Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

The manuscript by Seo et al. demonstrates a role of skeletal muscle Mib1l on age-associated
muscle atrophy. The authors also show an interesting role for Mib1 in protection against muscle
atrophy in young mice subjected to 6 wks of endurance training. While the data regarding Mib1 as
a regulator of muscle mass are convincing, there are some aspects of the manuscript that would
benefit from clarification or additional evidence.

1. The data regarding Mib1 as a regulator of muscle mass are convincing, however the hypothesis
that muscle atrophy is regulated by increases in Actn3 is less convincing. Addressing the following
concerns may strengthen this hypothesis:

a. It would be preferable to see the change in Mib1l and Actn3 proteins with age in the same
mouse samples. While Figure 1 shows a decrease in Mib1 levels at 26 months, Figure 4 shows an
increase in Actn3 at 30 months and no 26 month samples are included. The use of different sets of
aged mice to show the changes in these two proteins with age, makes it more difficult to make a
case for co-regulation.

b. Data from humans is not convincing, as the blot looks like Actn3 is lower in ‘aged’ group. This
may be because the “loading control” protein (GAPDH) is not consistent among the lanes and also
appears to be lower in the aged group. A more appropriate loading control should be selected. In
addition, the authors show that low Actn3 is associated with sarcopenia, which seemingly
contradicts their hypothesis. While they explain this by saying that a loss of glycolytic fibers may
be to blame, there is significant evidence that low Actn3 due to a highly common genetic variant
can predict sarcopenia with age. Indeed, a significant proportion of the population does not
express functional Actn3, and this has nothing to do with age-associated declines in Mib1, but
rather an inherited genotype. Since absence of Actn3 is so common, healthy phenotypes in
humans are associated with a wide variety of Actn3 expression, thus it does not appear necessary
for normal muscle function, although its presence can impart improved strength and power. This
would argue against a role for modest increases in Actn3 causing pronounced muscle dysfunction.
c. The absence of Actn3 is associated with improved endurance performance in knockout models
and humans. Thus, the reduction of endurance capacity in Mib1l mice does not seem likely to be
due to an effect on Actn3.

d. The EM images in Figure 2 show profound muscle dysregulation and there is a loss of myofibers
in Mib1 mice suggesting apoptosis. Is there a hypothesis as to how increased Actn3 would cause
such a phenotype? Is it possible that Mib1l can regulate apoptosis through a Mib1-independent
mechanism?

e. Showing levels of other common ubiquitin ligases (MuRF/MAFbx) that contribute to age-
associated muscle atrophy in Mib1l KO mice would be informative.

f. In Figure 5f, it would be helpful to see the level of ACTN3 in the sedentary samples, since it is
unclear if the increase seen in Mib1l KO is due to the exercise, or simply reflects basal levels. If this
were the case, the exercise-induced atrophy would be unrelated to the Actn3 levels. Likewise, in
Figure 5i, it would be helpful to compare the knockdown of Actn3 with the endogenous levels of
Actn3 in WT mice. It is hard to determine whether the Actn3 has been “normalized” without the
control group shown.

g. While knockdown of Actn3 appears to prevent some of the muscle atrophy with exercise in Mib1
Knockout mice (Figure 5k), the magnitude of the increase in muscle mass is much smaller that the
Mib1l-induced decrease. This is despite a very significant decrease in Actn3 protein. These results
would suggest that Actn3 is only responsible for a small fraction of the Mib1-associated muscle
loss with exercise.

2. MCK promoter preferentially affects expression in glycolytic fibers. Could this be the reason for
Type 1I specific atrophy? What is the regular fiber-type distribution of Mib1?

3. For the ubiquitination experiment in Figure 4b, there appears to be less Actn3 (Myc) in the lane
with the inactive version of Mib1l. Could this be the reason for the lower ubiquitination signal for
the Myc IP? There are also no statistics listed for this experiment. Were the results quantified for
independent experiments, and was statistical analysis performed?



4. For the cyclohexamide chase experiment, the levels of Mibl (FLAG) aren’t shown, and each well
appears to contain overexpressed Mib1l. Wouldn’t a control experiment to show the degradation of
Actn3 in the absence of Mib1l be necessary to show this effect is specific to Mib1?

Minor Comments:

Figure 1j: are pictures of fat pads reversed? The fat pads pictured for Mib1l KO appear smaller that
WT, but the data would suggest the opposite.

Line 181: Should this say “endogenous co-immunoprecipitation”?

Histological features in Figure 2i are difficult to see.

Reviewer #2:

Remarks to the Author:

The study by Seo and collaborators addresses the role that the E3 ubiquitin ligase Mind-bomb
(Mib)1 plays in the skeletal muscle homeostasis by regulating the degradation of the actin-binding
protein Actn3. In particular, the study refers to the reduced Mib1 expression occurring during
aging that results in Actn3 accumulation and, consequently, in muscle degeneration. The study
uses different approaches to reach such a conclusion and is rather well designed. There are,
however, some points that should be addressed:

e the authors demonstrate that mice lacking Mib1l (Mib1AMF) in the skeletal muscle present with a
phenotype that is consistent with accelerated aging, including a reduced number of muscle stem
cells. In order to investigate if such lack of stem cells could account for the premature aging
features, they study mice in which Pax7+ cells have been genetically deleted (SCDTA) at the same
age of Mib1AMF animals. The results show that 16 months old SCDTA mice do not show any of the
alterations occurring in Mib1AMF animals. On this basis the authors conclude that the lack of
muscle stem cells does not account for accelerated aging in Mib1AMF animals. However, this
conclusion is not really supported by the data presented in the study. Indeed, the experiment
shown by the authors demonstrates that muscles deprived of stem cells do not conform to the
premature aging phenotype. However, they do not clarify the role of low muscle stem cell number
in the Mib1AMF background. The possibility that in the Mib1AMF microenvironment the reduced
muscle stem cell number could contribute to alter the skeletal muscle homeostasis cannot be
discarded. This point could be easily unraveled by enriching Mib1AMF muscles with stem cells,
obtained from both wild type and genetically modified mice and testing if the accelerated aging
features can still be observed. In addition, there are quite interesting data produced by the group
coordinated by Dr. Pura Mufioz Canoves showing that aged muscle stem cells lose their
functionality due to increased oxidative stress and reduced ability to activate autophagy. Both
these possibility should be investigated, or at least discussed, in the present study;

e the authors show in Figure 1a and 1b that Mib1 levels are reduced in 16 and even more in 26
months old mice compared to 3 months old animals. When does Mib1 starts to decline? Six, nine
months of age? Can such decline be causally correlated with other parameters such as oxidative
stress and/or inflammaging? In other words, what is causing Mib1 down-regulation?

e the study does not provide any assessment of muscle function;

¢ what about animal survival? do Mib1AMF mice live less than WT animals?

¢ is Mib1 physiologically expressed also in oxidative fibers? is muscle phenotype changed by Mib1
modulations (down- or up-regulated) in these fibers?

¢ how is the Notch-dependent system behaving in the 16 months old Mib1AMF mice?

e are muscle-specific features of the Mib1AMF mice comparable to other models of accelerated
aging? Or, taking the problem from the opposite point: are Mib1 levels reduced also in models
such as the SAMP8 mouse?

e Mib1 lack is associated with reduced myofiber number (Figure 2f), mainly reflecting myosin
heavy chain 2b -expressing fibers (Figure 2g), suggesting a selective effect. This observation
stimulates a number of questions: a) does the reduced fiber number depend on altered
myogenesis (either due to lack of muscle stem cells or to their reduced functionality)? b) is
selective myofiber 'death' occurring in16 months old Mib1AMF mice? c) if this is the case, which
mechanism is driving such selective loss?



e Figure 1h shows that among the three different adipose tissues examined from Mib1AMF mice,
the epididymal one is not enlarged compared to WT animals, but it is darker (Figure 1j). Is
browning of occurring in Mib1AMF mice, at least at the epididymal level?

e page 16, first line: 'muscle myopathy' is a sort of tautology...



Point-by-point reply in response to the reviewer’s comments
Reviewer 1

1. It would be preferable to see the change in Mib1 and Actn3 proteins with age
in the same mouse samples. While Figure 1 shows a decrease in Mib1 levels at
26 months, Figure 4 shows an increase in Actn3 at 30 months and no 26 month
samples are included. The use of different sets of aged mice to show the
changes in these two proteins with age, makes it more difficult to make a case
for co-regulation.

- We fully agreed with the reviewer’'s suggestion that showing the age-associated
changes in Mib1 and Actn3 levels in the same mouse would strengthen our data
about the Mib1-Actn3 axis in skeletal muscle with age. At the initial stage of our
study, we only examined Mib1 expression levels to examine the age-associated
change in Mib1. In further experiments to investigate the mechanism by which Mib1
regulates age-associated muscle atrophy, we identified Actn3 as a binding partner of
Mib1 and analyzed Actn3 levels with age. As the reviewer pointed out, we separately
examined the change in Mib1 and Actn3 protein levels with age. Now we thoroughly
re-analyzed the age-dependent Mib1 and Actn3 protein levels in the same mouse
samples. As shown in new Figure 1a,b, and Figure 4f,g, Mib1 expression level
begins to decline around 16 months of age, whereas Actn3 showed delayed
accumulation around 30 months of age, suggesting that Actn3 progressively
accumulates as Mib1 level falls below a certain threshold. Consistently, when Mib1 is
deficient in myofibers, Actn3 protein levels increased at 16-month-old while remained
comparable at 3-month-old (new Extended Data Figure 4c and Figure 4h,i), further
indicating that the accumulation of Actn3 gradually occurs by the prolonged absence
of Mib1. Now we replaced Fig.1a,b.
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New Figure 1a and b. Age-associated expression levels of Mib1 in skeletal muscles.

2. Data from humans is not convincing, as the blot looks like Actn3 is lower in

‘aged’ group. This may be because the “loading control” protein (GAPDH) is

not consistent among the lanes and also appears to be lower in the aged

group. A more appropriate loading control should be selected (a). In addition,
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the authors show that low Actn3 is associated with sarcopenia, which
seemingly contradicts their hypothesis. While they explain this by saying that
a loss of glycolytic fibers may be to blame, there is significant evidence that
low Actn3 due to a highly common genetic variant can predict sarcopenia with
age. Indeed, a significant proportion of the population does not express
functional Actn3, and this has nothing to do with age-associated declines in
Mib1, but rather an inherited genotype. Since absence of Actn3 is so common,
healthy phenotypes in humans are associated with a wide variety of Actn3
expression, thus it does not appear necessary for normal muscle function,
although its presence can impart improved strength and power. This would
argue against a role for modest increases in Actn3 causing pronounced
muscle dysfunction (b).

- (a) As the reviewer pointed out, we apologize for inconsistent GAPDH protein
levels in human data due to our technical carelessness. We are also aware of the
importance of the appropriate loading control. Although we tried to load the same
amount of protein lysates, it was difficult to precisely control the loading amounts of
human skeletal muscle tissues. While ACTN3 levels in the Aged group remain
similar compared to the Middle-Aged group, we observed lower GAPDH protein
levels in aged group (previous Figure 6a). Based on these data, we presumed that
this data may highlight an increase in ACTN3 levels in the Aged group compared to
other groups. As the reviewer suggested, searching for an appropriate loading
control would be a good option. Indeed, we have tried to normalize loading amounts
with beta-actin and tubulin (Attached Figure 1). However, these data were even
worse than that of GAPDH. During our trials, unfortunately, tissue lysates from most
human samples were exhausted, because tissue sizes of human biopsies were not
enough to conduct immunoblotting as well as other experiments. As a last attempt,
we used GAPDH as the loading control, because we had the more information
based on previous trials. We re-loaded lysates, blotted with GAPDH, and re-
measured band intensity. Now we replaced Fig. 6a-c.
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Attached Figure 1. B-tubulin, B-actin, and GapdH levels with age in human samples
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New Figure 6a-c. Mib1 and Actn3 levels with age in human samples.

- (b) We appreciated the reviewer’s critical comment on the implication of low Actn3
on sarcopenia. As the reviewer pointed out, several studies reported the implication
of Actn3 genotype and sarcopenia'™. In order to be diagnosed with sarcopenia, the
skeletal muscle mass index (SMI) should be lower than 7.0-7.26 or 5.4-5.67kg/m? for
men and women, respectively, according to sarcopenic criteria*’. Even though
several studies reported the effects of Actn3 genotypes in aging muscles, the SMls
of both RR (functional Actn3) and XX (non-functional Actn3) genotype were lower or
higher than sarcopenic criteria’?. Moreover, other studies reported no association
between Actn3 genotype and aging'®'. In addition, a 5-year follow-up study
conducted by Delmonico et al., showed that Actn3 genotype was associated with the
longitudinal measures of some physical functioning but there was no significant
association between Actn3 genotypes and sarcopenia'. Considering various human
studies on Actn3 R577X polymorphism, it still seems controversial whether Actn3
R&77X polymorphism is implicated in sarcopenia

Despite the controversy, we conducted SNP genotyping to avoid the implication of
Actn3 polymorphism in our study'. Briefly, we isolated gDNA from human skeletal
muscles and performed Actn3 R577X genotyping using the following primers:
ACTN3-F 5-CTGTTGCCTGTGGTAAGTGGG-3 and ACTNS3-R 5-
TGGTCACAGTATGCAGGAGGG-3'. As shown in New Extended Data Figure 7b,
there was no Actn3 polymorphism (arrows indicate fragments of 205 and 86 bp) in
our human samples, indicating that loss of Actn3 in the Sarcopenia group is not
associated with inherited genotypes, but rather the loss of Mib1 followed by
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accumulation of Actn3 and subsequent loss of selective type 2 glycolytic myofibers
with age.
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New Extended Data Figure 7b. Actn3 R577X genotyping using gDNA isolated from
human skeletal muscles.

Although all human specimens we examined in this study had an Actn3 RR
genotype (functional Actn3), the expression of Actn3 was very low only in the
Sarcopenia group compared to those of other groups. Actn3 is predominantly
expressed in type 2 glycolytic myofiber® and the loss of type 2x glycolytic myofiber
(the skeletal muscle of humans is composed of type 1 oxidative, 2a oxidative, and 2x
glycolytic myofibers'®) is a hallmark of sarcopenia'®. As reported, the number of type
2x glycolytic myofibers in the sarcopenic patients was greatly decreased in our study
(New Figure 6d,e). These data suggest that the loss of Actn3 in the sarcopenic
patients in this study is at least not due to Actn3 polymorphism but rather the loss of
type 2x glycolytic myofibers. As sarcopenia becomes an increasingly important
disease, it might be necessary to unravel how the loss of type 2x glycolytic myofibers
occurs in sarcopenic patients. We propose here that our findings in this study
suggest at least one of the mechanisms implicated in the loss of type 2 glycolytic
myofibers in sarcopenia.
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New Figure 6d,e. Quantification of type 2x glycolytic myofibers (d) and
representative IHC staining for MyHC2x and Laminin of skeletal muscles (e).

Collectively, we re-loaded lysates and replaced Fig. 6a-c. In addition, we added data
(Figure 6d, e, and Extended data Figure 7b) and description (page 13-14, line 303-

317).




3. The absence of Actn3 is associated with improved endurance performance
in knockout models and humans. Thus, the reduction of endurance capacity in
Mib1 mice does not seem likely to be due to an effect on Actn3.

- As the reviewer pointed out, the absence of Actn3 results in the improvement of
endurance performance in Actn3 knockout mouse models and humans'”"® because
Actn3 interacts with a broad range of proteins involved in structural, metabolic, and
signaling®. Actn3 has been known as a gene of speed because Actn3 genotype is
closely associated with skeletal muscle performance. Thus, most studies have been
primarily focused on a loss-of-function study rather than a gain-of-function study. In
contrast to the absence of Actn3, Garton et al. recently suggested that the high dose
of Actn3 in skeletal muscle can be detrimental to muscle function®' although they did
not give a clear answer to the mechanism by which high level of Actn3 leads to
muscle damage and dysfunction. Intriguingly, the skeletal muscle with
supraphysiological overexpression of Actn3 showed reduced force generation and
altered fatigue recovery?', further suggesting the adverse effects of Actn3
overexpression on skeletal muscle function. The possible reasons how
supraphysiological accumulation of Actn3 results in the reduction of endurance
capacity in Mib1*“ mice are as follows:

First, the progressive accumulation of Actn3 over a certain threshold might
overburden the variable layers of Z-disks. Z-disks are composed of two to six
variable layers that can bear the accumulation of sarcomeric proteins up to a certain
level??? and contraction-induced mechanical stress®. Thus, as Actn3 gradually
accumulated, Z-disks might no longer withstand and subsequently be disorganized,
further developing an accumulation of tubular aggregates and aberrant membrane
structure. Moreover, several studies reported that the accumulation of protein
aggregates and/or sarcomeric protein aggregates leads to failure of maintenance of
sarcomeric integrity, and subsequent muscle degeneration and impairment of
contractile activity®*?’. Indeed, Z-disks were disorganized and tubular aggregates
were accumulated in Mib1*"F mice (Figure 2l-o0), indicating that accumulation of
Actn3 over certain threshold leads to disorganized sarcomeric structure, resulting in
impaired muscle function.

Secondly, the accumulation of Actn3 might result in disturbed assembly of
sarcomeric proteins such as titin, desmin, vinculin, and Z-band alternatively spliced
PDZ motif-containing protein (ZASP) that are known to bind with Actn3'®. Among
these proteins, titin and desmin are one of the major Z-disk proteins involved in
sarcomere assembly, mechanosensor, and force transducer function®. The
disorganized Z-disk in Mib12MF mice suggests the possibility of impaired muscle
contractile activity. For example, mutated desmin adversely affects the endurance
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function of mice because of low force generation and transmission®®. In addition,
when titin is impaired, the force generation and transmission are also impaired since
titin is an elastic element which contributes to passive tension on a force-length
relationship in myofibers®®. Considering the interaction between Actn3 and other
sarcomeric proteins in Z-disks, the accumulation of Actn3 might lead to abnormal
assembly of sarcomeric proteins which are essential for force generation and
transmission.

Collectively, we added the description in the discussion regarding this issue (page 15,

line 345-348 and 352-353; page 16, line 373-374 and 377-382; page 16-17, line 377-
393).

4. The EM images in Figure 2 show profound muscle dysregulation and there
is a loss of myofibers in Mib1 mice suggesting apoptosis. Is there a
hypothesis as to how increased Actn3 would cause such a phenotype? (a). Is
it possible that Mib1 can regulate apoptosis through a Mib1-independent
mechanism? (b).

- (@) We appreciated the reviewer's comment. We also think that the loss of
myofibers in Mib12™" mice is mediated by apoptosis. Our study and Garton et al.,
showed that the excessive accumulation of Actn3 over a certain threshold in Z-disks
results in detrimental effects on skeletal muscle and skeletal muscle atrophy®'. Actn3
forms antiparallel homodimers that cross-link actin filaments and also interact with
titin in the Z-disks. The dimeric Actn3 exists as a closed conformation. However,
upon activation, it changes its conformation to an open form and binds to other
sarcomeric protein931. The dimerization has a high propensity to form protein
aggregation, resulting in toxic aggregates that can cause cytotoxicity or
proteotoxicity®®°. Thus, increased concentration of dimeric Actn3 can act as seeds
for further aggregation. In Figure 4h-i and 5f, we showed the accumulation of Actn3
in total muscle lysates and an insoluble fraction of muscle lysates, respectively,
indicating that increase in Actn3 protein concentration can lead to the formation of
large insoluble aggregates in skeletal muscle. As reported, the accumulation of
protein aggregates such as dimeric Actn3 aggregates in skeletal muscle can lead to
toxic accumulation and subsequently proteotoxic stress which can activate apoptotic
pathway>¢,

- (b) We presumed that the reviewer questioned whether Mib1 can regulate
apoptosis through a Mib1-Notch-independent mechanism. In this study, we unravel
the novel function of Mib1 that regulates Actn3 via proteasomal degradation pathway
in skeletal muscle. In Mib1-deficient myofibers, Actn3 accumulates over a certain
threshold, leading to toxic accumulation and possibly subsequent proteotoxic stress
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that activates the apoptotic pathway. Although the loss of Mib1 leads to muscle
atrophy, it does not imply that Mib1 directly regulates apoptosis in myofibers
because apoptosis is activated by proteotoxic stress induced by excessive
accumulation of proteins. As aforementioned, apoptosis would be a byproduct of
Actn3 accumulation, and thus the Mib1-Notch pathway would not be the mediator of
apoptosis.

Collectively, we added the description in the discussion regarding this issue (page
17-18, line 402-419).

5. Showing levels of other common ubiquitin ligases (MuRF/MAFbx) that
contribute to age-associated muscle atrophy in Mib1 KO mice would be
informative.

- We thank the reviewer for highlighting this point. As the reviewer suggested, we
examined the levels of other common E3 ubiquitin ligases (MuRF and
MAFbx/Atrogin1) in 16-month-old Mib1"™ and Mib1*™F GA muscles. As shown in the
figure below, there was no change in the expression levels of E3 ubiquitin ligases,
further indicating that muscle atrophy in 16-month-old Mib1*"" mice is solely due to
loss of E3 ubiquitin ligase Mib1. Now we added Extended Data Figure 3g and
description in the result regarding this issue (Page 9-10, line 210-212, and 215-218)
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New Extended Data Figure 3g. Relative mRNA expression levels of E3 ubiquitin
ligases associated with muscle atrophy in Mib1"" and Mib12MF mice

6. In Figure 5f, it would be helpful to see the level of ACTN3 in the sedentary
samples, since it is unclear if the increase seen in Mib1 KO is due to the
exercise, or simply reflects basal levels. If this were the case, the exercise-
induced atrophy would be unrelated to the Actn3 levels (a). Likewise, in Figure
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5i, it would be helpful to compare the knockdown of Actn3 with the
endogenous levels of Actn3 in WT mice. It is hard to determine whether the
Actn3 has been “normalized” without the control group shown (b).

- (a) We apologize for insufficient data on the basal level of Actn3 in sedentary young
mice due to space limitation. We examined the Actn3 levels at sedentary 3-month-
old Mib1"" and Mib12MF mice and found that the Actn3 levels were comparable
between groups (Extended Data Figure 3c). When we chronically exercised 3-
month-old Mib1"T and Mib12MF mice for 6 weeks, Actn3 levels were comparable
between groups until 2 weeks of chronic exercise (Fig. 5f,g). Importantly, Actn3
levels were not increased in Mib1"T mice 6 weeks after chronic exercise, whereas
markedly increased in chronic exercised Mib1*™" mice, indicating that increase of
Actn3 in the Mib1*™" mice is due to chronic exercise. Now, we added western blot
data to show the comparable endogenous Actn3 levels in sedentary 3-month-old
Mib1"'" and Mib12™" mice (New Extended Data Figure 4c).
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New Extended Data Figure 4c. Actn3 levels in sedentary 3-month-old Mib1"T and
Mib12¥F mice.

- (b) We fully agreed with the reviewer’s opinion that it is important to determine the
appropriate control to judge whether the experimental objectives are valid. The
objectives of Figure 5h-n are that decreased CSA and the number of type 2b
myofibers in the exercised Mib1*"F mice are caused by increased Actn3. To
investigate whether increased Actn3 is responsible for the decreased CSA and
number of type 2b myofibers in the exercised Mib1*MF mice, we delivered shActn3
into the exercised Mib1*"" mice to reduce the accumulation of Actn3 in Mib1M*
mice. We believe that shCtrl-delivered exercised Mib1*"" mice that still have
increased Actn3 should be the appropriate control to estimate whether Actn3 is
involved in the decreased CSA and number of type 2b myofibers in the exercised
Mib12MF mice. As the reviewer pointed out, the selection of a control group is
essential to minimize the effect of all variables besides the independent variable of
the experiment. In this case, Actn3 levels are the only independent variable that can
evaluate its effect.

Although the reviewer suggested shActn3-delivered Mib1"¥" mice as a control,

Mib1"T showed sustained Actn3 levels after chronic moderate exercise (Figure 5f)

and no changes in muscle masses (Extended Data Fig.4 j-I) as well as CSA and

number of type 2b myofibers (Data not shown). Thus, we believe that it might not be
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helpful to determine the bona fide downregulation effects of Actn3 on chronic
moderate exercise-induced muscle atrophy in Mib1MF mice. As described in
response to comment #7, there was an internal control within shActn3-injected
Mib12MF mice due to the uneven delivery of lentivirus (Please see below).

Collectively, we added Extended Data Fiqure 4c and description regarding this issue
(page 11, line 240-241; page 11, line 261-262).

7. While knockdown of Actn3 appears to prevent some of the muscle atrophy
with exercise in Mib1 Knockout mice (Figure 5k), the magnitude of the increase
in muscle mass is much smaller that the Mib1-induced decrease. This is
despite a very significant decrease in Actn3 protein. These results would
suggest that Actn3 is only responsible for a small fraction of the Mib1-
associated muscle loss with exercise.

- As the reviewer pointed out, one of the limitations of this study was the delivery of
lentivirus into skeletal muscles. We tried to inject shRNA intramuscularly to spread
as evenly as possible, as shown in the schematic view in Fig. 5h. However, as
shown in Figure 5I, not all Actn3 was downregulated in Quadricep muscles.
Especially, the inner part of the Quadricep muscles of 3-month-old AMF-EX+shActn3
mice expressed the low-intensity of Actn3 while the outer part of muscles still
expressed the high-intensity of Actn3 (New Figure 5lI). This uneven delivery of
lentivirus by technical limitation would mask the downregulation effect of Actn3 in
whole muscle analysis of Mib1®™" mice. Thus, to further investigate the
downregulation effect of Actn3 in AMF-EX+shActn3 mice, we divided IHC images
stained with anti-Actn3 antibody into two parts: the inner part and the outer part
which has low and high intensity of Actn3 in AMF-EX+shActn3 Q muscles,
respectively, using semi-automatic muscle analysis using segmentation of histology
(SMASH) program*® (Figure 5I-n). If Actn3 is not responsible for the exercise-
induced muscle atrophy in Mib12"" mice, we speculated that the CSA of myofibers
with low intensity Actn3 would be similar to that of corresponding CSA.

As shown in New Figure 5n, the inner part of AMF-EX+shActn3 (shActn3™)
myofibers were significantly larger than the corresponding part of AMF-EX+shCtrl
(shCtrl™") [1470.97+14.01um? (shCtr™") vs 1911.01+16.03um? (shActn3™)], while
similar in the outer part [1969.83+16.03um? (shCtrl®") vs 1984.29+21.17um?
(shActn3°""*")]. Consequently, these data indicate that Actn3 is responsible for the
Mib1-associated muscle loss with chronic moderate exercise. Thus, the technical
limitation of lentiviral delivery masked the effects of Actn3 on exercise-induced
muscle atrophy in the Mib1*™" mice in terms of whole muscle mass. Now we added
New Figure 5I-n and description (page 12, line 274-284).
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New Figure 5I-m. Representative images of IHC staining for Actn3 (I), and Actn3
fluorescent intensity (m) and CSA (n) of outer and inner parts of AMF-EX+shCtrl and
AMF-EX+shActn3 Q muscles.

8. MCK promoter preferentially affects expression in glycolytic fibers. Could
this be the reason for Type Il specific atrophy? (a). What is the regular fiber-
type distribution of Mib1? (b).

- (@) The reviewer suggested the possibility of the selective expression of MCK
promoter in glycolytic myofibers. Indeed, several studies have reported preferential
expression of the MCK promoter in glycolytic myofibers*'*2. However, MCK-Cre Tg
mice used in this study were generated by using a 6.5 kb genomic DNA fragment
from the Mck gene containing 1kb modulatory region (MR) 1 which resides within the
+740 to +1,721 portion of the Mck’s first intron*>. MR1 is critical for Mck expression in
slow- and intermediate- myofibers and thus the MCK promoter without MR1
preferentially express in fast glycolytic myofibers*. As aforementioned, because we
used MCK-Cre Tg mice which have the MR1, the MCK promoter expresses in all
types of myofibers. Indeed, in the previous report*****’, Cre recombinase was active
in both type 1 and 2 fibers, indicating MCK promoter is expressed well in all types of
myofibers.

As described below in (b), Mib1 is expressed in all skeletal muscles regardless of the
composition of fiber types (Attached figure 3) and disrupted in all hindlimb muscles
which are composed of mixed glycolytic- and oxidative- myofiber, glycolytic
myofibers, and oxidative myofibers (Attached Figure 2). In our previous study, we
also used the same MCK-Cre transgenic mice to disrupt the Mib1 gene in
myofibers*® and reported that Mib1 is required for the conversion of cycling muscle
stem cells into quiescent muscle stem cells at puberty by activating Notch signaling.
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In general, the muscle stem cells are found in all hindlimb muscles and the
population of muscle stem cells is even higher in type 1 slow myofibers than type 2
fast myofibers*. If the MCK promoter is preferentially expressed in type 2 fast
glycolytic myofibers, the adult muscle stem cells should be present in all hindlimb
muscles composed of mixed glycolytic-and oxidative-myofibers or oxidative
myofibers. However, in the previous report, we thoroughly showed the depletion of
muscle stem cell populations in all hindlimb muscles of Mib1*"F mice using
immunohistochemical- and fluorescence-activated cell sorting (FACS)- analyses,
indicating that the MCK promoter is well expressed in myofibers regardless of
myofiber type.

Mib1WT Mib14MF
TA EDL GA SOL Q TA EDL GA SOL Q

Mib | 100kDa

GapiH | i ————— 5 | D)

Attached Figure 2. Mib1 expression levels in hindlimbs of Mib1"" and Mib12"F mice

- (b) We appreciate the reviewer for highlighting this point. In order to examine the
distribution of Mib1 in fiber types, we immunoblotted all skeletal muscles of 3-mont-
old wild-type mouse such as mixed glycolytic- and oxidative- fiber types (Tibialis
anterior (TA), Gastrocnemius (GA) and Quadricep muscles), glycolytic myofibers
(Extensor digitorum longus (EDL)) and oxidative myofibers (Soleus (SOL)) against
Mib1. As shown below (Attached Figure 3), Mib1 is well distributed in skeletal muscle
regardless of fiber types.

TA EDL GA SOL Q
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Attached Figure 3. Mib1 expression levels in hindlimb muscles

9. For the ubiquitination experiment in Figure 4b, there appears to be less
Actn3 (Myc) in the lane with the inactive version of Mib1. Could this be the
reason for the lower ubiquitination signal for the Myc IP? (a). There are also no
statistics listed for this experiment. Were the results quantified for
independent experiments, and was statistical analysis performed? (b).

- (a) According to the reviewer's comment, we repeated the ubiquitination
experiment. As in New Figure 4b, a lower ubiquitination signal was observed in
11



Mib1ARING in presence of similar levels of Actn3 (Myc) compared to that of Mib1WT.
We now replaced Figure 4b.

Actn3-MycHis -  + + + +
HA-Ub + - + + +
Mib1-2XFLAG - - —  WT ARING
MG132 + + + + +
1.46 0.97| 470 kDa
Il B
HA 130 kDa
= 100 kDa
&
Myc ’ w%SO kDa
100 kDa
170 kDa
HA
-130 kDa
©
E 100 kDa
>
a ~130 kDa
FLAG = = | 100 kDa
Myc —
100 kDa
GapdH "J—M 35 kDa

New Figure 4b. IB analysis of ubiquitination and proteasomal degradation of Actn3 in
293T cells.

- (b) We conducted 3 independent experiments for ubiquitination. We quantified
ubiquitination signals above the IgG heavy chain (70kDa) signal as we used A/G
agarose beads for immunoprecipitation. The intensities of HA (Ub) protein of lane 4
and 5 were 1.46+0.12 and 0.9710.07, respectively. For statistical analysis, 2-tailed
Student’s t-test was performed and p-value was p=0.03. Now we added the data in
New Figure 4b.

10. For the cyclohexamide chase experiment, the levels of Mib1 (FLAG) aren’t
shown, and each well appears to contain overexpressed Mib1. Wouldn’t a
control experiment to show the degradation of Actn3 in the absence of Mib1 be
necessary to show this effect is specific to Mib1?
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- According to the reviewer's comment on the cycloheximide chase experiment, we
observed decreased Mib1 (FLAG) level with time because cycloheximide inhibits the
synthesis of both Mib1 and Actn3 levels (Attached Figure 4).

CHX
0.1% DMSO
Actn3-MycHis + + + +
Mib1-2XFLAG + + + +
CHX(h) 0 6 12 24

FLAG | @t s s
0 100 kDa

M
Yo @Re=e= | 00kDa
[B-actin | e e - 48 kDa

Attached Figure 4. Cycloheximide chase experiment.

We further conducted the cycloheximide chase experiment without overexpression of
Mib1-2XFLAG. As expected, the degradation of Actn3 was far slower without
overexpression of Mib1-2XFLAG (New Figure 4e) than that with overexpression of
Mib1-2XFLAG (Figure 4d), supporting that Actn3 is degraded in a Mib1- and
proteasome-dependent manner.

e CHX  CHX
DMSO MG132

Actn3-MycHis + + + + + + +
CHX (h) 0 61224 612 24

= | 100 kDa

GapdH i’.‘i 35 kDa

New Figure 4e. Cycloheximide chase experiment without Mib1-2XFLAG
overexpression at indicated time.

Now we added the New Figure 4e and description (page 9, line 206-207).

Minor Comments:
1. Figure 1j: are pictures of fat pads reversed? The fat pads pictured for Mib1

KO appear smaller that WT, but the data would suggest the opposite.

- We apologize for the confusion in Figure 1j. In order to show the pictures of fat
pads and skeletal muscles within a rectangular format, we decreased the size of the
fat pads of Mib1*"F mice and instead put the scale bar to represent the degree of low
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magnification. However, to avoid any confusion on the size of the figures of fat pads,
we resized the pictures with the same magnification. We resized and replaced Figure
1j into new Figure 1k.

k
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New Figure 1k. Gross morphology of adipose tissues of 16-month-old Mib1"" and
Mib1M mice

2. Line 181: Should this say “endogenous co-immunoprecipitation”?

- We deeply apologize for our mistake. We have corrected the sentence (Page 8,

Line 187).

3. Histological features in Figure 2i are difficult to see.

- According to the reviewer's comment on the quality of our representative data, we
replaced Figure 2i.

Reviewer #2 (Remarks to the Author):

1. The authors demonstrate that mice lacking Mib1 (Mib1AMF) in the skeletal
muscle present with a phenotype that is consistent with accelerated aging,
including a reduced number of muscle stem cells. In order to investigate if
such lack of stem cells could account for the premature aging features, they
study mice in which Pax7+ cells have been genetically deleted (SCDTA) at the
same age of Mib1AMF animals. The results show that 16 months old SCDTA
mice do not show any of the alterations occurring in Mib1AMF animals. On this
basis the authors conclude that the lack of muscle stem cells does not
account for accelerated aging in Mib1AMF animals. However, this conclusion
is not really supported by the data presented in the study. Indeed, the
experiment shown by the authors demonstrates that muscles deprived of stem

14



cells do not conform to the premature aging phenotype. However, they do not
clarify the role of low muscle stem cell number in the Mib1AMF background.
The possibility that in the Mib1AMF microenvironment the reduced muscle
stem cell number could contribute to alter the skeletal muscle homeostasis
cannot be discarded. This point could be easily unraveled by enriching
Mib1AMF muscles with stem cells, obtained from both wild type and
genetically modified mice and testing if the accelerated aging features can still
be observed (a). In addition, there are quite interesting data produced by the
group coordinated by Dr. Pura Muihoz Canoves showing that aged muscle
stem cells lose their functionality due to increased oxidative stress and
reduced ability to activate autophagy. Both these possibility should be
investigated, or at least discussed, in the present study (b).

- (@) We apologize for the insufficient description of the complete absence of muscle
stem cells in adult Mib1*MF mice. Because of space limitation, we could not include
detailed descriptions about (1) the absence of muscle stem cells in Mib1*F mice
and (2) a dispensable role of muscle stem cells in age-associated muscle atrophy,
but instead, we had cited references in our result section.

We previously reported that muscle stem cells are completely depleted in adult
Mib12MF mice due to defective Notch signaling®®, which is essential to establish a
reserve pool of quiescent adult muscle stem cells (referenced in our result section,
page 5 line 109; Please see Kim et al. (2016)* for a more detailed study on the
mechanism of depletion of muscle stem cells in Mib12MF mice). Briefly, we showed
that sex hormones induce Mib1 expression in myofibers at puberty, which activates
Notch signaling in cycling juvenile muscle stem cells and causes them to be
converted into adult quiescent muscle stem cells, thereby establishing a reserve pool
for a lifetime. Hence, when Mib1 is deficient in myofiber, the conversion of
proliferating muscle stem cells into quiescent adult muscle stem cells does not occur,
leading to precocious depletion of muscle stem cells. Thus, we hope the reviewer
understands that there is no way to obtain Mib1*™" muscles with stem cells.
Although Mib1*MF mice have no quiescent muscle stem cells for a lifetime, they have
normal cycling juvenile muscle stem cells that undergo myogenic differentiation and
maturation during the postnatal period. Hence, 3-month-old Mib1*MF mice have
normal muscle architecture as shown in Extended Data Figure 4d-i.

In addition, since muscle stem cells are indispensable for muscle regeneration®>®', it
has long been believed that the loss of muscle stem cells with age might cause age-
associated muscle atrophy. However, unlike general belief, Fry et al. reported that
the depletion of muscle stem cells does not accelerate or exacerbate age-associated
muscle atrophy (referenced in our result section, page 5 line 114). Aged muscle
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stem cell-depleted (SCP™) mice showed comparable muscle size, fiber type

composition, and muscle function compared to wild-type aged mice®2. In accordance
with Fry et al., our study also showed that the loss of muscle stem cells for prolonged
time does not contribute to age-associated muscle atrophy (Extended Data Figure 1).
Accordingly, if reduced or depleted muscle stem cells contribute to altering the
skeletal muscle homeostasis, 16-month-old or aged SCP™ mice should show any
aging phenotypes similar to 16-month-old Mib1*"" mice. However, no aging
phenotypes were observed in SC°™ mice indicating that the age-associated muscle
phenotype observed in Mib12"F mice is irrespective of muscle stem cells.

- (b) As the reviewer suggested, the group coordinated by Dr. Pura Mufioz Canoves
showed the decline of muscle stem cell regenerative function with age due to entry
into senescence® and impaired autophagy®. As aforementioned, muscle stem cells
play an essential role in muscle regeneration but not age-associated muscle atrophy.
Maintenance of functional muscle stem cells throughout life is crucial for muscle
regeneration. However, with age, muscle stem cells become senescent and depleted
due to impaired autophagy resulting in regenerative failure. Although the numbers of
muscle stem cell decrease with age and lose regenerative capacity, they are
dispensable for age-associated muscle atrophy since prolonged depletion of muscle
stem cells does not accelerate or exacerbate age-associated muscle atrophy.

Collectively, we have added the description regarding these issues in the discussion
(page 20-21, line 465-491).

2. The authors show in Figure 1a and 1b that Mib1 levels are reduced in 16 and
even more in 26 months old mice compared to 3 months old animals. When
does Mib1 starts to decline? Six, nine months of age? (a). Can such decline be
causally correlated with other parameters such as oxidative stress and/or
inflammaging? In other words, what is causing Mib1 down-regulation? (b).

- (a) Following the reviewer’s suggestion, we analyzed the expression levels of Mib1
at 3, 6, 9, 12, 17, 22, and 30 months of age (Attached Figure 1). Mib1 expression
levels seem to decline around 12-17 months of age, coinciding with the onset of the
decrease in sex hormones®°® (Further explanation on the relationship between Mib1
and sex hormones are discussed in (b)).

3M 6M OM 12M 17M 22M 30M

Mib | o o g o s o = = = | 4504n,
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Attached Figure 1. Age-associated expression levels of Mib1 in skeletal muscles.
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- (b) As the reviewer suggested, it would be interesting to examine the correlation
between a decrease in Mib1 expression with age and other parameters such as
oxidative stress and/or inflammaging. Previously, we reported that mouse Mibl
promoter has putative AR- and ER-binding sites at positions -244 and -1559,
respectively, and thus, is induced in myofibers by sex hormones at puberty.
Moreover, Mib1 induction is decreased in 3-month-old Gonadotrophin-releasing
hormone-deficient hypogonadal (Gnrh1"¥"9) mice, in which sex hormones are
reduced*®*”. Since sex hormones decrease with age, we suspect that a decrease in
sex hormones with age might result in a decrease in Mib1 expression, an increase in
Actn3 expression, and subsequent acceleration of muscle atrophy (please see page
16, line 309-387). Further studies on the implication of sex hormones and Mib1 in
sarcopenia using pharmacologically- or genetically-modified mice are required to
reveal a putative correlation between sex hormone and Mib1 with age. Collectively,
we added the description in the discussion section (page 20, line 461-463).

3. The study does not provide any assessment of muscle function;

- We presumed that the reviewer questioned about the ex vivo assessments such as
contractility, fatigability, and/or maximal force. In order to precisely analyze the
effects of excessive accumulation of Actn3 solely on muscle function, the isolation of
single myofiber with and without excessive expression of Actn3 should be performed
because each single myofiber would have different levels of Actn3. It would be great
if we can isolate single myofibers according to the expression levels of Actn3 like the
isolation of muscle stem cells via fluorescence-activated cell sorting (FACS)
according to fluorescence intensity. However, as far as we know, there is no
technique suitable for the isolation of single myofiber with certain expression levels
of protein. Thus, we could not conduct any ex vivo assessment but rather performed
in vivo longitudinal assessment such as whole-limb grip strength test and treadmill
running exhaustion test with age. We truly hope the reviewer understand our
technical limitation.

4. What about animal survival? do Mib1AMF mice live less than WT animals?

- We appreciate the reviewer's comment. It would be great if we measure the
survival rate of Mib1*"F mice compared to Mib1"'™ mice. As the reviewer’s concern,
we were also very curious about the life span of Mib1*™" mice and thus monitored 5
Mib12MF mice with littermate controls as a pilot study. Although we could not get
sufficient numbers for statistics, few Mib1*"" mice (22-26 months of age) showed
more frailty phenotype as well as age-associated muscle atrophy compared to age-
matched littermate Mib1"" mice (Attached Figure 2). Although we believe that
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Mib12MF mice show age-related phenotype earlier than Mib1"" mice, we could not
include these data because of small sample numbers. Moreover, because of the
space limitation of our animal facility, we could not thoroughly examine the survival
rates. We hope the reviewer understand this limitation.
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Attached Figure 2. Aged Mib1"" and Mib1*™F mice. Gross appearance (a), body

weight (b), gross muscle morphology (c), and muscle masses (d) of Aged Mib1""
and Mib1%YF mice.

5. Is Mib1 physiologically expressed also in oxidative fibers? (a). Is muscle

phenotype changed by Mib1 modulations (down- or up-regulated) in these
fibers? (b).

- (@) We appreciate the reviewer for highlighting this point. We immunoblotted
various skeletal muscles from a 3-month-old wild-type mouse for Mib1 expression.
As shown below (Attached Figure 3), Mib1 is expressed well in all muscles examined;
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Tibialis anterior (TA), Gastrocnemius (GA), and Quadricep muscles that contain
mixed (glycolytic and oxidative) myofibers, Extensor digitorum longus (EDL) muscle
that dominantly contains glycolytic myofibers and Soleus (SOL) muscles that
dominantly contains oxidative myofibers.
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Attached Figure 3. Mib1 expression levels in hindlimb muscles

- (b) Although Mib1 is expressed in all types of myofibers, the numbers and/or cross-
sectional area of oxidative myofibers were comparable between Mib1"" and Mib12M*
mice (Figure 2e, f and Extended Data Figure 4h,i). Since Actn3 has been known to
be predominantly expressed in type 2 glycolytic myofibersg, it is likely that the Mib1-
Actn3 axis is implicated in the selective alteration of type 2 glycolytic myofibers. Thus,
Mib1 modulation would not change the characteristics of oxidative myofibers.

Collectively, we added the description in the result section (page 6, line 125-128).

6. How is the Notch-dependent system behaving in the 16 months old
Mib1AMF mice?

- As the reviewer would be well aware of, a myofiber with multiple muscle stem cells
is surrounded by a basal lamina, and Notch signaling is a signaling mechanism
between adjacent cells. As described in response to comment 1 (a) and 5, there are
no muscle stem cells in Mib1*MF myofibers, in which the myofiber is the only cell in
each myofiber. Thus, Notch signal does not work in Mib1*MF myofibers. Furthermore,
myofiber and muscle stem cells are known as Notch-sending and receiving cells in
skeletal muscle®®, respectively. Thus, Mib1-deficient myofiber and/or loss of muscle
stem cells result in the inactivation of Notch signaling.

Notch ligands such as DII1, DIl4, Jag1, and Jag2 are well-known substrates of
Mib 15859, Thus, as the reviewer pointed out, Notch signaling in muscle stem cells,
adjacent to myofibers, should be affected in Mib12MF mice. To exclude the possible
implication of Notch signaling in muscle stem cells, we specifically inactivated Notch
signaling in muscle stem cells by crossing Rbpjf/f and Notch1f/f;Notch2f/f mice with
Pax7-CreERT transgenic mice (hereafter Notch®S¢). As shown in the figure below,
the muscle masses of 16-month-old Notch®S® mice were comparable to Notch™"
(New Extended Data Figure 2. a-d). In addition, the muscle function of 16-month-old
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Notch®S¢ mice showed normal muscle function (New Extended Data Figure 2.e-f),
suggesting that sustained loss of Mib1 in myofiber leads to muscle atrophy and
impaired muscle function with age irrespective of Notch signaling. Now we added the
New Extended Data Figure 2 and description (page 5, line 108-119 and page 8, line
171-172).
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New Extended Data Figure 2. Age-associated muscle atrophy and impaired muscle
function occur in Mib12™" mice is irrespective of Notch signaling. (Please see
Extended Data Figure Legend for detailed descriptions).

7. Are muscle-specific features of the Mib1AMF mice comparable to other
models of accelerated aging? Or, taking the problem from the opposite point:
are Mib1 levels reduced also in models such as the SAMP8 mouse?

- Some aging mouse models showed comparable age-associated features of
skeletal muscle such as age-associated muscle atrophy, impaired muscle function,
abnormal skeletal muscle features® similar to Mib12™" mice. Among aging mouse
models, SAMP8 mouse showed tubular aggregates®', muscle atrophy, and impaired
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muscle function®, representing similar aging phenotypes of Mib12™" mice at least in

skeletal muscles. Interestingly, according to several studies, the SAMP8 mouse
showed age-related hypogonadotropic hypogonadism®*%°. Considering our previous
report that Mib1 is induced in myofibers by sex hormones®, it could be possible that
the Mib1 level is reduced in SAMP8 mouse models. Importantly, although SAMP8
and Mib12MF mice showed phenotypes of age-related muscle atrophy, SAMPS8 is
different from Mib12M" mice. First, Mib12™" mice showed skeletal muscle-specific
aging phenotypes while SAMP8 mice showed systemic aging phenotypes such as
immune dysfunction, behavioral impairments, brain atrophy, and osteoporosis%.
Moreover, in case of skeletal muscle, SAMP8 mice showed senescent MuSCs,
resulting in failure of muscle regeneration® (Please note that MuSCs are
dispensable for sarcopenia as aforementioned in Reviewer’s comment #1). SAMP8
also showed increased levels of E3 ubiquitin ligases related to muscle atrophy
(MURF, Atrogin) unlike Mib12M" mice which showed comparable mRNA expression of
MuRF and Atrogin compared to Mib1"" mice (Extended Data Figure 3g). In addition,
albeit both SAMP8 and Mib14"" mice showed similar aging phenotypes related to
skeletal muscle, the causality of age-associated phenotypes in SAMP8 and Mib14M*
mice are different because the aging phenotypes of Mib12MF mice are originated
solely from the loss of Mib1 in myofibers.
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New Extended Data Figure 3g. Relative expression levels of E3 ubiquitin ligases
associated with muscle atrophy in Mib1"" and Mib14"F mice

Now we added New Extended Data Figure 3g and description in discussion (page 22,

line 504-509).

8. Mib1 lack is associated with reduced myofiber number (Figure 2f), mainly
reflecting myosin heavy chain 2b-expressing fibers (Figure 2g), suggesting a
selective effect. This observation stimulates a number of questions: does the
reduced fiber number depend on altered myogenesis (either due to lack of
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muscle stem cells or to their reduced functionality)? (a). Is selective myofiber
'death’ occurring in 16 months old Mib1AMF mice? if this is the case, which
mechanism is driving such selective loss? (b).

- (a) As described in response to comments 1(a), 5, and 6, adult Mib12M" mice lack
muscle stem cells. Although the Mib12MF mice have no quiescent muscle stem cells
for a lifetime, they have normal cycling juvenile muscle stem cells that undergo
myogenic differentiation and maturation during the postnatal period*®. Thus,
sedentary 3-month-old Mib1*™F mice have comparable muscle mass, myofiber size,
and myofiber type composition compared to those of Mib1"" mice (Fig. 1d-f and
Extended Data Fig. 4d-i). The selective loss of type 2b glycolytic myofibers in 16-
month-old Mib1*"F mice is not due to defective myogenesis, since myogenesis in
Mib1 “MF mice normally occurs during postnatal growth*®. We believe that the
selective loss of type 2b glycolytic myofibers at 16-month-old or after chronically
exercised 3-month-old Mib12™" mice occur in a myofiber-intrinsic manner such as
Mib1-mediated progressive accumulation of Actn3 in skeletal muscle for a prolonged
time.

- (b) Actn3 is predominantly expressed in type 2 glycolytic myofibers®. We believe
that the selective loss of myofibers in Mib1*MF mice is mediated by proteotoxic
stress-induced apoptosis. Our study and Garton et al., showed that excessive
accumulation of Actn3 over a certain threshold in Z-disks results in detrimental
effects on skeletal muscle and skeletal muscle atrophy?'. Actn3 forms antiparallel
homodimers that cross-link actin filaments and also interact with titin in the Z-disks®'.
The dimeric Actn3 exists as a closed conformation but upon activation, it changes its
conformation to an open form and binds to other sarcomeric proteins31. The
dimerization has a high propensity to form protein aggregation, resulting in toxic
aggregates that can cause cytotoxicity or proteotoxicity®>*. Thus, increased
concentration of dimeric Actn3 can act as seeds for further aggregation. In Figure
4h-i and 5f, we showed the accumulation of Actn3 in total muscle lysates and the
insoluble fraction of muscle lysates, respectively, indicating that increase in Actn3
protein concentration can lead to the formation of large insoluble aggregates in
skeletal muscle. As reported, the accumulation of protein aggregates such as
dimeric Actn3 aggregates in skeletal muscle can lead to toxic accumulation and
subsequently proteotoxic stress which can activate apoptotic pathway>¢-.

Collectively, we added the description in the discussion section (page 17-18, line

402-419).
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9. Figure 1h shows that among the three different adipose tissues examined
from Mib1AMF mice, the epididymal one is not enlarged compared to WT
animals, but it is darker (Figure 1j). Is browning of occurring in Mib1AMF mice,
at least at the epididymal level?

- The reviewer commented on the browning of epididymal adipose tissues of Mib14"*
mice. In Figure 1j, the color of the epididymal adipose tissues of Mib1"" seems
darker than that of Mib1 “™F mice. However, when we examined the adipose tissues
of littermate 16-month-old Mib1"" and Mib1 2MF mice, epididymal adipose tissue
color doesn’t depend on the genotype. As shown in Attached Figure 4, the colors of
epididymal adipose tissues are dark and/or light in all Mib1"" and Mib1 “"F mice,
indicating darker color of epididymal adipose tissues in Mib1"" or Mib1 2MF mice
might be due to aging of epididymal adipose tissues rather than Mib1 genotype.
Moreover, according to several studies, epididymal adipose tissue has less browning
capacity compared to other white adipose tissues®” and doesn’t undergo white-to-
brown transitioning with age®®. Hence, it seems browning is not occurring in the

epididymal adipose tissues of Mib1*"F mice.
16-month-old Mib1%T 16-month-old Mib144F
Ing. Epi. Vis. Ing. Epi. Vis.

Attached Figure 4. Gross morphology of inguinal (Ing.), epididymal (Epi.) and
visceral (Vis.) fat of 16-month-old littermate Mib1"" and Mib12MF mice.
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10. page 16, first line: 'muscle myopathy' is a sort of tautology...

- According to reviewer's comment, we changed the term “muscle myopathy” to
“myopathy” (page 19, line 431).
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Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

The authors have done significant work to address reviewer concerns and it has improved the
manuscript.

The only remaining comment I have is to double-check the statistical symbols on Figure 5n. These
show significance between the "outer" CSA values, and according to the response document these
should not be different.

Reviewer #2:

Remarks to the Author:

The authors satisfactorily addressed the criticisms raised in the first revision. Still I would like to
briefly discuss a couple of points:

¢ the authors show in their reply (point 7) that the mRNA expression of muscle-specific ubiquitin
ligases is unchanged in Mib1AMF mice in comparison to wild type animals, suggesting that muscle
atrophy is not achieved by enhanced protein breakdown, at least due to the ubiquitin-proteasome
proteolytic system. Can they provide data or discuss about the involvement of autophagic protein
degradation? Do they believe that muscle atrophy results from reduced protein synthesis rates
only?

e can the authors better define what do they mean with loss of myofibers by apoptosis?



Point-by-point reply in response to the reviewer’s comments

Reviewer 1
The authors have done significant work to address reviewer concerns and it
has improved the manuscript.

1. The only remaining comment | have is to double-check the statistical
symbols on Figure 5n. These show significance between the "outer" CSA
values, and according to the response document these should not be different.

- We apologize for the confusion in Figure 5n. As the reviewer pointed out, there is
no significance between CSA of shCtrl®®" and shActn3°""". We have corrected the
statistical symbols on Figure 5n.
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New Figure 5n. CSA of outer and inner part of AMF-EX+shCltrl
and AMF-EX+shActn3.

Reviewer 2
The authors satisfactorily addressed the criticisms raised in the first revision.
Still | would like to briefly discuss a couple of points:

1. The authors show in their reply (point 7) that the mRNA expression of
muscle-specific ubiquitin ligases is unchanged in Mib1AMF mice in
comparison to wild type animals, suggesting that muscle atrophy is not
achieved by enhanced protein breakdown, at least due to the ubiquitin-
proteasome proteolytic system. Can they provide data or discuss about the
involvement of autophagic protein degradation? Do they believe that muscle
atrophy results from reduced protein synthesis rates only?

- Although there were no major changes in the expression levels of muscle-specific
E3 ubiquitin ligases (MuRF1 and Atrogin-1) in Mib1MF mice (Extended Data Fig. 3e),



it doesn’t imply that ‘muscle atrophy is not achieved by enhanced protein breakdown,
at least due to the ubiquitin-proteasome proteolytic system’ as the reviewer pointed
out. Although MuRF1 and Atrogin-1 are well-known E3 ubiquitin ligases implicated in
skeletal muscle atrophy, they cannot account for the degradation of all sarcomeric
proteins1. Moreover, Lodka et al. showed myosin accumulation, and increased
proteolysis and ubiquitin-proteasome proteolytic system in MuRF2 and MuRF3
double knockout skeletal muscle via proteomic analysis, suggesting that proteolytic
pathways, specifically ubiquitin-proteasome proteolytic pathway can be activated to
compensate for the loss of MuRF2 and MuRF3?. Likewise, it is difficult to exclude the
implication of ubiquitin-proteasome proteolytic system just because of comparable
expression levels of Atrogin-1 and MuRF1 in Mib12MF mice.

During muscle atrophy, other proteolytic pathways such as autophagy system can be
involved in the degradation of proteins, organelles, and protein aggregatess.
Moreover, the sustained accumulation of protein aggregates can overburden
autophagy-lysosomal activity with increased autophagosome synthesis
accompanying excessive accumulation or production of autophagosome. Eventually,
it can result in compromised autophagy-lysosomal activity and further contribute to
proteotoxicity4'5. Interestingly, according to the prediction algorithm Waltz, which
predicts the amyloid regions6, there are 2 highly amyloidogenic regions, from aa 139
to 153 and from aa 688 to 699, in Actn3, indicating Actn3 can form either amorphous
aggregates or amyloid fibrils. In that, it is possible that the sustained accumulation of
Actn3 aggregates can induce excessive autophagy and overburden the autophagic
capacity o Mib12"F mice.

As discussed above, we don’t believe that muscle atrophy of Mib12MF mice is due to
reduced protein synthesis rates only since proteolytic pathways can be enhanced to
compensate for loss of E3 ubiquitin ligases.

Collectively, we added the detailed description in the discussion section (page 18,
line 408-411; 418-431 and page 19, line 449-470).

2. Can the authors better define what do they mean with loss of myofibers by
apoptosis?

- During atrophic conditions, myofiber can undergo programmed cell death induced
by various cellular stresses such as proteotoxic stress, oxidative stress, nutritional
stress, or protein misfolding, resulting in loss of myofibers®?.

Collectively, we added the detailed description in the discussion section (page 17,
line 397-399: page 18, line 408-411; 418-431 and page 19, line 449-470).
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