmacke NA, et al. Innate
immune sensing of cytosolic chromatin fragments through cGAS promotes
senescence. Nat Cell Biol. 2017;19:1061–70.

8. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ, et al. Cytoplasmic
chromatin triggers inflammation in senescence and cancer. Nature.
2017;550:402–6.

9. Mackenzie KJ, Carroll P, Martin CA, Murina O, Fluteau A, Simpson DJ, et al. cGAS
surveillance of micronuclei links genome instability to innate immunity. Nature.
2017;548:461–5.

10. Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING pathway of
cytosolic DNA sensing. Nat Immunol. 2016;17:1142–9.

11. Yang H, Wang H, Ren J, Chen Q, Chen ZJ. cGAS is essential for cellular senescence.
Proc Natl Acad Sci USA. 2017;114:E4612–E20.

12. West AP, Shadel GS. Mitochondrial DNA in innate immune responses and
inflammatory pathology. Nat Rev Immunol. 2017;17:363–75.

13. Gkikas I, Palikaras K, Tavernarakis N. The role of mitophagy in innate immunity.
Front Immunol. 2018;9:1283.

14. Jing R, Hu ZK, Lin F, He S, Zhang SS, Ge WY, et al. Mitophagy-Mediated mtDNA
release aggravates stretching-induced inflammation and lung epithelial cell
injury via the TLR9/MyD88/NF-kappaB pathway. Front Cell Dev Biol.
2020;8:819.

15. Victorelli S, Salmonowicz H, Chapman J, Martini H, Vizioli MG, Riley JS, et al.
Apoptotic stress causes mtDNA release during senescence and drives the SASP.
Nature. 2023;622:627–636.

16. Schreiber KH, Kennedy BK. When lamins go bad: nuclear structure and disease.
Cell. 2013;152:1365–75.

17. Dahl KN, Scaffidi P, Islam MF, Yodh AG, Wilson KL, Misteli T. Distinct structural and
mechanical properties of the nuclear lamina in Hutchinson-Gilford progeria
syndrome. Proc Natl Acad Sci USA. 2006;103:10271–6.

18. Verstraeten VL, Ji JY, Cummings KS, Lee RT, Lammerding J. Increased mechan-
osensitivity and nuclear stiffness in Hutchinson-Gilford progeria cells: effects of
farnesyltransferase inhibitors. Aging Cell. 2008;7:383–93.

19. Bergo MO, Gavino B, Ross J, Schmidt WK, Hong C, Kendall LV, et al. Zmpste24
deficiency in mice causes spontaneous bone fractures, muscle weakness, and a
prelamin A processing defect. Proc Natl Acad Sci USA. 2002;99:13049–54.

20. Young SG, Fong LG, Michaelis S, Prelamin A. Zmpste24, misshapen cell nuclei,
and progeria–new evidence suggesting that protein farnesylation could be
important for disease pathogenesis. J Lipid Res. 2005;46:2531–58.

21. Fong LG, Ng JK, Meta M, Cote N, Yang SH, Stewart CL, et al. Heterozygosity for
Lmna deficiency eliminates the progeria-like phenotypes in Zmpste24-deficient
mice. Proc Natl Acad Sci USA. 2004;101:18111–6.

22. Cao K, Blair CD, Faddah DA, Kieckhaefer JE, Olive M, Erdos MR, et al. Progerin and
telomere dysfunction collaborate to trigger cellular senescence in normal human
fibroblasts. J Clin Investig. 2011;121:2833–44.

23. Loo TM, Miyata K, Tanaka Y, Takahashi A. Cellular senescence and senescence-
associated secretory phenotype via the cGAS-STING signaling pathway in cancer.
Cancer Sci. 2020;111:304–11.

24. Mu X, Tseng C, Hambright WS, Matre P, Lin CY, Chanda P, et al. Cytoskeleton
stiffness regulates cellular senescence and innate immune response in
Hutchinson-Gilford Progeria Syndrome. Aging Cell. 2020;19:e13152.

25. Zhang L, Zhao J, Mu X, McGowan SJ, Angelini L, O’Kelly RD, et al. Novel small
molecule inhibition of IKK/NF-kappaB activation reduces markers of senescence
and improves healthspan in mouse models of aging. Aging Cell. 2021;20:e13486.

26. Zhao J, Zhang L, Mu X, Doebelin C, Nguyen W, Wallace C, et al. Development of
novel NEMO-binding domain mimetics for inhibiting IKK/NF-kappaB activation.
PLoS Biol. 2018;16:e2004663.

27. Camara AKS, Zhou Y, Wen PC, Tajkhorshid E, Kwok WM. Mitochondrial VDAC1: a
key gatekeeper as potential therapeutic target. Front Physiol. 2017;8:460.

28. Kim J, Gupta R, Blanco LP, Yang S, Shteinfer-Kuzmine A, Wang K, et al. VDAC
oligomers form mitochondrial pores to release mtDNA fragments and promote
lupus-like disease. Science. 2019;366:1531–6.

29. Mu X, Brown LD, Liu Y, Schneider MF. Roles of the calcineurin and CaMK signaling
pathways in fast-to-slow fiber type transformation of cultured adult mouse
skeletal muscle fibers. Physiol Genomics. 2007;30:300–12.

30. Mu X, Tang Y, Lu A, Takayama K, Usas A, Wang B, et al. The role of Notch signaling
in muscle progenitor cell depletion and the rapid onset of histopathology in
muscular dystrophy. Hum Mol Genet. 2015;24:2923–37.

31. Gharaibeh B, Lu A, Tebbets J, Zheng B, Feduska J, Crisan M, et al. Isolation of a
slowly adhering cell fraction containing stem cells from murine skeletal muscle
by the preplate technique. Nat Protoc. 2008;3:1501–9.

32. Prabhulkar S, Li CZ. Assessment of oxidative DNA damage and repair at single
cellular level via real-time monitoring of 8-OHdG biomarker. Biosens Bioelectron.
2010;26:1743–9.

33. Eiyama A, Okamoto K. PINK1/Parkin-mediated mitophagy in mammalian cells.
Curr Opin Cell Biol. 2015;33:95–101.

34. Eskelinen EL. Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and autop-
hagy. Mol Asp Med. 2006;27:495–502.

35. Li T, Yum S, Li M, Chen X, Zuo X, Chen ZJ. TBK1 recruitment to STING mediates
autoinflammatory arthritis caused by defective DNA clearance. J Exp Med.
2022;219:e20211539.

36. Pfeffer LM. The role of nuclear factor kappaB in the interferon response. J
Interferon Cytokine Res. 2011;31:553–9.

37. Albensi BC. What is nuclear factor kappa B (NF-kappaB) doing in and to the
mitochondrion? Front Cell Dev Biol. 2019;7:154.

38. Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated secretory
phenotype: the dark side of tumor suppression. Annu Rev Pathol. 2010;5:99–118.

39. Lu X, Thai PN, Lu S, Pu J, Bers DM. Intrafibrillar and perinuclear mitochondrial
heterogeneity in adult cardiac myocytes. J Mol Cell Cardiol. 2019;136:72–84.

40. Kubli DA, Gustafsson AB. Mitochondria and mitophagy: the yin and yang of cell
death control. Circ Res. 2012;111:1208–21.0.

ACKNOWLEDGEMENTS
This study was supported by funding from Shandong Provincial Natural Science
Foundation (No. ZR2022MC025, to XM), and the Academic Promotion Program of
Shandong First Medical University (No. 2019LJ003, to QY and YM). We greatly
appreciate the supports and helps from the Department of Orthopaedic Surgery of
University of Texas Health Science Center at Houston, the Electron Microscopy Core
at Houston Methodist, and Medical Science and Technology Innovation Center at
Shandong First Medical University.

AUTHOR CONTRIBUTIONS
YL designed the experiments, performed experiments, and analyzed the data; JC
performed experiments, analyzed the data, and wrote the manuscript; LL
performed experiments and analyzed the data; WH performed experiments and
discussed the project; YG analyzed the data and discussed the project; YZ
performed experiments and analyzed the data; SR performed experiments and
analyzed the data; XY performed experiments and analyzed the data; LS performed
experiments and discussed the project; YC performed experiments; JH designed
the experiments and discussed the project; YM discussed the project, supplied
research resources, and wrote the manuscript; QY discussed the project, supplied
research resources, and wrote the manuscript; XM designed the experiments,
supplied research resources, and wrote the manuscript.

Y. Li et al.

11

Cell Death and Disease          (2024) 15:523 



COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study involves animal-related works and was approved by the UTHealth Animal
Welfare Committee and the institutional review board of Shandong First Medical
University.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-06863-8.

Correspondence and requests for materials should be addressed to Yanling Mu,
Qingqiang Yao or Xiaodong Mu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Y. Li et al.

12

Cell Death and Disease          (2024) 15:523 

https://doi.org/10.1038/s41419-024-06863-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	mtDNA release promotes cGAS-STING activation and accelerated aging of postmitotic muscle cells
	Introduction
	Results
	Skeletal muscle myofibers of Z24&#x02212;/&#x02212; mice develops increased mitochondrial DNA (mtDNA) damage, but not nuclear DNA (ncDNA) damage
	Myofibers of Z24&#x02212;/&#x02212; mice develops increased oxidative damage to mtDNA
	Myofibers from Z24&#x02212;/&#x02212; mice feature increased VDAC1 oligomerization and increased release of mtDNA
	Myofibers from Z24&#x02212;/&#x02212; mice develop increased activation of mitophagy
	Myofibers from Z24&#x02212;/&#x02212; mice develop increased dysfunction of mitophagy
	Myofibers from Z24&#x02212;/&#x02212; mice develops increased activation of cGAS-Sting signaling, which is associated with increased mtDNA releasing and mitophagy dysfunction
	Myofibers from Z24&#x02212;/&#x02212; mice express higher level of SASP (Senescence-Associated Secretary Phenotypes) factors
	Myofibers from Z24&#x02212;/&#x02212; mice display higher level of NF-&#x003BA;B activation
	Inhibition of VDAC1 oligomerization in Z24&#x02212;/&#x02212; myofibers represses activation of cGAS-Sting signaling and expression of SASP factors

	Methods and materials
	Animal models
	Isolation of myofibers and muscle stem/progenitor cells (MPCs)
	mRNA analysis via real time-PCR
	Western blotting
	Measurement of mtDNA level in the cytosol of myofibers
	Immunofluorescent staining and imaging
	VBIT4 inhibition of VDAC1 oligomerization
	Autophagy flux assay
	Measurements of results and statistical analysis

	Discussion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




